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Break on through to the Other Side—
Biophysics and Cell Biology Shed Light on Cell-
Penetrating Peptides
Rainer Fischer, Mariola Fotin-Mleczek, Hansjçrg Hufnagel, and Roland Brock*[a]


1. From Permeation of the Plasma Membrane to Endocytosis and Back


With only ten years of age, the field of cell-penetrating pep-
tides (CPPs) is currently witnessing a dramatic change of views.
Up until 2003 it was commonly accepted that many CPPs
enter mammalian cells by directly crossing the plasma mem-
brane. This uptake was shown to be energy-, temperature- and
receptor-independent; thereby, a role for endocytosis in cellu-
lar uptake was explicitly excluded. Furthermore, biophysical ex-
periments also supported direct permeation of the plasma
membrane as the mechanism of import. This import mecha-
nism implicated a route of entry into mammalian cells that by-
passed the hydrolytic activities present in the endocytic com-
partments and avoided the problem of escape from the endo-
cytic compartment. However, the cell-biological experiments
that formed the basis for this endocytosis-independent model
were largely based on fluorescence microscopy performed
with fixed, permeabilized cells. In 2003, data presented by Ri-
chard et al. challenged the model of a direct permeation of the
plasma membrane by demonstrating that even mild fixation
leads to an artefactual redistribution of internalized CPPs.[1] In
living, nonfixed cells a large fraction of fluorescent CPPs was
merely associated with the outer leaflet of the plasma mem-
brane rather than being present within the cytoplasm. This
membrane-associated population of CPPs accounted for the
cellular fluorescence previously observed when cells were incu-
bated with peptide at 4 8C. Richard et al. demonstrated that
these peptides could be removed by trypsinization. Analysis of
peptide uptake by live-cell microscopy demonstrated the in-


volvement of endocytosis in the cellular internalization of the
Tat peptide and the nonaarginine peptide.
Even though the paper by Richard et al. in 2003 may be con-


sidered as the breakthrough in raising general awareness
about the relevance of endocytosis for the cellular uptake of
CPPs, a number of earlier publications had conducted live-cell
experiments and concluded that membrane permeation might
not be the only mode of uptake. In fact, the first report on the
ability of a truncated synthetic antennapedia protein to perme-
ate into neurons and act as a transcription factor also included
data from live-cell microscopy.[2] It was demonstrated that nu-
clear accumulation of the fluorescein-labeled protein was not a
fixation-related artefact. The authors do not provide any con-
crete speculations about the transport mechanism across the
plasma membrane. However, it is mentioned that the biologi-
cal effects are strongly reduced after removal of polysialic acid
residues present at the surface of the nerve cells.
In 2000, Scheller et al. presented a quantitative comparison


of the uptake of different CPPs by using detection by confocal
laser scanning microscopy in living cells.[3] These authors ob-
served a partially vesicular distribution of fluorescence. Still,
the use of state-of-the-art experimental procedures strongly
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Cell-penetrating peptides (CPPs) have become widely used vectors
for the cellular import of molecules in basic and applied biomedi-
cal research. Despite the broad acceptance of these molecules as
molecular carriers, the details of the mode of cellular internaliza-
tion and membrane permeation remain elusive. Within the last
two years endocytosis has been demonstrated to be a route of
uptake shared by several CPPs. These findings had a significant
impact on CPP research. State-of-the-art cell biology is now re-
quired to advance the understanding of the intracellular fate of
the CPP and cargo molecules. Owing to their presumed ability to
cross lipid bilayers, CPPs also represent highly interesting objects
of biophysical research. Numerous studies have investigated
structure–activity relationships of CPPs with respect to their abili-
ty to bind to a lipid bilayer or to cross this barrier. Endocytosis


route only relocates the membrane permeation from the cell sur-
face to endocytic compartments. Therefore, biophysical experi-
ments are key to a mechanistic molecular understanding of the
cellular uptake of CPPs. However, biophysical investigations have
to consider the molecular environment encountered by a peptide
inside and outside a cell. In this contribution we will review bio-
physical and cell-biology data obtained for several prominent
CPPs. Furthermore, we will summarize recent findings on the cell-
penetrating characteristics of antimicrobial peptides and the an-
timicrobial properties of CPPs. Peptides of both groups have over-
lapping characteristics. Therefore, both fields may greatly benefit
from each other. The review will conclude with a perspective of
how biophysics and cell biology may synergize even more effi-
ciently in the future.
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supported a primarily nonendocytic uptake. Nevertheless, the
authors stated “that nonendocytic as well as endocytic modes
of uptake are involved” (in the uptake of the peptides). HAll-
brink et al. employed conjugates in which penetratin, the Tat
peptide, transportan, and model amphipathic peptide (MAP)
were coupled to a fluorescent reporter group through a disul-
fide bridge to compare the uptake efficiencies of these differ-
ent CPPs free from the bias of peptide export.[4] Only after re-
duction of the disulfide bridge was the fluorescence of the re-
porter group dequenched. This contribution is noteworthy for
two reasons. First, the strategy for measuring import kinetics is
highly elegant. Second, reducing conditions that release the re-
porter group from the CPP are only encountered in the cyto-
plasm, not in endolysosomal compartments. The authors pro-
posed a kinetic model of CPP uptake according to which pep-
tide in the medium is in equilibrium with peptide associated
with the outer leaflet of the plasma membrane. Following


translocation across the lipid bilayer, the membrane-associated
peptide is in equilibrium with cytoplasmic peptide. The results
were fully explained by a rapid translocation of conjugates
across the plasma membrane. An intermitted entrapment in
endocytic vesicles was not considered.
With respect to the involvement of endocytosis in the


uptake of CPPs, it was demonstrated that transport of doxoru-
bicin conjugated to the arginine-rich SynB peptide into mouse
brains was reduced by polylysine and protamine, which were
employed as inhibitors of endocytosis.[5] For positively charged
proteins like histone H1 or VP22, fixation artefacts had already
been suggested in 2002.[6,7] Moreover, one of the first studies
on the HIV-1 Tat protein clearly demonstrated the endocytic
uptake of the protein.[8] At the beginning of 2003, Olsnes et al.
stated that “experiments to exclude that the entry of endocy-
tosed (Tat) peptide into the nucleus occurred after fixation and
permeabilization are highly desirable”.[9] Earlier, the same
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group had reported that neither the Tat basic domain nor the
viral VP22 protein had been able to mediate membrane trans-
location of the Diphtheria toxin A fragment.[10] In this assay,
import of the Diphtheria A toxin into the cytoplasm and its
subsequent cytotoxicity provided a highly sensitive functional
readout for the detection of the cytoplasmic delivery of a pro-
tein cargo. The authors therefore concluded that CPP-mediat-
ed protein import was inefficient compared to the natural
Diphtheria toxin shuttle system.
Since 2003, endocytosis has become a focus in cellular CPP


research. (For a review, see ref. [11].) Endocytosis comprises
several different mechanisms. Therefore, it is not surprising
that descriptive instead of mechanistic studies of the endocytic
import of CPPs have played a major role over the past two
years. In this context, a large number of cell-biology tools were
acquired by CPP research. These tools, such as small-molecule
inhibitors of endocytosis and intracellular trafficking, along
with tracer molecules for labeling of endocytic pathways, origi-
nated largely from research on endocytosis. Even though most
contributions currently favor endocytosis as the mode of
uptake, direct membrane permeation has also received sup-
port for individual CPPs.[12,13]


Endocytosis does not only add a further step to the order of
events involved in CPP uptake. Endocytosis has a major impact
on the biological applications of CPPs. Along the endolysoso-
mal pathway, the CPP and cargo may encounter proteases that
limit the biological activity of the cargo. Evidence has been
presented that release of CPP–cargo conjugates into the cyto-
plasm is a bottleneck for the interaction of cargo peptides
with cytoplasmic target proteins. Accordingly, disruption of en-
dosomes enhances the nuclear delivery of Tat fusion pro-
teins.[14] In addition, endosomal uptake of the calpain inhibitor
calpastatin fused to the Tat peptide prevents the interaction of
the inhibitor with calpain in the cytoplasm.[15] These observa-
tions are also interesting in the context of the physiological
relevance of protein transduction, as one may ask along which
pathway transcription factors reach their nuclear target.[16]


However, for the antennapedia protein and other transcription
factors even the very little protein taken up by direct mem-
brane permeation may be sufficient to exert their function.
Moreover, the CPP-mediated import of bioactive molecules is
not only confronted with the entrapment of a significant part
of the molecules inside endocytic vesicles. The endocytic
import itself might interfere with cellular function. In our own
work, we showed that the cationic CPPs penetratin, the Tat
peptide, and nonaarginine induce the internalization of tumor
necrosis factor (TNF) receptors 1 and 2 from the plasma mem-
brane, thereby impairing the ability of the cell to respond to
TNF-receptor-dependent stimuli.[17] Internalization of epidermal
growth-factor receptors (EGFRs) was also observed.
Before the emergence of CPPs, analysis of the structure–ac-


tivity relationship of peptides interacting with lipid bilayers
had already been an area of intense research in the field of an-
timicrobial peptides. In analogy to research conducted on anti-
microbial peptides, for CPPs most biophysical analyses have
been based on the interaction of CPPs with phospholipid vesi-
cles of different composition and size. The techniques em-


ployed for this purpose have encompassed fluorescence spec-
troscopy, fluorescence microscopy, circular dichroism, NMR
spectroscopy, plasmon-waveguide resonance and impedance
spectroscopy, polarized-light spectroscopy, polarization modu-
lation infrared reflection spectroscopy (PM-IRRAS), ellipsometry,
and neutron reflectivity.[18–25] In general, these studies aimed to
clarify 1) the structure–activity relationships for the interaction
of peptides with lipid bilayers, 2) the role of secondary struc-
ture in this interaction, 3) the correlation between the interac-
tion with the lipid bilayer and the transit across the bilayer,
and 4) the influence of lipid composition and additional factors
such as membrane potential on peptide–lipid interactions and
transit. However, in contrast to investigations on antimicrobial
peptides, a large proportion of the biophysical analyses were
performed without a direct correlation to biological activity.
One possible reason may be that the integration of advanced
cell biology represents a bigger hurdle than the implementa-
tion of antimicrobial and hemolytic assays.
The model assuming direct permeation of the plasma mem-


brane as the route of cell entry established a link between cell
biology and biophysics very early on. Biophysical experiments
provided valuable information on the mechanistic details of
the permeation of lipid bilayers by peptides. For penetratin, it
carries a certain irony that the biophysical analyses confirmed
the ability of this CPPs to cross a lipid bilayer and thereby
probably distracted cell biologists from being more critical
about their experimental design.[20] However, recent publica-
tions demonstrate that a link between both disciplines is
highly productive in the context of endocytosis as well.
For nonendocytic internalization through direct permeation


of the plasma membrane, three elementary steps had been
distinguished: 1) association of the CPP with the plasma mem-
brane, 2) permeation through the plasma membrane, and
3) release of the peptide into the cytoplasm. Alternative op-
tions have been discussed for each of these steps, depending
on the CPP and the experimental study (see below). Cellular
uptake of CPPs by endocytosis basically adds further events
between steps 1 and 2, thereby resulting in a relocation of
membrane permeation from the plasma membrane into the
endocytic compartment.
Biophysics studies with well-defined model systems have


contributed substantially to elucidating the structure–activity
relationships of steps 1–3 in the context of direct membrane
permeation. Future biophysical analyses will have to consider
the chemical environment encountered by a CPP along the en-
dolysomal pathway. Acidification, for example, may change the
protonation state of amino acid side chains, thereby affecting
the interaction of these side chains with lipid bilayers. Howev-
er, the chemical environment along the endolysosomal pathway
is poorly defined. In order to understand the mechanistic details
for the release of a CPP from an endosomal compartment, bio-
physics model systems need to mimic the conditions inside this
compartment. For this reason, cell-biological experiments that
address the role of the chemical environment along the endoly-
sosomal pathway are a prerequisite for biophysical experiments.
The objective will be to integrate both biophysics and cell-biol-
ogy data, as exemplified by two recent contributions.[12,26]
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2. The Many Ways To Cross the Plasma
Membrane


2.1. Cellular transport processes


The central role of cellular membranes is the creation of com-
partments for the organization of biological processes. Mem-
branes generate a basis for regulating the composition of the
intracellular medium by controlling the flow of nutrients,
waste products, ions, etc. into and out of the cell and the indi-
vidual compartments. Only molecules within a narrow range of
molecular size, net charge, and polarity are able to directly
cross the plasma membrane by passive diffusion.[27] For other
small solutes, channels and transporters mediate transport
across the plasma membrane. For large, hydrophilic macromo-
lecules, it is generally assumed that endocytosis is the mode of
internalization.[28]


In addition to maintaining a defined chemical environment
for reactions inside the cell, the plasma membrane represents
a line of defense against pathogens and molecules that inter-
fere with cellular function and replication. Endocytic passage


guides external molecules through compartments with high
hydrolytic activity, thereby also exerting an important protec-
tive role.
Endocytosis comprises distinct pathways, which can be sub-


divided into two groups: phagocytotic and pinocytotic path-
ways (Figure 1A).[29,30] Phagocytosis relates to the uptake of
large particles and is restricted to cell types such as macro-
phages, monocytes, and neutrophils, which are specialized for
the elimination of pathogens as well as infected and apoptotic
cells. Pinocytosis, on the other hand, occurs in all cells and in-
cludes a variety of processes leading to the uptake of fluids,
solutes, and membrane components. The regulation of these
processes is highly complex and, despite the enormous prog-
ress in the analysis of the endocytic machinery, many details
are still poorly understood. At least four different pinocytotic
pathways can be distinguished: macropinocytosis, clathrin-
mediated endocytosis (CME), caveolae-/lipid-raft-mediated en-
docytosis, and clathrin- and caveolin-independent endocytosis.
These pathways differ with regard to the size of endocytic vesi-
cles, the nature of the cargo, and the mechanism of vesicle for-
mation.


Figure 1. Proposed uptake mechanisms for membrane-active peptides. A) Cellular entry by endocytosis. For endocytosis through clathrin-coated vesicles,
macropinosomes, and lipid rafts/caveolae, an involvement in the cellular uptake of CPPs has been shown already. Dotted lines refer to trafficking pathways
that are still under dispute. The figure has been adapted from ref. [30, 168]. B) Models for the membrane permeation of penetratin by inverted micelle forma-
tion. Association of the peptide with the plasma membrane disturbs the lipid bilayer so that the inverted micelle is formed. Translocation may either involve
entrapment of the peptide within the micelle and release on the other side of the plasma membrane or formation of the micelle locally perturbs the bilayer
and thereby induces the insertion of the peptide into the bilayer and membrane transfer. The figure was adapted from ref. [169]. C), D) Models proposed for
the membrane permeation of membrane-active antimicrobial peptides. According to the barrel-stave model, a limited number of peptides first assembles on
the plasma membrane and then inserts into the lipid bilayer; further peptides are then recruited and a pore is formed. In the carpet model, peptides accumu-
late on the plasma membrane to the point where the integrity of the plasma membrane is breached and pores are formed. The lipid head groups are always
oriented towards the peptide.[131] E) Sinking-raft model for the uptake of membrane-active peptides. Amphipathic helical peptides form aggregates of limited
size. The mass imbalance due to association of the peptides with only one face of the plasma membrane induces curvature that provides the driving force
for translocation of peptides across the bilayer. In this panel, a helices are shown as cross sections, with the hydrophobic face in dark grey and the hydrophil-
ic face in white. The figure was adapted from ref. [136].
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Pathogens and their toxins have evolved sophisticated
means for bypassing or stunning the hydrolytic guards in
order to access the cytoplasm.[31–34] However, also a variety of
endogeneous proteins, including growth factors and transcrip-
tion factors, have been found in the nucleus after having been
added externally to cells.[9] Therefore, entry of functionally
intact macromolecules into the cytoplasm and nucleus also
plays a physiologically significant role.[16]


2.2. Cellular import of membrane impermeable molecules in
cell biology


In cell biology, the introduction of oligonucleotides, peptides,
or entire proteins into cells enables interference with molecular
processes inside the cell. The strategies developed for the
import of cell-impermeable molecules can be roughly subdi-
vided into three groups (reviewed in ref. [35]). The first group
is based on a direct transfer of molecules into the cell by capil-
lary microinjection, while the second one is based on a transi-
ent disruption of the plasma membrane, for example, by high-
power electric pulses in electroporation or by incubation with
pore-forming molecules, such as streptolysine O.
The third group relies on carriers as mediators of import. In


this case, molecules that themselves lack the ability to enter


cells are linked to shuttle molecules that possess this ability
and thereby enter the cells piggyback. Especially for the intro-
duction of recombinant DNA into mammalian cells, transfec-
tion reagents represent a well-established carrier-mediated ap-
proach. Transfection reagents improve the import efficiency of
DNA molecules by 1) neutralization of negative charge and
2) conference of hydrophobicity, characteristics that facilitate
the interaction with the plasma membrane. However, in spite
of the hydrophobicity of these so-called lipoplexes, an uptake
mechanism that involves internalization through endocytosis
has received considerable support.[36] Similarly, encapsulation
of molecules into liposomes incorporates the cargo into a
high-molecular-weight complex with physicochemical charac-
teristics that more closely match those of the plasma mem-
brane. Evidently, these carriers exert their activity to a large
extent by disguising the physicochemical characteristics of
their cargo.


2.3. Cell-penetrating peptides as a carrier-mediated delivery
strategy


CPPs are peptides consisting of roughly 10–30 amino acids
(Figure 2, Table 1). Efficient cellular import has been achieved
for cargos as diverse as peptides, proteins as large as 120 kDa,


Figure 2. A family tree of CPPs. Some CPPs may be assigned to several categories, such as the chimeric CPPs that combine individual structural motifs. The
darker shaded peptides were identified as the transduction domains of full-length proteins. Only a representative selection of peptides listed in Table 1 is
shown.
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Table 1. Classification of CPPs according to their origin.


Name Comments Sequence Reference


Protein-derived CPPs:
penetratin derived from the third helix of the Drosophila


anten-
napedia transcription factor (amino acids
43–58)


RQIKIWFQNRRMKWKK [55]


Tat peptide derived from the HIV-1 Tat protein RKKRRQRRR [60]
calcitonin-derived CPP amino acids 9–32 of human calcitonin LGTYTQDFNKFHTFPQTAIGVGAP [110]
nuclear localization sequences sequences from various proteins VQRKRQKLMP,


SKKKKTKV,
GRKRKKRT, etc.


[141]


new polybasic CPPs linear polybasic sequences like nucleic acid or
heparin binding peptides, etc.


for example, RRRERRAEK,
KCPSRRPKR


[51]


N-terminal repetitive domain of maize
gamma-zein


(VRLPPP)n
(VHLPPP)n
(VKLPPP)n


[142]


peptides from gp41 fusion sequence AVGAIGALFLGFLGAAG [143]
preS2-TLM PreS2 domain PLSSIFSRIGDP [64]
signal-sequence hydrophobic region (SSHR) hydrophobic sequence derived from the fibro-


blast
growth factor 4 signal sequence


AAVALLPAVLLALLAP [40,144, 145]


SSHR hydrophobic sequence derived from the
human
integrin b3 signal sequence


VTVLALGALAGVGVG [146]


pVEC CPP derived from the murine vascular endothe-
lial
cadherin


IAARIKLRSRQHIKLRHL [147]


Vpr CPP derived from the Vpr protein of HIV-1 DTWPGVEALIRILQQLLFIH FRIGCQH [148, 149]
CPP from pestivirus envelope glycoprotein RQGAARVTSWLGRQLRIAGKRLEGRSK [150]
CPP derived from the prion protein the N-terminal part (amino acids 1–28) of the


mouse
prion protein


MANLGYWLLALFVTMWTDVGLC KKRPKP [151]


Antimicrobial peptides or CPPs derived from antimicrobial peptides:
buforin TRSSRAGLQWPVGRVHRLLRK [106]
magainin GIGKFLHSAKKWGKAFVGQIMNS [106]
LL-37 The human antimicrobial LL-37 peptide is able


to
transfer extracellular DNA into mammalian cells


LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES [152]


SynB peptides CPPs derived from protegrin 1, an antimicrobi-
al
peptide


RGGRLSYSRRRFSTSTGR,
RRLSYSRRRF


[97,153]


S413, S413-13 CPPs derived from the antimicrobial peptide
dermaseptin


ALWKTLLKKVLKA
ALWKTLLKKVLKAPKKKRKV


[154]


proline-rich CPPs proline-rich translocating peptides from the
anti-
microbial peptide bactenecin


for example, PRPLPFPRPG [155]


Designed CPPs:
transportan chimera of mastoparan and the N-terminal


fragment
of galanin


GWTLNSAGYLLGKINLKALAALAKKIL [121]


polyarginine CPPs designed based on structure–activity relation-
ships
of the Tat peptide and comparison with other
homopolymers


RRRRRRRR (R8) [65,66]


KLA peptide/model amphipathic peptide
(MAP)


a-helical model amphipathic peptide, initially
used
for biophysics studies


KLALKLALKALKAALKLA [63]


modeled Tat peptide designed to increase the amphipathic charac-
ter of
the Tat peptide


YARAAARQARA [72]


b-sheet-forming peptide de novo designed amphipathic b-sheet pep-
tide


DPKGDPPKGVTVTVTVTVTG KGDPKPD [156]


retro–inverso forms of established CPPs for example, penetratin KKWKMRRNQFWVRVQR [157]
W/R penetratin functional analogue of penetratin RRWRRWWWRRWWRRWRR [158]
MPG peptide vector for the delivery of oligonucleoti-


des
into mammalian cells


GALFLGFLGAAGSTMGAWSQPKSKRKVC [124]


Pep-1 peptide carrier for the noncovalent delivery of
proteins into cells


KETWWETWWTEWSQPKKKRKV [61]
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oligonucleotides, plasmids, peptide nucleic acids (PNAs), small
interfering RNA (siRNA), liposomes, and even nanoparti-
cles.[37–47] In most of these applications, conjugation of only
one carrier peptide to a large cargo renders the molecule
import competent. However, a 10 amino acid peptide will have
little impact on the physicochemical characteristics of a
120 kDa protein or a duplex, 21 nucleotide (nt) siRNA.[39,48] As a
consequence, in contrast to the transfection reagents which
disguise the physicochemical characteristics, most CPPs are
well-defined pharmacokinetic modifiers that add a new moiety
to a specific site of an otherwise unperturbed molecule. There-
fore, even for peptide cargos, the import efficiency is strongly
affected by the nature of the cargo.[49]


Rapid cellular uptake in combination with a highly defined
molecular structure and ease of handling render CPPs highly
attractive mediators of import.[50] Moreover, large collections of
peptide-based transport vehicles are accessible by well-estab-
lished automated procedures, thereby allowing detailed analy-
sis of structure–activity relationships and a rational, straightfor-
ward approach for the generation of novel, optimized
CPPs.[51,52]


The applications of CPPs exceed well beyond mere tissue-
culture experiments. CPP–peptide conjugates and CPP fusion
proteins that interfere with protein–protein interactions have
been successfully applied as therapeutic agents in animal
models.[53,54] In contrast to liposomes, CPP conjugates possess
many beneficial drug-like characteristics. In the case of peptide
cargos, covalent conjugates with CPPs can be synthesized by
solid-phase synthesis and are analytically well defined.
Where do CPPs come from? Formally, the field of CPPs in its


narrower sense started with the identification of the protein-
transduction domain of the Drosophila melanogaster antenna-
pedia homeodomain transcription factor.[55] However, Ryser
and Hancock had already demonstrated in 1965 that addition
of homopolymers of cationic amino acids (�100 kDa) to
tissue-culture media containing radiolabeled albumin en-
hanced the uptake of the radiolabel into the cell.[56] In the
1970s, Shen and Ryser again demonstrated that covalent con-
jugation of poly-L-lysine to proteins and small molecules en-
hanced their cellular uptake and, in the case of methotrexate,
the biological activity of the drug.[57,58]


About 10 years later, Frankel et al. observed that the HIV-1
Tat protein is taken up by tissue-culture cells. The internalized
protein is then capable of transactivating the viral promoter.[59]


A further 3 years later, the 60 amino acid polypeptide corre-
sponding to the homeobox domain of the antennapedia tran-
scription factor was shown to be internalized by neurons and
to augment their morphological differentiation.[2]


For the HIV-1 Tat protein, the internalization was attributed
to a basic domain comprising amino acids 48–60, while in the
case of the antennapedia homeodomain, it was ascribed to a
peptide of 16 amino acids corresponding to the third helix of
the homeodomain.[55,60] As a CPP, the latter peptide is also re-
ferred to as penetratin. The findings obtained for the Tat and
the penetratin peptide demonstrated that the efficient inter-
nalization of synthetic oligopeptides first observed by Ryser
and Hancock in 1965 has a physiological correspondence in


nature. During the following years, the compelling functional
characteristics of the CPPs promoted the identification of fur-
ther CPPs that were either based on small domains of naturally
existing proteins or designed de novo.[61–63]


The field rapidly evolved into research areas that focused on
1) the cell biology of protein transduction, 2) the identification
of novel transduction motifs, 3) applications of CPP conjugates
in various cellular and animal systems, and 4) the investigation
of the mode of internalization. Especially in the latter three
areas, research has been primarily conducted on peptides
small enough to be efficiently generated synthetically.
A total of about 30 different CPPs have been described so


far. While some of these peptides are purely cationic, others
are amphipathic with a large fraction of basic residues, and
others again are fully hydrophobic.[38] Exceptions to these gen-
eral characteristics exist, for example, the CPP derived from the
PreS2 domain of the hepatitis B virus surface antigen.[64] Good
solubility in aqueous buffers, short sequence length, accessibil-
ity through solid-phase peptide synthesis, high import efficien-
cy, and low cytotoxicity are the criteria to be met by a CPP in
order to be attractive as a molecular tool. Penetratin, the HIV-1
Tat-derived peptide, and the oligoarginine peptides have been
used in the majority of cell-biology applications.[55,60,65,66]


3. Biophysics and Cell Biology Case by Case


Even though this review focuses on cationic and cationic am-
phiphilic CPPs, the biological and biophysical characteristics of
these peptides are all but the same. In fact, the differences be-
tween these peptides may be more relevant for understanding
the structural basis of uptake and trafficking than the proper-
ties they have in common. In addition, very different amounts
of data, acquired with different experimental protocols, have
been presented for individual peptides (Figure 3). In order to
avoid confusion and to stress the differences between the indi-
vidual CPPs, rather than trying to sketch a unifying picture, the
information for each peptide will be summarized separately.


3.1. The Tat peptide and the Tat protein


The Tat protein is the most intensively studied protein from
which a CPP has been derived. The same group that had first
shown that the basic domain of the HIV-1 Tat protein (amino
acids 48–60) directly translocated through the plasma mem-
brane later revealed that these observations were due to fixa-
tion artefacts.[1, 60] Interestingly, an endocytic uptake had al-
ready been demonstrated for the entire HIV-1 Tat protein in
1991.[8] Since the internalization mechanisms of both the Tat
peptide and the Tat protein have been studied intensively and
the results are strongly interconnected, both aspects will be
discussed here.
The Tat peptide : Concerning the initial step of uptake, that is,


the association with the plasma membrane, a remarkable
agreement between biophysics and cell biology exists. It was
shown that the Tat peptide possesses a much lower affinity for
lipid membranes than for glycosaminoglycans, a result that
makes the latter interaction a more probable candidate for the
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binding to the plasma membrane than the interaction with
zwitterionic and anionic lipids.[67–69] The cell-biological rele-
vance of the interaction with carbohydrates on the cell surface
was confirmed by the demonstration that mutant cells defec-
tive in glycosaminoglycan synthesis failed to internalize conju-
gates of the Tat peptide with a high-molecular-weight cargo.[70]


Essentially the same observation had been made earlier for the
Tat peptide fused to green fluorescent protein (GFP).[71]


The relevance of the secondary structure of the Tat peptide
for its internalization has been a matter of intense debate. The
formation of an amphipathic a-helix is considered essential for
the interaction of many membrane-active peptides with a lipid
bilayer. The Tat peptide was suggested to possess similarities
with such amphipathic a helices.[72] However, circular dichroism
measurements for the Tat peptide and for other arginine-rich
peptides in methanol revealed that most of these peptides
had little or no secondary structure.[66] Consistent with this
finding, arginine-rich oligomers are highly permissive towards
structural modifications. Peptides containing aminohexanoic
acid spacers and polyguanidinium peptoids are taken up by
mammalian cells.[73–75] Evidence was also provided showing
that the Tat peptide possesses characteristics of a poly-
(proline) II helix in aqueous and membrane-mimicking micellar
sodium dodecylsulfate (SDS) solutions.[76]


With regard to the second step, that is, cellular entry, the
agreement between biophysics and cell biology has not been
established yet. Fluorescently labeled Tat peptide and Tat–PNA
constructs accumulate in endocytic vesicles that originated
from clathrin-dependent endocytosis.[1, 77] This finding raised
the question of how the peptide exits the endocytic compart-
ment and enters the cytoplasm. It was shown that for the Tat
peptide endosomal acidification is required for this pro-
cess.[78,79] In contrast to the rather slow endocytosis-mediated
uptake of the Tat peptide demonstrated in these studies, time-
lapse microscopy of a fluorescein-labeled Tat peptide in mouse
fibroblasts revealed the formation of dense aggregates on the
cell surface and a rapid increase of fluorescence in the cyto-
plasm and the nucleus within seconds.[50] Interestingly, even
though microscopy was performed in living cells, in contrast to
the work of Richard et al. ,[1] only a few endocytic vesicles could
be observed. The images in this contribution resemble those
of earlier reports demonstrating “capping” or aggregation of
cell-surface proteoglycans upon ligand binding.[80] The cellular
basis for these apparently conflicting results still needs to be
resolved.
Biophysical analyses have shown that, like other cationic


CPPs, the Tat peptide rapidly traverses the membranes of giant
unilamellar vesicles, whereas it is unable to translocate across
lipid membranes of large unilamellar vesicles.[67] The molecular
basis for this difference is unknown. At this point, it is fully un-
clear whether and, if so, in what respect these observations are
relevant for the pH-dependent endosomal release of the pep-
tide inside cells.[78,79,81]


The Tat protein : The Tat protein, once internalized and pres-
ent in the cytosol of eukaryotic cells, is able to transactivate
the transcription of several genes that are under the control of
the viral promoter.[59] This attribute provides a robust function-
al assay for comparing the entry of bioactive protein into the
cytoplasm of mammalian cells under different experimental
conditions.
In agreement with the findings for the Tat peptide men-


tioned above, endosomal acidification is also necessary for the
Tat protein to enter the cytoplasm.[81] Interestingly, the in vivo
anti-HIV effect of the antimalaria drug chloroquine is based on
its ability to neutralize endosomes and, thereby, prevent Tat


Figure 3. Factors potentially contributing to contradictory results in cell-biol-
ogy CPP experiments. For most cell-biological experiments, fluorescently la-
beled analogues of CPPs are employed. For penetratin, different fluoro-
phores had little impact on the relative uptake effciencies of analogues la-
beled at different positions within the peptide. However, differences in the
cellular distribution of fluorescence were observed.[49] It is not yet clear
whether and to what degree the import mechanism of a CPP alone differs
from that of a CPP–cargo conjugate. For the intracellular peptide distribu-
tion, a cell-type dependence has been observed. Moreover, cancer cells
were killed more efficiently than normal cells by an amphiphilic peptide.[170]


At a given peptide concentration, cell density strongly affects the loading ef-
ficiency.[171] In G1 phase, uptake of a conjugate of the Cre-recombinase with
the SSHR was only half as efficient as uptake during other phases of the cell
cycle.[172] The interpretation of results on endocytic trafficking is strongly de-
pendent on incubation time. With incubation times that are too long, the
peptide and proteolytic fragments may equilibrate in different endocytic
compartments. In this way, information on the route of endocytic trafficking
may be lost. If cells are washed insufficiently before analysis by flow cytome-
try, peptides associated with the plasma membrane may be mistaken for
peptides taken up into the cells. Fixation may strongly affect the distribution
of molecules inside the cell. However, it is obvious that a CPP conjugated to
a high-molecular-weight protein will behave differently towards fixation
than a CPP alone. Moreover, incubation for too long after removal of pep-
tide from the incubation medium may allow exit of peptides or peptide
fragments from the cells. If this leakage occurs preferentially for peptides in
the cytoplasm, than erroneous results on peptide distribution will also be
obtained. Finally, the results will strongly depend on the read-out. Function-
al read-outs, such as the determination of the activity of the Cre-recombi-
nase, will only detect intact protein reaching the nucleus. Even though the
understanding of the cellular trafficking of CPPs has benefited enormously
from the use of fluorescently tagged CPPs in live-cell microscopy, one
should be aware that the subcellular distribution of the fluorescent dye may
not represent that of the CPP but rather that of a proteolytic fragment.
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from entering and affecting T cells.[82] Vendeville et al. used an
elegant combination of cell biology and biochemistry to inves-
tigate the release of the Tat protein.[81] Endosomes loaded with
the Tat protein and other marker proteins were purified from
Jurkat cells and experiments were performed in a cell-free
system. It was shown that the chaperone Hsp90 is required for
endosomal exit of the protein. In addition to pharmacological
inhibitors, neutralizing antibod-
ies could also be employed in
these cell lysates.
However, the contribution of


the individual endocytic path-
ways for uptake is still under dis-
pute. Fittipaldi et al. identified
caveolar endocytosis as a route
of uptake.[83,84] Consistent results
were obtained for a functional
assay based on the transactivat-
ing activity of the Tat protein
and for Tat–GFP fusion proteins.
Vendeville et al. provided evi-
dence for clathrin-mediated en-
docytosis.[81] Tat-peptide-mediat-
ed protein import was reported
to be clathrin- and lipid-raft-
mediated,[85] lipid-raft-mediated
macropinocytosis,[83] and purely
lipid-raft dependent.[86,87] It re-
mains to be established whether
the full-length Tat protein, the
Tat peptide, and Tat peptide–
protein conjugates share
common import pathways.


3.2. Oligoarginine peptides


Oligoarginine peptides are a
group of CPPs that are structur-
ally closely related to the Tat
peptide. In 2000, it was demon-
strated that “polyarginine enters cells more efficiently than
other homopolymers”.[65] Still, despite the great structural simi-
larity between these compounds, not all findings regarding
the Tat peptide and the oligoarginine peptides have been con-
gruent. In contrast to the Tat motif, for which uptake by endo-
cytosis is strongly supported by several independent studies,
the uptake mechanism for the oligoarginine peptides is still
under debate.
Endocytosis-dependent internalization : Colocalization experi-


ments and pharmacological intervention studies have support-
ed an endocytosis-dependent uptake.[78,88,89] Futaki and co-
workers recently reported an important role for macropinocy-
tosis.[89] However, the impact of the inhibition of macropinocy-
tosis on the reduction of uptake depended on the chain
length of the oligoarginine peptides, a result indicating that
additional pathways differentially contribute to the uptake of
these molecules.[89] The inability of nonaarginine to enter cells


deficient in heparan sulfate suggests that binding to heparan
sulfate is necessary for internalization.[88] These researchers pro-
posed a model according to which the oligoarginine-mediated
delivery of molecules into mammalian cells involves 1) binding
to cell-surface heparan sulfate, 2) uptake by endocytosis, 3) re-
lease upon heparan sulfate degradation, and finally 4) leakage
from endocytic vesicles (Figure 4). With regard to the mecha-


nism of endosomal release, two other contributions showed
that, for fluorescein-labeled nonaarginine and a fluorescein-
labeled (VRR)4 peptide consisting of b-amino acids, endosomal
acidification is required for accessing the cytoplasm.[78,79]


Membrane permeation and the role of membrane potential :
The importance of arginine residues for the efficient uptake of
a large number of CPPs stimulated further research on how
the physicochemical and structural characteristics of the guani-
dinium group may mediate membrane translocation of nonli-
pophilic molecules.[65,90, 91] It was shown that the guanidinium
group has a high propensity to form complexes with negative-
ly charged molecules, thereby increasing the lipophilicity of
the molecule. Formation of such complexes with negatively
charged lipid head groups at the plasma membrane promotes
the partitioning of guanidinium-group-rich oligomers into the
lipid bilayer.[92,93] Release at the other site of the bilayer occurs
by the reverse reaction. This model of membrane permeation


Figure 4. A literature-based model for the cellular uptake of arginine-rich CPPs. The initial membrane association
is mediated by interaction of the guanidinium groups with negatively charged groups on the cell surface, rich, for
example, in glycosaminoglycans (a). The CPP is endocytosed and acidification is required for the heparanase-de-
pendent degradation of heparin in the endosomes (b).[88] Next, the peptide translocates across the lipid bilayer by
a transmembrane-potential-driven process (c).[12, 26] A potential-driven translocation should require that not all
charges of the peptide are compensated through complexation.
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is not far away from the original “inverted micelle” concept
(Figure 1B).[55] According to this model, basic residues within
the CPP interact with the negatively charged phospholipids in
the plasma membrane, thereby causing a local invagination of
the plasma membrane that leads to local reorganization of the
lipid bilayer and the formation of an inverted micelle. Transfer
across the membrane would either occur through transient en-
trapment within this micelle or through perturbation of the
lipid order close to the micelle.
In contrast to this solubility-driven mechanism, Terrone et al.


demonstrated the importance of a transbilayer electric poten-
tial as a driving force for membrane permeation.[26] Diverse
lipid compositions enabled a substantial potential-dependent
(inside negative) uptake of different cationic CPPs (penetratin,
Arg6-Gly-Cys, and Lys6-Gly-Cys) into large unilamellar vesicles.


[26]


Remarkably, the lysine-containing peptide was taken up as effi-
ciently as the arginine-containing peptide. When the impor-
tance of arginine residues for cellular uptake of cationic CPPs
as stated by many different groups is considered, one there-
fore has to ask to what degree these experimental conditions
reflected the physiological conditions encountered by the pep-
tides.[12,92] In a related study, Rothbard et al. stressed the ability
of the guanidinium head groups to form bidentate hydrogen
bonds with hydrogen-bond-acceptor functionalities on the cell
surface.[12] With the assumption that not all charges are neu-
tralized, the resulting still positively charged complexes then
partition into the lipid bilayer and migrate across at a rate pro-
portional to the electric transmembrane potential. At the inner
leaflet of the plasma membrane the complexes dissociate and
the peptides enter the cytosol.[12] This hypothesis was substan-
tiated by demonstrating a reduction of peptide uptake into
Jurkat cells in the presence of depolarizing drugs. However, at
this point it cannot be excluded that the potential just pro-
motes the association of the CPP with the plasma membrane.
When import was investigated in the absence of a transbi-


layer potential, import of oligoarginine peptides was only ob-
served for giant unilamellar vesicles but not large unilamellar
vesicles.[67] The fluid and dynamic structure of giant unilamellar
vesicles in comparison to large unilamellar vesicles might ac-
count for these differences.[67,94]


The findings on the significance of a transmembrane poten-
tial correspond to cellular results reported for fibroblast
growth factors 1 and 2 (FGF-1 and -2). These proteins are capa-
ble of crossing cellular membranes and reaching the cytosol,
similarly to CPPs and CPP–protein conjugates. However, it
should be emphasized that FGF translocation occurs from
within intracellular vesicles.[95] Dissipation of the vesicular
membrane potential blocks translocation.[96] Arginine residues
are highly abundant and clustered in the amino terminal por-
tion of the FGF-2 protein. However, the lack of such a stretch
of cationic amino acids in FGF-1 raises the question of whether
this domain is in fact the relevant structural characteristic.


3.3. Penetratin


Endocytosis : Endocytosis of penetratin was demonstrated[78,97]


shortly after the contribution of Richard et al. in 2003.[1] Inhibi-


tors of metabolism or endocytosis impaired the uptake of pen-
etratin.[97] Moreover, similarly to the Tat peptide, penetratin
promotes the endocytosis of high-molecular-weight cargo
upon binding to cell-surface glycosaminoglycans, and endoso-
mal acidification is involved in the release of the peptide into
the cytosol.[78] A strong propensity to bind to the plasma mem-
brane had been shown to be crucial for cellular uptake.[91]


Membrane permeation : Thoren et al. demonstrated by fluo-
rescence microscopy that penetratin can traverse a pure lipid
bilayer of giant unilamellar vesicles and that translocation does
not involve pore formation.[20] The inability of penetratin to
form pores under these experimental conditions clearly distin-
guished this CPP from other antimicrobial membrane-active
peptides such as melittin.[20] With results rather contrary to the
study of Thoren et al. , Drin et al. reported that penetratin is
not sufficiently helical and amphipathic to cross the bilayer of
the phospholipid membrane of large unilamellar vesicles.[18]


These researchers concluded that penetratin does not belong
to the family of amphipathic a-helical peptides whose mem-
bers are able to translocate through lipid bilayers through
pore formation. Possibly, these discrepancies may be explained
by the different model systems, that is, giant versus large uni-
lamellar vesicles, consistent with the differences observed with
giant versus large unilamellar vesicles for the analogues of the
Tat peptide.[67] With regard to the molecular mechanism of
membrane translocation for penetratin, a two-step process
was postulated[98] that resembles the one proposed for the oli-
goarginine peptides by Matile and co-workers.[92,93] By employ-
ment of a phase-transfer assay, it was demonstrated that nega-
tively charged lipids promote the transfer of penetratin from a
hydrophilic into a hydrophobic environment, probably through
charge neutralization. Phase transfer by charge neutralization
was also observed with a variant penetratin (Trp6Phe). Howev-
er, penetratin, but not the mutant version, was internalized by
living cells. This finding underscores the fact that charge neu-
tralization and phase transfer represent only a first step in the
internalization process and that the tryptophan residue at posi-
tion 6 plays a critical role in the translocation step.[55,99]


Analogous to the findings described for the oligoarginine
peptides, the presence of an electric transmembrane potential
also seems to be a major prerequisite for the membrane transit
of penetratin.[26] Peptide uptake is accompanied by only minor
perturbations of the overall barrier function of the lipid bilayer,
a fact consistent with the inability of penetratin to form pores.
Binder and Lindblom proposed an “electroporation-like” mech-
anism for the uptake of penetratin, according to which the
asymmetric distribution of penetratin between the outer and
inner surfaces of a charged lipid bilayer causes a transmem-
brane electrical field.[100] This field alters the lateral and curva-
ture stress acting within the membrane.[100] Above a threshold
these effects induce internalization of penetratin through tran-
sient inversely curved structures. However, given the impor-
tance that other research attributed to the presence of a trans-
membrane electric field, one may rather assume that the pep-
tide perturbs the already existing electric field.
Secondary structure : Circular dichroism spectroscopy showed


that penetratin is randomly structured in aqueous buffers.[101]
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Binding of the peptide to model membranes induces distinct
secondary structure, the nature of which depends strongly on
the experimental conditions, such as the membrane charge
and the peptide/lipid ratio.[21,99, 102] Both b-sheet and a-helical
structures have been reported, although lipid binding in-
creased the a-helix content of the peptide in most stud-
ies.[19,22, 24,102–104] Notably, the degree of membrane perturbation
caused by penetratin was related to its secondary structure.[21]


In the helical state the peptides have little effect on the mem-
brane. Under conditions in which penetratin is converted into
b structures, the peptide causes membrane perturbation. In
comparison to transportan (see below), penetratin appears to
penetrate deeper into the membrane. Polarized-light spectros-
copy measurements indicated that penetratin adopts an orien-
tation parallel to the membrane surface.[23] However, evidence
has been presented that the penetratin/lipid interaction is gov-
erned by electrostatic interactions, a result indicating that am-
phiphilicity and a-helix content may be misleading parameters
in analyses of structure–activity relationships.[24]


The overall structural characteristics of penetratin and anti-
microbial peptides such as magainin are very similar. In line
with this structural similarity, Langel and co-workers showed
that some eukaryotic CPPs, among them penetratin, possess
antimicrobial properties.[105] On the other hand, the antimicro-
bial peptides magainin and buforin were shown to possess
CPP-like properties (see below).[106]


3.4. Model amphipathic peptide (MAP)


Unlike the previously mentioned CPPs, the sequence of the
MAP is not derived from a sequence naturally occurring in a
protein but was designed to yield an amphipathic designer
peptide. Conjugation to MAP significantly increased the bio-
availability and bioactivity of PNAs, thereby underlining the po-
tential of this peptide as a drug carrier.[107]


In an a-helical conformation, this designer peptide is amphi-
philic along the length of the helix.[108] In the original contribu-
tion it was stated that cellular uptake of this CPP occurs pri-
marly through nonendocytic uptake and depends primarily on
helical amphipathicity.[109] However, a later study from the
same group showed that both amphipathic and nonamphi-
pathic peptides of similar amino acid composition are internal-
ized by mammalian cells to about the same extent.[3] Rather
than the amphipathicity being decisive for import, it was sug-
gested that more amphipathic peptides interacted more
strongly with molecular structures inside the cell, thereby de-
creasing the rate of exit from the cells.[3]


3.5. Calcitonin-derived carrier peptides


Cell-penetrating properties have also been described for the
human 32 amino acid hormone calcitonin (hCT) and for pep-
tides derived from its sequence.[110] The C-terminal peptide
(amino acids 9–32; hCT (9–32)), which lacks the receptor-acti-
vating N terminus, was shown to mediate the efficient trans-
port of cargos such as proteins, plasmid DNA, and the antineo-
plastic agent daunorubicin into different cell lines.[111–113] In par-


ticular, the peptide has been attracting attention for the deliv-
ery of bioactive substances through the nasal mucosa.
In Madin–Darby canine kidney (MDCK) monolayers truncated


linear sequences of hCT penetrated the plasma membrane and
exhibited a “punctuated” cytoplasmic distribution.[114] The inter-
nalization is temperature-, time-, and concentration-depen-
dent, which is indicative of endocytic uptake.[114, 115] Colocaliza-
tion and pharmacological intervention studies in HeLa cells
provided evidence for lipid-raft-mediated endocytosis.[115]


In aqueous buffers, full-length hCT is described to be largely
unstructured.[116] A potentially amphipathic region between
residues 8–22 is important for bioactivity. Remarkably, replace-
ment of these amino acids by a different sequence able to
form an amphipathic a helix also yielded a biologically active
molecule.[117] In micelles, hCT assumes an amphipathic a helix
from residues 9–16, followed by a b turn.[118] A different study
showed that upon interaction with neutral and negatively
charged liposomes hCT adopts a b-sheet conformation.[110]


hCT (9–32) was described to preferentially interact with neg-
atively charged phospholipids.[119] Solid-state NMR-based analy-
sis indicated that hCT (9–32) is not capable of penetrating lipid
membranes.[120] Consistent with these findings, a second study
showed that hCT (9–32) does not insert spontaneously into
lipid bilayers.[119] Based on this purely biophysical study, the
authors concluded that endocytosis should be the probable
mode of uptake for this peptide.


3.6. Transportan


Transportan is a chimeric 27 amino acid CPP composed of
12 residues derived from the neuropeptide galanin connected
through a lysine residue to 14 residues corresponding to the
wasp-venom peptide mastoparan.[121] The transportan peptide
was originally supposed to enter cells independently of endo-
cytosis.[121] A recent study demonstrated that transportan-
mediated protein transduction involves both clathrin-depen-
dent and -independent endocytosis.[85] Similarly to the Tat pep-
tide and penetratin, transportan has been applied to the deliv-
ery of various bioactive cargos into the cytoplasm of mammali-
an cells in culture and even in animal models.[43,44, 122] Solution
NMR studies showed that transportan forms a well-defined a


helix in the C-terminal mastoparan part. The N-terminal
domain has a weaker tendency to form an a helix.[123] In con-
trast to penetratin, transportan is always helical, independent
of the vesicle surface charge.[21] Oriented circular dichroism
spectroscopy suggests that transportan in its helical state lies
parallel to the vesicle surface.[21]


3.7. MPG and Pep-1


As carrier molecules, MPG and Pep-1 share the remarkable
characteristic that efficient import of cargo molecules does not
require covalent linkage. Instead, both CPPs form noncovalent
complexes with their respective cargos. Both vectors are chi-
meric molecules that combine structural domains from differ-
ent sources.
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MPG : The 28 amino acid bipartite amphipathic peptide MPG
is composed of 17 amino acids derived from the fusion se-
quence of HIV-1 gp41, a 3 amino acid spacer, a 7 amino acid
nuclear localization sequence (NLS) of SV40 large Tantigen,
and a C-terminal cysteine amide. The peptide efficiently pro-
motes the intracellular delivery of single- and double-stranded
nucleic acids including siRNA, independent of the endosomal
pathway.[45,124]


Upon interaction with phospholipids, the otherwise unstruc-
tured peptide assumes a b-sheet conformation.[125] It was pro-
posed that translocation proceeds through the transient for-
mation of a transmembrane pore-like structure.[125] The nonco-
valent formation of MPG/cargo complexes is also associated
with a partial conformational change of MPG into a sheet
structure. Analyses by atomic force microscopy showed that
analogues of MPG (P(b) and P(a)) disrupt the lipid organization
of monolayers and that the conformational state of the CPP
itself can influence the uptake by lipid vesicles.[126]


Pep-1: Pep-1, also known as Chariot, is a 21 amino acid pep-
tide, consisting of an 11 amino acid hydrophobic motif con-
taining five tryptophan residues and a second domain corre-
sponding to the NLS of the SV-40 large Tantigen, linked
through a three amino acid spacer.[61] The first domain interacts
with macromolecular cargos and is required for efficient target-
ing of the complexes to the plasma membrane. The NLS im-
proves the intracellular delivery and solubility of the peptide.
Pep-1 and the analogue Pep-2 have been applied successfully
to the delivery of proteins, peptides, and PNAs into mammali-
an cells.[61,127] It was shown that membrane crossing of Pep-1
involves formation of a transient transmembrane pore-like
structure. Pep-1 interacts strongly with lipids and this interac-
tion is associated with a conformational transition, whereas
complexation with its cargo does not induce conformational
changes.[125] With results rather contrary to this work, another
study suggested that the main driving force for Pep-1 translo-
cation was the charge asymmetry between the outer and
inner leaflet of biological membranes. Translocation occurred
only in the presence of a negative membrane potential and
was enhanced by the presence of anionic lipids.[128]


4. Cell-Penetrating Peptides versus Anti-
microbial and Membrane-Active Peptides


Hundreds of membrane-active peptides with antimicrobial ac-
tivity (from 9 up to �100 amino acids in length) have been
isolated from natural sources or designed de novo. These pep-
tides can be subdivided into several groups based on their
structure, sequence length, and the absence or presence of di-
sulfide bridges.[129,130] With respect to their specificity, some are
toxic to microorganisms but not to mammalian cells and some
are toxic to both microorganisms and mammalian cells, such
as the bee venom melittin.[131]


When it is considered that the same repertoire of biophysi-
cal techniques has been applied to antimicrobial peptides and
CPPs, it is surprising that a comparison of these classes of pep-
tides in cell biology has only started recently. Detailed analyses
of structure–activity relationships in biophysical and biological


test systems exist for several antimicrobial peptides. For this
reason, CPP research should greatly benefit from an integra-
tion into the wider context of membrane-active peptides. One
of the first contributions to take this step demonstrated that
some CPPs are capable of entering bacteria and exerting anti-
microbial effects.[105] TP10, a 21 amino acid deletion analogue
of transportan, inhibited growth of Candida albicans and
Staphylococcus aureus. pVEC, another cationic CPP, inhibited
Mycobacterium smegmatis growth at low micromolar concen-
trations, below the levels that harmed human HeLa cells. On
the other hand, the antimicrobial peptides magainin and bu-
forin were shown to be able to translocate across human
plasma membranes.[106]


Conversely, research on CPPs in eukaryotic cells has stimulat-
ed testing of peptides for CPP-like activities in prokaryotes.
Uptake of b-decaarginine peptides was reported for gram-posi-
tive Bacillus megaterium as well as for gram-negative Escheri-
chia coli.[132] The absence of endocytosis in bacteria renders
these cells a highly attractive system for addressing the direct
membrane permeation of CPPs. An earlier study demonstrated
that small cell-wall/membrane-active peptides covalently con-
jugated to PNAs improve the in vivo antisense potency of the
PNAs targeted to bacterial RNA. These conjugates cured HeLa
cell cultures of an E. coli infection without any apparent toxici-
ty to the human cells.[133] In this context, one should note that
antimicrobial peptides, instead of simply breaching the bacteri-
al integrity, might exert more specific inhibitory activities on
cell-wall synthesis, on protein, nucleic acid synthesis, or on en-
zymatic activities inside the cell.[130] According to these specu-
lations, antimicrobial peptides may be considered as multifunc-
tional bacterial CPPs.


4.1. Interaction of antimicrobial peptides with lipid
membranes


Essentially two mechanisms have been proposed for the inser-
tion of antimicrobial peptides into lipid bilayers, the “barrel-
stave” and the “carpet” mechanisms (Figure 1C and D). Accord-
ing to the barrel-stave model, membrane-active peptides first
associate on the surface of the bilayer, followed by insertion
into the bilayer and formation of a bundle that spans the bilay-
er (Figure 1C). Recruitment of further peptides yields a barrel-
like pore made of helical peptides as staves. In this model the
overall structure of the plasma membrane remains unper-
turbed. For the bee venom melittin, this mechanism has been
questioned recently and a “toroidal” model has been pro-
posed, in which the lipid monolayer bends continuously
through the pore so that the water core within the pore is
lined by both the peptides and the lipid head groups.[134]


The carpet or detergent-like mechanism describes the mode
of action of, for example, dermaseptin S. According to this
mechanism, positively charged peptides that are either mono-
meric or oligomeric cover the negatively charged membrane
in a carpet-like manner. The peptides orient themselves so that
their hydrophobic face is oriented towards the lipids and the
hydrophilic face is oriented towards the phospholipid head
groups. When a concentration threshold is reached, the pep-
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tides permeate the membrane by locally disrupting the bilayer
structure (Figure 1D; reviewed in ref. [131]).
The “sinking-raft” model provides a framework for the trans-


location of peptides across a membrane (Figure 1E).[135,136] Ac-
cording to this model, amphipathic helical peptides form tran-
sient aggregates of limited size (a few peptides), in which the
hydrophilic faces of the helices are oriented towards each
other and the hydrophobic faces are oriented towards the lipo-
philic core of the lipid bilayer. This raft then sinks into the lipid
bilayer and disassembles on the opposite face of the bilayer.
The driving force for translocation is provided by the induction
of local curvature due to the association of the peptide with
only one face of the membrane. In contrast to the previous
models, the peptides retain an orientation parallel to the bilay-
er surface. Moreover, the integrity of the plasma membrane is
only transiently breached.


4.2. Cell-penetrating versus antimicrobial peptides


The initial finding that penetratin traverses a pure lipid bilayer
without forming pores clearly distinguished this CPP from anti-
microbial peptides.[20,137] Moreover, CPPs such as Tat and pene-
tratin are considerably less toxic and haemolytic than most an-
timicrobial peptides.[60,114] Nevertheless, recent findings under-
line common functional characteristics of CPPs and antimicro-
bial peptides. Both groups of peptides interact with and per-
turb lipid bilayers. However, despite compelling similarities
between both groups (some CPPs are actually derived from
antimicrobial peptides; see Table 1), not all CPPs are antimicro-
bial and vice versa.
For membrane-active antimicrobial peptides, the carpet and


barrel-stave mechanisms represent clear concepts about mem-
brane interaction and perturbation that have been derived
from experimental data. Antimicrobial peptides for which the
uptake mechanism has been investigated may therefore pro-
vide references for narrowing in on the uptake mechanism of
CPPs. Magainin was demonstrated to be internalized rapidly
into mammalian cells exhibiting a cooperative concentration
dependence of uptake.[106] This finding suggested pore forma-
tion through a barrel-stave mechanism similar to the one de-
scribed for model membranes as an intermediate step in cellu-
lar entry. Furthermore, translocation was accompanied by cyto-
toxicity. In contrast, buforin, another cationic antimicrobial
peptide, translocated by a less concentration-dependent
mechanism without showing any significant toxicity. Even
though the uptake of the Tat peptide showed some similarity
to the buforin uptake, Tat uptake was more temperature and
energy dependent, a fact indicating that each peptide enters
the cells by a different mechanism.[106]


5. Summary and Outlook


The inhibition of cellular import of cationic CPPs by gramicidin
A, which reduces the electric transmembrane potential, is a
recent example of the stimulation of cell-biological experi-
ments by biophysical results.[12,26] The contributions by Roth-
bard et al.[12] and Terrone et al.[26] demonstrate that the link of


biophysics and cell biology in elucidating the import mecha-
nism of CPPs needs to reach beyond a mere mimicking of lipid
composition. Now that evidence is presented that CPPs dis-
criminate between endocytic pathways, biophysical experi-
ments will have to implement all available knowledge on the
biochemical nature of the microdomains from which these
pathways originate and on the endocytic vesicles inside the
cell.[84] For example, the unconventional phospholipid lysobis-
phosphatidic acid (LBPA) is abundant in late endosomes and
has not been detected elsewhere in the cell. The lipid is in-
volved in protein and lipid trafficking through late endo-
somes.[138] The distribution of LBPA may also account for the
trafficking and translocation of CPPs through endosomal com-
partments. In vitro experiments with vesicles should therefore
directly investigate the effect of incorporation of this lipid on
peptide transport. Moreover, given the relevance of the inter-
action with heparan sulfate for peptide import, the question
arises to what degree model systems lacking these glycopro-
teins reflect the physiological situation.
In addition, the implementation of biochemical assays with


purified intracellular compartments, exemplified by Vendeville
et al. ,[81] will enable 1) the definition of the chemical environ-
ment in these compartments in more detail, 2) the analysis of
the integrity of the CPP, and—through reconstitution experi-
ments—3) the definition of factors in the cytoplasm that are
required for exit (Figure 5). Nevertheless, one should be aware
that model systems may miss essential aspects of the interac-
tion of a CPP with a cell. The induction of macropinocytosis by
oligoarginines demonstrates that CPPs elicit cellular responses
and that the uptake is at least modulated by the response of
the cell to these molecules.[139]


Currently, biophysics and cell biology aim to understand the
import mechanism of CPPs. However, instead of being the
object of study, CPPs may become highly valuable probes for
endocytosis research as well. Biophysical analyses that aim to
mimic the intracellular environment imply that the chemical
nature of this environment is known. A failure to induce mem-
brane passage in a model system therefore also implies a lack
of understanding of the chemical conditions inside the cell.
Conversely, once cell-biological experiments identify the entry
point of a CPP into the cell, the successful reconstitution of
membrane transfer in a model system may yield new insights
into the chemistry of the respective cellular compartment.
Moreover, once the trafficking pathways for individual CPPs
have been defined, these molecules may serve as tracer mole-
cules.
During the last few years the development of so-called “bio-


logicals”, non-small-molecule protein-, peptide-, and oligonu-
cleotide-based drugs has seen a remarkable expansion of activ-
ity. Anticancer therapy based on the application of antibodies,
such as Herceptin, the antibody directed against the Her2 re-
ceptor, or peptide-based pharmaceuticals, such as Fuzeon for
the treatment of HIV infections, clearly illustrate that the con-
trol of biological function by proteins and peptides is not re-
stricted to an academic setting but offers highly relevant op-
tions for the development of modern therapies. However,
given, for example, the problems associated with the efficient
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targeting of siRNAs in vivo, it is obvious that cellular targeting
is still one of the major challenges in fully exploiting the po-
tential of biologicals.
Cell-type-specific targeting strategies addressing cell-surface


receptors will definitely play an important role in the targeting
of biologicals. However, the use of CPPs as pharmacokinetic
modifiers and a combination of strategies will certainly gain
significance. The intramolecular masking of a CPP by a nega-
tively charged stretch of amino acids and proteolytic liberation
of the active CPP at cancer cells that release a metalloprotei-
nase is one elegant example of a combination of strategies.[140]


The picture of endocytic uptake of CPPs is still sketchy. It is
not yet clear to what degree CPPs discriminate between the
different endocytic pathways and, if they do, what the conse-
quences are for intracellular degradation and cytoplasmic re-
lease of cargos. However, once the structure–activity relation-
ships of CPPs are understood, it is very likely that different
CPPs will serve as pharmacological modifiers with highly dis-
criminatory abilities for different compartments. Given the sig-
nificance of the endolysosomal compartment for therapeutic
intervention, cytoplasmic delivery will not in all cases be the
ultimate goal.
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Allosteric Control of mRNA Decoding
Mathias Sprinzl* and C. Stefan Voertler[a]


The genetic code is translated by
Watson–Crick-type interactions between
the anticodon triplet of tRNA and the
codon triplet of mRNA. The nucleobases
that constitute the anticodon are pre-
sented in the tRNA structure as a three-
nucleotide unit stacked on the 3’-part of
the anticodon loop with the nucleobases
oriented in a conformation suitable for
base pairing (Figure 1). This structure


does not, however, explain the details
of the complicated decoding process.
Where are the problems?
First, the theoretical values of the free


enthalpies gained by a triplet–triplet in-
teraction are far too low to account for
the high precision with which the genet-
ic code is translated.[1] Second, there are
64 triplet codons for twenty amino acids


and there is an insufficient number of
tRNAs to read these codons in the cell,
that is, several codons that differ only by
one nucleotide have to be recognised
by a single tRNA molecule. This means
that, on top of the requirement for high
precision, in some cases the opposite, an
inaccurate reading violating the Watson–
Crick rules is required.[2] Third, there is
evidence that the codon–anticodon in-
teraction is not the only interaction gov-
erning the precise translation. Mutations
in the tRNA sequences [3–5] and modifica-
tions of nucleotides[6] able to change the
meaning of the codon have been identi-
fied, although the sequence of the anti-
codon itself was not altered.
Evidently, peptide-bond synthesis and


the reading of the genetic code cannot
be reduced to simple interactions be-
tween four small molecules, the two
oligonucleotide triplets and two amino
acid residues. The translation of mRNA
takes place on a large nucleoprotein
complex, the ribosome. The mass of the
two codon and anticodon triplets and
the two reacting amino acids constitutes
less then 0.04% of the total mass of a
single bacterial ribosome. Why is the ri-
bosome so big? Beside the catalysis of
peptide-bond formation, the ribosome
has to perform many more functions.
The ribosome recognises the initiation
signals on the mRNA and starts the
translation at the correct place with the
appropriate reading frame. The ribo-
some, as a central part of the translation
system, sets the pace of translation and
controls the fidelity with which the
amino acids are incorporated in the cor-
rect order into the growing polypeptide
chain. Finally, it participates in polypep-
tide release and prepares for the next
translation cycle with a new mRNA.
During its long journey on the mRNA,
the ribosome interacts with many differ-
ent aminoacyl tRNAs and translation
factors.


It is reasonable to assume, and was
postulated several decades ago, that the
tRNAs, although different in sequences,
are constructed in such a manner that
the overall structure of tRNA thermody-
namically compensates for the different
free-enthalpy changes of the particular
codon–anticodon interaction. An approx-
imately constant error rate and constant
velocity of translation for all possible
codon–anticodon pairs could evolve
from such compensation.
There are two theoretical concepts to


explain the high fidelity of codon–anti-
codon interactions. The direct, structural
reading mechanism is based on the pre-
sumption that the codon–anticodon
base pairs are placed in a frame made
up from a ribosomal structure that is suf-
ficiently stable to account for the re-
quired fidelity.[1, 7] The other concept rep-
resents the kinetic proof-reading mecha-
nism proposed originally by Ninio[8] and
Hopfield[9] and experimentally substanti-
ated by kinetic measurements on in vitro
translating ribosomal systems.[10,11] The
results of these studies indicated that
the selection of aminoacyl tRNA for a
particular codon is controlled by two
thermodynamically uncoupled processes,
the initial selection during binding and a
proof-reading step that takes place after
GTP-to-GDP hydrolysis.
The work published recently by Co-


chella and Green in Science[12] adds sub-
stantial evidence for the existence and
biological significance of the proof-read-
ing mechanism and identifies aminoacyl
tRNA as an active player in this process.
This important investigation is based on
an experiment published decades ago.
Hirsh observed in 1971 that the reading
of the UGA stop codon by a suppressor
tRNATyr, which normally possesses an an-
ticodon CCA, is not caused by mutation
in the anticodon but by a nucleotide ex-
change at position 24 that changes the
U11:G24 base pair to U11:A24.[3] Later,
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Laboratorium f�r Biochemie
Universit�t Bayreuth
Universit�tsstraße 30
95440 Bayreuth (Germany)
Fax: (+49)921-55-2424
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Figure 1. Structural model of tRNA in its free
form (based on X-ray crystallography; PDB ID:
1EHZ) showing the anticodon bases (blue), the
Hirsh mutation, which forms a U11:A24 base pair
(red), and mutations that changed the meaning
of the codon–anticodon interaction, identified by
Yarus and co-workers at base pair 27:43 (yellow).
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Yarus and co-workers identified other
tRNA mutations that had a similar
effect.[4, 5] Remarkably, all these tRNA var-
iants that affect the codon–anticodon in-
teraction have the mutations near the
junction of the D and anticodon helices,
which form a coaxial helix in the three
dimensional structure of tRNA (Figure 1).
This important observation can be ex-


plained by the slightly modified proof-
reading model shown in Figure 2. Ami-
noacyl tRNA bound in a ternary complex
with elongation factor Tu and GTP ap-
proaches the programmed, but still
vacant A site of ribosomes. Binding to
the A site is dependent on the codon–
anticodon interaction and leads to acti-
vation of GTPase and GTP hydrolysis.
This, however, is not the final decoding
step that opens the way for peptide-
bond formation. Instead, branching
occurs.[11,13] The aminoacyl tRNA is either
accommodated into the peptidyl trans-
ferase centre (cognate aminoacyl tRNA),
this leads to the synthesis of a new pep-
tide bond, or rejected from the A site
(near-cognate aminoacyl tRNA). The
branching point of the pathways lies
after GTP hydrolysis and is the critical
step in increasing the fidelity of transla-
tion. Cochella and Green compare the
rates of the reactions defined in Figure 2
for Trp-tRNATrp G24 (wild-type) and Trp-
tRNATrp A24 (the Hirsh suppressor) on
ribosomes programmed with the AUG


stop codon. They demonstrate that the
advantage of Trp-tRNATrp G24 over Trp-
tRNATrp A24 in competing for this near-
cognate codon is based on an accelera-
tion of GTPase activation as well as ac-
commodation in the case of the Hirsh
mutant. Thus, the codon–anticodon in-
teraction is not determined exclusively
by base pairing between the respective
triplets. The conformation of the tRNA
molecule allosterically controls GTPase
activation and the accommodation of
aminoacyl tRNA into the A site as well.
The accommodation involves interac-
tions of ribosomes with parts of tRNA
distant from the anticodon.
Electron microscopy snap shots of


aminoacyl tRNA–ribosome complexes
taken at different stages of the reaction
pathway provide independent structural
evidence for the existence of the accom-
modation step. A significant conforma-
tional change in the elbow region of
aminoacyl tRNA was identified during
the transition from initial A-site binding
to the reactive position in the peptidyl
transferase centre.[14] This motion is relat-
ed to a positioning of the D and antico-
don arms of the tRNA on the ribosome
and implies a bending of these coaxial
helices (Figure 2). It suggests a mecha-
nism by which the mutations in these
distant regions could influence the de-
coding process. Frank and colleagues
imply that the aminoacyl tRNA is a “mo-


lecular spring” that is relaxed during the
decoding, that is, accommodation, pro-
cess.
The role of nucleotide modifications in


tRNAs has been intensively investigated
in the past. There is strong evidence in
support of the fine tuning of the codon
recognition by modifications in antico-
don and anticodon loops. Such modifi-
cations are able to exclude or facilitate
wobble interactions involving the third
codon letter.[6] The perception that ac-
commodation and the tRNA “spring
effect” might be affected by mutations
located far outside the anticodon loop
allows speculation about the role of nu-
merous modified nucleotides scattered
in the tRNA sequences. It is possible that
at least some of them also contribute to
the correct decoding of the genetic
code and tune the structure of individual
tRNAs to fit into the complicated assem-
bly of molecules that constitute the
translation system.


Keywords: decoding · mRNA ·
ribosomes · translation · tRNA
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Figure 2. Proposed reaction steps leading to peptidyl transfer on the ribosome (A and P sites are indicated). The relaxation of the bent tRNA during accom-
modation denotes the required conformational changes of the entire molecule.
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Selective Staudinger Modification of
Proteins Containing p-Azidophenyl-
alanine


Meng-Lin Tsao, Feng Tian, and Peter G. Schultz*[a]


Various methods have been developed to selectively modify
proteins with synthetic agents and probes, and to covalently
attach proteins to surfaces. These include semisynthesis,[1] the
use of electrophilic reagents that selectively label cysteine and
lysine residues,[2,3] and the selective introduction of amino
acids with reactive side chains into proteins by in vitro biosyn-
thesis with chemically aminoacylated tRNAs.[4,5] Recently, we
showed that one can genetically encode unnatural amino
acids with reactive side chains directly in prokaryotic and eu-
karyotic organisms efficiently and with high fidelity.[6–10] Amino
acids with side chains containing keto, acetylenic, and azido
groups have been incorporated into proteins in response to
unique three-base (nonsense) and four-base (frameshift)
codons. These amino acids were subsequently modified selec-
tively with exogenous agents by oxime formation or [2+3] cy-
cloaddition reactions. We now report that this approach can
be extended to the modification of proteins with selectively in-
corporated aryl azide amino acids by using phosphine-derived
probes and the Staudinger ligation reaction.
The Staudinger ligation has been used previously to modify


cell surface carbohydrates in both cellular and in vivo sys-
tems.[11,12] The reaction proceeds
with excellent yields under
aqueous conditions and is
highly selective for azides. The
Staudinger ligation has also
been used to selectively modify
proteins that contain azidoho-
moalanine substituted for me-
thionine residues.[13] The selec-
tivity of this approach, however,
is intrinsically limited since all
methionine residues throughout
the proteins and proteome are
substituted with azidohomoala-
nine, often in competition with
the native amino acid. To over-
come these limitations, we have
taken advantage of a genetical-
ly encoded azide-containing


amino acid that is incorporated at defined sites in a protein in
response to a nonsense codon. The azide is subsequently
modified by a Staudinger ligation to selectively incorporate
exogenous reagents into the protein. Previously we demon-
strated that the unnatural amino acid, p-azidophenylalanine
(pAzPhe), which is essentially unreactive toward biomolecules,
can be selectively incorporated into proteins in E. coli by using
a heterologous suppressor tRNA–aminoacyl tRNA synthetase
pair with altered specificity.[14] Here we show that the Stauding-
er ligation can be used to modify this amino acid efficiently
and selectively with spectroscopic probes in either proteins or
phage-displayed peptides.
A phage-display system was used in which the streptavidin-


binding peptide (SBP) AGXTLLAHPQ was displayed pentava-
lently as a fusion to the pIII protein of M13 filamentous
phage.[15] The N-terminal AG sequence facilitates cleavage of
the signal peptide; the third residue, X, encoded by the amber
nonsense codon TAG, designates the unnatural amino acid to
be incorporated. The phage Ph-Az (encoding SBP with pAzPhe
at residue X) was prepared in E. coli strain TTS/RS in the pres-
ence of 2 mM pAzPhe with good efficiency and high fidelity.[15]


E. coli TTS/RS contains a plasmid that constitutively expresses a
Methanococcus jannaschii mutant amber suppressor tRNATyr


CUA


(mutRNATyr
CUA) and a mutant M. jannaschii tyrosyl-tRNA synthe-


tase (MjTyrRS) which specifically charges mutRNATyr
CUA with


pAzPhe.[6,14,15] As a negative control, another SBP-displayed
phage (Ph-Q) was prepared in E. coli XL1-Blue, a natural amber
suppression strain that incorporates glutamine at residue X.
The fluorescein-derived phosphines 1 and 2 (Scheme 1)


were used for the Staudinger ligation reaction since they can


be easily detected. Phosphine 1 should react with phage Ph-
Az to form an aza-ylide intermediate,[16] followed by intramo-
lecular cyclization[11] to ultimately yield a fluorescein-labeled
phage product (Scheme 1). The conjugation of 2 with Ph-Az
should undergo a traceless Staudinger ligation by a similar re-
action mechanism to yield a fluorescein-labeled phage without
an intervening triphenylphosphine oxide group. Conjugation


Scheme 1. Schematic representation of the Staudinger conjugation of phage Ph-Az with phosphines 1 and 2.
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reactions were carried out between phage Ph-Az and triphe-
nylphosphines 1 and 2 with approximately 1011 phage particles
and 0.01 mM phosphine in 10 mM phosphate buffered saline
solution (PBS, pH 7.4) ; similar reactions were carried out with
phage Ph-Q as a negative control. The ligation reactions were
carried out at ambient temperature for 16 hours, and the mix-
tures were then dialyzed and subjected to SDS-PAGE and
Western blot analysis (Figure 1). Only the fluorescein conjugate


from the ligation of Ph-Az with either phosphine 1 or 2 was
observed as a single band; it was not observed in the control
reactions with Ph-Q. This band was further identified as the pIII
minor coat protein by anti-pIII Western blot analysis. These re-
sults clearly show a high degree of selectivity between phos-
phine 1 or 2 and the azide-containing phage peptide.
To show that the Staudinger coupling reaction does not


lead to a loss in protein activity, phage viability was deter-
mined by titering phage Ph-Az before and after the Staudinger
ligation with 1 or 2. The observed number of viable phage par-
ticles from a Staudinger reaction mixture was (1.7�1)G1011


plaque-forming units per milliliter (PFUmL�1), compared to
(2.5�1)G1011 PFUmL�1 determined from control solutions
without phosphine 1 or 2. In a model phage-selection experi-
ment, a similar number of phage particles prepared from the
aforementioned Staudinger ligation of phosphine 1 with Ph-Az
and Ph-Q were incubated in separate wells that had been pre-
coated with anti-fluorescein antibody. After iterative washing,
the bound phage was eluted with 0.05% BSA–FITC conjugate
and titered. The recovery rate of fluorescein-labeled phage de-
rived from the ligation of Ph-Az with 1 (0.12%) is 120-fold
greater than that of the control phage derived from Ph-Q
(0.001%). These results demonstrate that the Staudinger liga-
tion reaction does not significantly affect phage viability. It is
important to note that phage Ph-Az is nonviable after expo-
sure to the reaction conditions in the [2+3] cycloaddition with
a terminal alkyne group and copper catalyst.[15,17] It was found
that the copper catalyst is predominantly responsible for the
viability loss; however, addition of high concentrations of EDTA


during the dialysis step did not notably improve phage viabili-
ty.
To further characterize the Staudinger ligation products and


determine the conjugation efficiency, a representative Z-
domain protein[18] containing pAzPhe at residue 7 was ex-
pressed in an E. coli strain with mutRNATyr


CUA and the mutant
MjTyrRS, which selectively charges pAzPhe.[6,10,14] This azide-
containing Z-domain was purified and conjugated with phos-
phines 1 and 2. After conjugation, the dialyzed reaction mix-
tures were analyzed by MALDI-TOF. The major peaks of the ob-
served spectra match the expected Staudinger ligation prod-
ucts (Figure 2 and Supporting Information). No azide-contain-


ing Z-domain was observable (<1%); this indicates that the re-
action proceeds in high yield. Doping experiments with
authentic material demonstrated that the pAzPhe Z-domain
mutant is stable (see Supporting Information). For the Stau-
dinger ligation of phosphine 1, the conjugation efficiency is es-
timated to be >90%, based on the integration ratio of the
peaks in the MALDI-TOF spectrum. On the other hand, the
traceless Staudinger ligation of phosphine 2 afforded a lower
yield of ~50%. The lower conjugation efficiency of 2 might be
due to a slower ligation rate, presumably in the intramolecular
cyclization step,[19] and the ease of the hydrolysis of the phenol
ester in 2. These would lead to an amine product, as in the
classical Staudinger reactions.[11, 16]


In summary, we have shown that model Staudinger ligations
between fluorescein-tethered phosphines and either a pAzPhe-
containing phage-displayed peptide or a mutant Z-domain
protein occur with excellent selectivity and efficiency. The Stau-
dinger ligation does not affect phage viability, so enrichment
can be performed without difficulty after the completion of li-
gation. This work provides another useful method for selective-
ly modifying proteins without altering their function and
should be useful for the generation of highly homogenous pe-


Figure 1. Anti-fluorescein (lanes 1–4) and anti-pIII (lanes 5–8) Western blot
analysis of phages Ph-Az and Ph-Q after Staudinger ligation with phosphines
1 and 2.


Figure 2. MALDI-TOF analysis of the reaction products from the Staudinger
ligation of pAzPhe containing Z-domain protein with phosphines 1. Peaks A
and B can be assigned to the conjugation and reduction products, respec-
tively; minor peaks a2, b2, a1 and b1 are derived from the matrix adducts and
the exclusion of methionine from A and B.
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gylated proteins, surface immobilized proteins, or proteins
modified with spectroscopic or affinity reagents.


Experimental Section


All chemicals were purchased from Aldrich. MALDI-TOF and ESI-
TOF spectra were obtained from the Scripps Center for Mass Spec-
trometry. General procedures for the production of phage Ph-Az
and Ph-Q, phage titering, Western blot analysis, and the expression
of azido-containing Z-domain were reported previously.[14,15, 18]


Synthesis : Compound 1 was synthesized according to published
procedures.[11,20] Compound 2 was prepared by the coupling reac-
tion of 2-(diphenylphosphino)phenol (74 mg, 0.27 mmol)[21] and
5(6)-carboxyfluorescein (100 mg, 0.27 mmol) in the presence of di-
cyclohexylcarbodiimide (62 mg, 0.3 mmol) in anhydrous DMF
(1 mL) at ambient temperature for 12 h, and purified by using
preparative TLC to give a red powder (3 mg, 2%); HRMS (ESI-TOF)
for C39H24O7P1: calcd: 635.1265 [M�1]� ; found: 635.1248.


Ligation reactions of phage : A stock (0.5 mM) of each phosphine
reactant in DMF was prepared and was diluted with reaction
buffer to a final concentration of 0.01 mM and total volume of
50 mL. The ligation reactions were carried out in PBS (0.01M,
pH 7.4) with approximately 1011 phage particles at ambient tem-
perature and with shaking for 16 h. The reaction mixture was then
dialyzed against PBS and analyzed.


Enrichment experiment : Anti-fluorescein antibody (20 mgmL�1,
250 mL per well) was coated in aqueous Na2CO3 (0.1M, pH 9.6) in
eight wells of an immunoplate (Fisher) at 37 8C for 4 h. Wells were
washed (3G , 0.9% NaCl, 0.05% Tween 20), blocked with BSA
(0.5%) overnight at 4 8C again, and then incubated at room tem-
perature for 5 h with phage (100 mL) either from a ligation reaction
or a control solution. After being washed, the phage was eluted
from the plate with BSA–FITC conjugate (0.05%). The input (Ph-Az:
1.0G109 PFU; Ph-Q: 2.0G109 PFU) and output (Ph-Az: 1.2G106 PFU;
Ph-Q: 1.0G104 PFU) phages were then titered.


Ligation reactions of mutant Z-domain protein : A stock (10 mM)
of each phosphine reactant in DMF was prepared, and was diluted
with reaction buffer containing mutant Z-domain protein (0.1 mM)
to a final concentration of 1 mM and total volume of 10 mL. The li-
gation reactions were carried out in PBS at ambient temperature
and with shaking for 16 h. The reaction mixture was then passed
through a PD-10 column, eluted in water, and analyzed by MALDI-
TOF spectroscopy.
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Modified oligonucleotides have found widespread applications
as diagnostic and research tools. Furthermore, the generation
of defined molecular architectures by using nucleotide-like
building blocks is a research topic of increasing interest.[1–6]


The repetitive and well-defined structural features of nucleic
acids and related types of oligomers renders them valuable
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building blocks for the generation of nanometre-sized struc-
tures.[7] In addition, the combination of nucleotides with non-
natural building blocks leads to a large increase in the number
of possible constructs and applications. Recently, we reported
the synthesis and properties of non-nucleosidic, phenan-
threne-based building blocks and their incorporation into
DNA.[8] These building blocks can serve as base surrogates
without destabilising the DNA duplex or altering its overall B-
DNA structure. Based on spectroscopic data, a model of inter-
strand stacked polyaromatic building blocks was proposed
(Figure 1), which was further supported by the observation of
excimer formation by pyrenes placed in opposite positions.[9]


Replacement of two base pairs by non-nucleosidic phenan-
threne building blocks was well tolerated and had almost no
influence on duplex stability.[8] We subsequently investigated
the effect of further replacements of base pairs by phenan-
threne building blocks. Such DNA mimics are also important in
view of the recent discovery of a natural, peptide-based DNA
mimic used by Mycobacterium tuberculosis to evade the effect
of antibiotic agents.[10] Here, we report that DNA containing ex-
tended stretches of phenanthrene building blocks forms stable
hybrids and that the obtained data are in agreement with the
model of interstrand stacked phenanthrenes.


The required phenanthrene phosphoramidite was prepared
as described previously.[8] All oligomers were assembled by
standard automated oligonucleotide synthesis and purified by
reversed-phase HPLC. The correct identities of the purified


oligomers were verified by electrospray ionisation time-of-
flight (ESI-TOF) mass spectrometry (see Supporting Informa-
tion). The effect on the DNA duplex stability of replacing base
pairs with the phenanthrene building blocks was analysed by
thermal-denaturation experiments. All oligomers investigated
in this study showed a single, cooperative transition. The melt-
ing temperatures (Tm) are given in Table 1. As described previ-
ously, the replacement of one or two base pairs with phenena-
threne has either no or only a slight stabilising effect (entries 2
and 3).[8] Subsequent replacement of a third and a fourth base
pair is still well tolerated. The corresponding hybrids show
only a small reduction in thermal stability. For the hybrid in
which seven base pairs were replaced with phenanthrenes, a
decrease of 8.3 8C was observed. This translates into a DTm of


�1.2 8C per modification. The
middle part, which represents a
considerable fraction of this
duplex, is stabilised merely by
interstrand stacking interactions.
Molecular modelling suggests
that the part of the phenan-
threne stretch has a slightly
smaller diameter than the regu-
lar B-DNA parts on both sides. It
is possible that the stability can
be further influenced by choos-
ing a different type of linker to
connect the phenanthrenes.


Nevertheless, replacement of seven natural base pairs by the
same number of flexible phenanthrene residues of this type re-
sults in the relatively small destabilisation of approximately
8 8C.


The circular dichroism (CD) spectra are in good overall
agreement with that of a typical B-DNA structure (Figure 2).
The minima and maxima of the modified duplexes correlate
very well with the ones of the unmodified DNA duplex
(250 nm and 280 nm, respectively). An additional shoulder is
apparent in the spectra of the modified duplexes in the range
of 240–250 nm. This corresponds to the region of the absorp-
tion of the phenanthrene building block (240–260 nm). The
magnitude of this shoulder increases with the number of
phenanthrene residues present in the hybrid.


Figure 1. Schematic illustration of a duplex containing non-nucleosidic, interstrand stacked phenanthrene resi-
dues.


Table 1. Influence of the replacement of natural base pairs by non-nucle-
osidic phenanthrene building blocks on the thermal stability of duplex
DNA.


Duplex Tm [8C][a,b] DTm
[c] DTm per


modification[d]


1 (5’) AGCTCGGTCATCGAGAGTGCA 68.0 – –
(3’) TCGAGCCAGTAGCTCTCACGT


2 (5’) AGCTCGGTCAPCGAGAGTGCA 68.3 0.3 0.3
(3’) TCGAGCCAGTPGCTCTCACGT


3 (5’) AGCTCGGTCPPCGAGAGTGCA 69.3 1.3 0.6
(3’) TCGAGCCAGPPGCTCTCACGT


4 (5’) AGCTCGGTPPPCGAGAGTGCA 67.7 �0.3 �0.1
(3’) TCGAGCCAPPPGCTCTCACGT


5 (5’) AGCTCGGPPPPCGAGAGTGCA 66.0 �2.0 �0.5
(3’) TCGAGCCPPPPGCTCTCACGT


6 (5’) AGCTCPPPPPPPGAGAGTGCA 59.7 �8.3 �1.2
(3’) TCGAGPPPPPPPCTCTCACGT


[a] Conditions: oligomer concentration 1.0 mM, 10 mM Tris-HCl, 100 mM


NaCl, pH 7.4; temperature gradient: 0.5 8C min�1. [b] Melting temperatures
were determined from the maximum of the first derivative of the melting
curve (A260 against temperature) ; each Tm is the average of three inde-
pendent experiments; experimental error: �0.5 8C. [c] Difference in Tm


relative to the control duplex (entry 1). [d] Difference in Tm relative to the
control duplex (entry 1) divided by the number of modifications per
single strand.
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The model of interstrand stacked phenanthrenes predicts a
lengthening of the duplex by approximately 3.4 F for each re-
placement of a natural base pair by a pair of phenanthrene-de-
rived building blocks. To illustrate this point, an amber-mini-
mised structure[11] of the hybrid containing seven phenan-
threne pairs is shown in Figure 3. In comparison to the un-
modified duplex—containing the same overall number of
residues—the interstrand stacked arrangement of the
phenanthrene moieties leads to a significant extension of the
DNA. The charge of the hybrids, on the other hand, remains
the same throughout the whole series since the modified
building blocks are, like the natural nucleotides, connected
through phosphodiester bonds. To investigate this theoretical
length dependence on the number of phenanthrenes, the rela-


tive gel mobilities of the different hybrids were ex-
amined. Figure 4 shows a gradual reduction in the
gel mobility with an increasing number of phenan-
threnes. As expected, the largest effect is observed
upon replacement of seven natural base pairs by
seven interstrand stacking phenanthrene pairs (lane
6). According to the interstrand stacked model, this
part of the hybrid should possess a length that is
comparable to a segment of an unmodified duplex
containing 14 base pairs (Figure 3). In the context of
the hybrid under discussion, this accounts for half of
the overall length of the duplex.


Similar models of hybrids containing stretches of
interstrand stacked building blocks with non-nucleo-
sidic linkers have been proposed by other groups.
Iverson and co-workers showed that interstrand
stacking forces favour duplex formation of alternat-
ing electron-rich and electron-deficient aromatic


units with flexible backbones.[12;13] Similarly, Zhou et al. report-
ed the formation of a molecular duplexes driven by coopera-
tive donor–acceptor interactions.[14] Interstrand stacking of two
non-nucleosidic pyrene derivatives placed within a DNA
duplex in opposite positions was shown by Nielsen et al.[15]


Furthermore, the formation of stretches of interstrand stacked,
2’-deoxyribose-based building blocks has been reported else-
where in the literature.[16, 17] The data presented here show that
also non-nucleosidic building blocks form extended stretches
of interstrand stacked residues if embedded within a DNA
duplex. While gel-mobility experiments show a lengthening of
the duplex, the phenanthrene stretch does not alter the B-
form structure of the flanking DNA parts significantly accord-
ing to CD spectroscopy. The non-nucleosidic phenanthrene de-
scribed here thus serves as an additional building block for the


Figure 2. Circular dichroism spectra of a duplex containing three (^; entry 4 in Table 1) or
seven (^; entry 6 in Table 1) phenanthrene “pairs” in comparison to the unmodified DNA
duplex (c).


Figure 3. Amber-minimised models of a 21-mer DNA duplex (left) and a 21-
mer DNA mimic in which seven base pairs have been replaced with phenan-
threnes (see entry 6, Table 1). The phenanthrene residues of the two strands
are shown in blue and green. The interstrand stacked arrangement of the
phenanthrenes leads to an increase in the length of the duplex.


Figure 4. Nondenaturing 20 % polyacrylamide gel of phenanthrene-con-
taining hybrids. The line numbers correspond to the entry numbers from
Table 1, that is, the number of phenanthrenes per strand increases from
left (0) to right (7). Bands were visualised by UV light (260 nm).
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modular assembly of nanometre-sized structures with nucleic
acids.


In conclusion, we have shown that complementary DNA
strands containing extended stretches of non-nucleosidic
phenanthrene building blocks in opposite positions form
stable hybrids. Up to seven phenanthrenes per strand are well
tolerated in a 21-mer oligomer. The phenanthrene residues
contribute to the overall stability of the duplex through inter-
strand stacking interactions. Continuous replacement of the
bases by the phenanthrene moieties results in a proportional
lengthening of the duplex, which is a consequence of the in-
terstrand stacked arrangement of the phenanthrenes. Non-nu-
cleosidic aromatic derivatives such as the ones described here
can, thus, serve as building blocks for the construction of DNA
mimics.
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Carefully chosen peptide systems can provide valuable insights
into the details of protein folding. Construction of the secon-
dary structures most commonly observed in proteins, namely
a-helices and b-sheets, from constrained amino acid residues
allows detailed investigation of the factors driving the folding
and stability of these structural scaffolds.[1] Structure formation
in these cases is driven largely by local nonbonded interactions
and backbone hydrogen bonding. Helix design by incorpora-
tion of constrained amino acids such as Aib (U, a-aminoisobu-
tyric acid) and its analogues has achieved great success.[2] Early
studies of b-hairpin design by using sequences derived from
proteins did not yield well-folded structures.[3] Subsequently,
hairpin design has been effectively achieved with the use of D-
Pro-Xxx sequences as turn nucleators in synthetic oligopep-
tides. D-Pro-Xxx segments favor the formation of type II’/I’ b-
turns, which in turn promote hairpin registry.[4] The role of ter-
tiary (side chain–side chain) interactions that are predominant
in protein interiors can now be probed by specifically position-
ing appropriate residues at desired sites in peptides with pre-
defined structures. Specific aromatic–aromatic interactions
have been suggested to be important in stabilizing hairpin
structures in aqueous solutions.[5] Study of aromatic interac-
tions also gains significance in the light of b-sheet aggregation,
which leads to the formation of amyloids and results in protein
aggregation and neurodegenerative diseases.[6]


As part of a program to explore aromatic interactions be-
tween side chains appropriately positioned on helical and hair-
pin scaffolds, we have investigated a series of designed pep-
tides rich in aromatic residues. A prerequisite to the unambigu-
ous characterization of the backbone conformation from spec-
troscopic data rests in the ability of those data to uniquely
relate to the conformation. Electronic Circular Dichroism (ECD),
which often provides a quick method to assess the conforma-
tion of a designed peptide, is usually inapplicable in the case
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of sequences rich in aromatic residues because of the exten-
sive absorption of aromatic chromophores in the far-UV
region. NMR spectroscopy is the method of choice for estab-
lishing solution conformation, but can prove time consuming
if a large number of peptides are to be investigated. Vibration-
al Circular Dichroism (VCD) is developing into a powerful tech-
nique for peptide conformation analysis,[7] providing an attrac-
tive alternative to ECD for peptides with aromatic chromo-
phores.[8] VCD is based on the chiral perturbation of a vibra-
tional transition and measures the difference in the absorbance
of left and right circularly polarized light in the infrared
region.[7,9] VCD studies have recently been applied to the con-
formation analysis of peptides with the specific intention of
identifying secondary structures like helices and sheets. Several
groups have developed VCD applications for the characteriza-
tion of helices.[7, 10] Previous studies have described the use of
VCD methods in providing a diagnostic of b-hairpin conforma-
tions.[8, 11] In this paper, we examine model peptide helices and
b-hairpins rich in tryptophan and tyrosine residues (Table 1)
and demonstrate that VCD spectroscopy provides a clear diag-
nostic of backbone structure in cases for which ECD spectra
are completely anomalous.


Peptides 1–6 were designed to form b-hairpins by placing a
D-Pro-Gly segment at the center of the sequence. Peptides 2–5
formed well-defined hairpins with type II’ turns in organic sol-
vents (Table 1), as determined by 2D NMR spectroscopy (see
Supporting Information for a summary of unpublished NMR re-
sults). Peptide 6 appeared to form a frayed hairpin structure
with a type I’ b-turn. This is presumably because of the bulky
Trp residues at positions adjacent to the central b-turn; these
might result in interactions between the indole ring and flank-
ing amide bonds that, in turn, influence local conformation.[12]


The far-UV ECD spectra of peptides 1–6 in methanol are
shown in Figure 1A and B. Peptide hairpins are generally char-
acterized by a broad, negative ECD band at ~218 nm. Inspec-


tion of the spectra in Figure 1A and B clearly reveals several
features that may be attributed to contributions from the aro-
matic chromophores, giving rise to anomalous far-UV ECD
spectra. The positioning of the aromatic residues influences
the interactions between the side chains. For example, in an
ideal hairpin, strong cross-strand interactions may be anticipat-
ed when aromatic residues are placed at positions 2 and 7 in
octapeptide segments.[8, 13] Figure 2A and B illustrates the ob-
served aromatic-proton chemical shifts for the Tyr residue at
positions 2 and 7 in peptide 3. A remarkable upfield shift is ob-
served for the Tyr7 CdH proton due to shielding by the ring
currents of the facing Tyr2 residue. The temperature depend-
ence means that the effect is substantially more pronounced
at low temperatures, at which side-chain conformational ex-
change is limited. Aromatic interactions are also anticipated for
residue pairs 1–3 and 6–8 along the strand segments, as well
as 1–6 and 3–8 diagonally across the two strands of the hair-
pin. Strong aromatic interactions therefore contribute to the
far-UV ECD spectra observed for the peptides studied, making
unambiguous structural characterization difficult.


Peptides 7–10b form predominantly helical conformations
in chloroform (Table 1), as determined by NMR methods (un-
published NMR data, see Supporting Information). ROESY spec-
tra of the helical peptides carried out in CDCl3 revealed the
presence of almost all sequential dNN NOEs. In addition, we ob-
tained medium-to-weak i–i+2 and i–i+3 daN NOEs; this sug-
gests that the peptides adopted a 310-helical conformation in
solution (unpublished). This observation is not surprising, as
several Aib-containing short synthetic peptides are shown to
adopt a 310-helical conformation in crystals.[14] However, the
possibility of facile exchange between the 310- and a-helical
conformations must always be considered. Indeed, mixed heli-
cal structures are frequently observed in the solid state for hy-
drophobic helical sequences.[15] Peptide 10a contains a D-Val
residue at position 3, which may be expected to perturb the


Table 1. Peptide sequences, mass spectral data, conformations, and VCD data.


No. Sequence[a] Mass [Da] Solution VCD band
[M+Na]+ [M+K]+ Mcalc Conformation[b] positions [cm�1][c]


1 Boc-LWVDPGLLV-OMe 1031.8 1047.8 1009 b-hairpin (�) 1658
2 Boc-WLVDPGWLV-OMe 1105.9 1122.1 1083 b-hairpin (�) 1649
3 Ac-LYVDPGLYV-OMe 1000.6 1016.8 978 b-hairpin (�) 1649
4 Boc-YLVDPGWLV-OMe 1081.6 1097.6 1059 b-hairpin (�) 1651
5 Boc-LLVDPGYLW-OMe 1095.7 1111.8 1073 b-hairpin (�) 1648
6 Boc-WLWDPGWLW-OMe 1277.8 1293.9 1256 b-hairpin (�) 1653
7 Boc-WLWUWLW-OMe 1208.7 1224.6 1187 helix (�) 1678, (+) 1651
8 Boc-UWLWUWLW-OMe 1297.4 1312.9 1273 helix (�) 1674, (+) 1654
9 Boc-LWVAULWV-OMe 1108.6 1124.5 1084 helix (�) 1672, (+) 1652
10a Boc-LWDVUAULWV-OMe 1193.5 1209.6 1169 helix (�) 1672, (+) 1650
10b Boc-LWVUAULWV-OMe 1193.7 1209.8 1169 helix (�) 1670, (+) 1650
11 Boc-WLWUGWLW-OMe 1267.2 1283.9 1244 helix (�) 1674, (+) 1654


[a] In the peptide sequence, DP=D-Pro and U=Aib. [b] The solution conformations of all peptides were inferred from NMR data (Bruker DRX 500 MHz NMR
spectrometer; all spectra recorded at 303 K) in CDCl3 for peptides 7–10b, in CDCl3 + 10% [D6]DMSO for peptides 1–6, and additionally in CD3OH for pep-
tide 3. Chemical-shift dispersion of backbone NH and CaH resonances as well as 3JNH–C


a
H coupling constants were used as diagnostics. b-Hairpins yielded a


large chemical-shift dispersion and high (>7.5) 3JNH–C
a
H values, while helices had limited chemical-shift dispersion and small 3JNH–C


a
H values (�6). NOEs were


used to confirm conformational assignments. Helices yielded a succession of NiH�Ni+1H (dNN) NOEs, while b-hairpins were characterized by the observation
of cross-strand NH�NH (1–8, 3–6) and CaH�CaH NOEs (residues 2–7; unpublished data). Complete NMR analysis was carried out for all peptides except 1
and 11, for which structural information is based on chemical-shift dispersion and 3JNa coupling constants. [c] VCD spectra were recorded in CDCl3.
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helical conformation at the N terminus. Evidence from NMR ex-
periments, however, clearly demonstrates that the overall con-
formation of the peptide is a helix in solution, with a local dis-
tortion in the backbone near the D-amino acid (see Supporting
Information). It should be noted that D residues can indeed be
comfortably accommodated in right-handed-helix structures,
as demonstrated by recent crystal structures of synthetic pep-
tides containing multiple D residues placed in host L-amino
acid sequences.[16] Peptide 11 contains a central Aib-Gly seg-
ment, which, in principle, can adopt either a type I/III or
type I’/III’ b-turn conformation. A helical fold of the octapep-
tide would be supported by type I/III stereochemistry, while a
hairpin may be formed with a type I’/III’ conformation. The far-
UV ECD spectra of peptides 7–11 are illustrated in Figure 1C
and D. ECD spectra of helices are generally characterized by
negative bands at ~222 and ~208 nm as well as a positive
band at ~195 nm. In short helical peptides, which consist of
up to 3–4 turns of 310- or a-helices, the relative intensities of
the two minima can be significantly different, with the n–p*
band at 222 nm exhibiting diminished ellipticity.[15,17] Inspec-
tion of the spectra in Figure 1C and D reveals anomalous fea-
tures, specifically, the positive band at ~225–230 nm in pep-
tides 7, 8, 10a, and 11. Of the six peptides listed, only two (9
and 10b) yield spectra that resemble those anticipated for
short helices.


The far-UV ECD data for the peptides examined in this study
suggest that, for both helices and b-hairpins, anomalous far-UV
ECD spectra are obtained when the sequence contains one or
more Trp/Tyr residues. In the sequences studied, through-
space interactions may be expected in a hairpin conformation
for peptides 1–6. In the case of the helices, aromatic interac-
tions may be expected when the residues are placed at posi-
tions i/i+3 or i/i+4. This condition is satisfied in sequences 7, 8
and 11. In helical structures, variations of the side-chain torsion
angles can result in multiple orientations of the projecting aro-
matic groups, which generally preclude close interactions, such
as those observed across antiparallel strands in a hairpin struc-
ture. The aromatic chromophores can, however, be sufficiently
proximal[18] to contribute to the far-UV ECD spectra, thereby
masking transitions of the backbone. Aromatic–amide interac-
tions, observed in several Trp-containing peptides,[12] cause ad-
ditional absorption effects and complicate the ECD spectrum.
The data presented in Figure 1 clearly demonstrate that far-UV
ECD does not provide reliable information on peptide confor-
mation when multiple aromatic residues are present. In sharp
contrast, VCD spectra provide an unambiguous distinction be-
tween the two groups of peptides.


Table 1 as well as Figures 3 and 4 summarize the VCD spec-
tra in the region of the amide I band for peptides 1–6 and 7–
11. It should be mentioned that although the VCD spectra


Figure 1. Far-UV ECD spectra of peptide hairpins (A and B) and helices (C and D) recorded in methanol at an ambient temperature of ~298 K. Plot of total
molar ellipticities ([q]M /degcm2dmol�1) as a function of wavelength. A) Peptide 1: Boc-LWVDPGLLV-OMe, peptide 2 : Boc-WLVDPGWLV-OMe, peptide 3 : Ac-
LYVDPGLYV-OMe; B) peptide 4 : Boc-YLVDPGWLV-OMe, peptide 5 : Boc-LLVDPGYLW-OMe, peptide 6 : Boc-WLWDPGWLW-OMe; C) peptide 7: Boc-WLWUWLW-OMe,
peptide 8 : Boc-UWLWUWLW-OMe, peptide 9 : Boc-LWVAULWV-OMe; D) peptide 10a : Boc-LWDVUAULWV-OMe, peptide 10b : Boc-LWVUAULWV-OMe, peptide
11: Boc-WLWUGWLW-OMe (DP=D-Pro; U=Aib).
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were recorded in CDCl3, the ECD spectra were obtained in
methanol, as strong chloroform absorption bands hamper the
acquisition of far-UV ECD spectra. However, independent struc-
tural information in CDCl3 was obtained for most of the pep-
tides by using solution NMR methods (some peptide hairpins
that showed broad backbone resonances in chloroform at the
concentrations used for NMR experiments were recorded in
CDCl3 + 10% [D6]DMSO; see Supporting Information) and are
listed in Table 1. Additionally, 2D NMR experiments were re-
peated in CD3OH for one of the peptides (peptide 3), and the
chloroform structure was found to be essentially maintained in
this case. For this peptide, VCD spectra were recorded in both
chloroform and in CH3OD.


All the hairpin-forming sequences show a negative VCD
band at ~1648–1660 cm�1 (Figure 3), which is associated with
a strong IR absorption band, in chloroform. As proposed earli-
er,[8] this strong absorption band and the associated negative
VCD band are thought to originate from b-strands. The spec-
trum of peptide 3 in methanol (Figure 2C) shows a negative
VCD band at 1641 cm�1 accompanied by a broad IR-absorption
band centered at 1649 cm�1. The observed VCD bands in
CH3OD are shifted to lower frequencies as compared to chloro-
form (1649 cm�1). The origin of this shift could be due to sol-
vent polarity and/or H–D exchange, which will influence
amide I band positions. The helices, peptides 7–11, reveal a
couplet with a positive component at ~1650–1654 cm�1 and a
negative component at ~1670–1678 cm�1 (Figure 4), which is
characteristic of a right-handed helical structure. VCD spectra
of helical peptides 7 and 8 also showed a positive band at
~1720 cm�1, which might be associated with the carbonyl


Figure 3. Vibrational absorption (bottom) and VCD (top; DAK106) spectra of peptide hairpins recorded in deuterated chloroform at 293 K. A) Peptide 1: Boc-
LWVDPGLLV-OMe); B) peptide 2 : Boc-WLVDPGWLV-OMe); C) peptide 3 : Ac-LYVDPGLYV-OMe; D) peptide 4 : Boc-YLVDPGWLV-OMe); E) peptide 5 : Boc-LLVDPGYLW-
OMe; F) peptide 6 : Boc-WLWDPGWLW-OMe (DP= D-Pro; U=Aib).


Figure 2. A) Chemical-shift dependence of the aromatic-ring-proton resonan-
ces as a function of temperature. Spectra recorded on a Bruker DRX
500 MHz spectrometer with sample concentrations of ~10 mM in CD3OH.
Note the anomalous upfield shift of the Tyr7 CdH protons (meta to the phe-
nolic hydroxyl group). B) Plot of the chemical-shift variation of the aromatic
resonances in peptide 3 with temperature. C) Vibrational absorption (bot-
tom) and VCD (top; DAK106) spectra of peptide 3 in methanol. A negative
band at 1641 cm�1, characteristic of b-hairpins, is observed.
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moiety of the tert-butyloxycarbonyl (Boc) group. The urethane
band is seen only in the case of the helical peptides containing
four Trp residues; however, with the present data, we find it
difficult to explain why this observation is restricted to 7 and
8. In the case of peptide 10a, it was interesting to note that
despite the presence of a D-amino acid in the sequence, which,
in principle, should act as a helix breaker, a characteristic VCD
spectrum for a helix is obtained. As mentioned earlier, NMR
studies in CDCl3 support the results obtained from the VCD
spectrum of this peptide. It is clear from NMR experiments (see
Supporting Information) that although there is a local distor-
tion in the helical scaffold, the D-amino acid is largely accom-
modated in a right-handed helix. Likewise, the VCD spectrum
of this peptide also clearly indicates the presence of a negative
band at ~1672 cm�1 and a positive band at ~1650 cm�1. We
therefore conclude that the presence of a D-amino acid does
not necessarily disrupt the overall helical scaffold in all cases,
as was demonstrated earlier.[16]


There is a clear distinction between the VCD spectra ob-
tained for the groups of peptide hairpins and helices. Peptide
11, which can, in principle, adopt either a helical or hairpin
conformation, shows clear evidence for the formation of a
helix in the VCD spectrum. In previous studies from the labora-
tory, the sequence Boc-LVVUGLVV-OMe was investigated, and
NMR studies support a solvent-dependent helix-to-hairpin tran-
sition, forming a helix in non-hydrogen-bonding solvents like
chloroform and acetonitrile and adopting a b-hairpin confor-
mation in hydrogen-bonding solvents like methanol and di-


methyl sulfoxide.[19] Such solvent-dependent structural transi-
tions can now be easily characterized by using VCD spectros-
copy in cases such as peptide 11, in which aromatic interac-
tions obscure peptide transitions in the far-UV ECD spectrum.


The peptides investigated in the present study have been
designed in order to populate a specific ordered conformation,
either a hairpin or a helix. In the sequences that are rich in aro-
matic residues, VCD has provided clearly identifiable finger-
prints in the amide I region for the two kinds of peptide secon-
dary structures examined. Independent evidence for the
nature of the preferred conformations obtained from NMR
studies (unpublished) correlates well with the VCD data. The
use of well-defined model peptides therefore permits the de-
velopment of VCD methods as a tool in peptide- and protein-
conformation analysis.


Experimental Section


Peptide synthesis: All peptides were synthesized by conventional
solution-phase chemistry by using fragment-condensation strategy.
The Boc group was used for N-terminal protection and the C termi-
nus was blocked as the methyl ester. For peptide 3, the acetyl
group was employed for N-terminal protection. Deprotection of
the Boc- and -OMe groups was carried out by using 98% formic
acid and alcoholic NaOH, respectively. Couplings were mediated
by using dicyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/
HOBt). Some of the intermediates were characterized on a TLC
plate (silica gel), by 1D 1H NMR (80 MHz) spectroscopy as well as
ESI-MS mass spectrometry and used without further purification.


Figure 4. Vibrational absorption (bottom) and VCD (top; DAK106) spectra of peptide helices recorded in deuterated chloroform at 293 K. A) peptide 7: Boc-
WLWUWLW-OMe; B) peptide 8 : Boc-UWLWUWLW-OMe; C) peptide 9 : Boc-LWVAULWV-OMe; D) peptide 10a : Boc-LWDVUAULWV-OMe; E) peptide 10b : Boc-
LWVUAULWV-OMe; F) peptide 11: Boc-WLWUGWLW-OMe (DV=D-Val; U=Aib).
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The final peptides were purified by medium-pressure liquid chro-
matography (MPLC; C18, 40–60 mm) and, wherever required, by
high-performance liquid chromatography (HPLC; C18, 5–10 mm,
10K250 mm) with methanol/water gradients. During the synthesis
of peptide 10, the coupling of the 1–3 fragment (Boc-LWV-OH) to
the 4–9 fragment (H2N-UAULWV-OMe; U=Aib, a-aminoisobutyric
acid) yielded two peptides (10a and 10b) that had identical mass
spectra but were separable by MPLC. Analysis of the 500 MHz NMR
spectra (1D 1H, 2D ROESY, DMSO titration experiments) clearly es-
tablished that the two nonapeptides differed in the configuration
of V3, racemization having occurred during the activation of the
tripeptide. The Val-Aib coupling is known to be difficult and is a
slow reaction often resulting in racemization in couplings involving
activation of a Val carboxylic acid group, despite the use of racemi-
zation-suppressing additives (unpublished results). Racemization
was encountered only in the case of peptide 10.


MALDI-TOF mass spectrometry: Mass spectra of the purified pep-
tides were recorded on a Kompaq Seq MALDI-TOF mass spectrom-
eter (Kratos Analytical, Manchester, UK). Complete characterizations
of all the peptides except peptides 1 and 11 were carried out by
2D 1H NMR (500 MHz) spectroscopy (unpublished results). Table 1
lists peptides studied along with data obtained from mass spec-
trometry studies.


Electronic circular dichroism: Far-UV ECD spectra were recorded
on a JASCO J-715 spectropolarimeter with methanol as the solvent.
Calibration of the instrument was done by using d-(+)-10-cam-
phorsulfonic acid. A path length of 1 mm for far-UV was employed.
Data were acquired in the wavelength-scan mode by using a 1 nm
bandwidth with a step size of 0.2 nm and a scan speed of
20 nmmin�1. Typically, five scans were acquired, and the data were
averaged. Solvent subtraction was carried out by using methanol
as a blank, and the spectra were smoothed.


Vibrational circular dichroism: All VCD spectra were recorded on
a commercial Chiralir spectrometer (BomemBiotools, QuNbec,
Canada). The peptide (2 mg) was dissolved in CDCl3 (200 mL), and
the spectra were recorded in a fixed-path-length (100 mm) cell at
293 K. All spectra were collected for 1 h at a resolution of 8 cm�1,
and solvent contribution was subtracted.
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Over the past decade, RNA has become a focus of investiga-
tion into structure–function relationships. A large number of
methods for structural studies of RNA are available. Application
of those techniques often requires decoration of the sample
with reporter groups and modifications such as fluorophores,
cross-linking reagents, phosphorothioates, affinity tags or ESR
spin labels, most desirably at a specific position.[1] We have de-
veloped a strategy for RNA modification that relies on a small
engineered twin ribozyme that mediates the exchange of a
patch of residing sequence of substrate RNA with a separately
added synthetic RNA fragment.[2] Here we show that RNA frag-
ments conjugated with fluorescent dyes or biotin are well ac-
cepted for strand exchange. Up to 53% of a dye-labelled oli-
goribonucleotide has been inserted into a 145-mer RNA. Thus,
for the first time, specific labelling of a long transcribed RNA at
an internal predetermined position is demonstrated.


Modified nucleosides can be site-specifically incorporated
into RNA by chemical synthesis with modified nucleoside
phosphoramidites. While this is a useful strategy for modifica-
tion of synthetically available RNAs, modification of long tran-
scripts or natural RNA requires alternative techniques. In this
case, specific labelling is possible at the two ends by taking ad-
vantage of the unique reactivity of the RNA termini.[3] Func-
tionalization at internal sites can be achieved by adding modi-
fied nucleoside triphosphates to the transcription mixture.[4]


However, the range of modified nucleosides that can be incor-
porated during transcription is limited by the specificity of the
polymerase, and the label becomes distributed over the entire
molecule. The recently published procedure of indirect label-
ling through oligonucleotide hybridization is a useful alterna-
tive. However, it is restricted by the availability of specific hy-
bridization sites in the folded state of the molecule.[5]


We have developed a procedure for manipulating at will a
chosen patch of a given RNA sequence. A small engineered
twin ribozyme promotes, in a strictly controlled fashion, two
RNA-cleavage events and two ligations, and thus mediates the
specific exchange of RNA patches.[2] The strategy relies on the
cleavage/ligation characteristics of the hairpin ribozyme,[6] a
small naturally occurring catalytic RNA. Twin ribozymes are de-
rived from tandem duplication of the hairpin ribozyme and
thus inherit cleavage as well as ligation activity. Efficient frag-
ment exchange is achieved by destabilization of the duplex
between the ribozyme and the RNA patch to be removed
(dark grey sequence (lower case letters) in Scheme 1a) and sta-
bilization of the duplex between ribozyme and fragment to be
inserted (light grey sequence). After cleavage, the sequence
patch (in lower case letters) is readily released from the ribo-
zyme–substrate complex due to the GAUU tetraloop designed
to weaken its binding. The new fragment (light grey) contains
the four additional nucleotides complementary to the GAUU
tetraloop and thus, upon binding into the gap left by dissocia-
tion of the cleaved out fragment (dark grey lower case letters),
extends the formerly interrupted duplex to 12 base pairs and
makes it contiguous. Thus, the structure of the substrate–ribo-
zyme complex is stabilized, and, consequently, ligation of the
new fragment to the remaining substrate arms is favoured. In
previous experiments, up to 30% of substrate RNA have been
transferred into the insertion product.[2a]


We decided to exploit this strategy in a scheme of site-di-
rected RNA functionalization. To this end, a uridine in the
centre of the insertion fragment was replaced by an amino-
modified deoxythymidine (marked T in Scheme 1, insertion
fragment RS-TW5-6). The aliphatic amino group within the
RNA chain was treated with either the isothiocyanate (RS-TW5-
7 and RS-TW5-8) or O-succinimidyl ester derivatives (RS-TW5-9
and RS-TW5-10) of a number of dyes as well as biotin to deliv-
er the modified oligonucleotides shown in Scheme 1b. The
fragment-exchange reaction was carried out by using the unla-
belled oligonucleotide RS-TW5-6 as well as the four oligonu-
cleotides to which either fluorescein (RS-TW5-7), tetramethyl-
rhodamine (RS-TW5-8), Cy5 (RS-TW5-9) or biotin (RS-TW5-10)
had been conjugated to replace the defined patch (lower case
letters) of the RNA substrate S-TW5-1. During reaction, the 45-
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mer substrate RNA is transformed into a 49-mer product
(Scheme 1a); the reaction can thus be followed by fragment-
length analysis (Figure 1). The obtained data show that all label-
led oligonucleotides (lines 2–5) are inserted equally well as the
unlabelled oligonucleotide (line 1). Furthermore, at 25–30%,
the product yields are in the same range as that observed for
the completely unmodified insertion oligonucleotide in the
original system.[2] Next, we addressed the question of whether
the approach is suitable for labelling longer RNAs that are inac-
cessible by chemical synthesis. The 145-mer RNA S-TW5-5
(Scheme 2) was prepared by run-off transcription in vitro. By
employing the same strategy as described above, twin ribo-
zyme HP-TW5 was incubated with the long RNA substrate S-


TW5-5 in the presence of an equimolar amount of either RS-
TW5-7 or RS-TW5-9 (cf. Scheme 1b). In both cases, insertion of
the labelled oligonucleotide into the 145-mer RNA was ob-
served with yields of 18% and 11% (Table 1). Conducting the
experiment in the presence of a 20-fold excess of two anti-
sense oligonucleotides complementary to the sequence seg-
ments of the substrate RNA flanking the ribozyme-substrate
complex (Scheme 2) helped to slightly increase yields, even
though the effect was not significant (Table 1).
Original experiments were carried out at 37 8C. RNA func-


tionalization in vitro is not confined to physiological conditions
and therefore may involve higher temperatures. We carried
out reaction of HP-TW5 with substrate S-TW5-5 in the presence


Scheme 1. Twin-ribozyme-mediated RNA modification. a) Reaction scheme. Substrate RNA is annealed to twin ribozyme HP-TW5 and cleaved at two different
sites indicated by arrows. The fragment extending between the two cleavage sites (16-mer, dark grey, smaller case letters) is replaced on the ribozyme by the
insertion oligonucleotide RS-TW5-x (20-mer, light grey), which subsequently becomes ligated to the flanking substrate fragments to form the HP-TW5-product
complex. T is an amino-modified deoxythymidine that has been labelled with a number of dyes and biotin (cf. b). b) Post-synthetic labelling of the amino-
modified oligonucleotide RS-TW5-6 by using fluorescein isothiocyanate, tetramethylrhodamine (TAMRA) isothiocyanate, Cy5 succinimidyl ester or biotin succi-
nimidyl ester to yield the corresponding labelled oligonucleotides RS-TW5-7 to RS-TW5-10.
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of insertion fragment RS-TW5-7 (Figure 2a) at temperatures
ranging from 37 to 52 8C. The best results were obtained at
47 8C: 53% of the added fluorescein-labelled oligonucleotide


RS-TW5-7 was inserted to result
in transfer of the formerly unla-
belled substrate RNA into the
fluorescent product (Table 2,
Figure 2b, line 1). We followed
the reaction for 1 h, saturation
was reached already after
10 min (Figure 2c). The frag-
ment exchange is supposed to
proceed more efficiently at
higher temperatures, since the
sequence patch that is cleaved
out in the first step of the reac-
tion can dissociate more easily.
The melting temperature of a
model duplex consisting of a
part of the substrate sequence
(dark grey fragment in smaller
case letters) and its complemen-
tary strand with the four nucleo-
tide bulge is 38 8C (at 500 nM),
while the corresponding full
complementary duplex contain-
ing the new RNA fragment (light
grey) only melts at 73 8C.[2b]


Thus, at 47 8C, melting of the
cleaved substrate is preferred,
whereas binding of the insert is
still stable enough to allow liga-


tion to take place. Further increasing the temperature is coun-
terproductive; the yield of final product decreases again
(Table 2).


Figure 1. a) Monitoring reactions (fluorescence detection at 488 nm) after 24 h (8 h at 37 8C, then 25 8C). A: 14-mer, B: 15-mer, C: 20-mer, D: 30-mer, E: 31-mer,
F: 34-mer, G: 35-mer, H: 45-mer, I : 49-mer. For identity of fragments A to I, see b). Experimental proof for I’s being the full-length insertion product was pro-
vided previously.[2] Note that fragments differing in length by only one nucleotide are not resolved. This effect is a result of an accelerating influence of the
2’, 3’ cyclic phosphate group on the 15-mer and differential effects of the fluorescein moiety at the 5’- or 3’-end. Yields of labelled product are given for each
line. Exact calculation of yields for insertion of oligonucleotides RS-TW5-7 and RS-TW5-8 is not possible due to the fact that the contributions of individual flu-
orescein and tetramethylrhodamine residues to the overall fluorescence of the 49-mer product cannot be resolved. b) Fragmentation and ligation scheme (cf.
Scheme 1a).


Scheme 2. HP-TW5-mediated labelling of transcript S-TW5-5. S-TW5-5 is a 145-mer transcript. It contains the se-
quence of the synthetic substrate S-TW5-1 embedded into an arbitrarily chosen sequence. The two antisense oli-
gonucleotides AS5’ and AS3’ that have been added to avoid spurious annealing of the substrate RNA are high-
lighted in grey.
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In order to increase the range of application, we modified
the approach, as shown in Figure 2a. The original procedure
involved exchanging a 16-mer for a 20-mer oligonucleotide by
using additional base pairing and formation of a stable contig-
uous duplex between the ribozyme and the 20-mer insert to
drive the reaction. However, extension of the product RNA can
significantly alter the overall structure of the modified RNA
due to alternative folding behaviour. In such cases, other strat-
egies need to be employed to keep the folding pattern of the
modified product RNA intact. An alternative way to drive the
reaction consists of designing a twin ribozyme that forms a
duplex interrupted by mismatches upon binding to the sub-
strate RNA in the area of fragment exchange (Figure 2, S-TW5-
6). The labelled oligonucleotide to be inserted again forms a
contiguous, and thus more stable, duplex, resulting in prefer-
ential ligation. The total number of mismatches can be varied
and will depend on the acceptance of base modifications with-
out altering the overall structure of the modified product RNA.
As can be seen from Figure 2 and Table 2, a scenario involving
three mismatches and, consequently, three base mutations in
the labelled product RNA at 47 8C allows 45% of the labelled
fragment to be inserted into the final product.
Lastly, we also checked whether two fragments of identical


length and sequence could be exchanged. This would be of


Table 1. Yields of insertion of labelled oligonucleotides into a 145-mer
transcript (S-TW5-5) in the presence and absence of antisense oligonu-
cleotides (AS).


Insertion oligonucleotide Label Without AS[a] With AS[b]


RS-TW5-7 fluorescein 17.7�1.8% 24.3�1.6%
RS-TW5-9 Cy5 10.6�2.3% 13.5�1.5%


[a] Average yields of three independent measurements after 3 h of reac-
tion at 37 8C. [b] Average yields of three independent measurements after
3 h of reaction at 37 8C in the presence of a 20-fold excess of antisense
oligonucleotides AS5’ and AS3’ (cf. Scheme 2).


Figure 2. Twin-ribozyme-mediated labelling of transcripts S-TW5-5, S-TW5-6 and S-TW5-7. a) Sequences and secondary structures of twin ribozyme–substrate
complexes and of the labelled twin ribozyme–product complex after fragment exchange. Transcripts S-TW5-6 and S-TW5-7 have the same sequence as S-
TW5-5 (shown in Scheme 2); the region between the two defined processing sites has been varied as shown. In all three reactions, the same ribozyme–prod-
uct complex with a contiguous 12 bp helix is formed. b) Monitoring reactions (fluorescence detection at 488 nm) after 1 h of reaction at 47 8C. Reaction of
twin ribozyme HP-TW5 with: line 1: S-TW5-5 and RS-TW5-7; line 2: S-TW5-6 and RS-TW5-7; line 3: S-TW5-7 and RS-TW5-7. A: RS-TW5-7 (20-mer), B and C: frag-
ments resulting from single-site ligation (80-mer or 89-mer), D: full-length product (149-mer). c) Time course of reactions. Relative yields of fluorescence label-
ling with equimolar concentration (c) or fourfold excess (a) of labelled insertion oligonucleotide over substrate.


Table 2. Yields of insertion of labelled oligonucleotides into substrates S-
TW5-5, S-TW5-6 and S-TW5-7 at different temperatures.


Treaction S-TW5-5[a] S-TW5-6[a] S-TW5-7[a]


37 8C 24% 8% 1%
42 8C 34% 26% 8%
47 8C 53% 45% 11%
52 8C 38% 23% 7%


[a] Average yields of three independent measurements after 1 h of reac-
tion in the presence of a 20-fold excess of antisense oligonucleotides
AS5’ and AS3’ (cf. Scheme 2). Standard deviations do not exceed 5%
yield.
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valuable interest for labelling RNAs that are sensitive to both
extension and base substitution. Reaction of HP-TW5 with S-
TW5-7 and an equimolar amount of the oligonucleotide RS-
TW5-7 (Figure 2) delivered the labelled product with up to
11% yield (Table 2). Even though the yield is much lower than
with substrates S-TW5-5 and S-TW5-6, the obtained result
demonstrates that labelling of transcripts is possible without
any changes to sequence and overall structure. The reaction
can be further driven by an excess of insertion oligonucleotide
over substrate. Addition of a fourfold excess of RS-TW5-7 re-
sulted in a twofold increase of the reaction yield with tran-
scripts S-TW5-5 and S-TW5-6 (Figure 2c). In the special case of
the exchange of fragments with identical sequence and
lengths (transcript S-TW5-7), we were not able to detect an
analogous increase of yield due to the low signal intensity and
the resulting high error range.
In conclusion, our results demonstrate that a small engi-


neered ribozyme mediates the site-specific modification/func-
tionalization of an arbitrarily chosen RNA molecule and thus
paves the way to a wide range of studies in molecular biology,
biochemistry and biophysics. One of the most obvious applica-
tions is decorating RNA molecules with dyes, specific isotopes
or spin labels for FRET, NMR or EPR studies. For example, kinet-
ic and dynamic experiments to understand ribosome function
and mechanism[7] by fluorescence resonance energy transfer
require the site-specific and stable attachment of fluorescent
dyes to ribosomal domains. In the same manner, conforma-
tional changes in spliceosomal RNPs[8] could be studied. Fur-
thermore, NMR is a powerful method for studying RNA in solu-
tion. However, the restricted resolution of NMR spectra of RNA
makes the site-specific introduction of stable 13C,15N isotopes
necessary for improving the quality of RNA structures deter-
mined by NMR.[9] EPR-based methods have been used to map
local dynamics and structural features of RNA, to explore differ-
ent modes of RNA–ligand interaction, to obtain long-range
structural restraints and to probe metal-ion-binding sites.[9b]


The site-specific attachment of spin labels is a prerequisite for
these studies. Therefore relevant techniques for labelling large
RNAs are of major importance.
The twin-ribozyme-mediated labelling reaction can be easily


carried out at larger scale without loss of yield (not shown)
and thus is capable of producing sufficient material for analy-
sis. Due to its sequence flexibility, the hairpin ribozyme can be
adapted to a number of substrates[10] such that hairpin-derived
twin ribozymes for modification of a specific RNA sequence
may be designed in a rational manner. In addition, the power-
ful method of in vitro evolution provides a promising alterna-
tive to create substrate-specific twin ribozymes. Application of
the strategy is not confined to RNA analysis by spectroscopic
techniques. Aside from dyes or biotin, virtually any desired
modified nucleotide can be inserted into RNA by the twin ribo-
zyme approach. The only restriction is that the modified nu-
cleoside needs to be chemically incorporated into an oligoribo-
nucleotide prior to twin-ribozyme-mediated fragment ex-
change. Even though the described method is limited by the
accessibility of domains within the folded RNA structure, it en-
riches the arsenal of tools available to functionalize large RNAs.
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Quantum dots (QDs) offer a number of advantages over stan-
dard fluorescent dyes for monitoring biological systems in real
time, including greater photostability, larger effective Stokes
shifts, longer fluorescent lifetimes, and sharper emission bands
than traditional organic fluorophores. In addition, QDs all re-
spond to the same excitation wavelength, but emit at different
wavelengths; this should allow for the multiplex detection of
different analytes in parallel.


Recent work has also demonstrated that QDs can be used in
the construction of biosensors that signal by fluorescence reso-
nance energy transfer (FRET). For example, a quantum-dot-
based molecular beacon has been described in which the non-
fluorescent dye DABCYL was used to quench the fluorescence
of the quantum dot. In the presence of a target DNA, the
opening of the molecular beacon resulted in an approximately
fivefold increase in fluorescence of the quantum dot.[1] Similar-
ly, a QD-based protein biosensor that can detect the small mol-
ecule maltose has been designed. In one configuration of this
system, a maltose-binding protein was complexed to the ZnS
shell of a CdSe QD through a 5-histidine tail appended to the
protein. Binding of a dye-labeled cyclodextrin molecule to the
protein resulted in a loss of photoluminescence, which could
be restored by the displacement of the bound cyclodextrin by
the addition of maltose.[2]


We have now designed a quantum-dot-based aptamer bio-
sensor. Like molecular beacons, aptamer beacons rely on ana-
lyte-dependent conformational changes that can alter the
proximity of optical reporters to one another, and thus can po-
tentially alter the fluorescence resonance energy transfer
(FRET) between these reporters. Aptamer beacons have previ-
ously been designed for a variety of targets including small
molecules, such as ATP and cocaine, and protein targets, such
as PDGF, thrombin, and the HIV-1 Tat.[3–9]


We utilized an aptamer that is known to bind the blood-clot-
ting protein thrombin as a model system.[10] While thrombin
aptamer beacons that utilize organic fluorophores have previ-
ously been developed,[5–7] the adaptation of these strategies to
the development of a quantum-dot aptamer beacon (QDB)
was not straightforward, primarily because the inorganic quan-
tum dot is much larger and brighter than its organic partner.
The development of quantum-dot beacons therefore relied
upon two important design features.


First, in order to ensure that a substantive conformational
change would occur upon analyte binding, we synthesized a


quantum-dot beacon based on a two-piece aptamer beacon
originally developed by Li et al. in 2002. The final construct
consisted of the anti-thrombin aptamer conjugated to a quan-
tum dot (Figure 1A; underlined), and an oligonucleotide


quencher conjugate that hybridized to and disrupted the ap-
tamer structure (Figure 1A; gray). In the presence of the target
protein, thrombin, the quadruplex conformation of the aptam-
er should be preferentially stabilized, resulting in the displace-
ment of the antisense oligonucleotide quencher conjugate
and a concomitant increase in fluorescence (Figure 1B).


Second, to ensure that the quantum dot was efficiently
quenched, multiple aptamer beacon–oligonucleotide quencher
pairs were immobilized on each QD. Quenching is generally
less efficient with quantum dots than with organic fluoro-
phores because of the distance limitations imposed by the
quantum-dot shell and the coatings required for water solubili-
ty. Multiple quenchers have previously proven useful in over-
coming these distance limitations.[2, 11]


The relationship between the efficiency of quenching (E)
and the number of quencher molecules is given by Equa-
tion (1):


E ¼ nR6
0


nR6
0 þ r6


ð1Þ


Here n is the number of quencher molecules, R0 is the Fçr-
ster radius, and r is the separation distance. In the case of the
streptavidin-coated Qdot525 (Qdot Corporation, Haywood, CA)
used in these studies, the reported diameter is ~15 nm; this
places the dye molecules ~75 D from the core. Because effi-
cient quenching also relies on good spectral overlap between
the quencher and the QD fluorescence emission, we chose to
use the Eclipse quencher (Glen Research, Sterling, VA), which


Figure 1. Design of a quantum-dot aptamer beacon for the detection of
thrombin. A) Sequence of anti-thrombin aptamer (black) and quench oligo-
nucleotide (gray). The portion of the anti-thrombin aptamer known to form
a quadruplex has been underlined. B) Schematic for detection. Binding of
target (*) stabilizes the displacement of the quench oligonucleotide (gray)
and enhances the fluorescence of the quantum dot. Since the quantum
dots have multiple streptavidin molecules on their surfaces, multiple aptam-
ers are associated with a single quantum dot.
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has a reported lmax of 530 nm and thus should provide an ex-
cellent overlap with the streptavidin-coated Qdot525.


The Fçrster radius for the Eclipse dye–QD FRET pair can be
calculated from Equation (2):


R0 ¼ 0:211 k2n4QDJ½ �1=6 ð2Þ


Here k is the orientation factor (k2= 2=3 for random colli-
sions), n is the index of refraction in aqueous solution (n�
1.33), QD is the quantum yield of the QDs (~40%), and J is the
overlap integral for the dye and the QD. Overlap integrals
were in turn calculated from Equation (3):


J ¼
R1


0 FDðlÞeAðlÞl4dl
R1


0 FDðlÞdl
ð3Þ


Here FD is the normalized emission spectra of the donor and
eA is the molar extinction coefficient of the acceptor.


In the case of our aptamer construct, the absorbance spec-
trum for the Eclipse quencher was experimentally measured by
using a singly labeled quench oligonucleotide (Q1; Figure 2;
squares). The maximum emission was found to be slightly
longer (lQ1


max=541 nm, eQ1
max=33000) than the reported value.


To help ensure efficient quenching, we also synthesized a
second quench oligonucleotide bearing two Eclipse quenchers
(Q2; Figure 2; circles). The maximum emission of this construct
was experimentally found to be slightly shorter than expected
(lQ2


max=522 nm, eQ2
max estimated as 66000). Nonetheless, both


quench oligonucleotides showed an excellent spectral overlap
with the fluorescence emission of the QD (Figure 2). Based on
these equations, we estimated that it would require ~40 Q1
oligonucleotides or ~20 Q2 oligonucleotides to quench the
fluorescence of the QDs by ~80%.


The level of quenching was determined empirically by a ti-
tration experiment in which streptavidin-coated quantum dots
(2.5 nM) were incubated with increasing amounts of the biotin-


ylated aptamer oligonucleotide bound by quench oligonucleo-
tides. The oligonucleotides were mixed and thermally equili-
brated in signaling buffer (20 mM Tris-HCl pH 8.2, 5 mM KCl,
1 mM MgCl2) prior to the addition of the quantum dots. After
mixing, the solutions were incubated for 60 min, and the resul-
tant fluorescence was measured by using a Tecan Safire fluo-
rescence microtitre plate reader. Fluorescence emission was
measured from 460 nm to 600 nm at a fixed excitation wave-
length of 400	12.5 nm. A plot of the relative fluorescence at
the emission max versus the number of biotinylated oligonu-
cleotides per quantum dot (Figure 3) indicates that saturation


of streptavidin-binding sites on the quantum-dot surface
occurs at ~40 biotinylated oligonucleotides per dot with an ul-
timate quenching efficiency of ~75% for quench oligonucleo-
tide Q1 and ~95% for Q2. These experimental values compare


very well with the values calculated from Equa-
tion (1)—the predicted levels of quenching are shown
as lines in Figure 3. Similar experiments conducted with
a quench oligonucleotide that contained four Eclipse
quenchers resulted in nonspecific quenching, even in
the absence of the biotinylated aptamer oligonucleo-
tide (data not shown).


Using Q2 and optimal quenching conditions, we con-
ducted experiments to determine if the QDB construct
could be activated by a complementary oligonucleo-
tide. Two different complementary oligonucleotides
were synthesized for this purpose (Figure 4). Comp.1 is
perfectly complementary to the biotinylated aptamer
oligonucleotide shown in Figure 1A, while Comp.m1
contains a two-base-pair internal mismatch (boxed resi-
dues). As shown in Figure 4, when reactions were car-
ried out at 37 8C, the addition of a tenfold excess of
Comp.1 to a thermally equilibrated mixture of streptavi-
din-coated quantum dots conjugated to Q2 and biotin-
ylated aptamer (corresponding to a 1:2:10 aptamer/Q2/
target ratio) resulted in a steady increase of fluores-


Figure 2. Normalized fluorescence and absorbance of the quantum dot and quench oli-
gonucleotides Q1 and Q2 used in these studies. Inset : the overlap integral J(l) for the
interaction was calculated as described in the text. For the QD:Q1 overlap, this gives
J(l)=2.5O1015


M

1cm
1 nm4 and for QD:Q2 this gives J(l)=4.9O1015


M

1cm
1 nm4.


Figure 3. Loss of quantum-dot fluorescence with increasing number of
quench oligonucleotides. The dashed line represents the values calculated
from Equation (1) for Q1, while the solid line represents the values for Q2.
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cence. Addition of the double mutant Comp.m1 had no effect
on fluorescence intensity. Reactions conducted with Comp.1 at
25 8C similarly showed no response. The lack of activation at
25 8C is consistent with the fact that the aptamer–Q2 complex
is predicted to have a melting temperature of ~40 8C.[12] Over-
all, the QDB construct showed a 14-fold increase in fluores-
cence in the presence of the target nucleic acid. This observed
increase in fluorescence is comparable to the ~10–60-fold in-
crease commonly observed for molecular beacons containing
organic dyes.[13–15]


Finally, we performed a similar set of experiments to detect
the protein thrombin. Again, the sample was incubated in the
absence of target for 10 min prior to the addition of 1 mM


thrombin. As shown in Figure 5, a rapid increase in fluores-


cence was observed upon the addition of thrombin. No signal
increase was observed upon the addition of a nonspecific pro-
tein, lysozyme. Overall, the QDB construct showed a 19-fold in-
crease in fluorescence in the presence of the cognate protein
target. This observed increase in fluorescence was similar to
that observed for a similar construct designed on traditional
organic fluorophores (19-fold vs. 12-fold).[6]


These experiments pave the way for the expansion of QDB
detection methods to other targets and analytes. The fact that
different QDBs can have finely tuned wavelength emissions
should allow multiple different target molecules to be assayed
in parallel in heterogeneous solution. By immobilizing different
aptamer constructs onto different quantum dots, it should be
possible to carry out multiplexed protein detection. As might
be expected, in addition to quenching dots that emitted at
525 nM, our QDB construct also quenched quantum dots that
emitted at 565 and 585 nm by ~90% and even quenched
dots that emitted at 605 nm by ~60% (data not shown). It is
likely that additional quantum dots with nonoverlapping emis-
sion spectra and additional quenchers that efficiently work at
wavelengths longer than 600 nm can be used to further in-
crease the number of analytes that can be assayed in parallel.


Experimental Section


All oligonucleotides were synthesized on an Expidite 8909 DNA
synthesizer (PE Biosystems, Foster City, CA) by using standard
phosphoramidite chemistry. All synthesis reagents were purchased
from Glen Research (Sterling, VA). The 3’ Eclipse-bearing oligonu-
cleotides were synthesized by starting from Eclipse-CPG. Multiple
Eclipse dyes were added by using the Eclipse phosphoramidite.
The 5’ biotin was added during solid-phase synthesis by using a 5’
biotin phosphoramidite. All oligonucleotides were purified on
either 15% (aptamer constructs) or 20% (quench oligonucleotides)
denaturing (7 M urea) polyacrylamide gels. The sequence of the bio-
tinylated anti-thrombin aptamer was 5’B-TTCACTGTGGTTGGTGT-
GGTTGG, in which B is a 5’ biotin. The sequence of quench oligo-
nucleotide Q1 was 5’-CCAACCACAGTG-Q, and that of oligonucleo-
tide Q2 was 5’-CCAACCACAGTG-Q-Q, where Q is the Eclipse
quencher. Oligonucleotide concentrations were quantitated by UV
absorbance at 260 nm on a NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Technologies, Wilmington, DE). UV-visible absorb-
ance spectra were recoded on a Shimadzu UV-1601 spectropho-
tometer (Shimadzu Corporation, Columbia, MD).


Qdot525–streptavidin conjugates (lot number 0304–0059) were
purchased from the Qdot Corporation (Hayward, CA). The quan-
tum-dot emission spectra were measured from 460 to 600 nm by
using a PTI fluorometer with an excitation wavelength of 400	
20 nm (Photon Technology International, Lawrenceville, NJ).


Oligonucleotide activation assays were conducted as follows. A
mixture of quench oligonucleotide Q2 (1.6 mM) and biotinylated ap-
tamer (800 nM) was thermally equilibrated in signaling buffer
(20 mM Tris pH 8.2, 5 mM KCl, 1 mM MgCl2) by heating it to 70 8C for
3 min, then cooling it to room temperature. The solution was sub-
sequently diluted twofold and incubated with streptavidin-coated
quantum dots (20 nM) for 1 h at room temperature in signaling
buffer. Reactions were diluted tenfold to a final volume of 250 mL
prior to analysis. The final concentrations of reagents were 2 nM


quantum dots, 40 nM biotinylated aptamer, and 80 nM oligonucleo-


Figure 4. Real-time detection of an oligonucleotide target. Complementary
or mismatched oligonucleotides were added at t=10 min. The increase in
fluorescence was only observed in the presence of the complementary nu-
cleic acid target at 37 8C. The lack of activation at 25 8C is consistent with
the slow rate of strand displacement and exchange at this temperature.


Figure 5. Real time detection of thrombin. Thrombin or the nonspecific tar-
get lysozyme was added at t=10 min. Reactions were carried out at 37 8C.
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tide Q2. The fluorescence was determined to be stable over a
10 min period, then the oligonucleotide target (800 nM, 2.5 mL at
80 mM) was added, and fluorescence was recorded for another
50 min. All assays were monitored in real time at 525 nm with a
PTI fluorometer at an excitation wavelength of 400	20 nm. Time
points were recorded every 30 s.


Thrombin activation assays were conducted in a manner similar to
the oligonucleotide activation assays described above. Reactions
were carried out at 37 8C. Thrombin (Sigma, St Louis, Mo) and the
nonspecific control protein lysozyme (Sigma, St Louis, MO) were
added to a final concentration of 1 mM (2.5 mL at 100 mM).


Keywords: aptamer beacons · nucleic acids · proteins ·
quantum dots · signaling aptamers
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Evidence for the Unusual
Condensation of a Diketide with a
Pentulose in the Methylenomycin
Biosynthetic Pathway of
Streptomyces coelicolor A3(2)


Christophe Corre and Gregory L. Challis*[a]


Methylenomycin A (1) is a cyclopentanone antibiotic that ex-
hibits a wide spectrum of activity against Gram-positive bacte-


ria and some Gram-negative strains, especially Proteus species.
It was first isolated in 1974 from Streptomyces violaceoruber
SANK95570,[1] and has since also been found to be produced
by Streptomyces coelicolor A3(2).[2] The structurally related
cyclopentanones desepoxy-4,5-didehydromethylenomycin A
(here named methylenomycin C; 2) and methylenomycin B (3)
have also been isolated from Streptomyces species.[3] Incorpora-
tion experiments with radiolabelled 2 have implicated it as a
biosynthetic precursor of 1.[3]


Both radiolabelled and stable-isotope-labelled precursors
have been used to investigate the primary metabolic origins of
1.[4] Despite feeding experiments with a wide range of labelled
precursors, the origin of five of the nine carbon atoms of 1 re-
mained unknown for more than two decades. We recently re-
ported revised 1H and 13C NMR assignments for 1, which led us
to revise the published interpretation of acetate-incorporation
experiments. We also reported that [U-13C]glycerol is incorpo-
rated intact into C-3, C-4 and C-8 of 1, as well as via metabo-
lism to acetyl CoA into C-5/C-9 and C-1/C-6 (Scheme 1).[5]


These experiments were carried out with Streptomyces coelicol-


Scheme 1. Incorporation of [U-13C]glycerol into 1.
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or U9 in complete medium (a complex medium containing
multiple carbon sources) and resulted in low incorporation
levels (~0.1%). In these studies, we were unable to identify the
metabolic origin of C-2 and C-7 of 1 because S. coelicolor U9
does not produce 1 and 2 in minimal media. Thus, we tried an
alternative approach involving experiments utilising Streptomy-
ces lividans 1326 transformed with a cosmid containing the
gene cluster that directs methylenomycin biosynthesis in
S. coelicolor.
Recently, the sequence of the entire giant linear plasmid


SCP1 of S. coelicolor, which contains the mmy cluster that di-
rects the biosynthesis of 1 and 2, has been determined.[6] On
the basis of a bioassay, S. coelicolor M145 transformed with the
integrative cosmid C73 787 (containing the mmy cluster—
from a genomic library of SCP1) has been reported to produce
methylenomycins.[7] Here we present unambiguous chemical
evidence that S. lividans 1326 transformed with cosmid
C73 787 produces 1 and 2 in a supplemented minimal
medium and report further incorporation experiments that
reveal the unusual metabolic origin of C-2, C-3, C-4, C-7 and C-
8, which has remained unclear until now.
Methylenomycins 1 and 2 were isolated from an organic ex-


tract of the acidified culture supernatant of S. lividans 1326
(C73 787) grown in the minimal medium, and identified by 1H
and 13C NMR spectroscopy. The signals in the 1H and 13C NMR
spectra of 1 have been unambiguously assigned previously.[5]


The signals in the 1H and 13C NMR spectra of 2 were unambig-
uously assigned by using HMQC, HMBC and difference-NOE ex-
periments. In the course of these experiments, the production
of 3, which could not be identified as a direct product of the
fermentation, was observed when 2 was stored in acidic
chloroform, presumably as a result of acid-promoted decarbox-
ylation of 2.
Pulse-feeding experiments with [U-13C]glycerol (4F2 mM) as


the main carbon source were carried out with S. lividans 1326
(C73 787) grown in the minimal medium. Labelled 1 and 2
were isolated and characterised by 13C NMR spectroscopy. As
in our previous experiments, in which we fed [U-13C]glycerol to
S. coelicolor U9 in complete medium, double doublets flanking
the natural-abundance signals for C-3 and C-8 were observed


in the spectra of 1 and 2 (1JC3�C4=54.4, 1JC4�C8=49.1, 2JC3�C8=
3.3 Hz for 1; 1JC3�C4=52.5, 1JC4�C8=46.3, 2JC3�C8=1.9 Hz for 2).[5]


These results confirm that C-3, C-4 and C-8 in 1 and 2 can orig-
inate from an intact three-carbon precursor derived from glyc-
erol. In addition, in the spectrum of 2, a second, broadened
doublet of doublets (1JC3�C4=52.5, 1JC3�C2=51.0 Hz) overlaying
and flanking the natural-abundance signal for C-3 was ob-
served, along with a broadened doublet (1JC2�C7=73.4 Hz)
flanking the natural-abundance signal of C-7, and a doublet of
doublets (1JC4�C8=46.3 Hz, 1JC3�C4=52.5 Hz) flanking and over-
laying the natural-abundance signal of C-4. Similar additional
signals were observed flanking and overlaying the natural-
abundance signals of C-3, C-4 and C-7 of 1. These results are
consistent with intact incorporation of a [U-13C]-labelled five-
carbon precursor, derived from two molecules of [U-13C]glycer-
ol, into C-2, C-3, C-4, C-7 and C-8 of 1 and 2 (Figure 1).
[U-13C]glycerol was also incorporated into C-1, C-6 and C-5, C-9
of 1 and 2 by metabolism to [1,2-13C2]acetyl CoA, as observed
previously for 1.[5]


To explain the above observations, we reasoned that [U-
13C]glycerol gets metabolised to [U-13C]glyceraldehyde-3-phos-
phate (G3P), which is incorporated by two different routes
through the pentose phosphate pathway into a five-carbon
precursor of C-2, C-3, C-4, C-7 and C-8 of 1 and 2. Thus, trans-
ketolase-mediated condensation of [U-13C]G3P with unlabelled
fructose-6-phosphate (F6P) or seduheptulose-7-phosphate
(S7P) would give xylulose-5-phosphate (Xu5P) labelled at only
C-3, C-4 and C-5 with 13C (and erythrose-4-phosphate (E4P) or
ribose-5-phosphate (R5P), respectively). On the other hand, iso-
merisation of [U-13C]G3P to [U-13C]dihydroxyacetone phosphate
(DHAP), followed by condensation with a second molecule of
[U-13C]G3P by gluconeogenesis would yield [U-13C]F6P
(Scheme 2). Given that [U-13C]glycerol is fed in high concentra-
tion and is the main carbon source present in the minimal
medium at the time of feeding, it seems very likely that this
could occur. [U-13C]F6P could then be converted to [U-13C]ribu-
lose-5-phosphate (Ru5P) by conversion to 6-phosphogluconate
followed by oxidative decarboxylation. Alternatively, [U-13C]F6P
and another molecule of [U-13C]G3P could be converted by
transketolase to [U-13C]Xu5P. Since Xu5P, Ru5P and R5P are rap-


Figure 1. Selected signals from the 13C NMR spectrum of 2 isolated after feeding [U-13C]glycerol to S. lividans C73 787.
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idly equilibrated, any one of these three intermediates of the
pentose phosphate pathway could be the precursor of C-2, C-
3, C-4, C-7 and C-8 of 1 and 2. This model is fully consistent
with the observed incorporation pattern of [U-13C]glycerol into
1 and 2 in the minimal medium. It also explains why labelling
of 1 at C-3, C-4 and C-8 but not C-2 or C-7 occurred when [U-
13C]glycerol was fed to S. coelicolor U9 in complete medium,
because no significant gluconeogenesis (required for incorpo-
ration of [U-13C]glycerol into C-2 and C-7 of 1) would occur in
such a complex medium, rich in diverse carbon sources.
To further examine the role of a pent(ul)ose as a direct pre-


cursor for C-2, C-3, C-4, C-7 and C-8 of 1 and 2, [U-13C]-D-ribose
(15 mg) was fed 53 hours after inoculation to a culture of S. liv-
idans 1326 (C73 787) growing in minimal medium. Labelled 1
and 2 were isolated and analysed by 13C NMR spectroscopy.
Broadened doublets flanking the natural-abundance signals for
C-8 (1JC4�C8=46.3 Hz) and C-7 (1JC2�C7=73.4 Hz), and a broad-
ened double doublet flanking and overlaying the signal for C-3
(1JC3�C4 + 1JC2�C3=103.5 Hz) were observed in the spectrum of
2. A similar incorporation pattern was observed for 1. The cou-
pling constants are fully consistent with those observed for in-
corporation of a [U-13C]pent(ul)ose into 1 and 2 in the [U-
13C]glycerol incorporation experiment. In addition, C-8, C-3 and
C-7 in 2 were all enriched with 13C to a similar level of ~4%.
There was also no evidence that an isolated, intact 13C3 unit
had been incorporated into C-3, C-4 and C-8 of 1 or 2. Taken
together, these data are clearly consistent with intact incorpo-
ration of a five-carbon precursor originating from [U-13C]-D-


ribose into 1 and 2. These results are also entirely consistent
with related feeding studies demonstrating that an intact pen-
tose is incorporated into the carbon skeleton of vitamins B6
and B1.[9] It is also interesting to note that the onset of methyl-
enomycin biosynthesis has previously been correlated with
high pentose phosphate-pathway activity in Streptomyces coeli-
color,[8] presumably because high pentose phosphate-pathway
activity is required to make appropriate quantities of a pent-
(ul)ose available for methylenomycin assembly.
The complete sequence of the mmy cluster of genes that di-


rects methylenomycin biosynthesis in Streptomyces coelicolor
A3(2) has recently become available.[6] Based on sequence
analysis of the proteins encoded by genes in this cluster, our
previous feeding experiments[5] and the results reported
herein, we propose plausible early steps for methylenomycin
biosynthesis. Our previous experiments and those reported
here both suggest that acetoacetyl ACP is likely to be an inter-
mediate in the biosynthesis of 1 and 2.[5] This proposal is con-
sistent with the presence of mmyA and mmyC, which code for
an acyl carrier protein and a ketoacyl synthase III (KASIII)
enzyme, respectively, in the mmy cluster. MmyC could catalyse
the decarboxylative condensation of malonyl-MmyA with
acetyl CoA to form acetoacetyl-MmyA (Scheme 3). This hypoth-
esis suggests that MmyC is highly selective for acetyl CoA over
isobutyryl or isovaleryl CoA—unlike primary metabolic KASIII
enzymes in Streptomyces spp. , which are usually capable of in-
corporating all three of these starter units into fatty acids.[12]


Syringolides 5 (R=nC6H13 or nC8H17) are elicitors isolated from


Scheme 2. Pathways for incorporation of [U-13C]glycerol into C-2, C-3, C-4, C-7 and C-8 of 1 and 2. [U-13C]glycerol was also incorporated into C-5/C-9 and C-1/
C-6 of 1 and 2 by metabolism of glyceraldehyde-3-phosphate to acetyl CoA. This is not shown in the scheme for reasons of clarity.


Scheme 3. A) Proposed pathway for syringolide biosynthesis in P. syringae pathovars. B) Hypothetical early steps for methylenomycin biosynthesis in S. coeli-
color.
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Pseudomonas syringae pathovars.[10] Expression of the Pseudo-
monas syringae gene avrD in Escherichia coli causes their pro-
duction.[13] It has been suggested that the syringolides are as-
sembled by condensation of b-ketohexanoyl CoA or b-ketooc-
tanoyl CoA with xylulose-5-phosphate (Xu5P) to form a bute-
nolide intermediate 4 (R=nC6H13 or nC8H17), which undergoes
subsequent cycloketalisation and intramolecular cyclisation
through conjugate addition of the C-5’ hydroxyl group to C-2’
to form 5 (Scheme 3).[10] While there is no direct evidence (e.g.
from feeding experiments) that syringolides derive from con-
densation of a b-ketothioester with a pentulose, the chemical
feasibility of this proposal has been demonstrated by biomim-
etic synthesis studies.[11] The mmyD gene encodes a protein
with 47% similarity over 333 amino acids to AvrD. It is there-
fore tempting to speculate that MmyD catalyses condensation
of acetoacetyl-MmyA with a pentulose to form a butenolide in-
termediate 6 similar to the proposed intermediate in syringo-
lide biosynthesis 4 (Scheme 3). The presumably facile conver-
sion of intermediate 6 to a syringolide-like structure could be
prevented by rapid transformation of 6 into an intermediate
unable to undergo the cyclisation reactions proposed to lead
to syringolides, for example, by reduction of the C=C double
bond or phosphorylation of the C-5’ hydroxyl group and oxida-
tion of the C-3’ hydroxyl group to a keto group (this carbon
bears a keto group at C-3 in 1 and 2). Completion of the as-
sembly of the carbon skeleton of 1 and 2 requires formation
of a carbon–carbon bond between C-3 and C-4’ in 6, which
could be accomplished by oxidation of the C-3’ hydroxyl
group to a keto group, followed by an aldol condensation be-
tween C-4’ and C-3. The elaboration of 6 to 2 also requires hy-
drolysis of the lactone, several reductions and the elimination
of several molecules of water. Experiments are in progress to
examine whether 6 is an intermediate in methylenomycin bio-
synthesis and to determine the nature and order of the reac-
tions catalysed by enzymes encoded within the mmy cluster
involved in the assembly of 1 and 2.
In conclusion, we have defined the metabolic origins of all


of the carbon atoms of the methylenomycins. This has facilitat-
ed assignment of plausible hypothetical roles to some of the
enzymes encoded within the mmy cluster and has led us to
propose that condensation of acetoacetyl ACP with a pentu-
lose to form a butenolide intermediate is a key step in methyl-
enomycin biosynthesis.


Experimental Section


Isolation of 1 and 2 from S. lividans 1326 (C73 787): A culture of
S. lividans 1326 (C73 787; 1 L) was grown in supplemented mini-
mal medium (SMM) from spores. SMM consists of MgSO4·7H2O
(5 mM final), TES buffer pH 7.2 (25 mM final), NaH2PO4 + K2HPO4


(0.5 mM of each final), trace-element solution (0.1 mL for 100 mL),
casamino acids (0.2% w/v final), glucose (0.2% w/v final). Trace-ele-
ment solution consists of: ZnSO4·7H2O (0.1 gL�1), FeSO4·7H2O
(0.1 gL�1), MnCl2·4H2O (0.1 gL�1), CaCl2·6H2O (0.1 gL�1), NaCl
(0.1 gL�1).


After a total of 7 days of incubation at 28 8C and 200 rpm, the cul-
tures were filtered, and the filtrate was adjusted to pH 2 with HCl


(2M) and extracted with an equal volume of ethyl acetate. The re-
sulting organic extract was dried over MgSO4, concentrated in
vacuo and separated by flash column chromatography (silica,
AcOH/PhMe 1:9) to yield methylenomycins A and C (5 mg each).
Methylenomycin A: Rf=0.35 (silica, AcOH/PhMe 1:9); 1H NMR
(500 MHz, CDCl3) d=6.28 (d, J=1.5 Hz, 1H, H-7b), 5.67 (d, J=
1.5 Hz, 1H, H-7a), 3.85 (s, 1H, H-1), 1.62 (s, 3H, H-9), 1.52 (s, 3H, H-
8); 13C NMR (125 MHz, CDCl3) d=196.4 (C-3), 174.0 (C-6), 140.2 (C-
2), 123.3 (C-7), 66.3 (C-5), 65.2 (C-4), 51.3 (C-1), 13.8 (C-9), 8.2 (C-8).
Methylenomycin C: Rf=0.22 (silica, AcOH/PhMe 1:9); 1H NMR
(500 MHz, CDCl3) d=6.21 (d, J=2.0 Hz, 1H, H-7b), 5.65 (d, J=
2.0 Hz, 1H, H-7a), 4.10 (s, 1H, H-1), 2.13 (s, 3H, H-9), 1.85 (s, 3H, H-
8); 13C NMR (125 MHz, CDCl3) d=194.3 (C-3), 174.5 (C-6), 160.0 (C-
5), 141.2 (C-4), 140.1 (C-2), 117.8 (C-7), 65.2 (C-4), 52.4 (C-1), 15.6 (C-
9), 8.7 (C-8). Assignments of the signals in the 1H and 13C NMR
spectra of 1 have been determined previously.[5] Assignments of
the signals in the 1H and 13C NMR spectra of 2 were confirmed by
HMQC, HMBC and difference NOE experiments.


Incorporation of [U-13C]-glycerol into 1 and 2 : [U-13C]-glycerol
was purchased from Cambridge Isotope Laboratories, Inc. (And-
over, USA). Four solutions each containing [U-13C]-glycerol (19 mg)
in water (ca. 2 mL) were filter sterilised and added after 48 h, 72 h,
96 h and 120 h to a culture of S. lividans 1326 (C73 787; 100 mL)
growing in SMM at 28 8C and at 200 rpm. After 7 days of incuba-
tion, 1 and 2 were isolated as described above, and the incorpora-
tion patterns were analysed by 13C NMR spectroscopy.


Incorporation of [U-13C]-D-ribose into 1 and 2 : [U-13C]-D-ribose
was purchased from Cambridge Isotope Laboratories, Inc. (And-
over, USA). A solution containing [U-13C]-D-ribose (15 mg) in water
(ca. 2 mL) was filter sterilised and added after 53 h to a culture of
S. lividans 1326 (C73 787; 100 mL) growing in SMM at 28 8C and at
200 rpm. After 7 days of incubation, 1 and 2 were isolated as de-
scribed above, and the incorporation patterns were analysed by
13C NMR spectroscopy.
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Biosynthetic Incorporation of
Fluorohistidine into Proteins in
E. coli : A New Probe of
Macromolecular Structure


Jack F. Eichler,[a] John C. Cramer,[b] Kenneth L. Kirk,[b]


and James G. Bann*[a]


Histidine is important for carrying out a number of protein
functions. For instance, it can act as a general acid/base in en-
zymatic catalysis,[1] it plays a role in ligating metal cations in
metalloproteins,[2] and stabilizes protein structure by metal
binding, hydrogen bonding, or electrostatic interactions.[3] One
noteworthy example of histidine’s potential role in protein sta-
bility is observed in the pathogenesis of the anthrax toxin,
where protonation of His side chains in one of the proteins
leads to a large structural perturbation and subsequent toxici-
ty.[4] Given the unique role of this amino acid in such process-
es, the development of methods that probe the structural and


mechanistic features of His in proteins would be extremely val-
uable.


The biosynthetic incorporation of unnatural amino acids into
proteins provides the experimentalist with a variety of meth-
ods that can probe protein structure and function.[5] In particu-
lar, fluorinated amino acids can be used to achieve a relatively
isosteric change (by replacing a single hydrogen with fluorine)
that results in quite different electronic properties.[6] Addition-
ally, 19F NMR can be used to monitor changes in protein con-
formation in response to changes in the environment that are
sometimes not detectable by other techniques.[7] Although in-
corporating fluorine-labeled amino acids is not a new idea,[8]


access to an expanding tool box of fluorinated protein build-
ing blocks has promoted a renaissance in this area of re-
search.[5,9]


Over 30 years ago, a photochemical Schiemann reaction was
developed for synthesizing 2-fluorohistidine (2-FHis) and 4-flu-
orohistidine (4-FHis).[10] To our knowledge this still represents
the only fluorination procedure available for accessing these
imidazole derivatives. The pKa of the side chain of both 2-FHis
and 4-FHis has been measured previously, and is decreased
from approximately 6.0–6.5 to 1 and 3, respectively.[11] Because
of this, these analogues provide a means for verifying the role
of native His in pH-dependent processes. To this end, 4-FHis
has been incorporated into the S peptide of ribonuclease, and
into full-length ribonuclease A with chemical synthetic meth-
ods.[8d,12]


Early experiments demonstrated that tritium-labeled 2-FHis
could be incorporated into bacterial protein, and these ana-
logues (2-FHis more so than 4-FHis) had an inhibitory effect on
E. coli growth.[13] However, in order to achieve high levels of in-
corporation for structural studies, it is typical to employ the
use of bacterial auxotrophs. While the use of auxotrophs for
the biosynthetic incorporation of novel His analogues into
E. coli has been reported,[14] a similar protocol for the incorpo-
ration of fluorohistidine derivatives has yet to be described.
Herein, we provide unequivocal evidence for the incorporation
of both 4-FHis and 2-FHis into a mutant form of the chaperone
PapD by using an E. coli strain that is auxotrophic for His.


PapD is the prototype for a wide variety of highly homolo-
gous chaperones that utilize the chaperone-usher pathway for
the assembly of P-pili, and has been previously labeled with
fluorophenylalanine and fluorotryptophan in protein-folding
studies.[7a,b] The wild-type (WT) protein does not contain any
His residues. Thus, site-specific labeling can be accomplished
by the introduction of a single His residue by site-directed mu-
tagenesis, and biosynthetic labeling can be performed accord-
ing to previously described protocols.[15]


In this work, we used site-directed mutagenesis to introduce
a single His residue at Arg200 in PapD. Among the chaperones
that are homologous to PapD, the most similar is PmFD from
Proteus mirabilis (47% identity), which possesses a His residue
at position 200.[16] Therefore, an R200H substitution was not
expected to alter the structure and stability of PapD. To con-
firm this, urea denaturation studies were performed on PapD
(R200H) and it was found to have a similar stability as that pre-
viously reported for WT PapD; PapD(WT): DG8=8.95 kcal
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mol�1, m=2.7 kcalmol�1
M, midpoint=3.31M;[7b] PapD(R200H):


DG8=6.58 kcalmol�1, m=2.12 kcalmol�1
M, midpoint=3.10M


(see Experimental Section).
After sequencing the PapD(R200H) plasmid DNA to verify


the incorporation of His, it was transformed into the His-auxo-
trophic bacterial strain, UTH780.[17] Standard labeling and ex-
pression procedures[15] were then used to incorporate 2-FHis
and 4-FHis into PapD(R200H). Figure 1 shows the results from


the SDS-PAGE analysis of PapD(WT), PapD(R200H-2F), and
PapD(R200H-4F) proteins. It is evident from the gel that both
labeling experiments resulted in PapD production.


In order to determine if fluorohistidine was incorporated
into PapD protein, PapD(R200H), PapD(R200H-2F), and PapD
(R200H-4F) were also analyzed by using ESI and MALDI-TOF
mass spectrometry. The results from the MALDI-TOF analyses
are illustrated in Figure 2. The mass spectra of PapD(R200H-2F)
and PapD (R200H-4F) showed that both His analogues were
indeed incorporated, as evidenced by the expected increase in
mass compared to unlabeled PapD (R200H). A summary of all
mass spectrometry analyses is presented in Table 1.


Based on the data shown in Figure 3 and Table 1, it is evi-
dent that there was only partial incorporation of 4-FHis into
PapD(R200H). However, a lower amount of this reagent was
used in the bacterial growth (4-FHis: 0.010 g; 2-FHis: 0.020 g)
because only limited quantities were available for these experi-
ments. Hence, at this time we cannot be certain whether the
partial incorporation of 4-FHis is due to an insufficient amount
of amino-acid analogue in the growth media or some other
mechanism (for instance less efficient binding to the histidyl-
tRNA synthetase).[18]


The incorporation of fluorohistidine into PapD was also veri-
fied by 19F NMR. The 19F spectrum of PapD(R200H-2F) was ob-
tained before and after treatment with urea (5M). Figure 3 illus-
trates the chemical shift that was obtained upon denaturation
of fluorine-labeled PapD (0M urea: d=�37.3; 5M urea: d=


�35.9). The observation of a single broad resonance for PapD
(R200H-2F) at 0M urea is consistent with the presence of only
one His residue. Addition of urea (up to 5M) caused the reso-
nance to sharpen and shift downfield toward that of free 2-
FHis (d=�31.9). This indicates an increased flexibility of the
His side chain after protein denaturation. The presence of a
shoulder at 5M urea also suggests that some intermediate


Figure 1. SDS-PAGE analysis of A) PapD (WT); B) PapD(R200H); C) PapD-
(R200H-4F); D) PapD(R200H-2F). All samples were obtained after consecutive
ion exchange and gel-filtration column purifications. Differences in purity of
proteins are presumed to be due to variances in the periplasmic extraction
process.


Figure 2. MALDI-TOF mass spectrometry analyses of A) PapD(R200H),
B) PapD(R200H-2F), and C) PapD(R200H-4F). The MALDI-TOF spectra were
performed on trypsin digests of the parent proteins. Peptides corresponding
to amino acids 204–232, which contain the R200H substitution, were ana-
lyzed. When Arg is substituted with His, the theoretical monoisotopic mass
of the peptide (SANYNTPYLSYINDYGGHPVLSFICNGSR) is 3279.5 D.


Table 1. Summary of mass spectrometry analyses.


PapD PapD PapD
(R200H) (R200H-2F) (R200H-4F)


ESI [m/z] 24543.0 24557.0 24560.0 (~55%)
24544.0 (~45%)


MALDI-TOF [m/z] 3279.8 3298.5 3298.5 (~55%)
(trypsin digest) 3279.4 (~45%)
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unfolded structure might be present. All of these results are in
agreement with previous studies on PapD.[7a,b]


This work represents the first unambiguous demonstration
of the successful incorporation of both 2-FHis and 4-FHis into
a protein by using biosynthetic methods. These results open a
new avenue for the structural and functional characterization
of proteins that utilize His for carrying out physiological pro-
cesses. In addition, the incorporation of these His analogues
should provide a means for determining the role of the imida-
zole ring in protein stability, for example, in the pH-dependent
conformational change observed in the pore formation of the
anthrax toxin. The biosynthetic incorporation of 2-FHis and 4-
FHis into proteins that undergo pH-dependent conformational
changes will be pursued with the aim of determining whether
these fluorohistidine analogues have an impact on such pro-
cesses.


Experimental Section


Materials: 2-FHis was prepared as previously described.[19] A new
enantioselective procedure, based on our previously reported syn-
thesis[8] was used to prepare 4-FHis.[20] The His auxotrophic bacteri-
al strain, UTH780 (CGSC Strain #5954), was obtained from the Yale
University E. coli Genetic Stock Center.[17]


Site-directed mutagenesis : The PapD(R200H) mutant was gener-
ated according to the protocol provided with the Stratagene
Quick-Change Site-Directed Mutagenesis Kit, by using the follow-
ing primers:
Forward primer: 5’-GACTATGGTGGTCACCCGGTACTGTCGTTTATC-3’
Reverse primer: 5’-GATAAACGACAGTACCGGGTGACCACCATAGTC-3’


The sequence of the PapD(R200H) mutant DNA was verified by
the Protein and Nucleic Acid Chemistry Laboratory (PNACL) at
Washington University (St. Louis, USA).


Protein expression : The pQE80 plasmid containing the PapD
(R200H) gene was transformed into UTH780. A single colony was
inoculated into Lauria–Bertani (LB; 5 mL) media that was supple-
mented with ampicillin (0.1 mgmL�1), and grown for approximately
8 h at 37 8C. This culture was diluted (1:100) in fresh media and
grown at 37 8C, overnight. The culture was then further diluted
(1:100) in fresh media (600 mL), grown to OD600=0.8 by using a
platform shaker, and then IPTG was added (final concentration
1 mM). The culture was grown for an additional 45 min and then
the cells were harvested. The protein was isolated from the peri-


plasm by resuspending the bacterial pellet (5 mL per gram of bac-
teria) in sucrose (20%)/Tris pH 8.0 (20 mM). EDTA (100 mM) and lyso-
zyme (10 mgmL�1) were added to give final concentrations of
100 mM and 50 mgmL�1, respectively. After incubation for 10 min in
an ice bath, MgCl2 was added (final concentration 20 mM). The so-
lution was centrifuged and the supernatant containing the PapD
(R200H) was stored at �20 8C until further purification was carried
out.


Fluorohistidine labeling : The labeling of PapD(R200H) was gener-
ally performed according to the protocol reported for the site-spe-
cific labeling of PapD with fluorophenylalanine.[15] The following
changes were implemented: a culture of UTH780 (50 mL) that car-
ried the pQE80–PapD(R200H) plasmid was grown in LB media at
37 8C for approximately 10 h; the culture was centrifuged and the
bacterial pellet resuspended in minimal media (600 mL for 2-FHis
labeling, 300 mL for 4-FHis labeling) that was supplemented with
His (0.2 mM); this culture was grown at 37 8C to OD600=3. The bac-
teria were harvested and washed with NaCl (0.9%, 250 mL). This
step was repeated, the bacteria were reharvested, and then resus-
pended in fresh minimal media (600 mL for 2-FHis, 300 mL for 4-
FHis) that contained fluorohistidine (0.20 mM). The cultures were in-
cubated for 10 min and then induced with IPTG (final concentra-
tion 1 mM). After 45 min of growth, the cultures were harvested
and the protein was isolated from the periplasm as described
above. Glucose concentration was monitored during all phases of
bacterial growth and was found not to fall below 0.2%.


Protein purification : Periplasm solutions were dialyzed twice for
approximately 8 h in 2-morpholinoethanesulfonic acid (MES; 2 L,
20 mM, pH 6) at 4 8C. The protein samples were purified sequential-
ly on a HiTrap SP FF (Amersham Biosciences) ion exchange column
and HiPrep Sephacryl S-100 gel filtration column. Fractions contain-
ing PapD(R200H), PapD(R200H-2F), and PapD(R200H-4F) were ana-
lyzed by using SDS-PAGE and found to be adequately pure for
analysis by mass spectrometry. Further purification was not at-
tempted so as to ensure that sufficient concentrations of protein
were available for 19F NMR studies.


Urea denaturation : PapD(R200H) was diluted in 3-morpholinopro-
panesulfonic acid (MOPS)-HCl (pH 7.0; final concentration 1 mM).
Samples were treated with the appropriate concentration of urea
(0–5.5M) and incubated at room temperature, overnight. Fluores-
cence-emission intensities (350 nm) were measured on a Cary
Eclipse fluorescence spectrophotometer at 20 8C by using an exci-
tation wavelength of 295 nm. Slits were set at 5 nm for excitation
and 10 nm for emission. The DG8, cooperativity index (m), and
midpoint were obtained from fitting the plot of emission intensity
as a function of urea concentration to a two-state model.[21] Errors
were <1% and <0.5% for DG8 and m, respectively. The raw data
used to calculate these values can be found in the Supporting
Information.


Mass spectrometry : ESI and MALDI-TOF mass spectrometry analy-
ses were performed at the PNACL at Washington University, St.
Louis, and the Protein Purification Laboratory in the Structural Biol-
ogy Center at the University of Kansas, respectively.


19F NMR : NMR spectra were recorded on a Varian Unity-Plus
500 MHz spectrometer operating at 470.3 MHz, which was equip-
ped with a Varian Cryo-Q dedicated 5 mm 19F probe, as previously
described.[7a,b] The data shown in Figure 3 represent 1024 transi-
ents processed with 20 Hz line broadening.


Figure 3. 19F NMR spectra of PapD(R200H-2F) at 0 and 5M urea. Spectra
were obtained at 20 8C with protein (50 mM) in MOPS-HCl (30 mM, pH 7.0)/
D2O (10%, v/v)/4-fluorophenylalanine (30 mM); internal reference, d=�40.29.
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Sequence-Specific DNA Recognition
by Monomeric bZIP Basic Regions
Equipped with a Tripyrrole Unit on
the N-Terminal Side. Towards the
Development of Synthetic Mimics of
Skn-1


Juan B. Blanco, M. Eugenio V�zquez, Luis Castedo,
and Jos� L. MascareÇas*[a]


The initiation of gene transcription is highly dependent on the
interaction of certain proteins called transcription factors (TFs)
with specific DNA sequences located upstream of the coding
region of the gene.[1] One of the largest families of TFs in eu-
karyotic cells is the basic-leucine zipper (bZIP) class of proteins.
These proteins bind specific dsDNA sequences as leucine
zipper-mediated homo- or heterodimers, with the N-terminal
basic region (BR) of each monomer inserting into adjacent DNA
major grooves.[2] The basic region of the proteins is largely un-
structured in the absence of DNA, but it folds into an a-helix
upon specific DNA binding.[3] It has been shown that mono-
meric, isolated bZIP basic regions exhibit low DNA affinities,
except for specifically designed versions in which the key DNA-
binding residues are appropriately grafted into the a-helix of
an aPP protein.[4]


Interestingly, TFs such as the C. elegans developmental tran-
scription factor Skn-1, which lacks the leucine zipper moiety
but contains a-helical recognition regions similar to those of
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b-ZIP proteins c-Jun and GCN4, are capable of monomeric,
high-affinity binding to specific 9 bp dsDNA sequences (ATGA-
CATTG).[5, 6] Relatively recent structural data indicate that the vi-
ability of this monomeric binding is to a large degree a conse-
quence of a bipartite interaction mode involving standard
basic region–major groove contacts with the DNA and ancillary
interactions between an N-terminal arm of the protein and the
minor groove of a contiguous sequence.[6]


We recently demonstrated that appropriate cross-linking of
a tripyrrole related to distamycin A to a C-terminal amino acid
of the GCN4 basic region provides a bivalent system capable
of binding to designated composite sites (5’-TTTTATGAC-3’)
with remarkable affinity.[7] The DNA-recognition strategy of this
type of tripyrrole–peptide hybrid, which involves simultaneous
minor- and major-groove interactions, therefore has a signifi-
cant parallelism with the recog-
nition mode used by the natu-
rally occurring Skn-1 protein.
With the aim of extending the


utility of this minor/major-
groove-binding strategy to rec-
ognizing other DNA sequences,
as well as moving forward the
preparation of minimized syn-
thetic mimics of Skn-1, we have
now designed and synthesized a
tripyrrole–peptide construct in
which the tripyrrole moiety is
connected to a residue located
at the N-terminal side of the
basic region.
In order to design the conju-


gates, we built a hypothetical
model for the simultaneous in-
teraction of the tripyrrole and the protein basic region on adja-
cent DNA sites, using as a reference the X-ray structures of the
DNA complexes of GCN4[8] and distamycin A[9] bound to their
respective cognate sequences (Figure 1). Inspection of the
model suggested that an appropriate connection between the
two fragments could involve the N-terminal pyrrole of the


minor-groove binder and the residue 232 side chain of the BR
peptide, which is an Arg in the wild-type GCN4 sequence (Fig-
ure 1A). The resulting hybrid might be hypothetically capable
of recognizing composite sites of the type 5’-ATGAXTTTT-3’.
The aminotripyrrole 1 was available from our previous stud-


ies,[7, 10] and so we decided to replace Arg232 of the BR peptide
by a lysine (Figure 1B) so that coupling between 1 and the
peptide could be carried out by using a biselectrophilic type of
conjugating agent. This conjugation was best carried out by
sequential coupling of disuccinimidyl carbonate and 1 to the
selectively deprotected, resin-bound peptide 3. We also made
hybrid 5, which has an amide instead of a urea functionality at
the linking site, by direct coupling of the resin-linked peptide
3 with the tripyrrole derivative 2 (Scheme 1). Compound 2 was
efficiently prepared in a convergent manner by a base-pro-


moted coupling of tripyrrole 6 with a Boc-protected deriva-
tive of benzyl 2-[3-(5-iodopentylamino)propylamino]acetate
(Scheme 2).
As we have already shown for related systems, mobility-shift


electrophoresis (EMSA) and circular dichroism are useful meth-
ods for analyzing the DNA-binding properties of this type of


molecule.
As can be deduced from the


gel-shift results shown in Fig-
ure 2A, both conjugates 4 and
5 give rise to clear retardation
bands when incubated at 4 8C
with 32P end-labeled ds-oligo-
nucleotides containing the des-
ignated composite sequence
(CREhs/T). However, hybrid 4 ex-
hibited a greater affinity by at
least a factor of two, and we
therefore decided to continue
our studies with this hybrid.
Using as DNA probes the ds-


oligonucleotides mCREhs/T or
m’CREhs/T, which contain oneFigure 1. A) Qualitative model used for design purposes and B) structural detail of the positions to be connected.


Scheme 1. Key steps in the synthesis of 4 and 5. a) Disuccinimidyl carbonate, diisopropylethylamine (DIEA), DMF;
b) 1, DIEA, DMF; c) TFA, scavengers; d) 2, O-(7-azabenzotriazol-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophos-
phate, DIEA, DMF. P: general symbol for protecting groups.
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and two mutations in the BR-peptide-binding site, respectively,
we observed the formation of a slightly slower migrating band
than that obtained with CREhs/T (Figure 2B), this suggests the
presence of a different DNA-binding mode. It might well be
that these less-mobile bands arise from a complex in which
the peptide moiety is not specifically inserted in the groove
but electrostatically bound to the phosphate surface. The asso-
ciation constant of this complex is at least three times lower
than that of the complex with the dsDNA containing the cog-
nate binding site. As one would expect, incubation of 4 with a
dsDNA (CREhs) lacking the AT-rich binding region characteristic
of distamycin derivatives does not produce detectable retarda-
tion bands (Figure 2C, lanes 10–15). Neither were retention
bands observed when CREhs/T was incubated with control pep-
tide 7, which lacks the tripyrrole moiety (Figure 2C, lanes 3–9).
In the absence of a nonspecific DNA competitor, we calculat-


ed an apparent dissociation constant of 35�2O10�9M at 4 8C
for the complex 4-CREhs/T (see Supporting Information).
Addition of the cognate 20-base-pair duplex oligonucleotide


CREhs/T to 4 produced a significant variation in the negative in-
tensity of the CD signal at 222 nm. Such an observation is con-
sistent with significant a-helix formation and specific binding.
There was also a positive ellipticity increase at 330 nm, which


must be due to the tripyrrole
moiety binding in the DNA
minor groove (Figure 3). Re-
markably, addition of compound
4 to the BR-mutated ds-oligonu-
cleotide mCREhs/T caused a
weaker, but still relevant, in-
crease in the negative intensity
of the band at 222 nm. PAGE ex-
periments suggest that this pep-Scheme 2. Key steps in the synthesis of 2.


Figure 2. A) Autoradiogram showing the binding of hybrids 4 and 5 to 32P-labelled CREhs/T. Lanes 1–8, [5]=0, 10, 20, 40, 60, 80, 100, and 120 nM, respectively;
lanes 9–15, [4]=10, 20, 40, 60, 80, 100, and 120 nM, respectively. B) Autoradiogram showing the binding of hybrid 4 to 32P-labelled dsDNAs: Lanes 1–5, CREhs/
T, [4]=0, 10, 20, 60, and 100 nM, respectively; lanes 6–10, m’CREhs/T, [4]=100, 60, 20, 10, and 0 nM, respectively; lanes 11–15, mCREhs/T, [4]=100, 60, 20, 10,
and 0 nM, respectively. C) Autoradiogram showing the binding of hybrid 4 and peptide 7 to 32P-labelled dsDNAs: Lanes 1 and 2, CREhs/T, [4]=0 and 100 nM;
lanes 3–9, CREhs/T, [7]=0.6, 0.7, 0.8, 0.9, 1, 2, and 5 mM, respectively; lanes 10–15, CREhs, [4]=0.7, 0.8, 0.9, 1, 2, and 5 mM, respectively. D) Sequences of duplex
oligonucleotides used. The BR subsite (CREhs) is bold and the tripyrrole binding site (T) is in italics. Peptide 7 is : Aba-DPAALKKARNTEAARRSRARKLQ-NH2


(Aba=4-acetamidobenzoic acid).


Figure 3. CD difference spectra of peptide 7 in the presence of CREhs/T (&)
and of hybrid 4 in the presence or absence of ds-oligonucleotides: in the
absence of DNA (~), in the presence CREhs/T (&), in the presence mCREhs/T
(*), in the presence of m’CREhs/T (*). CD spectra were obtained at 4 8C, as
described in the Experimental Section (see Supporting Information) and
were slightly smoothed to facilitate viewing. The difference spectra are the
spectra of the ligand + DNA mixture, minus that of the DNA.
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tide–DNA complex is different from that obtained with the
cognate DNA, presumably because the basic region of the
peptide is not specifically inserted in the DNA major groove.
Therefore, it can be inferred that, in this case, even a nonspe-
cific DNA site promotes a substantial increase in helicity.[11] We
also observed significant spectral changes at 222 nm on using
m’CREhs/T that has two mutations at the consensus peptide-
binding site. Interestingly, peptide 7, which lacks the tripyrrole
moiety and the linking chain, fails to induce the a-helix transi-
tion upon addition of CREhs/T.
Therefore, in contrast with our previous constructs, in which


the tripyrrole was attached to amino acid 245 of the basic
region, this peptidic region of the designed hybrid seems to
exhibit a great intrinsic tendency to partially fold into an a-
helix upon contact with different dsDNAs.
In conclusion, we have demonstrated that appropriate link-


ing of the basic region of a bZIP transcription factor to a Dista-
mycin-like tripyrrole peptide produces a hybrid capable of
high-affinity recognition of programmed dsDNA sequences,
with a binding mode reminiscent of that for transcription
factor Skn-1. Studies to further characterize the binding mode,
improve the specificity of the designed conjugates, and use
this DNA-recognition strategy to address the natural sequence
of Skn-1 are underway.
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We have recently developed a new strategy for the rapid iden-
tification and optimization of enzymes inhibitors in microtiter
plates. This approach relies on the use of high-yield organic re-
actions that can be carried out in water or water-miscible non-
toxic solvents on microscales without protecting groups, so
that the product can be assayed directly in situ without isola-
tion or purification. Using this approach, one can quickly
modify a lead compound with a small set of building blocks to
identify a potent inhibitor. For example, using amide- and tri-
azole-forming reactions, we have discovered potent inhibitors
against HIV protease,[1] SARS 3CL protease,[2] a-fucosidase,[3]


sulfotransferase,[4] and a-1,3-fucosyltransferase.[5] In order to
expand the scope of this approach, we report here the devel-
opment of tetrabutylammonium fluoride (TBAF)-mediated alky-
lation in microtiter plates for the identification of potent inhibi-
tors in situ against several enzymes including cathepsin B, aryl-
sulfotransferase, and HIV protease.
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TBAF-mediated alkylation of carboxylates and nucleoside
bases under anhydrous conditions has been reported, in which
TBAF was used as catalyst[6] or as stoichiometric reagent.[7] We
have recently developed a method of TBAF-mediated selective
alkylation of purines at N-9 in aqueous solution and applied
the methodology to combinatorial synthesis in microtiter
plates for use in in situ screening to identify potent sulfotrans-
ferase inhibitors.[8] In this study, we have further extended this
strategy to TBAF-mediated alkylation of carboxylates, sulfona-
mide nitrogen, secondary amines, and the N-hydroxyl group of
triazoles, and demonstrated its utility in drug discovery. In our
initial study on ester formation, we found that on using com-
mercially available TBAF (1 M in THF) as a stoichiometric re-
agent without any additional solvent added, the reaction be-
tween acids and alkyl halides gave the corresponding ester in
high yield. As an example, treatment of benzoic acid with
1.2 equiv of TBAF (1 M in THF) and 1.2 equiv of benzyl bromide
at room temperature for 30 min gave rise to the corresponding
benzyl ester quantitatively. We then prepared 1 M TBAF in dif-
ferent solvents (Table 1) and found that the reaction can be


carried out efficiently in these solvents system as well. Interest-
ingly, the product was also isolated in excellent yields when
water was used as solvent, though a longer reaction time was
required for completion.


To examine the scope and efficiency of the TBAF-assisted es-
terification reaction, several acids and alkyl halides were used
(Table 2). Our results showed that most of these reactions
went to completion within 4 hours and that the product was
isolated in a very good yield. Secondary alkyl halides, such as
iso-propyl iodide require higher temperature and more time
for completion (entry 5). Interestingly, no restrictions were
found with regard to the nature of carboxylic acids; triphenyl-
acetic acid and tert-butylacetic acid, for example, do not affect
the reaction efficiency and could be transformed successfully
to the corresponding esters (entries 12–15). Moreover, esterifi-
cation of b-unsaturated carboxylic acids and a-substituted
acids proceeded well, and no isomerization was observed (en-
tries 16, 17, 20). Selective transformation of the carboxylic acid
in the presence of other functional groups to the correspond-


ing ester was also successful (entries 21–26). Notably, polyhy-
droxy acids, such as shikimic acid and quinic acid proceeded
well, and the corresponding benzyl esters were isolated in
good yields (entries 27 and 28).


The broad scope, efficiency, and reliability of TBAF-assisted
esterification permitted us to apply it in microtiter plates fol-
lowed by in situ screening. Isatin analogues based on core 1
are efficient inhibitors against caspases 3[9] and rhinovirus 3C
protease.[10] Cathepsin B is a cysteine protease that operates by
a similar mechanism. This enzyme has been a target for drug
discovery due to its association with a number of diseases,
such as metastatic tumors.[11] However, there are only a few
non-peptidic small molecules with Ki values in the mM range
that have been reported so far, thus development of new in-
hibitors is of current interest.


We selected the isatin core 1 (Ki>5 mM) as the starting point
to create a library in microtiter plates around the acid function-
ality. More than 150 compounds were generated from 78 dif-
ferent alkyl halides[12] and cores 1a and 1b (Scheme 1). The re-


actions were complete within 4 h, as analyzed by TLC and LC-
MS, and gave the desired ester compounds as the only prod-
ucts. Each well was diluted to 3 mM and directly screened
against cathepsin B (from bovine spleen) as previously de-
scribed.[11] Wells that inhibited 50 % of cathepsin B activity
were diluted to 200 mM for further assay, and compound 3
emerged as the best inhibitor from this library. Compound 3
was isolated, purified, and characterized, and was determined
to be a competitive inhibitor with Ki=100 mM. We also sought
to improve enzyme inhibition through replacement of the
isatin group in compound 3. To do this, a “reverse library” was
synthesized that contained 5, in which the 2-(bromomethyl)-5-


Table 1. Reaction of benzoic acid with benzyl bromide in the presence of
TBAF and different solvents.[a]


PhCOOH + BnBr
TBAF
��!PhCOOBn + HBr


Solvent Time Yield of PhCOOBn [%][b]


THF 30 min 96
DMF 30 min 97
DMSO 30 min 96
CH2Cl2 30 min 97
dioxane 30 min 93
CH3CN 30 min 96
C6H6 6 h[c] 91
H2O 6 h[c] 92


[a] Reaction conditions: Benzoic acid (1 mmol), benzyl bromide
(1.1 mmol), TBAF (1.1 mmol), room temperature. [b] Isolated yield. [c] Stir
vigorously.


Scheme 1. The reaction of 5-carboxyl-isatin (1) with a library of 78 organic
halides for the subsequent high-throughput in situ screening of cathepsin B
inhibition.
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nitrofuran core group 4 was treated with 84 different acids[12]


by TBAF-assisted ester formation, then diluted to 20 mM and di-
rectly screened against cathepsin B. Unfortunately, no inhibitor
was found. Then, we used 2-(aminomethyl)-5-nitrofuran (6), 84


acids and (1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) to form the amide compounds.
None of the amide compounds showed inhibitory activities
toward cathepsin B at 20 mM concentration. However, from the


Table 2. TBAF-assisted esterification of carboxylic acids with alkyl halides.


RCO2H R’X Reaction time [h] Yield of ester[b] [%]


1 PhCO2H MeI 0.5 96
2 EtI 0.5 93
3 (CH3)2CH(CH2)2CH2Br 1 95
4 (CH3)2CHCH2Br 1 95
5[c] iPrI 4 82
6[c] (CH3)3Cl 24 0
7[c] (CH3)3CCH2I 24 0
8 CH2=CHCH2Br 0.5 91
9 HC�CCH2Br 0.5 90


10 CH3(CH2)7CO2H PhCH2Br 0.5 95
11 CH3(CH2)7CO2H MeI 1 93
12 tBuCO2H PhCH2Br 1.5 95
13 tBuCO2H MeI 2 92
14 Ph3CCO2H PhCH2Br 3 94
15 Ph3CCO2H MeI 2 92
16 trans-PhCH=CHCO2H PhCH2Br 0.5 95
17 trans-PhCH=CHCO2H MeI 1 94


18 PhCH2Br 1.5 95


19 MeI 1 95


20 PhCH2Br 2.5 59


21 PhCH2Br 12 83


22 MeI 15 70


23 MeI 1.5 86


24 PhCH2Br 4 83


25 1 85


26 1 89


27d PhCH2Br 2.5 87


28d PhCH2Br 3.5 91


29 Br(CH2)4CO2H K 1 95


[a] Unless other specified, the reaction was carried out with TBAF (1.2 equiv, 1 M in THF) and alkyl halides (1.2 equiv) at room temperature. [b] Isolated yield.
[c] At 55 8C. [d] TBAF (1.2 equiv, 1 M in DMF).
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HBTU-mediated formation of benzotriazole esters, compounds
7 and 8 were identified as the best inhibitors (Scheme 2), with
IC50 values of 8 and 10 mM, respectively. These compounds are
very stable, and no decomposition was observed at pH 5.0–8.0
over 24 h at room temperature. Compounds 7 and 8 are irre-
versible inactivators of the enzyme (detailed enzyme behavior
is shown in the Supporting Information), with inactivation con-


stants kinact=0.7 K 10�3 and 1.1 K 10�3 s�1 and inhibition con-
stants Ki=7.35 and 7.18 mM, respectively.


To further extend the scope of TBAF-assisted reactions, we
selected sulfonamide 9, benzotriazole (10), and 1-hydroxyben-
zotriazole (HOBt; 11) as core compounds. We found these
compounds were also very sensitive to N- (9, 10) or O-alkyl-
ation (11) in the TBAF-assisted reaction. Compound 9 showed


Scheme 2. Benzotriazole esters 7 and 8, identified through HBTU-mediated
ester formation, are irreversible inhibitors of cathepsin B with Ki values of
7.35 and 7.18 mM, respectively.


Table 3. Summary of reaction types and inhibitors found against different enzymes.


Core Library used Reaction type Inhibitor Target enzyme Ki


organic halides esterification cathepsin B 100 mM


carboxylates esterification cathepsin B 7.18 mM
[a]


organic halides N-alkylation HIV protease 1.1 nM


organic halides N-alkylation cathepsin B 125 mM


organic halides O-alkylation cathepsin B 44 mM


organic halides N-alkylation aryl-sulfotransferase 9 nM
[b]


[a] Irreversible inactivator. [b] See ref. [8] .
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alkylation at the sulfonamide nitrogen exclusively, no N-alkyl-
ation was found at the amide nitrogen. Benzotriazole 10 was
alkylated at N-1 exclusively. With these results in hand, com-
pounds 9–11 were treated with the same 78 organic halides
and TBAF in microtiter plates with small stirring bar (2 mm in
length) at room temperature for 6 h; then, after dilution, as-
sayed directly against HIV protease or cathepsin B. The inhibi-
tors with the highest activity were synthesized, purified, and
characterized. Compound 12 showed over 1000 times more
activity for HIV protease than core compound 9 (Ki>1 mM) with
Ki=1.1 nM. Compounds 13 and 14 were new-type nonpeptidic
reversible competitive inhibitors against cathepsin B with Ki=


125 and 44 mM, respectively. Table 3 summarizes the results of
TBAF-mediated alkylation and enzyme assays.


In conclusion, we have discovered that TBAF-mediated alkyl-
ation is an efficient, mild, and reliable approach for the rapid
synthesis of esters and alkyl derivatives of secondary amines
and sulfonamides. This chemistry is amenable to microtiter
plates for library preparation followed by in situ screening
without isolation or purification, and using this approach new
inhibitors of cathepsin B and HIV protease have been discov-
ered. Work is in progress to identify other organic reactions ap-
plicable to this approach.
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Conformational Changes across the
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Intracellular Side of the 5-HT3
Serotonin Receptor
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The serotonin-gated 5-HT3 receptor (5-HT3R) is a member of
the Cys-loop receptor family, which includes the nicotinic ace-
tylcholine, GABAA, and glycine receptors.[1–3] All these receptors
open an ion channel upon binding a specific neurotransmitter
and thereby mediate fast signal transduction across synapses
in the nervous system. Besides their central roles in normal
neuronal signaling, mutations in their genes cause severe neu-
rological diseases such as epilepsy, hyperekplexia, and congen-
ital myasthenia, to mention but a few.[4,5] Biochemical and bio-
physical investigations have revealed the 5-HT3R to be a homo-
pentamer; each of its subunits comprises a large extracellular
N-terminal ligand-binding domain[6–11] followed by four trans-
membrane segments (Figure 1A and B).[12,13] The question of
how agonist binding leads to channel opening, that is, trans-
membrane signaling, and which conformational rearrange-
ments are involved, remains unresolved because of the ab-
sence of high-resolution crystal structures of the open and
closed channel states. However, agonist binding must be cou-
pled to the opening of the ion channel. In addition to the
transmembrane region M2, which contains the receptor gate,
several other segments, including M4, move as a consequence
of conformational changes induced by agonist-mediated re-
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ceptor activation. Evidence for this has been provided by stud-
ies on the nicotinic acetylcholine receptor.[14–17]


We have explored new strategies for facile optical monitor-
ing of ligand-gated ion-channel activation by detecting ago-
nist-induced dynamic rearrangements in the protein structure.
Using the 5-HT3R, we show that extracellular binding of an ag-
onist transmits a conformational change to the intracellular
side of the receptor. This study was made possible by the in-
sertion of enhanced green fluorescent protein (EGFP) into the
cytoplasmic M3–M4 loop of each of the five receptor subunits
(Figure 1A). This method allowed the formation of ionotropic
receptors with intrinsic fluorophores in a homopentameric ar-
rangement (Figure 1B). The fusion of GFP to ligand-gated re-


ceptors has already been used
for noninvasive studies of ex-
pression, trafficking, and func-
tion.[18–23] As a novel strategy,
we demonstrate the use of
EGFP as a structural probe for
sensing ligand binding by fluo-
rescence resonance energy
transfer (FRET) and show con-
formational changes induced by
ligand activation by using
homo-FRET. Here we show that
ligand binding and channel ac-
tivity in 5-HT3R–EGFP remain
fully functional, as for the 5-
HT3R variant that was fused to
the enhanced cyan-fluorescent
protein (ECFP), as reported else-
where.[18] Our approach delivers
quantitative data on 5-HT3R ac-
tivation, exhibits potency as a
generic method for probing the
structure and function of mu-
tants and subtypes of ionotrop-
ic receptors, and therefore has
potential for screening for ther-
apeutic substances.
Radioligand-binding assays


and whole-cell patch-clamp
measurements revealed the
ligand binding and channel ac-
tivities of 5HT3R–EGFP (Table 1)
to be similar to those of the
wild-type 5HT3R.


[18] This is an
important result because it
shows that the insertion of five
EGFP molecules into 5HT3R
leaves the biological function of
the receptor unchanged. The
optical properties of 5HT3R–
EGFP were investigated by
using detergent-solubilized
plasma membranes that were
isolated from HEK293 cells.


Firstly, using FRET, we show that the EGFP probes can act as
fluorescent donors for measuring ligand binding to the recep-
tor. The fluorescence intensity of EGFP was followed at 512 nm
with increasing concentrations of the rhodamine-labeled, 5-
HT3R-specific antagonist GR-Rho (as acceptor) ; dose-dependent
quenching of EGFP fluorescence was observed (Figure 1B and
C). GR-Rho did not induce quenching when the receptor was
preincubated with an excess of the nonfluorescent competitive
ligand quipazine (1 mM). This proved that the observed FRET
was due to specific binding of GR-Rho to the receptor. From
the FRET assay, a dissociation constant (Kd) of 1.4 nM was calcu-
lated, which is identical to the Kd value obtained from radio-
ligand binding (Table 1).


Figure 1. Spectral properties of detergent-solubilized EGFP-labeled 5-HT3R and quantitative FRET-based evalua-
tions of receptor interactions with a fluorescent antagonist. A) Membrane topology of a single 5-HT3R subunit
showing the position of the EGFP molecule inserted in the cytoplasmic M3–M4 loop. B) Structural model of the
homopentameric 5-HT3R depicting the EGFP molecules as cylindrical structures. One 5-HT3R subunit is drawn with
dashed lines for clarity. Homo-FRET occurs between neighboring subunits, while hetero-FRET takes place between
the EGFP moieties and a fluorescently labeled ligand (arrows). The rhodamine label of the antagonist, GR-Rho,
used in the study is represented by a star, and the EGFP cores are indicated by crosses. C) Absorbance and fluo-
rescence spectra of detergent-solubilized 5-HT3R–EGFP and antagonist GR-Rho showing spectral overlaps (gray
shaded regions) that are favorable for both homo- and hetero-FRET. Assuming the refractive index of the medium
between the donor and acceptor to be equal to that of water, the orientation factor k2 is 2=3, and the donor quan-
tum yield is 0.6, the calculated Fçrster distances R0 for homo- and hetero-FRET are 40.6 and 47.7 F, respectively.
D) Relative fluorescence intensity of the EGFP-labeled receptor at different concentrations of GR-Rho. The EGFP
fluorescence emission intensity of detergent-solubilized receptor was measured 3 min after incubation with the
ligand at 512 nm.
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Close proximity between neighboring EGFPs in the cytoplas-
mic region of the homopentameric 5-HT3R–EGFP led to partial
quenching of their fluorescence by homo-FRET. This was due
to a sufficiently large overlap between their absorption and
fluorescence spectra with a characteristic Fçrster distance of
R0=40.6 F (Figure 1C). In turn, intracellular conformational
changes in the receptor could be sensed by homo-FRET if they
modulated the distances between neighboring EGFPs. This
was first tested by monitoring the EGFP fluorescence of 5-
HT3R–EGFP during temperature-induced unfolding of the re-
ceptor. Circular dichroism (CD) experiments on purified 5-HT3R
showed an S-shaped thermotropic change of the ellipticity at
222 nm with a transition temperature (Tt�57.5 8C; Figure 2A)
that is clearly below that of GFP (Tt=78 8C) and distinctly
lower than the cloud point of the detergent C12E9 (88 8C).


[24,25]


This indicates that the CD experiments were not influenced by
structural transitions of the detergent. In fact, the fluorescence
intensity of 5-HT3R–EGFP showed an S-shaped intensity tem-
perature profile that had an inflection at Tt�57.5 8C; this coin-
cides with the CD-temperature profile of protein unfolding
(Figure 2B). It is reasonable to assume that the unfolding of
the receptor is accompanied by an increase in the average dis-
tances between the five EGFP molecules. This in turn reduces
the homo-FRET between the EGFP molecules and thus explains
the observed fluorescence intensity increase.
Our interpretation is corroborated by measurements of the


fluorescence anisotropy (r) of the receptor and of free EGFP
(Figure 2C). The r values of both components are nearly identi-
cal between 20 and 40 8C—a temperature range over which
the receptor was shown by CD to have a stable structure. This
is surprising at first glance because one would expect a dis-
tinctly higher r value for the detergent-solubilized receptor
than for the purified recombinant EGFP (rEGFP) due to its 17-
times higher molecular mass. In fact, such a decreased fluores-
cence anisotropy is due to high local concentrations of the five
EGFP fluorophores in 5-HT3R–EGFP, which lead to homo-FRET
that is accompanied by a certain loss of polarization (as ex-
plained by Weber for concentrated fluorophore solutions).[26]


Above 40 8C, we observed differing tendencies for the fluo-
rescence anisotropies. While r for EGFP continued to decrease


slightly with increasing temper-
ature, r for 5-HT3R–EGFP in-
creased substantially with an S-
shaped profile that shows an in-
flection at Tt�59.5 8C, which is
close to the melting tempera-
ture of the receptor (Figure 2C).
This clearly correlates with the
fluorescence intensity increase
(Figure 2B) and can be ex-
plained by an increase of the
fluorescence lifetime of the
EGFP molecules in unfolded 5-
HT3R–EGFP.
Given these findings, we con-


clude that the relative proximity


Table 1. Functional characterization of 5-HT3R–EGFP.
[a]


GR65630 GR-Rho mCPBG
Kd [nM] EC50 [nM] Kd [nM] EC50 [mM] Hill coefficient


RLB/electrophysiology 0.7�0.2 42�6 1.2�0.5 0.66�0.08 1.4�0.2
EGFP FRET – – 1.4�0.3 0.5�0.2 0.8�0.3


[a] Dissociation constants (Kd) and channel activation were determined by radioligand binding (RLB) and
whole-cell electrophysiology on transiently transfected HEK293 cells ; data are compared to results obtained by
in vitro EGFP fluorescence-intensity analysis. Saturation-binding experiments were performed with the radioac-
tive ligand [3H]GR65630. The Kd of the rhodamine-labeled antagonist, GR-Rho, was calculated by using the EC50


value obtained by competitive displacement of [3H]GR65630 (0.8 nM). Ligand concentration-dependent FRET re-
cordings between GR-Rho and the intrinsic EGFP labels of the receptor (Figure 1D) yielded a Kd value that was
comparable to the value obtained by RLB. Agonist-mediated 5-HT3R–EGFP channel activations that were ac-
quired from whole cell patch-clamp experiments delivered an EC50 value for mCPBG that was in the range ob-
tained with the wild-type receptor.[18] It is in agreement with the EC50 determined for the mCPBG concentra-
tion-dependent fluorescence intensity increase that was measured with detergent-solubilized 5-HT3R–EGFP
(see Figure 3).


Figure 2. Thermotropic conformational changes of 5-HT3R. A) Temperature
dependence of the molar ellipticity (q) at 222 nm of detergent solubilized
unlabeled 5-HT3R. Inset shows CD spectra of the receptor recorded at 20
and 75 8C, respectively. B) Temperature dependence of the fluorescence in-
tensity (F) of detergent-solubilized 5-HT3R–EGFP receptors. Values are nor-
malized to the maximum intensity. C) Temperature dependence of the fluo-
rescence anisotropy (R) of detergent-solubilized 5-HT3R–EGFP receptors (&)
and of purified rEGFP (&) ; excitation was at 480 nm; fluorescence was mea-
sured at 512 nm.
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of the five EGFP molecules in the assembled pentameric recep-
tor cause specific fluorescence properties that have been
shown here to be sensitive to changes of the receptor struc-
ture.


Homo-FRET senses channel activation


Next we considered the possibility of monitoring conforma-
tional changes upon receptor activation directly by fluores-
cence spectroscopy. To assess structural changes by fluores-
cence-intensity measurements, solubilized 5-HT3R–EGFP was
exposed to different concentrations of the specific receptor ag-
onist 1-(m-chlorophenyl)biguanide (mCPBG).[27] After 3 min of
incubation, the EGFP-fluorescence intensity revealed an ago-
nist dose–response relationship that reached a plateau at satu-
rating concentrations (Figure 3). The calculated EC50 of 0.5�
0.2 mM was consistent with electrophysiology data obtained
with HEK293 cells that express the EGFP-tagged 5-HT3R (EC50=


0.66�0.08 mM). This suggests that not only thermal but also
agonist-induced changes in the receptor conformation can be
detected by changes in the intrinsic EGFP-fluorescence intensi-
ty (Table 1). Although the ligand-induced fluorescence changes
were smaller than those brought about by complete thermal
denaturation, they indicated distinct conformational changes
in the receptor. When the solubilized receptor was preincubat-
ed with an excess of the competing antagonist granisetron
(1 mM), the subsequent addition of mCPBG did not lead to an
increase in EGFP fluorescence intensity. For comparison, we
also measured 5-HT3R–EGFP fluorescence in the presence of a
saturating concentration of serotonin (100 mM), the natural ago-
nist of 5-HT3R. Interestingly, the normalized fluorescence inten-
sity at this treatment was I/I0=1.2�0.02, which was again sup-
pressed in the presence of granisetron (1 mM). Moreover, the
nonfluorescent antagonist granisetron alone did not have any
effect on the EGFP emission intensity. This demonstrates the
high specificity of our measurements and confirms the ob-
served effect of agonist binding on receptor conformation.
The changes in EGFP fluorescence intensity that we ob-


served after agonist application were stable over several mi-
nutes and most likely reflect the transition to the desensitized
state of the receptor. Support for this hypothesis comes from
studies on the structurally related acetylcholine receptor,
which show that the majority of the receptor molecules adopt
a desensitized structure in the presence of an agonist.[28,29]


Substituted cystein-accessibility studies have indicated that
the second transmembrane domain of 5-HT3R moves during
channel activation.[30] Also, in the structurally related GABAA


and acetylcholine receptors channel activation seems to be
correlated with the rotation of the second transmembrane
domain of the receptor subunits.[31–34] Here we provide the first
evidence of agonist-mediated structural changes in the large
intracellular loop of 5-HT3R, which is rather distant from the
central channel gate. This suggests possible conformational
changes in the third and fourth transmembrane domains. Evi-
dence for structural changes at the interface between the M4
transmembrane region and extracellular ligand-binding
domain upon receptor activation were recently provided by


studies with the a subunit of the nicotinic acetylcholine recep-
tor.[15]


We have demonstrated that agonist-induced conformational
changes can be sensed by homo-FRET between neighboring
EGFP molecules that are inserted in the receptor structure. Our
approach has implications for novel functional screening of
ligand-gated ion channels by various fluorescence tech-
niques.[39] The optical readout of our assay allows discrimina-
tion between agonists and antagonists and has the potential
to be used in high-throughput applications. Furthermore,
time-resolved measurements might distinguish structural
changes evoked by ligand binding from those of channel
gating and desensitization. Such distinctions could also be of
importance for drug screening.


Figure 3. Influence of mCPBG on the ion-channel activity and intrinsic fluo-
rescence of 5-HT3R–EGFP. A) 5-HT3R–EGFP was transiently expressed in
HEK293 cells. Patch-clamp measurements at a holding potential of �60 mV
in whole-cell configuration were performed 48 h after transfection, accord-
ing to a protocol described in detail elsewhere.[18] Peak currents (I) are
shown at various concentrations of mCPBG that were normalized to the
maximal peak current, Imax, which was achieved at saturating agonist con-
centration (10 mM mCPBG). Each data point represents the mean� standard
error (SE) from measurements on three different cells. Full-line segments
represent fit (by using Equation (1) from ref. [18]) to experimental data and
yield a half maximal effective concentration (EC50) of 0.66�0.08 mM and a
Hill coefficient of n=1.4�0.2. B) Plasma membranes isolated from HEK293
cells that transiently expressed 5HT3R–EGFP were solubilized in buffer 2 (see
Experimental Section). The EGFP fluorescence of detergent-solubilized 5-
HT3R–EGFP was measured (excitation=488 nm, emission=512 nm) and
plotted as normalized intensity, F= I/I0 (where I0 is the fluorescence intensity
of 5-HT3R–EGFP in the absence of mCPBG), as a function of the correspond-
ing concentrations of mCPBG. Each point (*) represents the mean�SE of
measurements obtained from three independent receptor preparations. The
SE of the normalized fluorescence intensities obtained with one series of
measurements from one particular receptor preparation was only �0.01.
The normalized-fluorescence intensity of 5-HT3R–EGFP with mCPBG (300 mM)
in the presence of the competing antagonist granisetron (1 mM) is also
shown (*). This is identical to the fluorescence intensity of the receptor in
the absence of any ligand.
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Experimental Section


Materials : Materials were purchased from the following suppliers :
synthetic oligonucleotides (MWG-Biotech AG, Ebersberg, Germany);
kits for plasmid and DNA-fragment purification (QIAGEN GmbH,
Hilden, Germany); restriction endonucleases (New England Biolabs,
MA, USA); purified rEGFP (Clontech, CA, USA); 3-(5-methyl-1H-imi-
dazol-4-yl)-1-(1-[3H]methyl-1H-indol-3-yl)propanone ([3H]-GR65630;
85.5 Cimmol�1; NEN-DuPont, Boston, MA, USA); quipazine and 1-
(m-chlorophenyl)biguanide (mCPBG; Tocris-Cookson, Langford,
UK); granisetron (Apin Chemicals, Abingdon, UK).


DNA constructs : The 5-HT3R constructs were obtained from a plas-
mid that contained the short-spliced variant of the murine 5-HT3AR,
which corresponds to the SwissProt entry p23979. The construct
was under the transcriptional control of the cytomegalovirus (CMV)
promoter.[35] In order to purify the protein, a hexa-histidine tag was
fused to the N terminus of 5-HT3R by site-directed mutagenesis
(Quickchange Kit, Stratagene, CA, USA) with the oligonucleotides
5’-GCCGGAGGAGGGCCACTAGTCATCACCATCACCATCACCAG-
GAGGATACCACCC-3’ and 5’-GGGTGGTATCCTCCTGGTGATGGT-
GATGGTGATGACTAGTGGCCCTCCTCCGGC-3’. This 5HT3R-N–His
construct was confirmed by DNA sequencing. The 5HT3R–EGFP
fusion protein was obtained following a previously described pro-
tocol.[18]


Cell culture and transfections : Adherent human embryonic
kidney cells, HEK293, were grown as described elsewhere.[35] For
electrophysiology, confocal microscopy, and membrane purification
cells were seeded at a density of 150000 cellsmL�1 either in cell-
culture dishes (35 mm), six-well plates that contained glass cover
slips (22 mm diameter), or flasks (150 cm2). The cells were transfect-
ed by using Effectene reagent (Qiagen GmbH, Hilden, Germany).
Experiments were performed 48 h after transfection.


Membrane solubilization : All manipulations were performed on
ice or at 4 8C. Cell pellets (4 g, wet weight) were resuspended in
buffer 1 (10 mL; 10 mM HEPES, 1 mM EDTA, pH 7.4) and homogen-
ized for 90 s with an Ultra-Turrax T25 (IKA, Staufen, Germany).
Membrane fractions were collected by centrifugation at 27000g
for 40 min. Membrane proteins were solubilized in buffer 2 (20 mL;
50 mM NaPi, 300 mM NaCl, 50 cmc (critical micelle concentration)
C12E9, pH 8.0). A final centrifugation at 100000g for 60 min re-
moved the remaining membrane fractions. The supernatant was
collected and stored at �80 8C.


Receptor purification : Nickel nitrotriacetic acid agarose (5 mL;
Qiagen, Hilden, Germany) was washed three times with buffer 2,
incubated at 4 8C overnight with solubilized 5-HT3R-N–His, and
packed into a column. Nonspecifically bound protein was removed
by increased concentrations of imidazole in NaPi (10 mM), NaCl
(500 mM), C12E9 (25 cmc), pH 7.4. Protein elution was followed by
absorbance measurements at 280 nm. The receptor was collected
after application of imidazole (250 mM). The purified receptor was
desalted by gel filtration on a G-25 column (NAP-l0, Pharmacia Bio-
tech, Uppsala, Sweden) by using equilibration and elution buffer 3
(1 mM Tris, 5 cmc C12E9, pH 7.4).


Receptor characterization by electrophysiology and radioligand
binding : Standard whole cell patch-clamp measurements were
performed as described previously.[18] The affinity of 5-HT3R
(mutant) proteins for radioligands and the total amount of ligand-
binding sites were determined as described elsewhere.[35,36]


CD measurements : CD spectra of purified 5-HT3R-N–His receptors
were obtained on an Aviv 62DS spectrometer (Aviv, Lakewood, NJ,
USA) with the protein (10 nM) in C12E9 (5 cmc). Temperature-de-


pendence of the molar ellipticity at 222 nm was measured at a
heating rate of 1 8Cmin�1. The protein secondary structure was
evaluated from the CD spectra as described elsewhere.[37,38]


Fluorescence measurements : were performed on a SPEX Fluoro-
log II (Instruments S.A. , Stanmore, UK) by using 1.5 nm excitation
and emission bandwidths. Purified rEGFP was dissolved in buffer 2.
Sample solutions in quartz cuvettes (1O1 cm2; Hellma, MPllheim,
Germany) were placed in a temperature-controlled holder and
were continuously stirred. For anisotropy measurements, Glan
Taylor polarizers (Halbo Optics, Chelmsford, UK) were placed in the
excitation and emission light paths.


Acknowledgements


This work was supported by Swiss National Science Foundation
Project 3100 A0–102062.


Keywords: fluorescent probes · FRET · ion channels · receptor
activation · signal transduction


[1] E. A. Barnard, Trends Biochem. Sci. 1992, 17, 368–374.
[2] P. J. Corringer, N. Le Novere, J. P. Changeux, Annu. Rev. Pharmacol. Toxi-


col. 2000, 40, 431–458.
[3] J. L. Galzi, J. P. Changeux, Neuropharmacology 1995, 34, 563–582.
[4] A. Kuryatov, V. Gerzanich, M. Nelson, F. Olale, J. Lindstrom, J. Neurosci.
1997, 17, 9035–9047.


[5] H. A. Phillips, I. Favre, M. Kirkpatrick, S. M. Zuberi, D. Goudie, S. E. Heron,
I. E. Scheffer, G. R. Sutherland, S. F. Berkovic, D. Bertrand, J. C. Mulley,
Am. J. Hum. Genet. 2001, 68, 225–231.


[6] F. G. Boess, L. J. Steward, J. A. Steele, D. Liu, J. Reid, T. A. Glencorse, I. L.
Martin, Neuropharmacology 1997, 36, 637–647.


[7] C. M. Deane, S. C. Lummis, J. Biol. Chem. 2001, 276, 37962–37966.
[8] P. Venkataraman, S. P. Venkatachalan, P. R. Joshi, M. Muthalagi, M. K.


Schulte, B. M. C. Biochem. 2002, 3, 15.
[9] X. Q. Hu, L. Zhang, R. R. Stewart, F. F. Weight, J. Biol. Chem. 2003, 278,


46583–46589.
[10] C. Schreiter, R. Hovius, M. Costioli, H. Pick, S. Kellenberger, L. Schild, H.


Vogel, J. Biol. Chem. 2003, 278, 22709–22716.
[11] D. C. Reeves, M. F. Sayed, P. L. Chau, K. L. Price, S. C. Lummis, Biophys. J.


2003, 84, 2338–2344.
[12] J. Mukerji, A. Haghighi, P. Seguela, J. Neurochem. 1996, 66, 1027–1032.
[13] A. D. Spier, S. C. Lummis, J. Mol. Neurosci. 2002, 18, 169–178.
[14] H. A. Lester, M. I. Dibas, D. S. Dahan, J. F. Leite, D. A. Dougherty, Trends


Neurosci. 2004, 27, 329–336.
[15] A. Mitra, T. D. Bailey, A. L. Auerbach, Structure 2004, 12, 1909–1918.
[16] N. Unwin, J. Mol. Biol. 2005, 346, 967–989.
[17] T. Grutter, S. Bertrand, F. Kotzyba-Hibert, D. Bertrand, M. Goeldner,


ChemBioChem 2002, 3, 652–658.
[18] E. Ilegems, H. M. Pick, C. Deluz, S. Kellenberger, H. Vogel, J. Biol. Chem.


2004, 279, 53346–53352.
[19] J. Marshall, R. Molloy, G. W. Moss, J. R. Howe, T. E. Hughes, Neuron 1995,


14, 211–215.
[20] B. David-Watine, S. L. Shorte, S. Fucile, D. de Saint Jan, H. Korn, P.


Bregestovski, Neuropharmacology 1999, 38, 785–792.
[21] J. Zuo, J. Treadaway, T. W. Buckner, B. Fritzsch, Proc. Natl. Acad. Sci. USA


1999, 96, 14100–14105.
[22] A. MartRnez-Torres, R. Miledi, Proc. Natl. Acad. Sci. USA 2001, 98, 1947–


1951.
[23] S. Fucile, E. Palma, A. MartRnez-Torres, R. Miledi, F. Eusebi, Proc. Natl.


Acad. Sci. USA 2002, 99, 3956–3961.
[24] P. D. T. Huibers, D. O. Shah, A. R. Katritzky, J. Colloid Interface Sci. 1997,


193, 132–136.
[25] T. Inoue, H. Ohmura, D. Murata, J. Colloid Interface Sci. 2003, 258, 374–


382.
[26] G. Weber, Trans. Faraday Soc. 1954, 50, 552–555.


2184 www.chembiochem.org < 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2180 – 2185



www.chembiochem.org





[27] A. C. Hargreaves, S. C. Lummis, C. W. Taylor, Mol. Pharmacol. 1994, 46,
1120–1128.


[28] A. Auerbach, G. Akk, J. Gen. Physiol. 1998, 112, 181–197.
[29] C. Grosman, A. Auerbach, Proc. Natl. Acad. Sci. USA 2001, 98, 14102–


14107.
[30] S. Panicker, H. Cruz, C. Arrabit, P. A. Slesinger, J. Neurosci. 2002, 22,


1629–1639.
[31] J. Horenstein, D. A. Wagner, C. Czajkowski, M. H. Akabas, Nat. Neurosci.


2001, 4, 477–485.
[32] N. Unwin, A. Miyazawa, J. Li, Y. Fujiyoshi, J. Mol. Biol. 2002, 319, 1165–


1176.
[33] N. Unwin, FEBS Lett. 2003, 555, 91–95.
[34] A. Miyazawa, Y. Fujiyoshi, N. Unwin, Nature 2003, 423, 949–955.


[35] H. Pick, A. K. Preuss, M. Mayer, T. Wohland, R. Hovius, H. Vogel, Biochem-
istry 2003, 42, 877–884.


[36] T. Wohland, K. Friedrich, R. Hovius, H. Vogel, Biochemistry 1999, 38,
8671–8681.


[37] H. Vogel, Biochemistry 1987, 26, 4562–4572.
[38] H. Vogel, W. Gartner, J. Biol. Chem. 1987, 262, 11464–11469.
[39] R. Hovius, P. Vallotton, T. Wohnland, H. Vogel, Trends Pharmacol. Sci.


2000, 21, 266–273.


Received: May 3, 2005


Published online on October 27, 2005


ChemBioChem 2005, 6, 2180 – 2185 < 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2185



www.chembiochem.org






DOI: 10.1002/cbic.200500216


Reversible Sequential-Binding Probe Receptor–
Ligand Interactions in Single Cells
Christoph Schreiter, Marinela Gjoni, Ruud Hovius, Karen L. Martinez,
Jean-Manuel Segura, and Horst Vogel*[a]


Introduction


The advent of proteomics and combinatorial chemistry created
a growing need for novel strategies to probe receptor function
and screen compound activity efficiently. For instance, bio-
physical, functional, and pharmacological investigations on
cell-surface receptors are often performed with solubilized and
purified proteins, or cultured cell lines that overexpress partic-
ular receptors that are of importance in cellular signaling and
as drug targets.[1] However, it is becoming increasingly appar-
ent that receptor function in such purified systems or in heter-
ologous cell lines might differ from their function in native
tissue cells.[2] Because primary cells are often very difficult to
obtain and maintain in culture, it is highly desirable to opti-
mize their use by performing series of investigations on the
same single cell.


Ligand-binding assays that are presently used are predomi-
nantly end-point determinations on either homogenized or
solubilized membrane fragments. Furthermore, they require
receptor quantities that are equivalent to 102 to 105 cells per
data point. For example, to obtain a complete binding iso-
therm, many experiments have to be performed in parallel
and/or sequentially.


In order to monitor ligand–receptor interactions in single
cells with high spatial and temporal resolution, it is essential to
take advantage of the high sensitivity of fluorescence tech-
niques that have become available recently.[3,4]


We present a novel method for performing fluorescence
binding assays which we refer to as the reversible sequential
(ReSeq)-binding assay. With this assay, a series of investigations
can be performed on the same cell by repetitively applying
specific, fluorescently labeled ligands that have fast associa-
tion–dissociation kinetics. We demonstrate that complete satu-
ration ligand-binding and competition ligand-binding assays


can be performed on a single cell with excellent accuracy. This
new approach has several advantages as it i) dramatically re-
duces the number of cells needed, ii) allows the investigation
of cell-to-cell variations because extensive data can be collect-
ed with individual cells, and iii) circumvents problems related
to low expression levels of receptors and photobleaching of
fluorescent ligands, since measurements can be repetitively
performed on the same cell to enhance accuracy. Moreover,
ReSeq-binding assays can be easily automated and implement-
ed in on-chip analysis which offers a substantial improvement
on reliability, efficiency, and reduction of sample consumption.


In order to demonstrate the feasibility of this novel ap-
proach, the nicotinic-acetylcholine receptor (nAChR) was
chosen as the prototype of a pharmacologically important
target. Different subtypes of nAChRs can be found in the post-
synaptic membrane of muscle and nerve cells.[5, 6] Ligand bind-
ing to nAChRs is usually investigated by competition assays
that either use radiolabeled or fluorescently labeled a-bungar-
otoxin (a-BgTx) ; this is a ligand that binds irreversibly to ho-
mopentameric a7, a9, a10, and muscle nAChRs. So far, only a
few fluorescent ligands that bind reversibly to nAChRs have
been identified.[7–11] These comprise fluorophores that have
weak fluorescence properties and are unsuitable for cellular
measurements. a-Conotoxins from the venom of marine snails
have been shown to target either neuronal- or muscle-type


[a] Dr. C. Schreiter, M. Gjoni, Dr. R. Hovius, Dr. K. L. Martinez, Dr. J.-M. Segura,
Prof. Dr. H. Vogel
Ecole Polytechnique F%d%rale de Lausanne (EPFL)
Laboratoire de Chimie Physique des Polym+res et Membranes
1015 Lausanne (Switzerland)
Fax: (+41) 21-693-6190
E-mail : Horst.Vogel@epfl.ch


With the reversible sequential (ReSeq) binding assay,we present a
novel approach for the ultrasensitive profiling of receptor func-
tion in single living cells. This assay is based on the repetitive ap-
plication of fluorescent ligands that have fast association–disso-
ciation kinetics. We chose the nicotinic-acetylcholine receptor
(nAChR) as a prototypical example and performed ReSeq equilib-
rium, kinetic, and competition-binding assays using fluorescent
derivatives of the antagonist a-conotoxin GI (a-CnTx). Thereby,
we determined the binding constants of unlabeled a-CnTx and d-


tubocurarine. The high selectivity of a-CnTx for muscle-type
nAChR made it possible to observe specific binding even in the
presence of other nAChR subtypes. Imaging of individual nAChRs
and ligand-binding cycles to single cells in microfluidic devices
demonstrated the ultimate miniaturization and accuracy of
ReSeq-binding assays even at low receptor-expression levels. We
expect our approach to be of generic importance for functional
screening of compounds or membrane receptors, and for the
detailed characterization of rare primary cells.
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nAChR specifically[12–14] and can serve as tools for the elucida-
tion of nAChR structure and function.[15]


Here, we describe fluorescent derivatives of a-conotoxin GI
(a-CnTx) which is a small 13-amino-acid-long peptide from the
snail Conus geographicus.[16] These fluorescent ligands bind
with high affinity and strong selectivity to one of the two ago-
nist-binding sites, namely the a/d site of the muscle-type
nAChR.[17] By making use of the reversible binding and fast as-
sociation–dissociation rates of fluorescently labeled a-CnTx,
several kinetic and competitive ReSeq-binding experiments
were performed on single cells that demonstrate the full po-
tential of this approach.


Results


Electrophysiological characterization of fluorescently
labeled a-CnTx


The binding properties of a-CnTx and its fluorescent variants
to nAChR were quantified by whole-cell patch-clamp measure-
ments. The addition of a-CnTx or its fluorescent variants to
cells that expressed nAChR gradually decreased the maximum
acetylcholine (ACh)-induced current response until a final
stable level was reached (Figure 1a). Both the kinetics and the
final current levels were dependent on the a-CnTx concentra-


tion. The antagonist could bind and be washed off completely
within minutes; this allowed repetitive measurements with the
same cell. The procedure is only limited by the stability of the
patch-clamp seal. The rate constants, kel,on and kel, off, of the in-
hibition kinetics were calculated from single exponential fits to
the time dependence of the maximal-current responses. Con-
trol experiments with lower pulse rates (4 or 8 min between
ACh pulses) yielded identical results ; this indicates that binding
kinetics were not affected by repetitive ACh pulses. Dissocia-
tion kinetics of all fluorescent toxin variants were comparable
to the unmodified a-CnTx (kel,off=5�2C10�3, 6�4C10�3, and
3�2C10�3 s�1 for a-CnTx, a-CnTx–Cy5, and a-CnTx–A647, re-
spectively). Association was three to four times slower than
with unmodified a-CnTx (kel,on=12�5C104, 2�1C104, and
3�3C104


M
�1s�1 for a-CnTx, a-CnTx–Cy5, and a-CnTx–A647,


respectively). Accordingly, IC50 values calculated for the Cy5,
Cy3, and Alexa 647 variants showed five-, twenty-, and eight-
fold lower affinities than unmodified a-CnTx (IC50=20�2 nM),
respectively (Figure 1b). The Hill coefficients for all toxins were
close to unity; this indicates that a similar number of bound
toxin molecules were needed to block channel activation. The
maximum peak currents in the absence of a-CnTx were usually
several nA, which corresponds to only about 103 activated
channels per cell. Such low numbers of receptors are usually
difficult to observe in fluorescence experiments and make


standard fluorescence binding
assays impossible.


ReSeq-binding experiments
with a single cell


We chose a-CnTx–Cy5 as fluores-
cent ligand, firstly because it
showed the highest affinity and
specificity to nAChR, and, sec-
ondly, Cy5 has an emission
wavelength >600nm, which is
favorable for cellular investiga-
tions. Cells that expressed
nAChRs were first perfused with
a-CnTx–Cy5 for several minutes.
During subsequent washing
with buffer series of images
were recorded (Figure 2a). After
complete removal of a-CnTx–
Cy5, the measurement could
be repeated many times, over
hours, with the same cell. In
each experiment, the same initial
fluorescence intensity was
reached within 6% deviation
(Figure 2a and b). Ligand inter-
action with nAChR was specific
as a-CnTx–Cy5 did not bind to
cells that lacked nAChR.


Binding kinetics and binding
constants were evaluated from


Figure 1. Electrophysiological characterization of a-CnTx and its fluorescent variants. a) Whole-cell current re-
sponses from HEK293 cells that expressed nAChR. Upper trace: 2 s pulses of ACh were applied every 60 s (short
peaks) and a-CnTx (300 nM) was added continuously for 480 s, as indicated. The lower trace shows the current re-
sponse, I. Peak-current responses were constant in the absence of antagonist (t=0–100 s) while addition of a-
CnTx–Cy5 and subsequent washing resulted in decrease (t=130–600 s) followed by increase (t=600–1400 s) of
the current peaks, which yielded association- and dissociation-rate constants. Magnifications of the current re-
sponses in the absence and presence of a-CnTx–Cy5 are marked by (i) and (ii), respectively. This shows that only
the amplitude but not the shape of the response is modified by the antagonist. b) Inhibition of channel currents
by a-CnTx and its fluorescent variants. The normalized channel currents I/Io in the presence of a-CnTx (+), a-
CnTx–Cy5 (~), a-CnTx–Cy3 (!), and a-CnTx–A647 (&). Fits of the inhibition curves yielded IC50 values of 20 nM for
unmodified a-CnTx (c), 95 nM for Cy-5 (····), 410 nM for Cy-3 (a), and 159 nM for Alexa 647 (–·–·–). The Hill co-
efficient was close to unity in all cases.
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the fluorescence intensities of the image series with a precision
that is comparable to patch-clamp experiments. The associa-
tion-rate constant was determined from repetitive recording of
the initial fluorescence intensity after increasing incubation
times. This yielded kon=7�5C104


M
�1s�1 (Figure 2c), which is


in good agreement with rate constants obtained from patch-
clamp experiments. Ligand dissociation was measured by mon-
itoring fluorescence decay during washing. To distinguish the
fluorescence-intensity decrease that is due to ligand dissocia-
tion from that of fluorescence bleaching, it was necessary to
take repetitive measurements at various image-recording fre-
quencies, as described in the Experimental Section. The result-
ing koff=1.0�0.6C10�3 s�1 was slightly slower (Figure 2d) than
the value observed with patch-clamp experiments. Standard
measurements with only one association and/or dissociation
phase do not yield correct ligand-binding parameters. This be-
comes especially important when considerable photobleaching
is caused by the high excitation intensity needed to detect low
nAChR numbers of about 1000 receptors per cell. Such low re-
ceptor concentrations are typical for many primary cell types.
The complete reversibility of a-CnTx binding allows repeated
attachment of fresh a-CnTx–Cy5. Thus, many ReSeq measure-
ments can be performed on the same cell, either under identi-
cal conditions so as to obtain better statistics or under varying
conditions in order to acquire insight into, for example, the
dynamic properties of the system.


Compound screening with single cells


The fast and reversible binding of a-CnTx–Cy5 can be used to
rapidly and repetitively measure the binding constants of unla-
beled substances in a competition assay. In these experiments
we monitored the reduction of initial fluorescence intensities
with a single cell that was pre-incubated for 8 min with in-
creasing concentrations of a competing nonfluorescent ligand
before the addition of a-CnTx–Cy5 (Figure 3). Longer preincu-
bation times did not influence the results. Competition with
unlabeled a-CnTx yielded an IC50 (a-CnTx)=17�4 nM in excel-
lent agreement with IC50=20�2 nM measured with the patch-
clamp technique. This shows that a-CnTx and its Cy5-labeled
form compete for the same binding site. Competition experi-
ments with the toxin d-tubocurarine (dTC) gave an IC50 (dTC)=
310�60 nM, which corresponds to the affinity of dTC for the
a/d site of muscle-type nAChR.[18] This suggests that both a-
CnTx–Cy5 and a-CnTx specifically bind to the a/d site of
nAChR and that Cy5 labeling does not alter the pharmacologi-
cal properties of the antagonist.


Ligand binding with single cells in microfluidic structures


Assay miniaturization combined with highly sensitive detection
techniques opens the possibility of investigating large libraries
of receptors and compounds with high efficiency, at massively
reduced recording time and sample consumption. We realized
an important step towards this goal by using ReSeq-ligand
binding with a single cell in microfluidic structures. First, indi-
vidual HEK293 cells that expressed nAChR were trapped by op-


Figure 2. Reversible binding of a-CnTx–Cy5 to nAChRs in HEK293 cells.
a) Fluorescence images in each row show (left to right) a single cell during
continuous washing after 2 min incubation with a-CnTx–Cy5 (30 nM). After
complete dissociation, a-CnTx–Cy5 is bound again to the same cell and
washing cycles are repeated. The image series show fluorescence decays
after first labeling (1), and repeated labeling 71 min (2) and 85 min (3) later ;
scale bar=10 mm. b) Time traces of fluorescence intensity, F, integrated over
the whole cell during washing. The same absolute fluorescence intensity is
reached after each association–dissociation cycle with a deviation of only
6%, as indicated by the grey bar. c) Binding kinetic of a-CnTx–Cy5 (30 nM) to
the surface of a single cell. The average fluorescence intensity per pixel, {F},
is plotted as a function of incubation time, t, and fitted with a single expo-
nential to yield the association-rate constant that was averaged over meas-
urements obtained with three separate cells, kon=7�5C104 mol�1 s�1.
d) Fluorescence decays recorded at frequencies of 0.2, 0.5, 1, and 2 Hz with
the same HEK293 cell that expressed nAChR, after incubation with a-CnTx–
Cy5 (30 nM). The apparent fluorescence-decay rates, kapp, were evaluated
from corresponding single exponential fits (solid curves). The observed fluo-
rescence decay is faster as would be expected from dissociation (dotted
line) as a result of photobleaching. Inset: the photobleaching rate, k, is di-
rectly proportional to the time cells were exposed to light, that is, with the
number, n, of recorded images per second. By plotting kapp as a function of
the recording frequency, a value for the dissociation-rate constant koff of
1.0�0.6C10�3 s�1 was obtained from the intercept at zero frequency.
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tical tweezers inside a microchannel. An individual trapped cell
could be released and a new one captured from a small
volume of cell suspension (<100 nL) that was temporarily
pumped across the focus of the laser tweezers. Next, a-CnTx–
Cy5 was repeatedly bound to and dissociated from the
trapped cell in the same manner as described above (Figure 4).
Only 100 nL of a-CnTx–Cy5 (300 nM) were required per cycle of
ligand binding and washing. The use of a less sensitive imag-
ing system requires illumination with higher laser intensities
compared to the assays described above and results in faster
fluorescence signal decay.


Imaging single receptor molecules


When cells were incubated with reduced a-CnTx–Cy5
concentrations for shorter time periods, only about
1–5% of nAChRs on the cell surface bound the toxin.
In order to ensure complete removal of free a-CnTx–
Cy5 during the wash step, individual a-CnTx–Cy5–re-
ceptor complexes could be observed as diffraction-
limited fluorescence spots that showed characteristic
single-step photobleaching[19–21] (Figure 5). Typically,
tens of frames could be recorded before fluorophore
photobleaching was observed. Most importantly, be-
cause a-CnTx–Cy5 could be washed off completely
and added fresh once again, single-molecule experi-
ments could be repeated more than 30 times with
one cell, and data with excellent statistics could be
collected.[22] Fluorescence was not observed with
cells that lacked nAChRs; this showed that binding
was specific. Hence, a-CnTx–Cy5 can be used as an
excellent, specific ligand for probing nAChR.


nAChR subtypes. High-content assays for profiling


As a-CnTx is known to bind specifically to muscle-type but not
neuronal nAChR,[17] we investigated whether this trait was con-
served in a-CnTx–Cy5. Consequently, HEK293 cells that co-
expressed muscle-type nAChR and cytosolic green fluorescent
protein (GFP) were cocultured on glass coverslips with cells
that coexpressed neuronal a7/5-HT3 receptor chimera[23,24] and


Figure 3. Specific binding of a-CnTx and dTC to the a/d site of nAChR. Ex-
periments were performed with single cells by fluorescence competition
assays. a) Fluorescence images of a cell preincubated for 8 min with either
i) no, ii) 10 nM, or iii) 100 nM a-CnTx followed by a 2 min incubation with a-
CnTx–Cy5 (30 nM) added. After removal of unlabeled a-CnTx and incubation
with a-CnTx–Cy5, the initial fluorescence intensity was recorded (iv); scale
bar=10 mm. b) Competition-binding curve of dTC (&) and a-CnTx (*) com-
pared to patch-clamp data for a-CnTx (a). Calculated IC50 values were
310�60 and 17�4 nM for dTC (c) and unmodified a-CnTx (····), respec-
tively.


Figure 4. Repetitive and reversible binding of a-CnTx–Cy5 to nAChRs on an
optically trapped cell inside a microfluidic channel. a) The microfluidic sys-
tem comprises two inlet channels for a-CnTx–Cy5 and buffer (arrows), which
merge into a central channel where a cell is trapped by optical tweezers. Re-
petitive binding and washing of a-CnTx–Cy5 was performed by varying the
flow speed applied to the two inlet channels. b) Overlay of representative
decay curves of fluorescence. Signals were sequentially recorded on a trap-
ped HEK293 cell during washes with buffer. Fits are shown as solid lines and
demonstrate that binding and washing are highly reproducible. c) Image
series showing a trapped cell directly after incubation with a-CnTx–Cy5
(300 nM) for 1 min (i), subsequent fluorescence decay after 2 s (ii) and 5 s (iii),
followed by rebinding of a-CnTx–Cy5 to the same cell (iv) ; scale bar=
10 mm.


Figure 5. Single-molecule images of a-CnTx–Cy5 bound to nAChRs on a HEK293 cell.
Single molecules are recognized as diffraction-limited spots. a) Shows the first, sixth, and
seventeenth images (left to right) of a sequence recorded at 4 Hz; scale bar=5 mm. Cells
were incubated with a-CnTx–Cy5 (30 nM) for 10 s and monitored during continuous
washing. b) After complete photobleaching, the toxin could be washed off and nAChRs
could bind with fresh a-CnTx–Cy5. c) Time trace of the fluorescence from a single mole-
cule, marked with a white circle in a), featuring characteristic single-step photobleaching.
d) Transmission image of the cell.
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cytosolic cyan fluorescent protein (CFP). While the nonspecific
fluorescent antagonist a-BgTx–A647 bound to both receptor
types (Figure 6a), a-CnTx–Cy5 bound exclusively to cells that
expressed muscle-type nAChR (Figure 6b). This demonstrates
that a-CnTx–Cy5 conserves the high receptor subtype specifici-
ty of unlabeled a-CnTx.


Discussion


Our results describe the general application of fluorescent an-
tagonists with fast association–dissociation kinetics in function-
al investigations of membrane receptors. The ReSeq concept
consists of cycles of incubation/acquisition that enable numer-
ous experiments to be carried out with the same single cell.
This approach offers several advantages. First, single cells that
have low-receptor concentrations comparable to cells in native
tissue can be investigated. Second, the influence of different
chemical stimuli (ligands) can be assessed consecutively on the
same individual cell. Third, data with considerably improved
statistics can be obtained from a single cell. Thus, by using the
ReSeq technique an entire binding assay can be performed on
a single cell, whereas with conventional fluorescence- or radio-
ligand-binding assays, at least hundreds of cells are needed for
sufficient signal-to-noise ratios. Moreover, adjustment of the
amount of cell-surface receptor by up- or down-regulation of
gene expression in response to a stimulus (e.g. , ligand applica-
tion), can also be monitored.


We have demonstrated the feasibility of the ReSeq approach
by using a fluorescently labeled a-conotoxin that binds with
fast kinetics to nAChR. The ligand a-CnTx–Cy5 maintained the
attractive properties of conotoxins: high affinity, site specificity
(in this case for the a/d site), and strong selectivity for muscle-
and not neuronal-type nAChR. We infer that these fluorescent
antagonists might find a broad application in nAChR research,
for instance, in investigations with cells that express multiple
variants of ACh receptors. Combined with ReSeq-binding
assays, fluorescent a-conotoxins can be particularly useful for
medical diagnostics with cells from the tissue of patients suf-
fering from congenital diseases, such as myasthenic syndrome,


for which it has been shown that alterations in nAChR binding
properties are a major source of malfunction.[25]


Our approach can easily be extended to studies with many
other membrane receptors. First, conotoxins are a large family
of antagonists that are specific for a broad panel of receptors
and can be labeled in a similar way as a-CnTx–Cy5. Second,
the requirements for ligand properties are relatively modest as
dissociation lifetimes of around one minute usually correspond
to a KD value in the order of 100 nM–1 mM. Synthesizing fluores-
cent ligands that exhibit such affinities should prove easier
than for standard fluorescence applications where a KD in the
low nanomolar range is required. In general, ReSeq can be
conveniently performed with dissociation and association rate
constants between 10�3 to 10�1 s�1 and 105 to 107


M
�1s�1, re-


spectively.
A key advantage of our approach is that pharmacological in-


vestigations can be performed with single cells that express
the physiological amount of receptor, which is usually difficult
to realize with other methods due to photobleaching. Conven-
tional measurements require receptor overexpression, which
risks the induction of effects that are absent at the low-expres-
sion levels found in native cells. For instance, there are indica-
tions that the function of recombinant G protein-coupled re-
ceptors are modified when expressed in non-native cells.[2] In
this context, our approach to investigate receptor function in
primary cell lines will be of importance.


Ultimately, single-molecule sensitivity can be achieved as il-
lustrated with nAChR. This opens the possibility of performing
functional investigations on tissue cells that express minimal
amounts of membrane receptor. In general, repetitive, reversi-
ble binding is an ideal approach for monitoring single mole-
cules where photobleaching is usually the limiting factor. By
performing repetitive measurements, many image sequences
can be acquired to achieve optimal statistics within a single
experiment.


Repetitive competition experiments allow the rapid mea-
surement of binding curves of ligands on single cells. This
methodology might prove to be very useful for probing recep-
tor function in rare tissue cells. In particular, the repetitive mea-
surement procedure opens the way to automation and minia-
turization, for instance by using microfluidic structures. Screen-
ing of potential drugs can be performed on a single cell with a
rate that only depends on the association–dissociation cycle
time. The assay consumes only minimal amounts of test com-
ponents, and substantially increases the reliability and reprodu-
cibility of measurements, especially if weak signals have to be
observed. For example, in the case of a-CnTx–Cy5, a measure-
ment currently requires only 30 fmol of toxin and takes about
20 min. It is possible that the use of ligands with faster kinetics
could reduce this time span down to less than 5 min. In addi-
tion, the use of more complex microstructures could enable
complete binding assays with a single cell, or increase the stat-
istical strength of the experiments with parallel approaches
since the assay only uses some hundred nanoliters of cell sus-
pension. With this method, automated screening of many li-
gands with a single cell extracted from animal tissue becomes
a realistic goal.


Figure 6. Specific binding of a-CnTx–Cy5 to muscle-type nAChRs. Confocal-
microscope images of HEK293 cells that either co-express muscle-type
nAChR and cytosolic GFP (green), or neuronal a7/5-HT3 receptor chimera
and cytosolic CFP (blue). a) The nonspecific antagonist a-BgTx–A647 (red)
binds to both receptor types. b) a-CnTx–Cy5 (red) binds exclusively to cells
that express muscle-type nAChRs. This demonstrates that the high subtype
specificity of a-CnTx is conserved even after fluorescent labeling; scale
bar=25 mm.
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Experimental Section


Fluorescent labeling of a-conotoxin GI : a-CnTx (Bachem, Buben-
dorf, Switzerland) was labeled with N-hydroxysuccinimide (NHS)
esters of Alexa 647 (Molecular Probes, Eugene, OR, USA), Cy5, and
Cy3 (Amersham, Buckinghamshire, UK) to yield a-CnTx–A647, a-
CnTx–Cy5, or a-CnTx–Cy3, respectively. Typically, a-CnTx (1 mg)
was dissolved in NaHCO3 (100 mM, 100 mL) at pH 8.5, added to a so-
lution of fluorophore NHS-ester (10 mgmL�1, 70 mL) in dimethylfor-
mamide (DMF) and incubated overnight at RT in the dark. After
solvent evaporation the residue was dissolved in a minimal
amount of methanol, applied to a silica gel G60 preparative thin
layer chromatography plate (0.25 mm; Merck, Darmstadt, Germa-
ny), dried thoroughly, and developed in MeOH/25% NH4OH (95:5,
v/v). The product was extracted with methanol and its purity dem-
onstrated by thin-layer chromatography. The identity of the prod-
uct was established by ESI or MALDI mass spectrometry. a-CnTx–
Cy5: calcd m/z=2075.8, measured MALDI (m+3H+)/z=2078.8,
measured ESI (m+3H+)/2z=1038.3; a-CnTx–Cy3: calcd m/z=
2049.7, measured ESI (m+3H+)/2z=1025.3; a-CnTx–A647: calcd
m/z=chemical formula unknown, measured ESI m/z=1051.7. The
purity of the products was estimated to be �95% as no trace of
a-CnTx could be detected by either thin-layer chromatography
(Rf=0.12 and 0.75–0.92 for unlabeled and labeled a-CnTx, respec-
tively) or mass spectrometry (a-CnTx: calcd m/z=1437.8, measured
ESI (m+3H+)/3z=480.3).


Transient transfection of HEK293 cells : Human embryonic kidney
(HEK293) cells were cultured in Dulbecco’s modified Eagle medium
supplemented with fetal calf serum (2.2%) and incubated in a hu-
midified atmosphere with CO2 (5%) at 37 8C. Cells were grown (60–
80% confluence) either on glass slides (25 mm) in six-well plates or
cell-culture dishes (35 mm). Cells were transfected with plasmids
containing the coding region of human muscle-type nAChR sub-
units a (0.08 mg), b (0.04 mg), d (0.04 mg), and e (0.04 mg) by using
Effectene lipofection (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. The plasmids were a kind gift from P.-J.
Corringer and J.-P. Changeux (Institut Pasteur, Paris). Cytosolic GFP
DNA (0.2 mg; Clontech, Palo Alto, CA, USA) was cotransfected to
aid the identification of transfected cells.


Experiments were performed 24–55 h after transfection. Approxi-
mately 1000 active receptors were expressed per cell as deter-
mined with whole cell patch-clamp currents. The cell-culture
medium was replaced prior to fluorescence and patch-clamp
experiments with buffer that contained NaCl (147 mM), glucose
(12 mM), HEPES (10 mM), KCl (2 mM), MgCl2 (1 mM), and was adjusted
to pH 7.4 with NaOH. This buffer was used to dissolve the ligands
and to continuously perfuse the cells.


Electrophysiology : Standard patch-clamp measurements were car-
ried out in whole cell configuration by employing an EPC-9 patch-
clamp amplifier (HEKA Elektronik Dr. Schulze GmbH, Lambrecht,
Germany). The software PULSE 8.3 (HEKA) was used for data ac-
quisition and storage. Borosilicate glass pipettes (resistances 2–
5 MW) were filled with buffer that contained NaCl (140 mM), EGTA
(10 mM), HEPES (10 mM), and was adjusted to pH 7.4 with NaOH.
The ground electrode was connected to the bath with a KCl (1M)
agar bridge. All experiments were performed at RT and the mem-
brane potential was kept at �60 mV. Inward currents are displayed
downwards. Ligands and buffer were applied with a software con-
trolled RSC-200 perfusion system (Bio-Logic, Claix, France). Pulses
(2 or 3 s) of ACh (100 mM) were repetitively applied every 60 s while
a-CnTx or its fluorescent variant were added at various concentra-
tions.


The change in peak-current response was measured as a function
of time and a-CnTx concentration so that the rate constants of the
inhibition kinetics (kel, on and kel,off ) could be evaluated from expo-
nential fits that yield (kel, onC [a-CnTx]+kel,off) and kel,off, respectively.
Antagonist-binding curves were computed from the equilibrium-
peak responses for each concentration and fitted to Equation (1):


I ¼ I0
1þ ðIC50=½antagonist�Þ�n


ð1Þ


by using the Levenberg–Marquardt algorithm of Igor Pro (Wave-
metrics Inc. , Lake Oswego, OR, USA), where I is the peak current at
a particular antagonist concentration, I0 is the peak current in the
absence of antagonist, IC50 is the half-maximal inhibitory concen-
tration, and n is the Hill coefficient.


Fluorescence experiments : Cells grown and transfected on glass
coverslips (0.17 mm thick) were mounted on a modified epifluores-
cence wide-field microscope (Axiovert200, Zeiss, Jena, Germany).
To investigate Cy5 and Alexa 647 fluorescence, circularly polarized
light from the 632.8 nm line of a HeNe laser (Coherent, Auburn,
CA, USA) was directed by a dichroic mirror (Q645LP, Chroma Corp.,
Rockingham, VT, USA) into a microscope objective (C-Apochro-
mat63x W Korr, 1.2 NA, Zeiss) to illuminate a 22 mm diameter
region of the sample illuminated. Fluorescence was collected by
the same objective, passed through a filter (HQ710/100, Chroma),
and imaged on an intensified CCD camera (I-Pentamax 512 EFT,
Roper Scientific, USA). GFP fluorescence was achieved by excitation
with the 488 nm line of an Ar+ laser (Innova Sabre, Coherent,
USA). To minimize photobleaching cells were illuminated for only
50 ms per image by using a shutter (LS3T2, Vincent Associates,
Rochester, USA). Illuminated cells were continuously perfused by
using a VC-77SP fast step perfusion system (Warner Instruments
Corp, Hamden, CT, USA).


Binding kinetics of a-CnTx–Cy5 : The association of a-CnTx–Cy5
to nAChR was measured repetitively with the same cell. The cell
was incubated with a-CnTx–Cy5 (30 nM) for 1–25 min, washed rap-
idly (10 s) to remove free-fluorescent ligand from the solution, and
fluorescence images were recorded. The time dependency of aver-
age fluorescence intensity of the whole cell was fitted by single-
exponentials to yield (konC [a-CnTx–Cy5]+koff). After complete re-
moval of the ligand (total wash time �20 min) the measurement
was repeated.


In order to determine the dissociation-rate constant, cells were first
incubated for 2 min (unless stated otherwise) with a-CnTx–Cy5
(30 nM) followed by continuous washing with buffer. A series of
fluorescence images was taken with a delay of 15 s after the start
of the wash to ensure that no free fluorescent ligand remained in
solution. After complete removal of the ligand (total wash time
�20 min) the measurement was repeated. All experiments were
performed with at least three different cells from independent cul-
tures. The dissociation-rate constant of a-CnTx–Cy5 from nAChRs
was evaluated from the decay of fluorescence intensity during
washing. This decrease in fluorescence intensity is a superposition
of ligand dissociation and photobleaching of the fluorophore and
can be described by:


F ¼ F0 expð�ðkoff þ kbl 
 texp 
 nÞ 
 tÞ ¼ F0 expð�kapp 
 tÞ ð2Þ


where F is the fluorescence intensity at time t, F0 is the fluores-
cence intensity of the first image, kbl is the photobleaching rate,
texp is the exposure time per image, and n is the frequency at
which images were recorded. The intercept of a single linear fit of
the apparent fluorescence decay rate kapp= (koff+kblC texpCn) as a
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function of n was used to obtain koff. The koff was evaluated from
image series that were taken at frequencies ranging from 0.2 to
8 Hz with at least three different cells from independent prepara-
tions. To quantify the binding kinetics, the use of an imaging
system with high quantum efficiency (>50%) and high signal-to-
noise ratio is required.


Fluorescent single-cell binding assay for unlabeled ligands : The
affinities of unlabeled a-CnTx and dTC were measured by fluores-
cence competition-binding assays. Cells were repetitively incubat-
ed with increasing concentrations of competitor for 8 min; control
experiments at longer incubation times showed this was sufficient
to reach equilibrium. They were then incubated with a mixture of
competitor and a-CnTx–Cy5 (30 nM). The initial fluorescence inten-
sities that were evaluated by averaging the second image over the
whole cell were fitted to:


F ¼ F0


1þðIC50=½competitor�Þ�n
ð3Þ


Here F and F0 are the fluorescence intensities measured in the
presence and absence of competitor, IC50 is the half-maximal inhib-
itory (competitor) concentration, and n the Hill coefficient.


Single-molecule imaging : Single-molecule measurements were
performed with the same epifluorescence microscope as was used
for bulk fluorescence imaging. Incubation times with a-CnTx–Cy5
(3–30 nM) were reduced to some seconds so that only about 1–5%
of all nAChRs on the cell surface bound a fluorescent ligand.
Single-molecules images were recorded at a frequency of 4 Hz.
Cells were illuminated for 50 ms with excitation intensities of
about 0.5 kWcm�2. Labeling was found to be specific as no single
molecules were observed on nontransfected cells (i.e. , cells not ex-
pressing nAChRs). Single molecules were identified by using the
standard criteria of fluorescence intensity, single-step photobleach-
ing, and spot size.[21]


Discrimination between nAChR subtypes : Separate cell cultures
were cotransfected, as described above, either with DNA encoding
nAChR and cytosolic GFP or a7/5-HT3 receptor chimera[23] and cyto-
solic CFP (Clontech). One day after transfection, the two cell types
were cocultured on glass coverslips (25 mm) for 24 h. nAChRs were
probed sequentially first by incubation with a-CnTx–Cy5 (100 nM)
for 20 min, and then with a-BgTx–A647 (10 nM; Molecular Probes)
for 90 min. After incubation with ligand, the cells were quickly
washed with buffer to remove free fluorescent ligand and then
toxin binding was imaged. Fluorescence images were acquired on
a laser scanning-confocal microscope (LSM 510, Zeiss) by using ap-
propriate laser and filter settings.


Single-cell fluorescent binding assay in microfluidic structures :
Binding experiments inside a glass microstructure were carried out
by using a home-built optical trapping system. A 1064 nm light
beam from a Nd3+ :YVO4 laser (J-20; BL10-106Q, Spectra Physics,
CA, USA) was expanded to slightly overfill the back aperture of a
high NA (numerical aperture) objective (Plan-Apochromat, 63x Oil,
1.4 NA; Zeiss) on an inverted microscope (Axiovert 100TV; Zeiss).
Thereby, a diffraction-limited, 50 mW optical trap was formed in
the sample plane. The optical trap was positioned in the center of
the microfluidic channel inside the microstructure by using steer-
ing mirrors (Figure 4).


For fluorescence experiments, a 30 mm region of the sample was il-
luminated with the 632.8 nm light of a HeNe laser (05-HLP-171,
Melles Griot, Carlsbad, CA, USA) at an average power of 4 mW. The
emitted fluorescence was passed through a set of filters (Z488/


633/1064RPC and Z488/633M, Chroma) to reject back-scattered ex-
citation and trapping light, and was imaged on a CCD camera (Pix-
elfly, PCO, Kelheim, Germany) at a frequency of 0.5 Hz, with 50 ms
acquisition time.


The microfluidic circuit consisted of two syringe pumps (Versa6,
Kloehn, Bonaduz, Switzerland), two multiposition valves (EMHMA-
CE and E60-CE, VICI, USA) for handling liquids, and a microfabricat-
ed glass Pyrex 7740 microchip with 50 mm (high)C110 mm (wide)
channels (kind gift from L. Ceriotti and E. Verpoorte, IMT, NeuchR-
tel, Switzerland). The microfluidic system comprised two inlet chan-
nels, one for ligand and one washing buffer, which merged into a
central channel. Medium around the cells flowed from only one
inlet channel at a time and was changed by switching the flow
from one channel to the other. Fluorescence measurements were
performed by trapping a cell and then repetitively alternating be-
tween 1 min incubations with a-CnTx–Cy5 (300 nM) and washing
buffer.
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Introduction


Bacteria secrete small signal molecules called autoinducers
into the medium to regulate gene expression in a concentra-
tion- and thus population-density-dependent way. This type of
cell-to-cell communication, known as quorum sensing, was dis-
covered as the regulatory mechanism responsible for lumines-
cence in the marine symbiont Vibrio fischeri, but is now known
to control widely different traits, including the expression of
virulence factors, production of antibiotics and the formation
of biofilms.[1,2]


In Gram-negative proteobacteria, N-acyl homoserine lac-
tones (AHLs) represent a group of well-studied autoinducers.
AHLs directly bind to their cognate LuxR-type transcriptional
regulators with high specificity, which is determined by the
length and substitution of the acyl side chain. The pattern of
AHL molecules produced by a certain organism is stable, but
different species produce different patterns of AHLs. Thus,
AHLs have been thought to mediate species-specific signalling.
Evidence is now accumulating that they can also mediate in-
terspecies communication.[3,4]


AHLs are present in culture media at nanomolar concentra-
tions or less, and thus their identification by chemical methods
requires large quantities of culture supernatant, solvent extrac-
tion and concentration. Therefore, for screening purposes, bio-
sensor strains are usually used that do not produce AHLs on
their own but are capable of sensing their presence through


the expression of a LuxR-controlled promoter fused to a gene
coding for an easily detectable output signal, for example, bio-
luminescence (lux genes), fluorescence (gfp) or b-galactosidase
production. Although the sensitivity of these constructs match-
es the physiological concentrations of AHLs, their chemical
identification remains a problem.
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More than 100 bacterial isolates from various marine habitats
were screened for AHL production by using gfp reporter con-
structs based on the lasR system of Pseudomonas aeruginosa
and the luxR system of Vibrio fischeri. Of the 67 Alphaproteobac-
teria tested, most of which belonged into the so-called Roseo-
bacter clade, 39 induced fluorescence in either one or both
sensor strains up to 103-fold compared to controls. Acylated ho-
moserine lactones were identified by GC-MS analysis and shown
to have chain lengths of C8, C10, C13–C16, and C18. One or two
double bonds were often present, while a keto or hydroxyl group
occurred only rarely in the side chain. Most strains produced sev-
eral different AHLs. C18-en-HSL and C18-dien-HSL were produced


by Dinoroseobacter shibae, an aerobic anoxygenic phototrophic
bacterium isolated from dinoflagellates, and are among the long-
est AHLs found to date. Z7-C14-en-HSL, which has previously been
detected in Rhodobacter sphaeroides, was produced by Roseo-
varius tolerans and Jannaschia helgolandensis. This signal mole-
cule was synthesised and shown to induce a similar response to
the culture supernatant in the respective sensor strain. The wide-
spread occurrence of quorum-sensing compounds in marine Al-
phaproteobacteria, both free-living strains and those associated
to eukaryotic algae, points to a great importance of this signal-
ling mechanism for the adaptation of the organisms to their
widely different ecological niches.
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The marine environment is also the source V. cholerae, V. har-
veyi and several other well-studied Vibrio strains, which heavily
rely on autoinducer-mediated transcriptional control. However,
apart from these examples, only very little information on AHL
production in marine bacteria is available. Interestingly, howev-
er, in the free-living marine bacterium Rhodobacter sphaeroides,
a quorum-sensing system was identified that utilises an unusu-
al AHL molecule with a C14 side chain and a double bond at
C-7—(Z)-N-(tetradec-7-enoyl)homoserine lactone.[5] By knocking
out the AHL synthase cerI, a mutant was obtained that was de-
fective in AHL production and showed increased exopolysac-
charide production. Thus, AHL production in R. sphaeroides is
required to prevent aggregation during growth. Recently, C16-
homoserinelactone (HSL) was detected in culture supernatants
of the related marine species R. capsulatus by aid of a radio-
tracer method. This quorum-sensing system was shown to be
required for synthesis of a phage-like gene-transfer agent.[6] A
screening of 43 strains isolated from marine snow based on
the Agrobacterium tumefaciens reporter system identified four
strains from the Roseobacter group that produced AHLs.[7] AHL
production was also found in marine sponges, and a screening
of 11 bacterial isolates detected one Roseobacter-group-related
strain that stimulated the Chromobacterium violaceum and
Agrobacterium tumefaciens reporter systems.[8]


Here we report a systematic screening of a large number of
ecologically diverse and phylogenetically well-characterised
isolates from different marine habitats for AHL activity using
reporter strains, followed by nontarget GC-MS analysis, identifi-
cation of the AHLs and chemical synthesis. The reporter strains
used here carry sensor plasmids with luxR-gfp transcriptional
fusions[3,12] . The luxR receptor protein initiates transcription of
green fluorescent protein (GFP) and thus fluorescence of the
cell only after binding of a sufficient amount of its cognate
AHL signal molecule (Figure 1). The luxR receptor protein is
highly specific for a certain chain lengths and side-chain substi-
tution of AHLs, and thus determines the specificity of the re-
porter strain, that is, the detection window. We used a long-
chain reporter (P. putida F117 (pRK-C12) and a short-chain re-
porter (E. coli MT102 (pJBA132). Other known quorum-sensing
molecules, for example, autoinducing peptides, autoinducer-2,
bradyoxetin and Pseudomonas quinolone signal (PQS), do not
elicit a response in these reporter strains. We used a new
method to extract AHLs from culture supernatants that is
based on their adsorption to resins during growth and has pre-
viously been used to extract secondary metabolites from cul-
tures of myxobacteria.[9] Surprisingly, we found long-chain
AHLs, which are usually difficult to detect in culture fluids be-
cause they tend to be retained within the cells, in more than
half of the Alphaproteobacteria investigated (59%). AHLs were
produced by strains isolated from such diverse habitats as di-
noflagellates, marine snow, picoplankton and sediments. Over-
lapping patterns of AHLs were present in distantly related
genera. The analytical constraints on the detection of quorum-
sensing compounds might be responsible for a currently
biased view of this mechanism, which might be ubiquitous
and not necessarily restricted to symbiotic (and pathogenic)
interactions.


Results and Discussion


Isolation and identification of marine strains


The 102 marine strains investigated here were isolated from di-
verse habitats of the North Sea, including dinoflagellate cul-
tures (strain designation DFL), picoplancton (PIC), a water
column sample (HEL), laminaria surfaces (LM) and diatoms
(DT). Details of the isolation procedure can be found in Allgaier
et al.[10] In addition, several isolates from the German Wadden
Sea (e.g. strain T5), several strains of Roseovarius tolerans from
the hypersaline Ekho Lake, Antarctica (strain designation EL)[11]


and some strains from the Roseobacter group were tested.
Strains were identified by sequencing the 16S rRNA gene as
described.[10] Of these strains, 14 were Gammaproteobacteria,
65 Alphaproteobacteria, 18 belonged into the bacteroidetes
phylum, three were actinobacteria and two were firmicutes. A
complete list of all the tested strains including all the negative
ones, their phylogenetic affiliation and the results of the bio-
assays can be found in Table S1 of the Supporting Information.


Detection window of the biosensor strains


The response of the biosensor strains to synthetic AHLs
showed a saturation curve. Above the optimum concentration,
inhibition of fluorescence induction was observed. Figure 2


Figure 1. Schematic view of the functioning of the AHL sensor plasmids
used in this investigation. A) In the absence of AHLs, the luxR regulatory
protein is transcribed from its promoter PluxR, but cannot fold into its active
form. Thus, transcription of the gfp gene from the AHL-controlled promoter
PluxI does not take place, and green fluorescent protein (GFP) is not synthes-
ised. B) In the presence of (exogeneously added) AHLs, which match the
specificity of the luxR regulator protein, the luxR protein binds the AHL
tightly and forms an active dimer, which initiates transcription from the
quorum-sensing-controlled promoter PluxI. Thus, the GFP is synthesised and
fluorescence starts. In plasmid pKR-C12, the regulator lasR from Pseudomo-
nas aeruginosa is used, which optimally binds 3-oxo-C12-HSL, while plasmid
pJBA132 carries the luxR gene from Vibrio fischeri, which is specific for 6-
oxo-C6-HSL.
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shows the maximum response of the long-chain biosensor
strain P. putida F117 (pRK-C12) to synthetic Z7-C14-en-
HSL. Saturation occurred at 1.6 mmol.


The detection limit of the biosensor strains was de-
termined by testing synthetic AHLs with acyl chains
between C4 and C14 in length at concentrations from
0.5 mgmL�1 down to 0.5 ngmL�1 in steps of tenfold
dilution. Table 1 shows that the long-chain biosensor
strain has the highest sensitivity for C12-HSL and is
able to detect a concentration of 17.6 nmol. This cor-
responds to an amount of 3.5 pmol that needs to be
present in the assay. The short-chain biosensor strain
has its highest sensitivity for 3-oxo-C6-HSL, detecting
a concentration of 23.5 nmol, which corresponds to
an amount of 4.7 pmol of AHL per assay.


Sensitivity drops dramatically, if the chain length or
substitution is modified. For example, P. putida F117
(pRK-C12) requires tenfold higher concentrations to
detect 3-oxo-C6-HSL or Z7-C14-en-HSL than its optimal
substrate and is insensitive to C4-HSL. Similarly, E. coli
MT102 pJBA132) requires tenfold higher concentra-
tions for C8-HSL and 100-fold higher concentrations
for C12-HSL than its optimal substrate. It is also practi-
cally insensitive to C4-HSL.


It has been shown previously that these biosensor
strains are much more sensitive for the 3-oxo-substi-
tuted than for the unsubstituted HSL.[4,12] Interesting-
ly, the only oxo-substituted HSL found here was 3-
oxo-C14-HSL present in two strains of R. tolerans and
accompanied by unsubstituted C14-HSL as well as un-
saturated analogues. No 3-oxo-C6-HSL was found de-
spite the high sensitivity of the short-chain biosensor
strain for this HSL.


Screening of marine isolates with biosensor strains


Culture supernatants from all strains were tested for
induction of fluorescence with both biosensor strains.


Initially, pure aqueous culture supernatants were tested and re-
sulted in detection of activity for only one isolate (data not
shown). Subsequently, Amberlite XAD-16 was added to the cul-
ture medium during cultivation. Extraction of the resin with
methanol resulted in 50-fold concentrated extracts, which
were used for bioassays and chemical analyses. Figure 3 shows


Figure 2. Effect of AHL concentration on maximum induced fluorescence
(fold induction, see Experimental Section for details of calculation) in the
sensor strain P. putida F117 (pRK-C12). The AHL tested was synthetic (Z)-N-(7-
tetradecenoyl)homoserine lactone (C14-en-HSL). Error bars indicate standard
deviation between triplicate samples of the same extract.


Table 1. Detection limit of the sensor strains P. putida F117 (pRK-C12) and
E. coli MT102 (pJBA132) for synthetic AHLs with chain lengths from C8 to
C14.


[a]


AHL P. putida (pRK-C12) E. coli (pJBA132)


C4 >2.9 mmol 2.9 mmol
3-oxo-C6 0.2 mmol 23.5 nmol
C8 2.2 mmol 220 nmol
C12 17.6 nmol 1.76 mmol
Z7-C14-en 161 nmol 160 nmol


[a] The lowest concentration that elicited a response greater than twofold
induction of fluorescence is indicated. Tested AHL concentrations ranged
from 0.5 mgmL�1 to 0.5 ngmL�1.


Figure 3. Example for induction of fluorescence by culture supernatants of marine iso-
lates (see Experimental Section for details of extract preparation) with the sensor strain
P. putida F117 (pRK-C12). Data points show the average fold induction calculated from
triplicate samples of the same extract. See Tables 2 and S1 for strain designations.
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examples of the biological screening results. In Figure 3A, in-
duced fluorescence in the long-chain sensor strain P. putida
F117 (pRK-C12) is shown for AHL extracts from seven strains of
Roseovarius tolerans as well as Pseudomonas putida IsoF. All
strains of R. tolerans had similar activity, which was up to two-
fold higher than for AHL extracts of P. putida Iso F. In this or-
ganism, Steidle et al.[4] found production of small amounts of
3-oxo-C6-HSL and large amounts of 3-oxo-C10-HSL and 3-oxo-
C12-HSL. None of these compounds was detected in any of the
Roseovarius strains by chemical analysis (see below). In Fig-
ure 3B, the results of the analysis of several other Roseobacter
clade isolates and strains are given. The maximum fold induc-


tion for strain EL-52 was in the same range as for the other
Roseovarius tolerans isolates. In addition, strong activity was
detected in the extracts of Roseobacter litoralis, strains T5, HEL-
26 and DFL-38, but not in Roseobacter denitrificans, Staleya
guttiformis, strains PIC-001 and HP25W.


Table 2 shows the complete list of strains that showed more
than twofold induction of fluorescence in the bioassays, their
phylogenetic affiliation based on 16S rRNA gene sequencing
and the maximum fold induction observed. Of the 102 tested
strains, 41 showed clear induction of fluorescence in one or
both biosensor strains. In particular, 38 of the 65 Alphaproteo-
bacteria investigated, that is, 59%, showed positive sensor sig-


Table 2. Results of bioassays, phylogenetic affiliation and homoserine lactones identified in marine bacteria. Species identification was based on BLAST
searches of almost complete 16S rRNA gene sequences and is unambiguous (100%) only for strains of a type species. In all other cases, the isolated strains
were schematically assigned to a described species if similarity values �97% were obtained. For similarity values �97% the most similar genus is indicat-
ed.


Species strain % identity max. fold ind. Acyl side chains of
(pRK-C12) (pJBA132) homoserine lactones


Alphaproteobacteria
1 Dinoroseobacter shibae DFL 12T 100 48.7 <2.0 n.d.[b]


2 Dinoroseobacter shibae DFL 16 100 55.2 <2.0 C8, C18-dien
3 Dinoroseobacter shibae DFL 27 100 37.7 <2.0 C18-en, C18-dien
4 Dinoroseobacter shibae DFL 30 100 33.3 <2.0 C18-en, C18-dien
5 Dinoroseobacter shibae DFL 31 100 24.8 <2.0 C18-en, C18-dien
6 Dinoroseobacter shibae DFL 36 100 70.7 <2.0 C18-dien
7 Dinoroseobacter shibae DFL 38 100 78.1 <2.0 n.d.[b]


8 Hoeflea phototrophica DFL 33 100 17.2 <2.0 n.d.[b]


9 Hoeflea phototrophica DFL 13 100 59.2 <2.0 n.d.[b]


10 Hoeflea phototrophica DFL 42 100 7.5 <2.0 n.d.[b]


11 Hoeflea phototrophica DFL 43 100 4.3 <2.0 n.d.[b]


12 Hoeflea phototrophica DFL 44 100 6.4 <2.0 n.d.[b]


13 Roseovarius mucosus DFL 35 100 39.7 4.8 C18-en
14 Roseovarius mucosus DFL 24 100 33.4 5.3 C14-en, C18-en
15 Roseovarius tolerans EL 52 100 61.8 2.5 C14, C14-en
16 Roseovarius tolerans EL 78 100 93.0 8.0 C14, C14-en, 3-oxo-C14-en
17 Roseovarius tolerans EL 83 100 103.1 8.8 C14, C14-en
18 Roseovarius tolerans EL 90 100 98.7 7.7 C14, C14-en, 3-oxo-C14-en
19 Roseovarius tolerans EL 164 100 84.0 11.0 C14, C14-en, C16, C16-en
20 Roseovarius tolerans EL 171 100 81.7 8.9 C14, C14-en, C16


21 Roseovarius tolerans EL 172T 100 82.7 9.4 C14, C14-en
22 Roseovarius tolerans EL 222 100 83.6 10.1 C14, C14-en
23 Roseobacter litoralis DSM 7001T 100 83.0 <2.0 C8


24 Staleya guttiformis LM 09 97 84.3 <2.0 C16, C16-en, C16-dien
25 Jannaschia helgolandensis HEL 10T 100 65.5 5.2 C14-en, C16-en, C16-dien
26 Jannaschia helgolandensis HEL 26 100 85.4 6.3 C14-en, C16-en, C16-dien
27 Jannaschia helgolandensis HEL 43 100 11.6 4.9 C14-en, C16-dien
28 Oceanibulbus indolifex HEL 76 99 25.3 12.1 C16-en
29 Sulfitobacter sp. PIC 069 96 29.3 5.2 n.d.[b]


30 Sulfitobacter sp. PIC 070 96 12.3 3.1 n.d.[b]


31 Sulfitobacter sp. PIC 072 96 26.7 7.0 n.d.[b]


32 Sulfitobacter sp. PIC 074 96 27.0 2.5 n.d.[b]


33 Sulfitobacter sp. PIC 076 96 29.5 8.8 n.d.[b]


34 Sulfitobacter sp. PIC 082 96 22.8 6.9 n.d.[b]


35 Sulfitobacter sp. DFL 23 96 27.3 6.0 n.d.[b]


36 Sulfitobacter sp. DFL 41 96 37.8 5.4 n.d.[b]


37 Roseobacter gallaeciencis T5 98 75.9 <2.0 3-HO-C10, C18-en
38 Thalassospira lucentensis PIC 088 97 70.0 <2.0 n.d.[b]


Gammaproteobacteria
39 Glaciecola polaris PIC 002 98 <2.0 7.7 n.d.[b]


40 Pseudoalteromonas atlantica PIC 075 99 24.8 7.7 n.d.[b]


Bacteroidetes
41 Flavobacterium sp. PIC 073 91 <2.0 7.0 n.d.[b]


[a] Strains DFL-13, DFL-42, DFL-43 and DFL-44 are currently described as Hoeflea phototrophica ; strains DFL-24 and DFL-35 are currently described as Roseo-
varius mucosus. [b] not detected. If the assay was repeated, the highest fold induction to be observed is indicated here.
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nals for AHLs. Only two Gammaproteobacteria were positive,
namely Pseudoalteromonas atlantica PIC-075 (long- and short-
chain activity) and Glaciecola polaris PIC-002 (short-chain activi-
ty), both were isolated from picoplankton enrichments. Activity
in the short-chain biosensor was also observed in Flavobacteri-
um sp. strain PIC-073.


Within the Alphaproteobacteria, some species showed the
same result for all strains tested. All eight strains of Roseovarius
tolerans showed very high activity, the maximum being 103-
fold induction of fluorescence in the long-chain biosensor
strain. Moreover, all strains of the newly described genera Di-
noroseobacter shibae,[13] Jannaschia helgolandensis[14] and Rose-
ovarius mucosus[15] had high activity. Within the genus sulfito-
bacter, which includes many diverse species, some showed
AHL activity and others did not. The same was true for Oceani-
bulbus indolifex,[16] for which the type strain was inactive, while
a closely related marine isolate (HEL-76) showed high activity
in the short-chain biosensor assay. Interestingly, Roseobacter li-
toralis showed high activity, while R. denitrificans and Staleya
guttiformis did not. Strain T5, which is closely related to R. gal-
laeciensis, also induced fluorescence.


GC-MS screening of active culture supernatants


In order to screen a large number of extracts for the presence
of AHLs, a rapid method was needed that would allow identifi-
cation of unknown AHLs possibly present in the extracts. For
this nontarget screening approach, we choose GC-MS because
of its good separation power, sensitivity and better structural
information obtained in the mass spectra compared to the
more often used HPLC-MS or HPLC-MS/MS methods. Other ap-
proaches with CE,[17] GC-MS,[18] or HPLC-MS[19] use target-orient-
ed analyses to identify known AHLs or are restricted to certain
classes of AHLs.[20] Initially the methanol from the resin extracts
of active cultures was removed by evaporation, and the solid
material was resuspended with ethyl acetate to remove unsol-
uble matrix material in the sample so as to facilitate GC-MS
analysis. Surprisingly, these extracts gave poorer peak shapes
of AHLs than direct injection of the crude methanol extract,
which led to better detection of trace AHLs in the methanol
extracts. The major drawback of the direct-injection method
was the behaviour of the large amount of diketopiperazines
(cyclic dipeptides) found in all samples. The diketopiperazines,
also present in ethyl acetate extracts, were mainly derived
from proline and showed up as double peaks, thus indicating
the presence of diastereomeric mixtures containing D- and
L-proline. Interestingly, the diketopiperazines cyclo(pro-tyr),
cyclo(leu-pro), cyclo(ile-pro), cyclo(ala-ile), cyclo(phe-pro) and
cyclo(pro-val) were previously reported to influence quorum-
sensing activity.[21,22] However, the concentrations of diketopi-
perazines needed to elicit a response were in the millimolar
range, and thus 1000-fold higher than those of the AHLs. We
found these cyclic peptides as well as occasionally cyclo(met-
pro) and cyclo(pro-trp) in every sample investigated; this
points to artificial formation, possibly during autoclavation of
the amino acid-containing medium.[23] Formation in the injec-
tion port of the gas chromatograph can be excluded because


silylation of samples prior to GC analysis furnished silylated di-
ketopiperazines, thus showing their existence in the original
extracts. Although these compounds can be formed during au-
toclavation, some bacterial contribution to their formation
might also be possible, because not all strains yielded identical
proportions of cyclic peptides. Nevertheless, their widespread
occurrence and the high concentrations that have previously
been reported to be necessary for eliciting a biological
effect[21] make it unlikely that these compounds play an impor-
tant role in the communication of bacteria under natural con-
ditions. The diketopiperazines tended to remain to some
extent in the injection port of the gas chromatograph and
were carried over to the next analysis. This behaviour was not
observed for the AHLs because injections of pure methanol
after an AHL-containing extract produced diektopiperazine
peaks, but no AHL peaks. The major drawback in the direct-
methanol-injection method is that the injector liner has to be
cleaned after every 15 to 20 injections to remove superfluous
matrix material.


Structural identification of AHLs in active culture super-
natants


GC-MS analysis of AHL extracts was successful for the most-
active active extracts (see Table 2). AHLs were detected in 22
of 41 active extracts. Extracts without activity in the biosensor
strains used here were not analysed by GC-MS, except for two
reference samples. The AHLs were identified by interpretation
of their mass spectra,[24] their gas-chromatographic retention
indices and comparison with synthetic samples. The mass
spectra of saturated AHLs exhibit a base peak at m/z 143, to-
gether with a characteristic ion at m/z 102 and a small [M+] . In
monounsaturated AHLs, the ion at m/z 102 becomes more
intense, while in the diunsaturated compound, the intensities
of both characteristic ions decreases compared to unspecific
diunsaturated alkyl fragments of the series CnH2n�3. A charac-
teristic intense ion for 3-hydroxy-AHLs is m/z 172, which arises
from a-cleavage next to the hydroxyl group. Similarly, 3-oxo-
AHLs are identified by an ion at m/z 170, accompanied by the
McLafferty-type rearrangement ion at m/z 185. Of further im-
portance is the [M+] ion, which is small but significant in all
AHL types. Furthermore, unsaturated AHLs show a characteris-
tic loss of the homoserine moiety [M+�101] . These data even
allow identification of AHLs that do not have good mass spec-
tra because of their low abundance in the extracts. Representa-
tive spectra are shown in the Supporting Information. Unfortu-
nately, the location of double bonds in unsaturated com-
pounds is not possible by analysis of the mass spectra, be-
cause no abundant characteristic fragmentation induced by
the double bond occurs. Therefore we used dimethyl disulfide
(DMDS) addition for the location of double bonds,[25,26] a
method that has so far not been applied to AHLs. The DMDS
addition performed with crude extracts gave mass spectra that
allowed easy location of the double bond, exemplified for 7-
C14en-HSL (Figure 4). Preferential cleavage between the thio-
methyl groups furnished two cleavage products, the ions at
m/z 145 and 258. The latter contains the HSL ring, which is
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easily lost to form the base peak at m/z 157. These three ions
indicate the position of the double bond to be at C-7.


The detection limit for the AHLs by GC-MS was about 10 ng
per injection (around 40 pmol). The reporter strains required
4–5 pmol of the AHL for a clear positive response towards
their most optimal AHL, thus their sensitivity was tenfold
higher than that of the chemical analysis, similar to previous
reports.[8] However, their sensitivity dropped by orders of mag-
nitude outside of the detection window. Spiking experiments
with 5 mg of C6- or C12-AHL added to 200 mL solution revealed
that these amounts were easily detectable by GC-MS after XAD
extraction. One possibility for the lack of detection in some of
the positive strains is that AHLs were present, but below the
limit of detection of GC-MS analysis; theoretically, unknown
compounds could also have stimulated the sensors. In addi-
tion, GC-MS analysis was hindered by the frequent presence of
large peaks of diketopiperazines that masked the AHLs. In
view of the complexity of the AHLs produced by any single or-
ganism investigated here, an analysis of their biological effects
must be based on fractionated extracts or synthesised pure
compounds, rather than on bulk culture supernatants.


Long-chain AHLs are generally difficult to detect because
only a small fraction is present in the culture supernatant,
while the bulk amount is thought to be membrane bound. We
therefore conclude that the amounts of long-chain AHLs pro-
duced by the investigated marine bacteria must have been
very high. The adsorption of AHLs to XAD resins during cultiva-
tion might have been another important reason for the ability
to detect them in such a large number of marine organisms.


However, those compounds
that dominated GC-MS analysis
were not necessarily those that
were responsible for the high
activities seen in the biosensor
strains.


Synthesis of reference AHLs


Several AHLs were synthesised
to confirm identifications and
establish gas-chromatographic
retention times (Scheme 1). Sa-
turated C8-, C12- and C15-HSLs
were prepared by treatment of
acyl chlorides with L-homoserine
lactone according to Angle and
Henry[27] with shorter reaction
times to give increased yields.
The unsaturated Z7-C14en-HSL
was obtained as shown in
Scheme 1. Oct-1-yne (1) was de-
protonated with LiNH2 in liquid
ammonia and treated with 6-
bromohexanoic acid (2).[28] The
resulting 7-tetradecynoic acid
(3) was then hydrogenated with
Lindlar’s catalyst to yield a 98:2


Z/E mixture of 7-tetradecenoic acid (4). This acid was finally
coupled with L-homoserine lactone in the presence of EDC (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide)[29] to furnish Z7-
C14en-HSL (5). Comparison of the retention times with the syn-
thetic sample confirmed that only the Z diastereomer occurs
naturally. The hydroxy compound 3-HO-C10-AHL was synthes-
ised from octanal (6). Addition of ethyl diazoacetate furnished
ethyl 3-oxodecanoate (7). This ester was enantioselectively hy-
drogenated with a (S)-Ru-BINAP catalyst[30] with concomitant
transesterifcation to furnish methyl (S)-3-hydroxydecanoate (8)
with an ee>95%. After saponification, the acid was coupled
with L-homoserine lactone, yielding the desired (S)-N-(3-hy-
droxydecanoyl)homoserine lactone (9). Similarly, the R diaster-
eomer was obtained by using the (R)-Ru-BINAP catalyst in the
hydrogenation step. Both diastereomers of 9 showed identical
gas-chromatographic retention times, so it remains unclear
whether the 3-HO group is R or S configured.


Spectrum of AHLs found in marine Alphaproteobacteria


Long-chain AHLs with chain lengths of C14, C16 and C18 clearly
dominated among the identified compounds. The shortest
AHL found was C8-HSL in Dinoroseobacter shibae DFL-16 and
Roseobacter litoralis. These organisms appear to be physiologi-
cally very similar, but are phylogenetically relatively distant.
D. shibae was isolated from dinoflagellates,[13] while R. litoralis is
a free-living sediment organism.[31] Both are able to perform
aerobic anoxygenic photosynthesis. The C8-HSL has previously
been reported from several bacteria.[2] The only hydroxy AHL


Figure 4. Mass spectrum and fragmentation pattern of the DMDS adduct of A) 7-C14-en-HSL smd and B) C16dien-
HSL with unknown position of double bonds.
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identified was 3-HO-C10-HSL (9) present in strain T5. It has pre-
viously been identified in Sinorhizobium meliloti,[32] Pseudomo-
nas fluorescens[33] and Burkholderia pseudomallei,[34] but the ab-
solute configuration of the side chain is not known. Since the
sensitivity of both biosensor strains was very low for C8- and
C10-HSLs, either both AHLs must have been present in high
concentrations or they were accompanied by small amounts of
AHLs that were able to stimulate the reporter strains strongly
but were not detectable by GC-MS.


Z7-C14en-HSL (5) was identified in two species that also
belong to the Roseobacter clade but are not strongly related,
Roseovarius tolerans and Jannaschia helgolandensis (Figure 5).
Both are free-living marine organisms, just like the facultative
anaerobic phototroph Rhodobacter sphaeroides, where 5 has
been previously detected.[5] By using the synthetic Z7-C14en-
HSL, the detection limit for this compound was determined,
which, even with the long-chain biosensor strain, was relatively
high (161 nmol). The weak activity seen with the short-chain
biosensor strain for R. tolerans and J. helgolandensis extracts
was probably caused by its response to the high concentra-
tions of C14en-HSL, since no short-chain AHLs were detected
by GC-MS. While 5 is a major component of R. tolerans, C14en-
HSL occurs only in minor amounts in J. helgolandensis. Whether


it also contains the double bond at C-7 remains unknown, be-
cause the low amounts of material did not allow determination
by the DMDS method. The major AHL of J. helgolandensis is
C16dien-HSL, the first AHL reported with a diene acyl group.
Determination of the double-bond positions was not per-
formed because of the low amounts available. This AHL was
identified by its mass spectrum, which showed characteristic
ions at m/z 102, 143, 156, 234 [M+�101], and 335 [M+]
(Figure 4). In addition, C14-HSL, 3-oxo-C14-HSL and C16en-HSL,
compounds that have been identified previously, were present
in some strains of this genus.[18,20,32,35] Oceanibulbus indolifex
contained enough C16en-HSL to determine the location of the
double bond by the DMDS method, it proved to be located at
C-9. This compound has previously been described as being
produced by S. meliloti,[32,35] but the position of the double
bond had not been unambiguously determined. Staleya gutti-
formis contained C14-AHL as well as all three C16-AHLs. C18-en-
HSL and C18-dien-HSL were detected in the three phylogeneti-
cally unrelated species Dinoroseobacter shibae, Roseovarius
mucosus and strain T5. Again the position of the double bonds


Scheme 1. Synthesis of AHL. a) LiNH2, NH3; b) H2, Pd/C; c) HSL, EDC,
benzene; d) N2CHCOOEt, SnCl2 ; e) (R)-Ru[Cl2BINAP·NEt3] ; f) NaOH, MeOH;
g) HSL, EDC, benzene;


Figure 5. Total ion chromatograms of representative strains A) EL-83, B) Hel-
26, C) DFL-16. AHL peaks are marked in grey. The major peaks in each analy-
sis represent diketopiperazines, mostly derived from proline.
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remains unknown. To the best of our knowledge, these AHLs
have not so far been identified in nature.


Unexpectedly, AHLs with an uneven number of carbon
atoms were also detected, namely C13-HSL, C15-HSL, C15en-HSL
and C15dien-HSL. They always occurred together with large
amounts of even-numbered AHLs. With the exception of C7-
AHL, detected in Serratia marcescens,[36] such AHLs have not
been identified before. Because bacteria often contain iso-
and/or anteiso-methyl-branched fatty acids, we assumed that
these compounds might be methyl branched. Nevertheless,
comparison of their retention times with those of authentic
C15-HSL confirmed the presence of odd-numbered unbranched
acyl chains in these compounds. C15-HSL was synthesised and
tested with the long-chain biosensor strain. It showed about
10% of the activity of C14-HSL.


Phylogenetic distribution of AHLs in Alphaproteobacteria


Figure 6 shows the most recent phylogenetic tree of the Rho-
dobacterales, into which all the Alphaproteobacteria investi-
gated in this study belong. Dinoroseobacter shibae is a newly
described genus of phototrophic Alphaproteobacteria that has
been isolated from single cells of cultivated toxic dinoflagel-
lates;[13] the various strains tested here were isolated from Pro-
rocentrum lima (DFL-12) and Alexandrium ostenfeldii (DFL-16,
DFL-27, DFL-30, DFL-31). Hoeflea marina represents a newly re-
classified genus[37] in which the cluster of phototrophic strains
from dinoflagellates analysed here represents a new species,
described as Hoeflea phototrophica by Biebl et al.[38] DFL-
33,DFL-13, and DFL-44 were isolated from Alexandrium lusitani-
cum, while the source of DFL-42 and DFL-43 was Prorocentrum
lima. Roseovarius mucosus (isolated from Alexandrium ostenfel-
dii) is also a newly described species.[15] The strains of Roseovar-
ius tolerans[11] investigated here are free-living, phototrophic
aerobes that have been isolated from different depths of the
hypersaline Antarctic Ekho Lake. This lake is also the source of
Staleya guttiformis.[39] Roseobacter litoralis was isolated from
marine sediment by Shiba.[31] Interestingly, the closely related
species Roseobacter denitrificans did not show any quorum-
sensing activity. While all of the 24 strains described so far
were able to perform aerobic anoxygenic photosynthesis or
were at least shown to contain the pufLM genes of the photo-
synthesis gene cluster, this is not the case for the remaining 17
biosensor-positive strains. Jannaschia helgolandensis[14] was iso-
lated from the highest dilution of a North Sea water sample,
just like Oceanibulbus indolifex, which produces large amounts
of indol derivatives.[16] Various isolates from the genus Sulfito-
bacter, isolated from picoplankton and dinoflagellates, showed
moderate activity in the AHL bioassays, but no AHL molecule
could be identified by GC-MS. No activity was found in many
other Sulfitobacter strains, but this might be due to the fact
that they were outside of the detection window of the biosen-
sor strains. Strain T5 was isolated from the German Wadden
Sea and is closely related to Roseobacter gallaeciensis[40] derived
from larval cultures of the scallop Pecten maximus. Finally, the
closest relative of strain PIC-106 is Thalassospira lucentensis,[41]


which was isolated from chemostat cultures at 13 8C after


three months of cultivation at very low nutrient concentra-
tions.


The AHLs found in the marine Alphaproteobacteria were
very similar to those found in rhizobia, a group of Alphapro-
teobacteria that are able to live freely in the soil, but are also
capable of triggering a complex quorum-sensing-controlled
symbiotic relationship with leguminous plants that culminates
in the joint formation of root nodules for the fixation of nitro-
gen. C18-HSL was first reported in Sinorhizobium meliloti,[35] a
fully sequenced organism that produces ten different AHLs.[32]


A single AHL-synthase is responsible for the synthesis of AHLs
with chain lengths from C12 to C18, including 3-oxo-C14-HSL and
3-oxo-C16-HSL. However, in the marine strains, C18-HSL was
never found, only analogues with one or two double bonds;
this indicates that these might be a specific adaptation to the
marine environment. Similarly, several strains tested produced
C14-HSL and C16-HSL in the unsubstituted form, just as in rhizo-
bia, but also as analogues with one or two double bonds or a
3-oxo-group. It was shown by Teplitski et al.[32] that the pattern
of AHLs produced by a single strain strongly depends on the
medium. Here we show that marine Alphaproteobacteria pro-
duce patterns of long-chain AHLs very similar to those found
in terrestrial rhizobia. This suggests that this ability is charac-
teristic of Alphaprotebacteria as a phylum rather than being
related to a specific ecological niche.


The fact that only three AHL-positive extracts outside of the
Alphaproteobacteria were found in our screen might simply re-
flect the chain-length specificity of the biosensor strains used.


Possible physiological roles of AHLs in marine
Alphaproteobacteria


In rhizobia, AHL signalling is two-sided, targeting both the bac-
terium and the host plant during the development of root
nodules. It is therefore tempting to speculate that the AHLs
produced by marine strains that were isolated from dinoflagel-
lates (Dinoroseobacter shibae, Hoeflea phototrophica, Roseovar-
ius mucosus) might be involved in regulating (potential) symbi-
otic interactions with their eukaryotic hosts. Interestingly, there
are also genetic similarities between rhizobia and the marine
Roseobacter clade organisms. Rhizobia have huge megaplas-
mids or second chromosomes, and a complex plasmid pattern
with large linear and circular plasmids was discovered in the
aerobic anoxygenic phototrophs from the Roseobacter clade.[42]


However, the same compounds were also synthesised by ap-
parently free-living strains that were isolated from sediments
or marine bacterioplankton or after prolonged enrichment
without any known association to higher organisms. Z7-C14en-
HSL has previously been detected in the free-living Rhodobact-
er sphaeroides.[5] Whole-genome sequencing revealed two
copies of the quorum-sensing genes luxR and LuxI on the chro-
mosome of Silicibacter pomeroyi, which has been isolated from
coastal bacterioplankton. Three AHL-type signal molecules
were identified in culture supernatants by using thin-layer
chromatography and the Agrobacterium tumefaciens reporter
strain.[43] One possible explanation would be that these organ-
isms use quorum sensing to switch from the planktonic to the
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Figure 6. Phylogenetic tree of the marine Rhodobacterales within the Alphaproteobacteria based on almost complete 16S rRNA gene sequences. Results for
species in inverted commas are currently submitted or in press. The tree was calculated by using the neighbour-joining algorithm and rooted with Escherichia
coli as out group. Quorum-sensing activity has been found in species marked in bold (this work) or grey (previous publications).
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biofilm mode of growth, which is required in order to form
marine snow and to colonise the surfaces of marine plants and
animals. Interestingly, zoospores of the seaweed Ulva have a
variety of mechanisms to allow them to decide which surface
is a good substrate for settlement, one of them being the pres-
ence of AHLs from bacterial microcolonies; Ulva has a slight
preference for long-chain AHLs, but does not discriminate be-
tween different side-chain substitutions.[44,45] AHLs can addi-
tionally perform functions totally unrelated to quorum sensing.
Recently a detailed chemical analysis of the fate of P. aerugi-
nosa AHLs in aqueous environments showed that they under-
go complex degradation processes that result in tetramic acids
that have antibacterial activity and act as siderophores.[46]


Conclusion


The study presented here shows that AHL signal molecules are
produced by more than half of the marine Alphaproteobacte-
ria tested and was able to identify complex mixtures of long-
chain AHLs. However, given the narrow windows of sensitivity
of the two biosensor strains used for screening and the rela-
tively high detection level of the GC-MS analysis, we think that
we are still seeing only the tip of the iceberg. Production of
AHLs might actually be the rule rather than the exception, at
least in marine Alphaproteobacteria and possibly beyond. The
physiological roles of these AHLs for the bacteria in their
widely different ecological niches remain to be elucidated.


Experimental Section


Biosensor strains. P. putida F117 (pRK-C12)[3] was used for the de-
tection of long-chain AHLs. P. putida F117 (Kmr; ppuI::npt) is a
transposon mutant of the AHL producing wild-type P. putida IsoF.
Strain F117 carries a kanamycin-resistance gene in the ppuI gene
responsible for the synthesis of AHLs and therefore does not pro-
duce AHLs.[4] The sensor plasmid pRK-C12 (GmR; pBBRIMC-5–PlasB-
gfp(ASV)Plac-lasR) is a derivative of the broad host range plasmid
pBBR1MCS-5 carrying a gentamycin-resistance gene and a fusion
between the lasB gene from P. aeruginosa and an unstable gfp
variant as well as lasR from P. aeruginosa placed under the control
of Plac.


E. coli MT102 (pJBA132) was used for the detection of short-chain
AHLs.[12] E. coli MT102 is a restriction-negative, streptomycin-resist-
ant derivative of MC1000.[3] The sensor plasmid pJBA132 (TcR;
pME6031-luxR-PluxI-RBSII-gfp(ASV)-To-T1) is derived from the high-
copy number ColE1-based plasmid pJBA88. It carries a tetracycline-
resistance gene, a transcriptional fusion between the luxI promoter
of Vibrio fischeri and an unstable gfp variant, and the luxR gene
from V. fischeri.Preparation of AHL extracts. Marine bacteria were
grown in marine broth 2216 (Difco) or LBSS (26 g Luria Bertani
broth (Sigma), 17.08 g sea salts (Sigma) per 1000 mL of distilled
water). Medium (15 mL) was inoculated from fresh plates and incu-
bated at room temperature with agitation in 50 mL polypropylen
tubes for 1–7 days until an OD620 of 1.0–1.7 had been reached. The
preculture was added to fresh medium (100 mL) in a 500 mL Erlen-
meyer flask. The neutral adsorber resin Amberlite XAD-16 (2 mL,
Rohm & Haas) was added, and the culture was incubated for 3
days at room temperature with shaking until an OD620 above 1.0
had been reached. The culture supernatant was discarded. Metha-


nol (50 mL) was added to the resin, and the mixture was left with-
out shaking overnight. The resin was removed by filtering through
a paper filter. The methanol extract was concentrated to several
mL in an evaporator and stored at �20 8C.


Phylogenetic affiliation of strains. The 16S rRNA gene sequence
of the strains tested was determined as described.[10] Almost com-
plete sequences were used for a first identification by using the
BLAST program. For the construction of a phylogenetic tree, the
sequences were manually aligned and compared with published
sequences from the DSMZ 16S rDNA database, including sequen-
ces available from the Ribosomal Data Project[47] and EMBL. An
alignment was constructed with the BioEdit program (http://
www.mbio.ncsu.edu/BioEdit/bioedit.html) and used for calculating
the distance matrix corrected by the Kimura’2- parameter
method[48] and CLUSTALX.[49] A phlyogenetic dendrogram was in-
ferred by using the neighbor-joining method.[50]


Bioassay. Sensor strains and positive control were grown on LB
medium and incubated at 37 8C (E. coli MT102) or 30 8C (P. putida
F117 and P. putida IsoF) on a shaking platform for 12–20 h until an
OD620 of 1.0 had been reached. The respective strains were inocu-
lated from plates into preculture (3 mL), which was then transfer-
red to fresh medium (100 mL). LB medium (90 mL) and the metha-
nol extract (10 mL) were pipetted into 96-well microtitre plates, and
the sensor strain (100 mL) was added. Each methanol extract was
measured in triplicate. Microtitre plates were incubated at 30 8C
and 37 8C, respectively, without shaking. After 0, 2, 4, 8 and 24 h,
fluorescence was determined in a Victor1420 Multilabel Counter
(Perkin–Elmer) at an excitation wavelength of l=485 nm and a de-
tection wavelength of l=535 nm. OD620 was also measured. Meth-
anol (10 mL) was used as a negative control, and extracts from the
wild-type strain P. putida IsoF or synthetic homoserine lactones
were used as a positive control. Fold induction of fluorescence was
calculated by dividing the specific fluorescence (gfp535/OD620) of
the test sample by the specific fluorescence of the negative con-
trol. Assays were repeated if positive-control values were below
previously determined values.


GC-MS analyses. The extracts prepared as described above were
separated into two parts, which were concentrated at 50 8C under
a stream of nitrogen to a volume of about 30 mL. This solution
(1 mL) was injected into the mass spectrometer. It has to be men-
tioned that the often large amounts of diketopiperazines limit the
concentration of the samples, because otherwise the GC-MS spec-
trometer would be flooded with material during analysis. GC-MS
analyses were carried out on a HP 6890 Series GC System connect-
ed to a HP 5973 Mass Selective Detector (Hewlett–Packard, Wil-
mington, USA) fitted with a BPX5 fused-silica capillary column
(25 mQ0.22 mm i.d.=0.25 mm film, SGE Inc. , Melbourne, Australia).
Conditions were as follows: inlet pressure: 77.1 kPa, He
23.3 mLmin�1; injection volume: 1 mL; transfer line: 300 8C; electron
energy: 70 eV. The GC was programmed as follows: 5 min at 100 8C
increasing at 10 8Cmin�1 to 300 8C, and operated in splitless mode
(60 s valve time). The carrier gas was He at 1 mLmin�1. Retention
indices I were determined from a homologous series of n-alkanes
(C8–C25). Identification of compounds was performed by compar-
ison of mass spectra and retention times with synthetic com-
pounds.


Synthesis of acylated homoserine lactones. Chemicals were pur-
chased from Fluka Chemie GmbH (Buchs, Switzerland) or Sigma–
Aldrich Chemie GmbH (Steinheim, Germany) and used without fur-
ther purification. NMR spectra were obtained on a Bruker AMX400
(1H NMR: 400 MHz, 13C NMR: 100 MHz) spectrometer with TMS as


2204 www.chembiochem.org 8 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2195 – 2206


I. Wagner-Dçbler et al.



www.chembiochem.org





an internal standard. Optical rotations were determined on a Dr.
Kernchen Propol Digital Automatic Polarimeter. Column chroma-
tography was carried out with Merck Kieselgel 60. Thin-layer chro-
matography was carried out on 0.2 mm precoated plastic sheets
Polygram Sil G/UV254 (Marcherey-Nagel, D#ren, Germany). Solvents
were purified by distillation and dried according to standard meth-
ods.


Synthesis of N-acyl-L-homoserine lactones: General method. Ac-
cording to the method of Angle and Henry,[27] a solution of L-ho-
moserine lactone hydrobromide(0.36 g, 2.0 mmol) in H2O (4 mL)
and CH2Cl2 (4 mL) was cooled to 0 8C. K2CO3 (0.83 g, 6.0 mmol) was
added, and the solution was stirred for 5 min. The acid chloride
(2.35 mmol) was added dropwise, and the reaction mixture was al-
lowed to warm to room temperature, then stirred for further 5 h.
The mixture was then diluted with ethyl acetate (25 mL), and, after
separation, the aqueous layer was extracted with ethyl acetate (3Q
). The combined organic phases were dried and concentrated to
give the crude product. Flash column chromatography afforded
the respective N-acyl-L-homoserine lactones as white solids.


N-Butyryl-L-homoserine lactone : 85%; RF=0.43 (pentane/diethyl
ether 2:1) ; [a]21D : �26.2 (c=2.78 in H2O); m.p. 118 8C (from EtOAc);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=6.06 (s, 1H; NH), 4.56
(ddd, 3J=11.6, 8.6, 5.8 Hz, 1H; NCH), 4.47 (td, 2J=9.1, 3J=1.1 Hz,
1H; OCH2), 4.29 (ddd, 2J=11.3, 3J=9.3, 5.9 Hz, 1H; OCH2), 2.86
(dddd, 2J=12.6, 3J=8.5, 5.8, 1.2 Hz, 1H; NCHCH2), 2.24 (td, 2J=7.5,
3J=1.4 Hz, 2H; CH2CO), 2.19–2.08 (m, 1H; NCHCH2), 1.73–1.64 (m,
2H; CH2CH3), 0.97 ppm (t, 3J=7.4 Hz, 3H; CH3);


13C NMR (100 MHz,
CDCl3, 25 8C, TMS): d=175.5 (NCO), 173.6 (CO2), 66.1 (CH2O), 49.3
(CHN), 38.0 (CH2CON), 30.7 (CH2CH2O), 18.9 (CH2CH3), 13.7 ppm
(CH3); EI-MS (70 eV): m/z (%)=171 (3) [M]+ , 156 (3), 143 (50), 125
(5), 113 (6), 101 (8), 85 (9), 71 (49), 57 (80), 43 (100).


N-Octanoyl-L-homoserine lactone : 94%; RF=0.41 (pentane/diethyl
ether 2:1) ; [a]21D : �24.0 (c=2.10 in MeOH); m.p. 128 8C (from
EtOAc); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=6.25 (s, 1H; NH),
4.59 (ddd, 3J=11.6, 8.5, 6.2 Hz, 1H; NCH), 4.47 (t, 3J=9.0 Hz, 1H;
OCH2), 4.29 (ddd, 2J=11.2, 3J=9.3, 5.9 Hz, 1H; OCH2), 2.87–2.80 (m,
1H; NCHCH2), 2.27–2.23 (m, 2H; CH2CO), 2.19–2.09 (m, 1H;
NCHCH2), 1.64 (quint, 3J=7.1 Hz, 2H; CH2CH2CO), 1.30–1.28 (m, 8H;
4 Q CH2), 0.88 ppm (t, 3J=6.7 Hz, 3H; CH3);


13C NMR (100 MHz,
CDCl3 25 8C, TMS): d=175.7 (NCO), 173.8 (CO2), 66.1 (CH2O), 49.2
(NCH), 36.1 (CH2CON), 31.6 (CH2), 30.5 (CH2), 29.1 (CH2), 28.9 (CH2),
25.4 (CH2), 22.6 (CH2), 14.0 ppm (CH3); EI-MS (70 eV): m/z (%)=227
(2) [M]+ , 156 (12), 143 (75), 125 (18), 115 (4), 102 (12), 101 (15), 85
(6), 83 (20), 57 (100), 43 (35), 41 (42).


N-Dodecanoyl-L-homoserine lactone : 91%; RF=0.37 (pentane/di-
ethyl ether 2:1) ; [a]21D : �24.5 (c=1.70 in MeOH); m.p. 128 8C (from
EtOAc); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=6.13 (s, 1H; NH),
4.56 (ddd, 3J=11.6, 8.6, 5.9 Hz, 1H; NCH), 4.47 (td, 2J=9.0, 3J=
0.8 Hz, 1H; OCH2), 4.29 (ddd, 2J=11.3, 3J=9.3, 5.9 Hz, 1H; OCH2),
2.88–2.83 (m, 1H; NCHCH2), 2.25 (t, 3J=8.3 Hz, 2H; CH2CON), 2.19–
2.08 (m, 1H; NCHCH2), 1.64 (quint, 3J=7.4 Hz, 2H; CH2CH2CON),
1.33–1.29 (m, 2H; CH2CH3), 1.26 (s, 14H; 7CH2), 0.88 ppm (t, 3J=
6.9 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=175.6
(CON), 173.8 (CO2), 66.1 (CH2O), 49.2 (NCH), 36.2 (CH2CON), 31.9
(CH2), 30.6 (CH2), 29.6 (2CH2), 29.4 (CH2), 29.3 (2CH2), 29.2 (CH2),
25.4 (CH2), 22.7 (CH2), 14.1 ppm (CH3); EI-MS (70 eV): m/z (%)=283
(5) [M]+ , 156 (20), 143 (100), 125 (18), 102 (20), 85 (8), 83 (23), 69
(10), 57 (59), 43 (40).


7-Tetradecynoic acid : In a similar manner to the procedure de-
scribed by Ames and Covell,[27] 1-octyne (1.48 mL, 10.0 mmol) was
added to a stirred solution of NaNH2 (0.39 g, 10.0 mmol) in liquid


ammonia (15 mL) at �60 8C, and the mixture was stirred under
reflux for 1 h. 6-Bromohexanoic acid (0.39 g, 2.0 mmol) in dry THF
(5 mL) was added, the reaction mixture was stirred under reflux for
further 8 h, and then the ammonia was allowed to evaporate. The
residue was dissolved in diluted HCl, and the mixture was extract-
ed with diethyl ether (3Q ). The organic layers were collected and
dried (Na2SO4), and the solvent was removed under reduced pres-
sure to give a yellow oil. Purification by flash column chromatogra-
phy yielded the product (0.34 g, 1.52 mmol, 76%) as a white solid.
RF=0.32 (pentane/diethyl ether 2:1); m.p. 32 8C (from pentane/di-
ethyl ether 1:1) ; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=10.79
(br s, 1H; CO2H), 2.36 (t, 3J=7.5 Hz, 2H; CH2CO2), 2.18–2.11 (m, 4H;
2CH2C), 1.65 (quint, 3J=7.5 Hz, 2H; CH2CH2CO2), 1.54–1.23 (m,
12H; 6CH2), 0.89 ppm (t, 3J=7.0 Hz, 3H; CH3);


13C NMR (100 MHz,
CDCl3, 25 8C, TMS): d=180.2 (CO2), 80.5 (CCH2), 79.7 (CCH2), 34.0
(CH2CO2), 31.3 (CH2), 29.1 (CH2), 28.7 (CH2), 28.5 (CH2), 28.2 (CH2),
24.2 (CH2), 22.5 (CH2), 18.7 (CH2C), 18.5 (CH2C), 14.0 ppm (CH3); EI-
MS (70 eV, MSTFA-derivative): m/z (%)=296 (1), 281 (49), 226 (5),
206 (11), 178 (5), 164 (38), 150 (11), 129 (23), 117 (48), 94 (39), 75
(92), 73 (100), 55 (27), 41 (27).


(Z)-7-Tetradecenoic acid. 7-Tetradecynoic acid (0.23 g, 1.0 mmol)
was dissolved in ethanol (5 mL), and Lindlar catalyst (0.02 g) was
added to the solution. The mixture was stirred for 2 h under H2 at
room temperature. The reaction mixture was filtered through a
short plug of silica To remove the catalyst and the solvent was
evaporated to afford a yellow oil. The crude product was purified
by flash chromatography to give the acid (0.20 g, 0.9 mmol, 90%)
in a mixture of stereoisomers (Z/E 98:2, as determined by GC/MS)
as a colourless oil. RF=0.37 (pentane/diethyl ether 2:1) ; m.p. 32 8C
(from pentane/diethyl ether) ; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=10.20 (br s, 1H; COOH), 5.40–5.29 (m, 2H; 2CH), 2.35 (t, 3J=
7.5 Hz, 2H; CH2CO2), 2.06–1.99 (m, 4H; 2CH2CH), 1.64 (tt, 3J=7.3,
3.7 Hz, 2H; CH2CH2CO2), 1.38–1.27 (m, 12H; 6CH2), 0.88 ppm (t,
3J=6.9 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=
180.3 (CO2), 130.3 (CH), 129.4 (CH), 34.1 (CH2CO2), 31.8 (CH2), 29.7
(CH2), 29.3 (CH2), 29.0 (CH2), 28.7 (CH2), 27.2 (CH2), 27.0 (CH2), 24.6
(CH2), 22.6 (CH2CH3), 14.1 ppm (CH3); EI-MS (70 eV, MSTFA-deriva-
tive): m/z (%)=298 (7), 283 (86), 208 (9), 199 (11), 185 (8) 166 (20),
155 (8), 145 (25), 129 (71), 117 (100), 96 (20), 84 (18), 75 (92), 73
(91), 55 (39), 41 (28).


(Z)-N-(Tetradec-7-enoyl)-L-homoserine lactone (5). As described
by Chhabra et al. ,[29] L-homoserine lactone hydrobromide (0.07 g,
0.4 mmol) was dissolved in H2O. Triethylamine (0.05 mL, 0.4 mmol)
was added to the stirred solution, followed either by the addition
of acid (0.4 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide hydrochloride (0.07 g, 0.4 mmol). The reaction mixture was
stirred for 3 h at room temperature, and then the solvent was
evaporated in vacuo. The residue was extracted with EtOAc (5Q ).
The combined organic extracts were successively washed with
H2O, saturated NaHCO3 solution and brine, dried (MgSO4) and con-
centrated. The crude product was purified by flash column chro-
matography to obtain 5 (0.06 g, 0.2 mmol, 56%) in a mixture of
stereoisomers (Z/E 98:2, as determined by GC/MS) as a white solid.
RF=0.10 (pentane/EtOAC 2:1); [a]22D : �17.7 (c=1.03 in MeOH); m.p.
135 8C (from EtOAc); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=6.49
(br s, 1H; NH), 5.39–5.29 (m, 2H; CH=CH), 4.61 (ddd, 3J=11.5, 8.6,
6.4 Hz, 1H; NCH), 4.46 (t, 3J=9.0 Hz, 1H; OCH2), 4.28 (ddd, 2J=11.1,
3J=9.3, 6.0 Hz, 1H; OCH2), 2.86–2.77 (m, 1H; NCHCH2), 2.31–2.24
(m, 2H; CH2CON), 2.22–2.11 (m, 1H; NCHCH2), 2.04–1.98 (m, 4H;
2CH2CH), 1.69–1.59 (m, 2H; CH2CH2CON), 1.36–1.24 (m, 12H;
6CH2), 0.88 ppm (t, 3J=6.7 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=175.7 (CON), 173.8 (CO2), 130.1 (CH), 129.3 (CH),
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66.0 (CH2O), 49.0 (CHN), 36.0 (CH2CON), 31.7 (CH2), 29.6 (CH2), 29.4
(CH2), 28.9 (CH2), 28.8 (CH2), 27.2 (CH2), 27.0 (CH2), 25.2 (CH2), 25.0
(CH2), 22.6 (CH2CH3), 14.0 ppm (CH3); EI-MS (70 eV): m/z (%)=309
(17) [M]+ , 208 (22), 196 (4), 179 (5), 156 (30), 143 (75), 125 (23), 102
(55), 83 (33), 67 (52), 55 (100), 41 (88).
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Dendritic Catanionic Assemblies: In vitro Anti-
HIV Activity of Phosphorus-Containing
Dendrimers Bearing Galb1cer Analogues
Muriel Blanzat,*[a] C�dric-Olivier Turrin,*[b] Anne-Marie Aubertin,[c]


Christiane Couturier-Vidal,[d] Anne-Marie Caminade,[b] Jean-Pierre Majoral,[b]


Isabelle Rico-Lattes,[a] and Armand Lattes[a]


Introduction


A number of glycolipids are involved in host–guest adhesion
processes, such as galactosylceramide (galb1cer),


[1, 2] which acts
through its highly specific affinity for the V3 loop region of the
gp120 viral envelope protein of HIV-1.[3] This discovery opened
new perspectives in the field of anti-HIV chemotherapies, tar-
geting the virus before its entry into the cell,[4–6] and mainly fo-
cusing on the study of polyanionic drugs[7–10] and chemokine-
receptor antagonists.[11–13] Recognition between HIV and CD4-
positive cells takes place on a poorly defined region of the
gp120 and results in the liberation of the neighboring V3
loop,[14] which is involved in the subsequent membrane fusion.
Interactions between galb1cer analogues and the V3 loop
might thus prevent viral recognition of galb1cer-positive as
well as CD4-positive cells.[4]


Consequently, different synthetic strategies to mimic glyco-
sphingolipids such as galb1cer and their binding to the viral
glycoprotein gp120 have been developed. Recently, Rico-
Lattes et al. developed a strategy based on acid–base reactions
performed in water between aminolactitol moieties and fatty
acids, in which quantitative proton transfer from the acidic
part to the secondary amine group produces water-soluble ion
pair surfactants, the so-called catanionic surfactants.[15–19] These
neoglycolipids (Scheme 1) have been tested in vitro as anti-HIV
antivirals, and have demonstrated that gemini catanionic ana-
logues exhibit efficient and nontoxic chimerical behavior to-
wards the virus.[20,21]


Cooperative effects between cell surface proteins and carbo-
hydrate moieties are currently topics of great interest in vari-
ous physiological and biochemical processes. The issue of


weak affinity between proteins and carbohydrates can be ad-
dressed through the use of multivalent molecules such as den-
drimers.[22–24] These combine well-defined architectures in the
nanoscopic range with high local densities of tunable func-
tions at their surfaces, so both skeleton nature and surface
function can be designed according to precise physiological
requirements. As pointed out by Stoddart et al. ,[25] multivalent
effects[26] have been widely reported in the flourishing field of
dendrimer science. For instance, glycodendrimers are generally
studied from the point of view of oligosaccharide–protein in-
teractions, and the so-called “glycoside cluster effect” has ac-
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Two series of water-soluble dendritic catanionic assemblies,
acting as multisite analogues of galactosylceramide (Galb1cer),
have been prepared with the goal of blocking HIV infection prior
to the entry of the virus into human cells. Trifunctional and hexa-
functional cinnamic acid-terminated dendrimers have been syn-
thesized from phosphorus-containing dendrimers bearing alde-
hyde end groups. A classical acid–base reaction performed in
water between acid-terminated dendrimers and stoichiometric
amounts of N-hexadecylamino-1-deoxylactitol (3) provided the


expected catanionic assemblies. Antiviral assays on these supra-
molecular entities confirmed the crucial roles both of multivalen-
cy effects and of lipophilicity on the biological activity of Galb1cer
analogues. Moreover, correlation between in vitro tests and mo-
lecular modeling highlights the specific influence of the assembly
shape on the anti-HIV efficiency, with the tri- and hexafunctional
cored dendrimers, both decorated with 12 sugar moieties, exhibit-
ing IC50 values of 1.1 and 0.12 mM, respectively.
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tually been observed with various macromolecular carbohy-
drate-containing hyperbranched architectures.[27] Other den-
dritic structures proved to be efficient from the point of view
of multivalency, and encouraging results were reported by
Prusiner[28] and by Lehman et al. ,[29] who stressed that the elim-
ination of the protease-resistant isoform of the prion protein
from scrapie-infected cells with different series of amine- or
quaternary ammonium-terminated dendrimers is dependent
on the local density of surface function. Schengrund et al. re-
cently reported that randomly sulfonated galactose-terminated
DAB dendrimers[30,31] are efficient in vitro binding antagonists
for HIV-1.
In this work, acid-terminated dendrimers have been nonco-


valently modified at their peripheries with galb1cer analogues.
Indeed, thanks to the intensive development of dendrimer sci-
ence in one of our groups, we have been able to synthesize
phosphorus-containing building blocks containing a wide
range of surface functions, including carboxylic acids,[23] and
have previously reported the synthesis and the association be-
havior of galb1cer catanionic dendrimers with trifunctional
cores.[32] Here, a new family of hexafunctional cored dendrim-
ers has been prepared, the number of surface functions being
doubled, with the generation remaining constant. We were
therefore able to evaluate the influences on the biological ac-
tivity both of the local densities of active sites and of the
shapes of the supramolecular dendritic assemblies. In vitro
assays of these individual supramolecular analogues of galb1c-
er demonstrated that the resulting catanionic dendrimers are
efficient HIV-1 inhibitors, with a nonlinear dependence of the
biological response on the dendritic structure.


Results and Discussion


Chemistry


Catanionic complex formation is a self-assembly process driven
by hydrophobic and coulombic interactions between ionic
components and has previously proved to be efficient with
cinnamic acid terminated phosphorus-containing dendrimers.
Indeed, the trifunctional thiophosphoryl-cored dendrimers 1b-
G1 and 1b-G2 (Scheme 2) have six and 12 acidic functions, re-
spectively, to associate with the galb1cer (galactolsylceramide)
analogues, namely the aminolactitol moieties.[32] These surface-
modified dendrimers 1b-G1 and 1b-G2 were synthesized from
phosphorus-containing dendrimers bearing aldehyde end
groups (1a-G1 and 1a-G2, respectively), starting materials ob-


tained by controlled growth of a
dendritic structure with H2N�
N(Me)�P(S)Cl2 and the sodium
salt of 4-hydroxybenzaldehyde
as building blocks.[33,34]


New hexafunctional cyclotri-
phosphazene cored dendrimers
2b-G0 and 2b-G1—bearing six
and 12 acidic terminations, re-
spectively—were thus synthe-
sized by means of a Doebner-


like procedure.[35] This process is based on an aldol-type reac-
tion, which proceeds at 95 8C (1 to 2 days) through the con-
densation of the surface aldehyde (Scheme 2) with an excess
of malonic acid in a pyridine solution, in the presence of traces
of piperidine.[32]


Remarkably, no chemical modification of the dendritic skele-
ton could be detected under these forced conditions. As previ-
ously reported for dendrimers 1b-G1 and 1b-G2,


1H, 13C, and
31P NMR spectroscopy, together with FTIR spectroscopy,
proved to be efficient tools for the unambiguous characteriza-
tion of 2b-G0 and 2b-G1. As might be expected, only the vinyl
trans conformation was formed under these conditions, giving
two typical doublets at 6.4 ppm and 7.5 ppm in the 1H NMR
spectra, with 3JH,H ~16 Hz. The carboxy group carbon atom at
which the subsequent acid–base reaction takes place is detect-
able by 13C NMR at 168.3 ppm. FT-IR spectroscopy allowed us
to verify complete aldehyde derivatization, characterized by


Scheme 1. Catanionic gemini analogue of galb1cer.


Scheme 2. Series of cinnamic acid terminated dendrimers. i) CH2(COOH)2,
pyridine, cat. piperidine, 95 8C; ii) H3O


+ .
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the total disappearance of the aldehyde signal at 1702 cm�1.
The most important absorption bands of dendrimers 1b-Gn


and 2b-Gn are located at 1689 cm�1 for the C=O stretching of
the a,b-unsaturated carboxylic acid and at 1632 cm�1 for the
C=C stretching of the conjugated olefin. As previously report-
ed by Blais et al. , no reliable data concerning the purities of
these phosphorus-containing dendrimers, with their internal
hydrazino moieties, could be obtained by mass spectrome-
try.[36]


The spontaneous electrostatic self-assembly process be-
tween the acidic terminations of the cinnamic acid capped
dendrimers and the aminolactitol 3 was carried out at room
temperature in water, in a strict stoichiometric ratio. Comple-
tion of the reaction is driven by hydrophobic effects and van
der Waals interactions and is accompanied by total solubiliza-
tion of the insoluble starting acidic dendritic materials. The
water-soluble multivalent galb1cer analogues 1c-G1, 1c-G2, 2c-
G0, and 2c-G1 (Scheme 3) were obtained without further purifi-
cation. These supramolecular assemblies are perfectly stable
for months as white solids under a noncontrolled atmosphere,
their spectroscopic data remaining unchanged. Neutral aque-
ous solutions or organic/aqueous mixtures [such as THF/H2O
(1:1) or CH3CN/H2O (1:1)] have been kept for two months with-


out decomposition or reverse reaction. For all catanionic den-
drimers, 31P NMR spectra obtained from D2O solutions show
typical broad signals for both external and internal phosphorus
atoms, although the latter are hardly detectable in the case of
1c-G2. The amphiphilicity of these so-called “unimolecular
pseudo-micelles” is also evident in a lack of intensity and reso-
lution of the signals corresponding to the lipophilic parts of
both compounds in their 13C and 1H spectra (D2O solutions):
neither the alkyl chains of the external sugars nor the internal
skeletons of the dendrimers are fully observed, whereas the
hydrophilic parts—namely the saccharide entities—are ob-
served in the 13C and 1H spectra. Nevertheless, unambiguous
NMR analysis could be performed in CD3CN/D2O mixtures (1:3),
allowing us to observe resolved singlets for the phosphorus
atoms located at different divergent points in the 31P NMR
spectra. Similar drastic increases in resolution and intensity
were also observed in the 1H and 13C NMR spectra, as previous-
ly reported for water-soluble phosphorus-containing dendrim-
ers by Majoral and Caminade.[37] All products could thus be
fully characterized, and clear evidence of catanionic formation
could be found in the shifts observed for the carboxyl carbons
in the 13C NMR spectra: from about 169 ppm for the neutral
forms observed in dendrimers 1b-Gn and 2b-Gn to about


175 ppm for the negatively
charged carboxylate forms ob-
served in catanionic assemblies
1c-Gn and 2c-Gn. This deshield-
ing effect is actually typical for
organic acid salt formation. FT-IR
spectroscopy also provided relia-
ble information. Apart from the
typical absorption bands of the
dendritic skeleton, the disap-
pearance of the strong band of
the conjugated carboxylic acid
(1689 cm�1) and the appearance
of two bands at 1558 and
1380 cm�1 (vibration of conju-
gated carboxylate) denote car-
boxylate formation. From the
combined FTIR and NMR analy-
ses, we can postulate that quan-
titative carboxylate formation is
not accompanied by any modifi-
cation of the dendritic skeleton,
as would be expected under
these mild conditions. In this
way, catanionic dendrimers can
be easily formed and readily
characterized by routine tech-
niques.


Biological evaluation and
discussion


The HIV inhibition activities (IC50


values) and cytotoxicities (CC50Scheme 3. Aminolactitol 3 and series of water-soluble catanionic dendrimers bearing galb1cer analogues.
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values) of the new catanionic dendrimer analogues of galb1cer
were evaluated in vitro on CEM-SS cells (human T4-lympho-
blastoid cell line) by published procedures.[38,39] These values,
as well as the in vitro therapeutic indices (T.I.=CC50/IC50), are
listed in Table 1, along with the results previously obtained for
the free aminolactitol moiety 3.[6] The valency-normalized RIC50


value (relative IC50, Table 1) is mathematically the IC50 multi-
plied by the number of end groups N ; it allows formal compar-
ison of activities per sugar moiety.


Although the series of four catanionic dendrimers show non-
negligible cytotoxic behavior, with CC50 values in the micromo-
lar range (CC50=2.9 to 9.3 mM), it should be borne in mind that
the T.I. is a more significant parameter. Actually, T.I. values
below 10 can often be related to antiviral activity due to
strong toxicity. In this study, dendrimers 1c-G1 and 1c-G2 ex-
hibit T.I. values in the critical range—1.5 and 3, respectively—
whereas dendrimers 2c-G0 and 2c-G1 display T.I. values signifi-
cantly higher than 20. These observations indicate that the an-
tiviral activity and the toxicity could be dependent both on
the catanionic assembly shape and on the sugar heads com-
paction (see Figure 1 and Supporting Information).


All dendritic assemblies exhibit RIC50 values unambiguously
lower than the IC50 (=RIC50) of the aminolactitol 3. These ob-
servations imply that, in this case, the anti-HIV activities of mul-
tisite dendritic analogues are better than the total sums of the
activities of the equivalent monomeric analogues in the same
stoichiometric ratios. These results confirm the already report-
ed and discussed multivalency effects[26] on the therapeutic ac-
tivities of such dendritic inhibitors. In addition, virtually identi-
cal RIC50 values (Table 1, last column) were measured for the
1c-Gn series with a trifunctional core. Similarly, the RIC50 values
calculated for compounds 2c-G0 and 2c-G1, containing cyclo-
triphosphazene cores, lie in the same range, but are signifi-
cantly lower. The significant gap between the RIC50 values cal-
culated for series 1c-Gn and 2c-Gn demonstrates drastically dif-
ferent biological activities that we might attribute to the varia-
bility in the shapes of these dendritic assemblies, according to
the type of core.
As a matter of fact, the molecular models obtained after


minimization in water establish reasonably well that the thio-
phosphoryl-cored dendrimers 1c-Gn have a cauliflower-like
shape, and these results are in good agreement with the auto-
association behavior we described previously.[32] In contrast,
the cyclotriphosphazene-cored dendrimers 2c-Gn are more cy-
lindrical, as depicted in Figure 1. In this context, the relative
lack of activity observed for dendrimers 1c-G1 and 1c-G2


might be related to their nonglobular structures. Actually, the
molecular models show that, for a given number of aminolacti-
tol moieties, the distributions of the sugar heads are different
when switching from 1c-G2 with a trifunctional core to 2c-G1


with a hexafunctional core. In the latter case, the compaction
of the sugar heads is much less dense than in the first case,
and this topological feature could be crucial for the accessibili-
ty of the active sites of the gp120.
Another parameter that should be taken into account is the


presence of alkyl chains in the dendritic catanionic assemblies.
The molecular models depicted in Figure 1 also show that the
hydrophobic dendritic cores are in both cases surrounded by


the alkyl chains of the lactitol
units; this favors the hydropho-
bic interactions of the catanionic
associations with the gp120. Ac-
tually, it is noteworthy that the
IC50 values obtained for the four
catanionic multivalent galb1cer
analogues are in the micromolar
range (Figure 2), which is rela-
tively low for this family of ana-
logues. Indeed, previous works
performed with glycodendrim-
ers containing no alkyl
chains[30,31] gave RIC50 values in
the millimolar range, 1000 times
greater. These observations are
in good agreement with the re-
sults reported by Rico-Lattes
et al.[4, 6] and later by Villard
et al.[40] on the essential role of


Table 1. Classical HIV1 inhibition and cytotoxicity assay results for free
aminolactitol 3 and dendrimers 1c–2c.


Compound N[a] IC50
[b] RIC50


[c] CC50
[b] T.I.


3[d] 1 50 50 70 1.4
1c-G1 6 2.1 12.6 3.5 1.7
1c-G2 12 1.1 13.2 2.9 2.6
2c-G0 6 0.37 2.22 9.3 25
2c-G1 12 0.12 1.44 3.9 32


[a] N is the number of terminal aminolactitol moieties. [b] Values are
means of three experiments [mM]. [c] RIC50=NL IC50 [mM (valency-normal-
ized IC50)] . [d] See ref. [6] .


Figure 1. Molecular models obtained after minimization of the trifunctional cored assembly 1c-G2 and the hexa-
functional cored assembly 2c-G1 in water.
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alkyl chains in galb1cer analogues for the primary interaction
with gp120.
In conclusion, we have developed an easy synthetic pathway


for the preparation of cinnamic acid terminated dendrimers
and their subsequent use in proton-transfer reactions with
aminolactitol 3 to form catanionic assembly analogues of natu-
ral galb1cer. Trifunctional and hexafunctional cored dendrimers
were prepared to establish the influence of the multivalency
effect on the anti-HIV activities of these inhibitors. Moreover,
the in vitro biological assays of these catanionic glycodendrim-
ers also highlight the fundamental role of the alkyl chains for
the interaction with the viral protein (gp120). Finally, it appears
that the shapes of these supramolecular assemblies should be
controlled in order to maximize their activities.


Experimental Section


Chemistry : All manipulations were carried out with standard high-
vacuum and dry argon techniques, except for the synthesis of the
catanionic compounds. All solvents were dried and distilled before
use, and all other chemicals were used as received. Instrumenta-
tion: Bruker AC 200, AM 250, DPX 300, Avance 500 (1H, 13C,
31P NMR), Perkin–Elmer 1725X (FT-IR). Elemental analyses were per-
formed by the Service d’Analyse du Laboratoire de Chimie de Co-
ordination, Toulouse (France). N-Hexadecylamino-1-deoxylactitol
(3), aldehyde-terminated dendrimers[33] 1a-G1, 1a-G2, 2a-G0, and
2a-G1, cinnamic acid terminated dendrimers 1b-G1 and 1b-G2, and
catanionic assemblies 1c-G0 and 1c-G1 were synthesized by pub-
lished procedure.[32,41] The numbering scheme used for NMR attri-
butions is depicted for the case of 2c-G1 (Scheme 4).


Antiviral assays : The in vitro antiviral activities of the compounds
were determined by published procedures.[38] CEM-SS cells were in-
fected with HIV-1 LAI and the production of virus was evaluated
after five days, by measurement of reverse transcriptase (RT),
which expresses the presence of HIV in the supernatant culture
medium. The RT inhibition percentages, providing IC50 values (con-
centration of drug at which virus production is inhibited by 50%),
were determined through comparison with the untreated cells.


The evaluation of cytotoxicities was based on the viability of the
noninfected cells, through a colorimetric assay. This colorimetric
MTT test is based on the capacity of living cells to reduce MTT to
formazan.[39] The quantity of formazan produced (characterized by
OD540) is directly proportional to the number of living cells and to
the CC50 (concentration at which OD540 was reduced by half).


Molecular modeling : Molecular simulations were carried out with
use of the ESFF force-field and Discover 3 program as implemented
in Insight II software running on a Dell Precision 670n Workstation
with an Intel Xeon 3.4 GHz biprocessor. In the particular cases of
the 2c-G0 and 2c-G1 assemblies, no atom types for the phospho-
rus atoms of the cyclotriphosphazene core were defined in Discov-
er 3. To solve this problem, X-ray structures of N3P3(OPh)6 from the
Cambridge Database were used to build the dendrimers. The
N3P3O6 core was then fixed during the minimization. To evaluate
the shape of all assemblies in water, the 3D structure of each cata-
nionic dendrimer was surrounded with a 5 O layer of water mole-
cules.


All the catanionic assemblies were then minimized without cut-off
restriction for nonbonded interactions and with a 0.1 kcalmol�1


precision by use of the conjugate gradients method.


Preparation of cinnamic acid terminated dendrimer 2b-G0 : Ma-
lonic acid (9 g, 87.4 mmol) and piperidine (700 mL, 7 mmol) were
added to a solution of dendrimer 2a-G0 (5 g, 5.8 mmol) in pyridine
(30 mL). The solution was heated at 95 8C with stirring for 8 h,
heated at reflux for 5 min, cooled to 0 8C, and poured onto a mix-
ture of crushed ice (300 g) and hydrochloric acid (10M, 61 mL). The
precipitate was filtered off, washed with water, and dried under
vacuum at room temperature. The resulting white powder was dis-
solved in THF (ca. 10 mL) and precipitated with pentane to afford
2b-G0 as a white powder. Yield: 86%. 1H NMR (DMSO, 300 MHz):
d=6.48 (d, 3JH,H=16.2 Hz, 6H; Ph-CH), 6.94 (d, 3JH,H=8.7 Hz, 12H;
C0


2-H), 7.55 (d, 3JH,H=16.2 Hz, 6H; CH�COOH), 7.62 ppm (d, 3JH,H=
8.7 Hz, 12H; C0


3-H); 13C-{1H} NMR (DMSO, 75 MHz): d=120.4 (s; Ph-
CH), 121.8 (s; C0


2), 130.7 (s ; C0
3), 132.6 (s; C0


4), 143.4 (s ; CH�COOH),
151.6 (m, C0


1), 168.3 ppm (s; COOH); 31P-{1H} NMR (DMSO,
121 MHz): d=11.8 ppm (s, N3P3) ; IR (KBr): ñ=1689 (nCOOH),
1632 cm�1 (nC=C) ; elemental analysis calcd (%) for C54H42N3O18P3
(1113 gmol�1): C 58.23, H 3.80, N 3.77; found: C 58.25, H 3.86, N
3.67.


Preparation of assembly 2c-G0 : Dendrimer 2b-G0 (200 mg,
0.179 mmol) was added to a solution of aminolactitol 3 (612 mg,


1.078 mmol) in distilled water
(80 mL). After 3 days stirring at
room temperature, the colorless
homogeneous solution was
freeze-dried to afford 2c-G0 as a
white powder. Yield: 100%.
1H NMR (D2O/CD3CN 3:1,
500 MHz): d=0.78 (m, 18H; CH3),
1.19 (br s, 156H; Cc–oH2), 2.12 (br s,
12H; CbH2), 2.92 (br s, 24H; CaH2


and Ca’H2), 3.53–4.19 (m, 72H; CH�


Figure 2. Inhibition of HIV-1 infection of CEM-SS cells by catanionic dendrim-
er analogues of galb1cer 1c-Gn and 2c-Gn.


Scheme 4. NMR numbering used for 2c-G1.


ChemBioChem 2005, 6, 2207 – 2213 A 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2211


Dendritic Catanionic Assemblies



www.chembiochem.org





OH and CH2�OH), 4.48 (d, 3JH,H=7.7 Hz, 6H; anomeric CH), 6.38 (d,
3JH,H=16.1 Hz, 6H; Ph-CH), 6.79 (d, 3JH,H=7.2 Hz, 12H; C0


2H), 7.31
(d, 3JH,H=16.1 Hz, 6H; CH�COOH), 7.46 ppm (d, 3JH,H=7.2 Hz, 12H;
C0


3H); 13C-{1H} NMR (D2O/CD3CN 3:1, 125 MHz): d=14.2 (s ; CH3),
23.0 (s ; Co), 26.5 (s; Cb), 27.1 (s; Cc), 29.8 (s ; Cd), 30.3 (br s; Ce–m),
32.3 (s ; Cn), 48.7 (s; Ca), 50.9 (s; Ca’), 61.9 (s; CH2�OH), 62.8 (s; CH2�
OH), 68.3 (s; CH�OH), 69.5 (s; CH�OH), 71.4 (s ; CH�OH), 71.8 (s ;
CH�OH), 72.0 (s ; CH�OH), 73.4 (s; CH�OH), 75.9 (s; CH�OH), 80.3
(s; CH-O), 103.7 (s; CH anomeric), 121.7 (br s; C0


2), 126.4 (s ; Ph-CH),
129.3 (s; C0


3), 133.8 (s ; C0
4), 139.0 (s; CH�COO�), 151.1 (s ; C1


1),
174.4 ppm (s; COO-) ; 31P-{1H} NMR (D2O/CD3CN 3:1, 121 MHz): d=
12.6 (s ; N3P3) ppm; IR (KBr): ñ=1382 (nCOO� symmetrical), 1557 cm�1


(nCOO� symmetrical).


Preparation of cinnamic acid terminated dendrimer 2b-G1: Ma-
lonic acid (2.76 g, 26.8 mmol) and piperidine (212 mL, 2.1 mmol)
were added to a solution of dendrimer 2a-G1 (2.55 g, 893 mmol) in
pyridine (15 mL). The solution was heated at 95 8C with stirring for
15 h, heated at reflux for 5 min, cooled to 0 8C, and poured onto a
mixture of crushed ice (150 g) and hydrochloric acid (10M, 31 mL).
The precipitate was filtered off, washed with water, and dried
under vacuum at room temperature. The resulting white powder
was dissolved in THF (ca. 10 mL) and precipitated with pentane to
afford 2b-G1 as a white powder. Yield: 89%. 1H NMR (DMSO,
300 MHz): d=3.32 (d, 3JH,P=9.6 Hz, 18H; N�Me), 6.45 (d, 3JH,H=
16.0 Hz, 12H; Ph-CH), 7.05 (d, 3JH,H=7.5 Hz, 12H; C0


2H), 7.20 (d,
3JH,H=8.0 Hz, 24H; C1


2H), 7.55 (d, 3JH,H=16.0 Hz, 12H; CH�COOH),
7.67 (d, 3JH,H=8.0 Hz, 36H; C0


3H and C1
3H), 7.87 ppm (s, 6H; CH=


N); 13C-{1H} NMR (DMSO, 75 MHz): d=33.7 (d, 3JC,P=12.1 Hz; N�
Me), 120.3 (s ; Ph-CH), 121.9 (s ; C0


2), 122.2 (s; C1
2), 129.2 (s; C0


3),
130.7 (s; C1


3), 132.6 (s; C1
4), 132.9 (s ; C0


4), 141.4 (d, 3JC,P=13.2 Hz;
CH=N), 143.5 (s, CH�COOH), 151.4 (br s; C0


1), 152.0 (d, 2JC,P=6.6 Hz,
C1


1), 168.4 ppm (s; COOH); 31P-{1H} NMR (DMSO, 121 MHz): d=11.8
(s; N3P3), 65.4 ppm (s; PS); IR (KBr): ñ=1689 (nCOOH), 1632 cm


�1


(nC=C) ; elemental analysis calcd (%) for C156H132N15O42P9S6
(3360 gmol�1): C 55.76, H 3.96, N 6.25; found: C 55.89, H 4.02, N
6.17.


Preparation of assembly 2c-G1: Dendrimer 2b-G1 (300 mg,
0.089 mmol) was added to a solution of aminolactitol 3 (609 mg,
1.071 mmol) in distilled water (80 mL). After 3 days of stirring at
room temperature, the colorless homogeneous solution was
freeze-dried to afford 2c-G1 as a white powder. Yield: 100%.
1H NMR (D2O/CD3CN 3:1, 500 MHz): d=0.85 (m, 36H; CH3), 1.21
(br s, 312H; Cc–oH2), 1.62 (br s, 24H; CbH2), 3.03 (m, 48H; CaH2 and
Ca’H2), 3.29 (d, 3JH,P=9.8 Hz, 36H; N�Me), 3.62–4.27 (m, 144H; CH�
OH and CH2�OH), 4.46 (d, 3JH,H=8.1 Hz, 12H; anomeric CH), 6.37 (d,
3JH,H=16.1 Hz, 12H; Ph-CH), 6.92 (d, 3JH,H=7.4 Hz, 12H; C0


2H), 7.10
(d, 3JH,H=7.2 Hz, 24H; C1


2H), 7.26 (d, 3JH,H=16.2 Hz, 12H; CH�
COOH), 7.48 (d, 3JH,H=7.2 Hz, 24H; C1


3H), 7.61 (d, 3JH,H=7.4 Hz,
12H; C0


3H), 7.80 ppm (s, 6H; CH=N); 13C-{1H} NMR (D2O/CD3CN 3:1,
125 MHz): d=14.3 (s; CH3), 23.0 (s; Co), 26.5 (s ; Cb), 27.1 (s; Cc), 29.8
(s; Cd), 30.3 (br s; Ce–m), 32.3 (s ; Cn), 33.1 (br s; N�Me), 48.7 (s ; Ca),
50.8 (s ; Ca’), 61.9 (s ; CH2�OH), 62.9 (s ; CH2�OH), 68.4 (s ; CH�OH),
69.5 (s ; CH�OH), 71.4 (s; CH�OH), 71.8 (s ; CH�OH), 72.0 (s; CH�
OH), 73.4 (s; CH�OH), 76.0 (s; CH�OH), 80.3 (s; CH�O), 103.7 (s; CH
anomeric), 122.0 (br s; C0


2 and C1
2), 126.7 (s ; Ph-CH), 128.7 (s; C0


3),
129.4 (s; C1


3), 132.9 (s ; C0
4), 134.0 (s; C1


4), 138.8 (s, CH�COO-), 139.9
(br s, CH=N), 151.6 (m; C0


1 and C1
1), 174.4 ppm (s; COO�) ; 31P-{1H}


NMR (D2O/CD3CN 3:1, 121 MHz): d=13.0 (s; N3P3), 67.3 ppm (s; PS);
IR (KBr): ñ=1380 (nCOO� symmetrical), 1558 cm�1 (nCOO� symmetri-
cal).


Keywords: anti-HIV · catanionic amphiphiles · dendrimers ·
galactosylceramide · phosphorus
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Fluorescent Detection of Apoptotic Cells by
Using Zinc Coordination Complexes with a
Selective Affinity for Membrane Surfaces
Enriched with Phosphatidylserine
Roger G. Hanshaw,[a] C. Lakshmi,[a] Timothy N. Lambert,[b] James R. Johnson,[a]


and Bradley D. Smith*[a]


Introduction


An important structural feature of healthy animal cells is the
asymmetric distribution of phospholipids between the two
leaflets of the cell plasma membrane.[1] In particular, phosphati-
dylserine (PS), which usually constitutes less than 10% of the
total phospholipid in the membrane, is confined almost exclu-
sively to the inner monolayer.[2] During the early stages of pro-
grammed cell death (apoptosis), the phospholipid distribution
is scrambled, which leads to the appearance of PS on the cell
surface. Thus, the detection of cells with externalized PS is a
straightforward and widely used assay for apoptosis.[3–9] The
assay usually employs annexin V, a 36 kDa protein with a calci-
um-dependent affinity for membranes that are enriched in
anionic phospholipids.[10] A range of annexin V–dye conjugates
is now commercially available and used extensively in cell-biol-
ogy research. However, annexin V has some drawbacks that di-
minish its utility in certain applications. For example, the pro-
tein might not have the necessary chemical stability for em-
ployment in high-throughput screening of cancer drugs[11] and
can lack the biochemical stability necessary for in vivo imaging
of dying tissue.[12–13] Other potential problems are the slow ki-
netics of membrane binding[14] and the calcium dependence,
which can potentially lead to artifacts such as the activation of
nonspecific membrane scramblase activity.[15] It is apparent
that a small-molecule substitute for annexin V that binds PS-
rich membranes in a Ca2+-independent manner would be a
very useful reagent for detecting apoptosis.


The idea that a small molecule can be used to detect apop-
tosis is supported by work with the fluorescent dyes MC540[16]


and FM1-43.[17] The binding of MC540 to membranes is sensi-
tive to membrane composition, and binding increases when
cells become apoptotic. However, there are significant disad-


vantages with MC540. The signal difference between normal
cells and apoptotic cells is only about fivefold (it is up to 100-
fold with annexin V); furthermore, the dye is phototoxic. Like-
wise, FM1-43 is a cationic dye that binds more tightly to mem-
branes that are rich in anionic phospholipids and gives a signal
difference between normal and apoptotic cells of six- to ten-
fold. Another disadvantage with FM1-43 is its broad emission
(515–595 nm), which makes it difficult to use a second fluoro-
phore that emits in the fluorescein or rhodamine channels.
Cationic vesicles[18] and nanoparticles coated with cationic pep-
tide sequences[19] have also been reported to bind to apoptotic
cells, but the practicality of these agents in apoptosis assays is
likely to be limited.


Recently, we discovered that fluorescent Zn2+-dipicolylamine
(DPA) coordination complexes have a selective affinity for
membrane surfaces that are enriched in anionic PS, and that
they can be used to detect apoptosis.[20] Our initial studies
used fluorophores with nonoptimal properties,[21] but the work
produced important structural information that led us to the
modular, three-component design shown in Scheme 1. The


The appearance of phosphatidylserine on the membrane surface
of apoptotic cells (Jurkat, CHO, HeLa) is monitored by using a
family of bis(Zn2+-2,2’-dipicolylamine) coordination compounds
with appended fluorescein or biotin groups as reporter elements.
The phosphatidylserine affinity group is also conjugated directly
to a CdSe/CdS quantum dot to produce a probe suitable for pro-


longed observation without photobleaching. Apoptosis can be
detected under a wide variety of conditions, including variations
in temperature, incubation time, and binding media. Binding of
each probe appears to be restricted to the cell membrane exteri-
or, because no staining of organelles or internal membranes is
observed.
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design contains a PS affinity group (two Zn2+–DPA subunits
that are meta oriented on a phenyl ring) that is attached via a
tris(ethyleneoxy) linker to a reporter element. In this report we
describe some examples of this design that incorporate practi-
cal reporter elements (Scheme 2). Specifically, we evaluate the


utility of the fluorescein derivative PSS-480 (phosphatidylserine
sensor, 480 nm excitation) in fluorescence-microscopy and
flow-cytometry experiments. We have also prepared PSS-
biotin, a biotinylated version that can be visualized by using
indicator-labeled streptavidin, including streptavidin-conjugat-
ed quantum dots. Finally, we describe a CdSe/CdS quantum-
dot system (PSS-green QD) coated with the PS affinity group
(Scheme 3).


Results


Synthesis


The fluorescein-labeled compound PSS-480 was prepared by
coupling the known amine 1[21] with 5-carboxyfluorescein di-
acetate. Subsequent deprotection with ammonium hydroxide
followed by treatment with Zn(NO3)2 in aqueous methanol
gave PSS-480 as its bis(ammonium) salt.


The biotin-linked compound PSS-biotin was produced by
coupling 1 and biotin, followed by complexation with Zn(NO3)2
in aqueous methanol. The PEG-micelle encapsulated quantum
dots started with CdSe/CdS core/shell nanocrystals that were
prepared by following existing literature methods.[22–24] Trans-
mission electron microscopy showed that the quantum dots
were of uniform diameter (~4–5 nm) and not aggregated
(Figure 1). These organic soluble nanoparticles were subse-
quently encapsulated in carboxy-PEG–phospholipid micelles ;[24]


this rendered them water soluble. The exposed carboxyl resi-
dues were coupled with the bis-Zn2+ complex of amine 1 to


Scheme 1.


Scheme 2.


Scheme 3.


Figure 1. Transmission electron micrograph of CdSe/CdS nanoparticles used
to prepare the PSS-green QD. The sample was prepared by allowing a solu-
tion of nanoparticles in CHCl3 to evaporate on a copper-coated TEM grid.
The particles exhibit a roughly spherical geometry of 4–5 nm in diameter.
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give Zn2+–DPA-conjugated micelle encapsulated quantum
dots (PSS-green QD) (Scheme 3).


Fluorescence microscopy


Fluorescence microscopy was used to determine if PSS-480,
PSS-biotin, and PSS-green QD could selectively stain apoptotic
cells. Jurkat cells were treated first with the anticancer drug
camptothecin to induce apoptosis, and then simultaneously
with PSS-480 and the nuclear stain 7AAD (7-aminoactinomycin
D; Figure 2). Necrotic cells, as well as those cells in the ad-


vanced stages of apoptosis, have permeabilized
membranes and allow 7AAD to stain the nucleic
acid. Healthy cells and those cells in the early-to-in-
termediate stages of apoptosis retain their mem-
brane integrity and exclude 7AAD. This allows cells
in early apoptosis to be identified by selective stain-
ing with PSS-480 and exclusion of 7AAD. A bright-
field image of a field of cells stained with PSS-480
(Figure 2D) clearly illustrates that the PS affinity
group binds only to those cells with externalized PS.
Similarly, PSS-480 was used to identify HeLa and
CHO cells exposing PS on the membrane surface
(see Supporting Information).


Evidence that the PS-affinity group is binding to
the same membrane sites as annexin V is provided


in Figure 3, which illustrates the co-staining of apoptotic Jurkat
cells with 7AAD, annexin V-FITC (fluorescein isothiocyanate),
and the PSS-biotin, visualized by using a blue-emitting strepta-
vidin conjugate. The circled cells are apoptotic, as evidenced


by their staining only with annexin V and PSS-biotin/streptavi-
din with simultaneous exclusion of 7AAD. Additional co-stain-
ing evidence is supplied in Figure 4, which shows fluorescent
cross sections of a single Jurkat cell treated with annexin V-


Figure 2. Fluorescence micrographs (40J magnification) of Jurkat cells treat-
ed with camptothecin (10 mM) for 3.5 h to induce apoptosis, then stained
with PSS-480 (5 mM) and 7AAD (500 ngmL�1). A) Fluorescence of cells stained
with PSS-480; B) fluorescence of cells stained with 7AAD; C) an overlay of
(A) and (B). Those cells stained only with PSS-480 are apoptotic, as illustrated
by exclusion of 7AAD. The apoptotic cells are indicated with circles. D) A
phase-contrast image of all cells in the field. No staining of healthy cells
with PSS-480 was observed in the absence of treatment with
camptothecin.


Figure 3. Fluorescence micrographs (40J magnification) of Jurkat cells treat-
ed with 10 mM camptothecin for 3.5 h and stained with 7AAD (500 ngmL�1),
annexin V-FITC, and PSS-biotin (100 mM) with a blue-emitting streptavidin–
dye conjugate (400 nM). All reagents were added simultaneously. Cells were
then incubated for 15 min at 37 8C. A) Cells stained with the nuclear stain
7AAD; B) Cells stained with annexin V-FITC; C) Cells stained with PSS-biotin/
streptavidin–Marina Blue conjugate (460 nm emission); D) Bright-field image
of the entire field of cells. Cells in the circled regions of each image are
apoptotic. No staining of healthy cells was observed in the absence of treat-
ment with camptothecin.


Figure 4. Cell-surface labeling of a Jurkat cell treated with 10 mM camptothecin for 3.5 h
to induce apoptosis. Images are 0.5 mm slices (60J magnification) taken through the cell
separated by 2.5 mm. Cells were treated with annexin V-FITC and PSS-biotin (100 mM) with
a red-emitting (605 nm) streptavidin–quantum dot conjugate (10 nM). The yellow–orange
color is a result of annexin V–PSS-biotin/streptavidin–quantum dot colocalization.
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FITC and PSS-biotin, and visualized with a red-emitting strepta-
vidin–quantum dot conjugate. The staining is clearly restricted
to the exterior cell membrane, and the yellow–orange color
signifies colocalization. Selective staining of cells with external-
ized PS was also observed with PSS-green QD (Figure 5). Cross-
sectional micrographs showed that the staining was restricted
to the exterior membrane (see Supporting Information). Con-
trol experiments indicated that quantum dots coated with am-
monium groups instead of the PS-affinity groups do not stain
apoptotic cells.


Flow cytometry


The utility of PSS-480 in flow cytometry was demonstrated by
using a population of Jurkat cells treated with camptothecin
(10 mM, 16 h) to induce apoptosis. The graphs in Figure 6 indi-
cate that approximately 30% of the cells were stained with
PSS-480, while less than 5% of the cells were stained by 7AAD
(the necrotic subpopulation). With untreated cells, less than
5% of the total population was stained with PSS-480 and
7AAD. Staining of identical cells with 7AAD and annexin V-FITC
resulted in essentially the same distribution of subpopulations.


Discussion


During apoptosis, the electrostatic charge on a cell-membrane
surface becomes increasingly negative as the PS normally con-


Figure 5. Fluorescence micrographs (40J magnification) of Jurkat cells treat-
ed with camptothecin (10 mM) for 3.5 h to induce apoptosis, then stained
with PSS-green QD (2.75 mM) and 7AAD (500 ngmL�1). A) Fluorescence of
cells stained with 7AAD; B) fluorescence of cells stained with PSS-green QD;
C) an overlay of (A) and (B). Those cells stained only with PSS-green QD are
apoptotic, as illustrated by exclusion of 7AAD. D) A phase-contrast image of
all cells in the field. No staining of healthy cells was observed in the absence
of treatment with camptothecin.


Figure 6. Flow-cytometry graphs illustrating staining of Jurkat cells by PSS-480 and 7AAD. Both control and treated cells exhibit similar levels of staining by
7AAD; this indicates that there is the same level of necrotic cells in the population (less than 5% in each case). Cells treated with camptothecin exhibit signifi-
cantly more staining by PSS-480 than do control cells. Approximately 30% of treated cells were identified as apoptotic by using PSS-480, while less than 5%
of the untreated cells were stained with PSS-480.
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fined to the inner monolayer becomes distributed between
the inner and outer leaflets.[25] The ability of Zn2+–DPA coordi-
nation complexes to selectively bind to negatively charged
membranes appears to be an effective strategy for recognizing
cells in the early-to-middle stages of apoptosis. The Zn2+–DPA
coordination complexes presented here circumvent some of
the limiting features of annexin V. For example, binding of the
PS-affinity group to apoptotic cell membranes is Ca2+-inde-
pendent, the binding is virtually instantaneous, and the fluo-
rescein in PSS-480 is compatible with the argon lasers found in
commonly used flow cytometers. Furthermore, the presence of
up to 10% serum in the binding medium has no adverse
effect on staining, and apoptotic cells were successfully stained
by PSS-480, PSS-biotin, and PSS-green QD at temperatures
from 4 to 37 8C with incubation periods as short as 30 s (see
Supporting Information). Similar results could not be obtained
when fixed cells were used, and a nearly homogeneous stain-
ing of the cytosol of Jurkat cells was observed when cells were
stained with PSS-480 after ethanol fixation.


The versatile PSS-biotin allows PS detection by a wide range
of commercially available streptavidin–fluorophore conjugates.
For example, the quantum dot–streptavidin conjugates are
well suited for fluorescence microscopy because of the high
quantum yield common to quantum dots,[26] as well as the
ability of the quantum dots to resist photobleaching. A simpli-
fication of the quantum-dot system was achieved by directly
conjugating the PS-affinity group to micelle-encapsulated
CdSe/CdS quantum dots to afford a PS-selective stain (PSS-
green QD) that can withstand prolonged exposures without di-
minished fluorescence intensity. In addition, the quantum-dot
system can exhibit enhanced binding due to multivalency ef-
fects. A potential drawback, however, is the greater number of
washings that must be performed after staining cells with PSS-
green QD. The extreme brightness of the quantum dots means
that a very high fraction of the unbound material must be
eliminated in order to achieve a suitably dark background.


The PS-affinity group used in all three probes apparently
binds only to the apoptotic cell surface. The fact that only sur-
face binding is observed indicates that no membrane permea-
bilization has taken place and signals that the cells have not
yet progressed to the later stages of apoptosis. The exclusion
of PSS-green QD from the cell interior is noteworthy consider-
ing that similarly designed systems have been reported to
cross the membranes of other cell lines when incubated for
longer periods.[27] Another salient point is the difference in
photophysics between the coordination complexes described
here and PSS-380, our previously reported first-generation
sensor for apoptosis.[20] Association of PSS-380 to a PS-rich
membrane leads to fluorescence enhancement, due to en-
hanced binding of Zn2+ to the DPA units in PSS-380, which de-
creases photoinduced electron transfer (PET) quenching.[28] In
contrast, the PET-quenching pathway is not significant in PSS-
480, and control studies with vesicles show that association of
PSS-480 with PS-rich membranes does not alter its fluores-
cence intensity. Similarly, the fluorescence intensity of PSS-
green QD is unchanged upon membrane binding. In other
words, the fluorescent probes presented here act in the same


way as annexin V–FITC; that is, they are PS-selective stains that
require a washing step to remove the unbound material.


Conclusion


In summary, we have shown how Zn2+–DPA coordination com-
plexes can be developed into effective fluorescent probes for
apoptosis. The two Zn2+–DPA subunits selectively bind to
membranes enriched in anionic PS. The versatility of the
system is enhanced by attaching a biotin reporter element
(PSS-biotin) ; this makes detection of apoptotic cells possible
with a range of fluorescent streptavidin conjugates. The Zn2+


coordination complexes allow users to identify apoptotic cells
under Ca2+-free conditions and with fast binding kinetics; this
broadens the scope of the PS-detection method for apoptosis.
Indeed, the low-molecular-weight, nonprotein probes present-
ed might be adaptable to other imaging techniques, such as
radiography and magnetic resonance spectroscopy.[29]


Experimental Section


Synthesis
Preparation of PSS-480-diacetate : 5-Carboxyfluorescein diacetate
(0.097 g, 0.21 mmol) was added to a solution of N-hydroxysuccini-
mide (0.37 g, 0.32 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride salt (EDC; 0.61 g, 0.32 mmol) in dry
CH2Cl2 under Ar. The reaction mixture was stirred for 1 h. Amine 1
(0.14 g, 0.21 mmol)[21] in dry CH2Cl2 was added. The reaction mix-
ture was stirred overnight, then washed with water and brine and
dried over Na2SO4. The solvent was removed under vacuum, and
the residue was separated by chromatography on a silica column
with CHCl3/MeOH (92:8) as the eluent. Yield: 31%; 1H NMR
(300 MHz, CDCl3): d=2.31 (s, 6H), 3.62 (br, 4H), 3.72 (m, 6H), 3.78
(m, 10H), 3.91(m, 2H), 4.18 (m, 2H), 6.71–6.80 (m, 4H), 6.88 (s, 2H),
7.04 (s, 1H), 7.09–7.14 (m, 5H), 7.19 (m, 2H), 7.30 (s, 1H), 7.54–7.64
(m, 8H), 8.20 (m, 1H), 8.43 (br, 1H), 8.48–8.50 (m, 4H); 13C NMR
(75 MHz, CDCl3): d=21.3, 40.3, 58.7, 60.1, 67.6, 69.9, 70.0, 70.6,
71.0, 110.7, 113.9, 116.0, 118.1, 122.1, 122.2, 122.4, 123.0, 123.3,
123.7, 124.7, 126.7, 129.0, 135.0, 136.7, 137.2, 140.7, 148.9, 149.1,
151.7, 152.4, 155.2, 159.0, 159.7, 165.7, 168.4, 169.0; FAB MS m/z
1090 [M+H]+ .


Preparation of PSS-480 : PSS-480 diacetate (0.03 g, 0.028 mmol) was
dissolved in MeOH (0.5 mL) and treated with NH4OH (0.5 mL). The
reaction mixture was stirred at 40 8C overnight. The solvents were
then removed under vacuum, the residue washed with water (4J ),
and dried under high vacuum to yield 0.018 g (60%) of diammoni-
um salt. The removal of acetoxy groups was confirmed by 1H NMR.
The Zn2+ complex was prepared by mixing a solution of diammo-
nium salt (0.018 g, 0.17 mmol) in methanol and an aqueous solu-
tion of zinc nitrate (0.01 g, 0.35 mmol). After 30 min of stirring, the
solvents were removed under vacuum, and the residue lyophilized
to yield the zinc complex in quantitative yield.


Preparation of PSS-biotin : 1-Hydroxy 1H-benzotriazole (0.14 g,
1 mmol) and EDC (0.19 g, 1 mmol) were added to a solution of
biotin (0.24 g, 1 mmol) in dry DMF under an Ar atmosphere. Amine
1 (0.65 g, 1 mmol) in dry CH2Cl2 was added, and the reaction mix-
ture was stirred for 2 d. The solvent was then removed under
vacuum, and the reaction mixture was taken up in CHCl3. The
CHCl3 layer was washed with sat. NaHCO3, water, and brine and
dried over anhydrous MgSO4. The solvent was removed under
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vacuum, and the residue was separated by chromatography on a
neutral alumina column with CHCl3/MeOH (98:2) as the eluent. The
overall yield of the uncomplexed compound was 60%. Selected
data: 1H NMR (300 MHz, [D6]DMSO): d=1.2–1.64 (m, 6H), 2.03 (m,
2H), 2.55 (d, J=12.3 Hz, 1H), 2.76–2.82 (q, J=5.1 Hz, 1H), 3.05–
3.09 (m, 1H), 3.39 (m, 2H), 3.51–3.53 (m, 2H), 3.57 (m, 6H), 3.70–
3.74 (m, 10H), 4.04–4.14 (m, 5H), 4.26–4.30 (m, 1H), 6.36 (s, 1H),
6.42 (s, 1H), 6.83 (s, 2H), 7.08 (s, 1H), 7.22–7.26 (m, 4H), 7.57 (d, J=
7.8 Hz, 4H), 7.70–7.76 (m, 4H), 7.83 (t, J=5.4 Hz, 1H), 8.47–8.49 (m,
4H); 13C NMR (75 MHz, [D6]DMSO): d=25.3, 28.0, 28.2, 35.1, 38.4,
48.6, 55.4, 57.4, 59.2, 61.0, 66.9, 68.9, 69.2, 69.6, 69.8, 113.2, 121.0,
122.2, 122.4, 136.6, 140.2, 148.8, 158.4, 159.2, 162.7, 172.1; FAB MS
m/z 874 [M+H]+ .


The uncomplexed compound (0.87 g , 1 mmol) in methanol and
zinc nitrate (0.61 g, 2.05 mmol) in water were mixed, and this solu-
tion was stirred for 0.5 h. The solvents were removed under
vacuum, and the resulting PSS-biotin was used without further
purification.


Preparation of carboxy-PEG encapsulated quantum dots : Octadecyl-
amine-stabilized CdSe/CdS core/shell nanocrystals (QDs; typical UV
absorption lmax ~550 nm) were prepared by following existing lit-
erature methods and redissolved in chloroform to provide a stock
solution of 150 mgmL�1.[22, 23] The organic soluble QDs were then
encapsulated in carboxy-PEG-phospholipid micelles[24] to render
them water soluble. More specifically, an aliquot (300 mL) of the QD
stock solution (150 mgmL�1) was combined with a solution
(~1 mL) of chloroform containing 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[carboxy poly(ethylene glycol)2000] ammoni-
um salt (0.0165 g, 5.8J10�6 mol). After complete evaporation of
the chloroform (by careful heating with stirring), the residue was
further warmed to ~80 8C in a water bath for 1–2 min, after which
time double deionized water (1 mL) was added with vigorous stir-
ring. The sample was stirred for 1–2 min at ~80 8C and then soni-
cated at RT for 10 min to give an optically transparent solution.
The sample was then centrifuged at 5000 rpm for 10 min to pellet
out any unencapsulated or aggregated particles. The supernatant
was transferred to a new vial and centrifuged at 500000g for 2 h
to separate/pellet out the phospholipid-encapsulated QDs from
the empty micelles remaining in the supernatant. The supernatant
was carefully removed, and the QD–micelle pellet was resuspend-
ed in phosphate buffer (500 mL, pH 7.4).


The supernatant containing the excess phospholipid micelles was
frozen with liquid nitrogen and lyophilized to determine the ap-
proximate amount of recovered phospholipids. The amount of
phospholipid incorporation in the QD micelles could then easily be
determined. In general, ~33% of the phospholipids were found to
be utilized in the encapsulation of the QDs, giving ~1.9J10�6 mol
of total phospholipid per 500 mL of QD solution.


Preparation of PSS-green QD : EDC (7.6 mg, 4.0J10�5 mol), N-hy-
droxysulfosuccinimide (sulfo-NHS, 5.7 mg, 3.0J10�5 mol), and the
preformed Zn(NO3)2 complex of amine 1 (1.22J10�5 mol) were
dissolved in the carboxy-PEG micelle-encapsulated QD solution
[500 mL in phosphate buffer (pH 7.4)] . The resulting solution was
mixed with mild agitation for 2 h and then purified by dialysis
(Spectra/PORN, 50000 MWCO) against double deionized water for
24 h to provide the (Zn2+)2-DPA-PEG micelle-encapsulated quan-
tum dots. The aqueous QD solution was stored at �24 8C in the
dark until needed. These solutions exhibited no flocculation and
retained their PS binding capability for at least one month.


Transmission electron microscopy : TEM samples were prepared
by allowing a small drop of a chloroform nanoparticle solution on


a copper-coated TEM grid to evaporate by air. The TEM images
were obtained from a Philips CM30 microscope at 300 kV.


Cell staining and fluorescence microscopy : Annexin V and 7AAD
were obtained from BD Biosciences (San JosO, CA). Quantum dot–
streptavidin conjugates were from Quantum Dot Corporation (Hay-
ward, CA). The Marina Blue streptavidin conjugate was from Molec-
ular Probes (Eugene, OR). Jurkat cells were grown to a density of
approximately 1.0J106 mL�1 in RPMI 1640, 10% FCS at 37 8C, 5%
CO2. A 10 mL volume of cells was treated with camptothecin
(10 mM final concentration) in growth medium for 3.5 h at 37 8C,
5% CO2. Cells were spun down and resuspended in 1X annexin
binding buffer (10 mM HEPES sodium salt, 2.5 mM CaCl2, 140 mM


NaCl, pH 7.4) for experiments in which annexin V was used, or in a
buffer of N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid
(TES; 5 mM), NaCl (145 mM), pH 7.4 for experiments in which annex-
in V was not used. Aliquots (0.5 mL) of the treated cells, along with
controls, were then treated with the indicated staining reagents at
the indicated concentrations. Annexin V-FITC was used according
to the manufacturer’s protocol (BD Biosciences). All reagents were
added simultaneously. The cell suspensions were mixed thoroughly
by repeated inversion and then incubated 15 min at 37 8C, except
where temperature effects were being evaluated. Cells were then
centrifuged, resuspended, and washed twice in TES (5 mM), NaCl
(145 mM), pH 7.4 buffer. At this point, 250 mL of the suspension was
transferred to a 16-well chamber slide for microscopy. Fluorescence
microscopy was performed immediately following cell staining on
an Axiovert S100 TV microscope (Carl Zeiss) equipped with filter
sets DAPI/Hoechst/AMCA, FITC/RSGFP/Bodipy/Fluo3/DiO, Cy3
(Chroma, Rockingham, VT). Pictures were taken on a black and
white digital camera (Photometrics, Tucson, AZ) and colored after-
wards by using Photoshop 6.0 software (Adobe).


Flow cytometry : Jurkat cells were cultured according to the same
procedures described for fluorescence microscopy. A 10.0 mL
volume of cells was treated with camptothecin (10 mM final concen-
tration) in growth medium for 16.5 h at 37 8C, 5% CO2. Cells were
spun down and resuspended in 1X annexin binding buffer (10 mM


HEPES sodium salt, 25 mM CaCl2, 140 mM NaCl, pH 7.4) for experi-
ments in which annexin V was used, or in a buffer of TES (5 mM),
NaCl (145 mM), pH 7.4 for experiments in which annexin V was not
used. Cell aliquots (1.0 mL) were stained with 7AAD (500 ngmL�1)
and either PSS-480 (5 mM) or annexin V-FITC (5 mLmL�1; BD Biosci-
ences commercial solution). All reagents were added simultaneous-
ly. The cell suspensions were mixed thoroughly by repeated inver-
sion and then incubated 15 min at 37 8C, except where tempera-
ture effects were being evaluated. Cells were then centrifuged, re-
suspended, and washed twice in TES (5 mM), NaCl (145 mM), pH 7.4
buffer. Flow cytometry was performed immediately after staining
on an Epics XL flow cytometer (Coulter, Miami, FL) with an argon
laser. FITC was analyzed by using a 520 nm bandpass filter, and
7AAD was analyzed by using a 580 nm bandpass filter. Software
color compensation was used and data analysis was performed by
using Multiplus AV Software (Phoenix Flow Systems, Dan Diego,
CA).


Acknowledgements


This work was supported by the National Institutes of Health, the
Phillip Morris External Research Program, Department of Defense,
and Sandia National Laboratories. Sandia is a multiprogram lab-
oratory operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy’s National


ChemBioChem 2005, 6, 2214 – 2220 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2219


Fluorescent Detection of Apoptotic Cells



www.chembiochem.org





Nuclear Security Administration under contract DE-AC04-
94AL8500. The authors are grateful to Dr. Timothy J. Boyle (SNL)
and Robin M. Sewell (SNL) for technical support in the CdSe/CdS-
particle preparation, to Dr. Thomas J. Headley (SNL) for technical
support with TEM, and to Dr. Jun Liu (SNL) and Professor Holly
Goodson (UND) for technical assistance and useful discussion. Re-
searchers who wish to obtain a sample of PSS-480 or PSS-biotin
should contact the corresponding author.


Keywords: annexin V · apoptosis · fluorescent probes ·
phosphatidylserine · quantum dots


[1] J. M. Boon, B. D. Smith, Med. Res. Rev. 2002, 22, 251–281.
[2] J. A. F. Op den Kamp, Annu. Rev. Biochem. 1979, 48, 47–71.
[3] C. Pelassy, J. P. Breittmayer, C. Aussel, Biochem. Pharmacol. 2000, 59,


855–863.
[4] T. Matsura, B. F. Serinkay, J. Jing, V. E. Kagan, FEBS Lett. 2002, 524, 25–


30.
[5] R. A. Schlegel, P. Williamson, Cell Death Differ. 2001, 8, 551–563.
[6] D. A. Bird, K. L. Gillotte, S. Horkko, P. Friedman, E. A. Dennis, J. L. Witz-


tum, D. Steinberg, Proc. Natl. Acad. Sci. USA 1999, 96, 6347–6352.
[7] P. Williamson, S. van den Eijnde, R. A. Schlegel, Methods Cell Biol. 2001,


66, 339–364.
[8] M. Van Engeland, L. J. W. Nieland, F. C. S. Ramaekers, B. Schutte, C. P. M.


Reutelingsperger, Cytometry 1998, 31, 1–9.
[9] B. Plaiser, D. R. Lloyd, G. C. Paul, C. R. Thomas, M. Al-Rubeai, J. Immunol.


Methods 1999, 229, 81–95.
[10] J. F. Tait, D. F. Gibson, C. Smith, Anal. Biochem. 2004, 329, 112–119.
[11] J. Y. Lee, S. Miraglia, X. W. Yan, E. Swartzman, S. Cornell-Kennon, J. Mel-


lentin-Michelotti, C. Brusco, D. S. France, J. Biomol. Screening 2003, 8,
81–88.


[12] J. A. Barnes, A. V. Gomes, Mol. Cell. Biochem. 2002, 231, 1–7.


[13] D. Arboledas, N. Olmo, M. A. Lizarbe, J. Turnay, FEBS Lett. 1997, 416,
217–220.


[14] J. Dachary-Prigent, J. M. Pasquet, J. M. Freyssinet, A. Nurden, Biochem-
istry 1995, 34, 11625–11634.


[15] D. Kamp, T. Sieberg, C. W. M. Haest, Biochemistry 2001, 40, 9438–9446.
[16] T. Lakko, L. King, P. Fraker, J. Immunol. Methods 2002, 261, 129–139.
[17] G. A. Wurth, A. Zweifach, Biochem. J. 2002, 362, 701–708.
[18] S. Bose, I. Tuunainen, M. Parry, O. P. Medina, G. Mancini, P. K. J. Kinnu-


nen, Anal. Biochem. 2004, 331, 385–394.
[19] E. A. Schellenberger, F. Reynolds, R. Weissleder, L. Josephson, ChemBio-


Chem 2004, 5, 275–279.
[20] A. V. Koulov, K. A. Stucker, C. Lakshmi, J. P. Robinson, B. D. Smith, Cell


Death Differ. 2003, 10, 1357–1359.
[21] C. Lakshmi, R. G. Hanshaw, B. D. Smith, Tetrahedron 2004, 60, 11307–


11315.
[22] S. D. Bunge, K. M. Krueger, T. J. Boyle, M. A. Rodriguez, T. J. Headley, V. L.


Colvin, J. Mater. Chem. 2003, 13, 1705–1709.
[23] J. J. Li, Y. A. Wang, W. Guo, J. C. Keay, T. D. Mishima, M. B. Johnson, X.


Peng, J. Am. Chem. Soc. 2003, 125, 12567–12575.
[24] B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux, A. H. Brivanlou, A.


Libchaber, Science 2002, 298, 1759–1762.
[25] S.-B. Ning, L. Wang, Z.-Y. Li, W.-W. Jin, Y.-C. Song, Anal. Bot. 2001, 87,


575–583.
[26] X. Michalet, F. F. Pinaud, L. A. Bentolila, J. M. Tsay, S. Doose, J. J. Li, G.


Sundaresan, A. M. Wu, S. S. Gambhir, S. Weiss, Science 2005, 307, 538–
544.


[27] A. M. Koch, F. Reynolds, H. P. Merkle, R. Weissleder, L. Josephson, Chem-
BioChem 2005, 6, 337–345.


[28] A. V. Koulov, R. G. Hanshaw, K. A. Stucker, C. Lakshmi, B. D. Smith, Isr. J.
Chem. 2005, 45, 373–379.


[29] T. Z. Belhocine, J. F. Tait, J.-L. Vanderheyden, C. Li, F. G. Blankenberg, J.
Proteome Res. 2004, 3, 345–349.


Received: April 7, 2005
Published online on November 7, 2005


2220 www.chembiochem.org C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2214 – 2220


B. D. Smith et al.



www.chembiochem.org






DOI: 10.1002/cbic.200500107


Access of the Substrate to the Active Site of
Yeast Oxidosqualene Cyclase: An Inhibition and
Site-Directed Mutagenesis Approach
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Introduction


Oxidosqualene cyclases (OSCs, EC 5.4.99.7) catalyze a key reac-
tion in sterol biosynthesis, the cyclization of oxidosqualene
into different tetracyclic triterpenes, the precursors of phyto-
sterols, cholesterol, and ergosterol.[1–3] Enzymatic cyclization of
oxidosqualene has attracted the interest of researchers for dec-
ades, not only for its fascinating mechanism, the most complex
among the monoenzymatic reactions, but also as a potential
target in drug-development projects. Selective inhibition of
OSCs has been considered, for instance, as a promising target
for the control of blood cholesterol levels in humans[4–8] or for
the treatment of severe diseases caused by pathogenic micro-
organisms.[9,10]


The first and for a long time the only crystallized protein be-
longing to the triterpene cyclase family has been the mem-
brane enzyme Alicyclobacillus acidocaldarius squalene–hopene
cyclase (AacSHC), a bacterial counterpart of oxidosqualene cy-
clases.[11] AacSHC has been used as a model for studying the
mechanism of cyclization and the interactions of inhibitors
with the active site.[12,13] Cocrystallization of AacSHC with the
substrate analogue 2-azasqualene has given the first direct
evidence of how a squalene-like molecule is prefolded in the
active site of a terpene cyclase enzyme.[14] Homology modeling
studies, based on a comparison between AacSHC and Homo
sapiens oxidosqualene cyclase (HsaOSC),[13] have provided a
sound theory on the mechanism of stereoselective cyclization
of oxidosqualene by HsaOSC. Recently, the crystal structure of
the HsaOSC complex with both an inhibitor and the reaction
product has been resolved, thereby allowing an insight into
the active site and the cyclization mechanism of a lanosterol


synthase.[15] The active site of HsaOSC shares some important
similarities with AacSHC but also shows important differences,
mainly in the catalytic mechanism which leads to the forma-
tion of a different final product.


Since the publication of the structure of AacSHC[11] we have
been interested in the problem of the access of the substrate
into the active site. Crystallographic data suggest that the
active site of AacSHC is accessible from the interior side of the
membrane through a nonpolar channel that contains a narrow
constriction formed by four amino acid residues, one of which
is a cysteine (Cys435, AacSHC numbering). The involvement of
this cysteine residue in the channel governing the access of
the substrate has been shown by using thiol-reacting com-
pounds to inhibit a mutated AacSHC where the Cys435 was
the only cysteine residue left. Different thiol-reacting com-
pounds caused irreversible inhibition of the enzyme.[16] We in-
terpreted these results as a consequence of the obstruction of
the channel constriction by the inhibitors. Although absent in
oxidosqualene cyclases, Cys435 belongs to a highly conserved
sequence in triterpene cyclases (Figure 1), so it could be infer-


[a] Dr. S. Oliaro-Bosso, Prof. G. Balliano, Prof. F. Viola
Dipartimento di Scienza e Tecnologia del Farmaco
Facolt" di Farmacia, Universit" degli Studi di Torino
Via Pietro Giuria 9, 10125 Turin (Italy)
Fax: (+39)011-6707695
E-mail : franca.viola@unito.it


[b] Dr. T. Schulz-Gasch
F. Hoffmann-La Roche Ltd. , Molecular Design, PRBD-CS 92/2.10D
4010 Basel (Switzerland)


A structural model of Saccharomyces cerevisiae oxidosqualene
cyclase (SceOSC) suggests that some residues of the conserved
sequence Pro-Ala-Glu-Val-Phe-Gly (residues 524–529) belong to a
channel constriction that gives access to the active-site cavity.
Starting from the SceOSC C457D mutant, which lacks the cys-
teine residue next to the catalytic Asp456 residue Cys457 has
been replaced but Asp456 is still there, we prepared two further
mutants where the wild-type residues Ala525 and Glu526 were
individually replaced by cysteine. These mutants, especially
E526C, were very sensitive to the thiol-reacting agent dodecyl-


maleimide. Moreover, both the specific activity and the thermal
stability of E526C were severely reduced. A similar decrease of the
enzyme functionality was obtained by replacing Glu526 with ala-
nine, while substitution with the conservative residues aspartate
or glutamine did not alter catalytic activity. Molecular modeling
of the yeast wild-type OSC and mutants on the template struc-
ture of human OSC confirms that the channel constriction is an
important aspect of the protein structure and suggests a critical
structural role for Glu526.
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red that such sequence should also contribute to the forma-
tion of a channel constriction in eukaryotic oxidosqualene
cyclases.


In the crystallized HsaOSC, the membrane-inserted surface
indeed contains a channel separated from the active-site cavity
by a constriction, and the conserved sequence of Figure 1 ap-
pears as a strained loop that could undergo a rearrangement
allowing the substrate to access the active site.[15]


In the present work we have investigated the possible pres-
ence of a channel constriction in eukaryotic OSCs by preparing
two mutants of Saccharomyces cerevisiae oxidosqualene cy-
clase (SceOSC) in which two residues of the conserved se-
quence of the putative channel constriction (Ala525 and
Glu526, yeast numbering) were separately replaced with a cys-
teine by site-directed mutagenesis. The Ala525 residue, corre-
sponding in the aligned sequences to the AacSHC Cys435 resi-
due, appears from a structural model raised in homology with
HsaOSC to be located inward in
the channel constriction, while
the adjacent Glu526, although
not protruding towards the hy-
drophobic channel, is completely
conserved in all the eukaryotic
OSCs, thus suggesting a possible
structural role. In both cases, the
substitution with cysteine resi-
dues allows the inhibition activi-
ty of thiol-reacting agents to be
tested as a tool to investigate
the role of these residues in de-
termining the enzyme function-
ality.


The mutants were prepared
from a SceOSC mutant C457D,
which lacks the Cys457 residue
in the active site, in order to
avoid interactions of the thiol-re-
acting inhibitors with this active-
site residue. After observing that
the mutation E526C significantly
affected the catalytic activity, we
prepared three further mutants
where Glu526 was replaced re-
spectively by aspartate, gluta-
mine, and alanine, in order to
study the role of this glutamate
residue.


Results and Discussion


Modeling studies and characterization of SceOSC mutants
C457D, C457D–A525C, C457D–E526C, C457D–E526D,
C457D–E526Q, and C457D–E526A


By using the recently published[15] structure of human OSC, a
homology model of SceOSC has been built in accordance with
previously published homology models of HsaOSC and Arabi-
dopsis thaliana cycloartenol synthase (AthCAS1) obtained by
using AacSHC as a template structure. Despite low sequence
identity between HsaOSC, AthCAS1, and the template AacSHC
(pairwise percentage residue identity <20%), reasonable ex-
planations of mechanistic differences between the cyclases[13]


and reliable predictions[17] have been made with these earlier
homology models. The newly available template structure of
HsaOSC as a base for a homology model of SceOSC should
strongly increase the reliability and confidence in explanations
drawn from the SceOSC homology model (pairwise percentage
residue identity >40%).


As can be seen from Figure 2A, there are only a few major
differences (sequence inserts and deletions) in the overall se-
quence alignment and these are mainly located at solvent-ex-
posed positions of the structures. Thus, they do not affect cat-
alysis, since the active site is deeply buried in the center of the


Figure 2. A) Superposition of the backbone of the crystal structure of HsaOSC (gray) with the homology model of
SceOSC (black). Only where the black backbone is visible are there major differences (sequence inserts or dele-
tions) between the human and yeast enzymes. Also shown are the entrance constriction, as a surface, the position
of lanosterol in the active site, and the position of residues Ala525 and Glu526 of SceOSC, which correspond to
Ser518 and Glu519 of HsaOSC. B) Superposition of structure fragments from human (gray) and yeast (black) OSCs
containing residues Ala525 and Glu526. The constriction of the channel, formed in HsaOSC by Tyr237, Ile524, and
Cys233 (not shown),[15] is marked with a dotted circle. C) Sequence-identity score plot (average score calculated
for a window of 10 residues). The gray background indicates the average identity score over the whole sequence
alignment of human and yeast OSCs. The asterisk indicates the position of Ala525 and Glu526; this fragment is
the most conserved part (score >90) of the two enzymes.


Figure 1. Alignment of the sequences forming the hypothetic channel con-
striction of the SHC of A. acidocaldarius and of the OSCs of S. cerevisiae and
H. sapiens (obtained with the MultAlin program).


2222 www.chembiochem.org < 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2221 – 2228


F. Viola et al.



www.chembiochem.org





enzyme. Figure 2A also shows that there are no backbone
changes caused by sequence inserts and deletions at the posi-
tion of the entrance constriction. Figure 2B and C show that
the sequence around the residues Ala525 and Glu526 (yeast
numbering) is highly conserved. In fact, from the score plot in
Figure 2C one can see that this part belongs to the most con-
served section in the overall sequence alignment between
human and yeast OSC (score >90). All these facts indicate that
the yeast homology model around the constriction is very reli-
able.


By site-directed mutagenesis we first prepared a C457D
mutant of the ERG7 gene coding for SceOSC, integrated into
the ERG7 defective strain SMY8.[18] This mutation involves the
cysteine residue contiguous to the catalytic acid Asp456.[15] In
HsaOSC, the catalytic aspartate is assumed to be activated for
the protonation step by the adjacent cysteine residue and by
an additional active-site-located cysteine, Cys533.[15] The role of
the cysteines is thus only secondary but could explain the pre-
viously described inhibition of yeast and mammalian OSCs by
different thiol-reacting compounds.[19,20] In accordance with
this putative secondary role of Cys457, the C457D mutant was
indeed active, although less so than the wild-type OSC inte-
grated into the SMY8 strain (SMY8[pSM61.21]). This mutant
was used in the successive mutagenesis experiments to obtain
C457D–A525C and C457D–E526C mutants, where the amino
acids Ala525 and Glu526, corresponding to Cys435 of the
channel constriction of AacSHC and to the adjacent Asp436
residue, respectively, have been replaced by cysteine residues
in order to test both the catalytic activity and the effect of
thiol-reacting compounds. Sequence analysis of the three mu-
tated erg7 genes confirmed the presence and location of the
mutations.


The transformation of the OSC defective yeast strain SMY8
with the mutated C457D, C457D–A525C, and C457D–E526C
OSC genes abolished the sterol auxotrophy of the SMY8 strain:
all three mutants, similarly to the SMY8 transformed with the
wild-type OSC gene (SMY8[pSM61.21]), grew in the absence of
ergosterol and biosynthesized labeled C27 sterols after incuba-
tion with [2-14C]acetate for 4 h at 30 8C (Table 1). These results


are in agreement with those obtained with AacSHC, where the
mutation of the residues of the channel does not impair the
catalytic activity.[16] In addition, mutagenesis studies by Corey
et al. showed that mutation of Glu526 does not alter the viabil-
ity of cells.[21]


Catalytic activity


The in vitro activity of the different SceOSC mutants has been
studied by using cell homogenates. Both squalene and oxido-
squalene have been assayed as substrates for the C457D
mutant, since this mutant has the same Asp-Asp-Thr-Ala-Glu
sequence that is present in the active site of AacSHC, where
the two neighboring Asp residues are needed to protonate
the substrate squalene.[3] In spite of the presence of the two
contiguous Asp residues, squalene did not become a substrate
for the C457D mutant. Thus, as already reported,[22] in eukary-
otic oxidosqualene cyclases, the specific molecular recognition
of the substrate oxidosqualene and the exclusion of squalene
is not simply determined by the integrity of the substrate-pro-
tonating motif Asp-Cys-Thr-Ala. The mutation did not signifi-
cantly affect the enzymatic activity, since the specific activity
(1.28 nmol of oxidosqualene cyclized per hour per mg of pro-
teins at 35 8C) was slightly lower than that of the wild-type
SMY8[pSM61.21], a result confirming that the involvement of
Cys457 should only be subsidiary. The activity of the C457D–
A525C mutant under the same incubation conditions was simi-
lar, while the specific activity of mutant C457D–E526C after 1 h
of incubation at 35 8C was 10 times lower (Table 2).


Figure 3A shows that the amount of product
formed by mutant C457D–E526C did not increase
during 6 h of incubation at 35 8C but slowly increased
at 25 8C. After 6 h at 25 8C, we could obtain about
the same amount of product as after 1 hour with
mutant C457D–A525C at 35 8C. The activity of
C457D–E526C was significantly decreased by preincu-
bation at 35 8C in the absence of substrate. After 4 h
at 35 8C the activity was almost completely lost, while
the activity of mutant C457D under the same condi-
tions was not affected (Figure 3B). The mutation of
Glu526 thus affects both catalytic activity and ther-
mal stability.


The crystal structure of HsaOSC in combination with the ho-
mology model of SceOSC allows explanations for the above-
mentioned experimental observations. The double mutant
C457D–A525C shows unchanged specific activity (Table 2)
compared to the single mutant C457D. As can be seen from


Table 1. Incorporation of [2-14C]acetate into nonsaponifiable lipids of the SMY8 yeast
strain expressing wild-type and different mutant OSCs. Values are the means of dupli-
cate assays of two different experiments.


SceOSC mutant Radioactivity incorporated into nonsaponifiable lipids /%
C27 sterols lanosterol dioxidosqualene oxidosqualene squalene


wild-type 68.6�8.6 7.9�2.1 1.9�0.4 3.6�2.1 18.0�4.9
C457D 73.7�4.7 7.3�2.3 1.6�1.0 2.4�0.7 16.0�6.3
C457D–A525C 86.2�5.0 6.4�2.2 2.4�0.7 2.3�1.2 2.7�0.5
C457D–E526C 66.1�4.9 16.6�11.9 4.7�0.9 5.8�3.9 6.8�2.2


Table 2. OSC specific activity [nanomoles of substrate transformed per h
per mg of protein] of the homogenates of the differently transformed
SMY8 strains. Values are the means of duplicate assays of at least two dif-
ferent experiments.


SceOSC mutant Specific activity /nmolh�1 per mg protein
35 8C 25 8C


wild-type 1.75�0.24 1.03�0.14
C457D 1.28�0.16 0.38�0.12
C457D–A525C 1.26�0.17 0.68�0.31
C457D–E526C 0.15�0.08 0.090�0.04
C457D–E526D 0.77�0.05 0.52�0.08
C457D–E526Q 1.15�0.26 0.58�0.24
C457D–E526A 0.29�0.13 0.092�0.02
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Figure 4B, Ala525 stabilizes the conformation of the constric-
tion loop through directed interaction of its backbone NH
group with the side chain of the in-sequence-neighboring
Asn523. We observe a conservative A!S mutation between
the yeast and the human enzyme. In the yeast enzyme (Fig-
ure 4B) a water molecule can provide additional hydrogen-
bonding interactions stabilizing the constriction loop; these in-
teractions are present in the HsaOSC because of the side-chain
oxygen atom of the serine residue (Figure 4A). In the yeast
mutant C457D–A525C the removal of a water molecule proba-
bly allows the same hydrogen-bonding pattern as in HsaOSC
(Figure 4C). The specific activity remains thus unchanged. In
contrast to A525C, the mutation E526C dramatically influences
specific activity. As can be seen from Figure 4B, Glu526 is the
main contributor for the stabilization and linkage of at least
three other tertiary structure elements of residues that are very


distant in the sequence; however, only one of these linkages
could be conserved in the E526C mutant (Figure 4D).


The observed specific activities at 35 8C and 25 8C (Table 2)
of the three newly prepared mutants, designed to test the
effect of the substitution of the glutamate at position 526 with
glutamine, aspartate, or alanine, respectively, are in agreement
with a structural role of Glu526, as proposed in the model of
Figure 4. The substitution of the glutamate at position 526
with an uncharged amino acid having the same chain length,
like glutamine, does not change the catalytic activity. From the
hydrogen-bonding pattern depicted in Figure 4, we can argue
that a simple change in the protonation state of His291, which
is solvent-exposed, can allow glutamine to maintain the same
stabilizing interaction pattern as glutamate. The shorter chain
length of aspartate only does a suboptimal job in tertiary-
structure stabilization, thus leading to a reduced specific activi-
ty in the C457D–E526D mutant. The substitution with alanine
causes the same results already observed with cysteine: the
specific activity is lower both at 35 8C and at 25 8C and the
enzyme is not stable at 35 8C, as shown by the drop of residual
activity after increasing times of preincubation at 35 8C in the
absence of substrate (Figure 3B). When Glu526 is replaced by
an alanine or cysteine residue, the hydrogen-bond linkage of
different structural elements cannot be maintained, thereby re-
sulting in a rather flexible arrangement of the tertiary structure
around the constriction. For E526C, one should also consider
that the increased steric bulk of the sulfur atom might lead to
structural reorientations. It has been observed that the channel
constriction loop must be mobile enough to rearrange upon
passage of substrate or products[14,15, 23] and this means that it
needs a certain degree of flexibility. Such flexibility can allow
the enlargement of the channel constriction by displacing the
mobile loop as a consequence of the dissipation of energy
produced by catalysis.[14] A higher flexibility that is constitu-
tionally present because of a mutation can result in a less con-
trolled process of substrate entering or product leaving or
even in blockage of the constriction. The inactivation at 35 8C
of the two mutants unable to maintain the hydrogen-bonding
network of Glu526 strongly supports the assumption of struc-
tural reorientations. What kind of structural interactions are af-
fected during the substrate/product-induced rearrangement
because of flexibility is still an open question. We can specu-
late that, if a flexible channel loop is necessary for substrate/
product-induced rearrangement, with higher flexibility the en-
trance could be blocked or unable to adjust to the substrate.


Effect of dodecyl-maleimide on SceOSC mutants C457D,
C457D–A525C, C457D–E526C, and C457D–E526A


The reactivity of mutants C457D–A525C and C457D–E526C to
the thiol-reacting agent dodecyl-maleimide was compared
with that of mutants C457D and C457D–E526A. As shown in
Table 3, mutant C457D, which is devoid of a cysteine residue in
the sequence of the hypothetical channel constriction, was
only slightly affected by a high concentration of dodecyl-male-
imide. Mutant C457D–A525C was inhibited at a concentration
of 0.2 mM but not at a concentration of 0.025 mM, while


Figure 3. A) Effect of temperature on the enzymatic activity of mutants
C457D–A525C and C457D–E526C. The percentage of labeled product per
mg of protein produced by homogenates of mutant C457D–A525C at 25 8C
(~) and 35 8C (~) is compared with the percentage of labeled product per
mg of protein produced by mutant C457D–E526C at 25 8C (&) and 35 8C (&).
B) Residual enzymatic activity of mutants C457D (&), C457D–E526Q (*),
C457D–E526C (^), and C457D–E526A (~) after 1, 2.5, and 4 h of preincuba-
tion at 35 8C in the absence of substrate. After the preincubation the homo-
genates were incubated with substrate for 4 h at 25 8C.
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mutant C457D–E526C was still 45% inhibited by 0.01 mM do-
decyl-maleimide.


Structural information allows interpretation of this experi-
mental observation. As depicted in Figure 5, the solvent-ex-


posed Connolly surface has been
calculated in a hypothetical
double mutant A525C–E526C:
the sulfur atom of the cysteine
residue in position 526 would
have a much larger accessible
surface (about 7 H2) than the
sulfur atom of
the cysteine in position 525
(<0.1 H2). This explains why
C457D–E526C is already inhibit-
ed at very low concentrations
(0.01 mM) of dodecyl-maleimide,
whereas an inhibitory effect for
C457D–A525C is only observed
at much higher concentrations
of dodecyl-maleimide.


The preincubation of the ho-
mogenates with dodecyl-male-
imide in the absence of sub-
strate showed that C457D–
A525C and C457D–E526C were
quickly and irreversibly inactivat-
ed in the first few minutes of
preincubation in a concentra-
tion-dependent manner. In these
time-dependent inactivation
tests, we removed the dodecyl-
maleimide after the preincuba-
tion, by adding a great excess
(10 mM) of glutathione. Gluta-
thione was proved to protect
the enzyme from the inhibition
in control experiments where
the glutathione was mixed to
the solution of dodecyl-male-
imide before the addition of the
homogenate: under these condi-
tions, no inhibition of the enzy-


Figure 4. A) Hydrogen-bond interactions of Ser518 (equivalent to yeast Ala525) and Glu519 (equivalent to yeast
Glu526) in the crystal structure of HsaOSC. The side chain of the Glu526-equivalent residue links the section of
the entrance constriction (indicated by an arrow, but actually above the plan of the drawing) through direct in-
teractions to three, in-sequence-distant parts of the protein (ribbons in different shades of gray). B) Hydrogen-
bond interactions of Ala525 and Glu526 in the model structure of SceOSC. C) Hydrogen-bond interactions of the
Ala525-replacement cysteine residue and Glu526 in the model structure of SceOSC mutant A525C. D) Hydrogen-
bond interactions of Ala525 and the Glu526-replacement cysteine residue in the model structure of SceOSC
mutant E526C. The most important interaction of the Ala525-equivalent residue in HsaOSC is with Asn516 (corre-
sponding to SceOSC Asn523), which, in turn, is hydrogen bonded to three backbone residues of the constriction
loop. The same pattern of interactions can be present in the SceOSC A525C mutant (C), while in the wild-type
yeast enzyme the stabilization of the constriction loop through the hydrogen-bonding pattern of the side chain
of Asn523 can be achieved by an additional water molecule (B). The interaction pattern of the Glu526-equivalent
residue in the crystal structure of HsaOSC (A) is conserved in the homology model of SceOSC (B), but disappears
in the E526C mutant (D).


Table 3. Inhibition of the SceOSC mutants by dodecyl-maleimide. Values
are the means of duplicate assays of two different experiments.


[dodecyl- Inhibition /%
maleimide] C457D C457D– C457D– C457D–
/mM E526A A525C E526C


1 41.6�4.0 n.d.[a] 86.0�5.4 n.d.[a]


0.2 10.0�4.1 9.0�2.7 30.5�3.0 89.6�4.4
0.025 7.2�1.3 0.0�4.8 1.0�0.2 74.7�1.9
0.01 n.d.[a] n.d.[a] n.d.[a] 45.1�6.4
[a] n.d.=not determined.


Figure 5. The picture shows the constriction loop of a hypothetical A525C–
E526C double mutant. The solvent-exposed Connolly surface of the sulfur
atoms of the two cysteines is shown as a shaded surface. The accessible sur-
face of the sulfur atom of the residue in position 526 is at least 70 times
larger than that of the residue in position 525.
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matic activity was observed. The residual activity of mutant
C457D–E526C dropped to 60% of the control levels after
2 min of preincubation with 0.01 mM dodecyl-maleimide and
to 20% of the control levels with 0.025 mM dodecyl-maleimide,
but it did not significantly decrease further after longer periods
of preincubation. Similar results were obtained with mutant
C457D–A525C: after 10 min of preincubation the residual activ-
ity dropped to 60% of the control levels with 0.2 mM dodecyl-
maleimide and to 10% of the control levels with 1 mM do-
decyl-maleimide. In both cases, at the lower concentration
tested, there was no further increase of the inactivation by ex-
tending the preincubation time, possibly because of the ex-
haustion of dodecyl-maleimide by reaction with other thiols in
the homogenate.


According to the results obtained with AacSHC,[16] the inacti-
vation of the enzyme by dodecyl-maleimide is mainly due to
the presence of a cysteine residue in the hypothetical channel
constriction or in a position involved in the constriction stabili-
zation, since the C457D and C457D–E526A mutants are poorly
affected by the inhibitor and only at high concentrations. The
cysteine residues present in mutants C457D and C457D–
E526A, belonging neither to the active site nor to the channel
constriction, are perhaps less exposed to the thiol-reacting
agent or, after reacting, do not significantly influence the enzy-
matic activity.


Conclusion


The presence in the SceOSC of a channel constriction involving
the amino acid residues from 523–532, highly conserved in all
eukaryotic OSCs, is suggested by structural models based on
homology with AacSHC and HsaOSC. In this region, Glu526 is
very important to keep the functionality and stability of
SceOSC, since the mutants C457D–E526C and C457D–E526A,
obtained by substituting the glutamate with cysteine or ala-
nine residues, respectively, are not stable at 35 8C and are
poorly active. The functionality of Glu526 is not due to the
acidic function, since substitution with a glutamine residue af-
fects neither the activity nor the thermal stability, but may pos-
sibly be due to the requirement for a side-chain length suita-
ble to make stabilizing interaction, according to the HsaOSC
homology model. The mutants with cysteine residues at posi-
tions 525 and 526 are quickly and efficiently inactivated by the
thiol-reacting agent dodecyl-maleimide, as a possible conse-
quence of being localized, as in AacSHC, in the channel of
access of the substrate to the active site or involved in its sta-
bilization by the formation a hydrogen-bonding network.


Experimental Section


Chemicals : All the components of buffers and cultural media and
the bovine albumin used as a standard for protein determination
were obtained from Sigma–Aldrich (Italy) unless otherwise speci-
fied. Molecular biology reagents were obtained from Promega
Italia (Italy) unless otherwise specified. [2-14C]acetate
(55 mCimmol�1) was obtained from Amersham Pharmacia Biotech
(UK). Squalene (S) and 2,3-oxidosqualene (OS) were prepared as


previously described.[24] The labeled [14C]squalene and [14C]-(3S)-
2,3-oxidosqualene were obtained through biological synthesis by
incubating (R,S)-[2-14C]mevalonic acid (1 mCi, 55 mCimmol�1,
2.04 GBqmmol�1; Amersham Pharmacia Biotech, UK) with a pig
liver S10 supernatant, in the presence of the OSC inhibitor U-
14266A,[25] as previously described.[26] The synthesis of the thiol-
reacting inhibitor dodecyl-maleimide has been described else-
where.[19]


Yeast strains and culture conditions : The strains Saccharomyces
cerevisiae, oxidosqualene cyclase mutant SMY8 (MATa erg7::HIS3
hem1::TRP1 ura3–52-trpl-D63 leu2–3.112 his3-D200 ade2 Gal+), and
SMY8[pSM61.21] (MATa erg7::HIS3 hem1::TRP1 ura3–52-trpl-D63
leu2::OSC S. cerevisiae his3-D200 ade2 Gal+) were kindly provided
by Professor S. P. T. Matsuda (Department of Chemistry and Bio-
chemistry and Cell Biology, Rice University Houston, TX, USA).[18]


SMY8 cells were grown to the early stationary phase at 30 8C in
YPD medium (1% yeast extract, 2% peptone, 2% dextrose) supple-
mented with hemin (0.013 mgmL�1) and ergosterol (0.02 mgmL�1).
Hemin is needed in the medium as the SMY8 strain contains a mu-
tation (hem1::TRP1) affecting heme biosynthesis. The presence of a
heme-mutant background is necessary for the viability of lanoster-
ol synthase mutants in aerobic conditions.[18] SMY8 transformants
were selected on synthetic complete media plates without leucine,
containing yeast nitrogen base (0.67%), dextrose (2%), amino
acids (0.2%), nitrogen base (0.5%), and agar (2%), supplemented
with hemin (0.013 mgmL�1) and ergosterol (0.02 mgmL�1). SMY8
transformed with pSM61.21 plasmid derivatives were analyzed for
ergosterol autotrophy by plating on YPG plates (1% yeast extract,
2% peptone, 2% galactose, 2% agar) supplemented with hemin
(0.013 mgmL�1).


Site-directed mutagenesis : The plasmid pSM61.21 (native S. cere-
visiae OSC in the integrative galactose-inducible yeast expression
vector pRS305Gal) was kindly donated by Professor S. P. T. Matsuda
(Department of Chemistry and Biochemistry and Cell Biology, Rice
University Houston, TX, USA).


To prepare the OSC mutant C457D, uracil-containing single-strand-
ed DNA was prepared from phagemid pSM61.21 in Escherichia coli
strain RZ1032 coinfected with M13K076 helper phage. Mutagenic
oligonucleotide was used to prime the second strand synthesis
with T4 polymerase and the DNA circle was closed with T4
ligase.[27] E. coli strain DH5a was transformed with the putative
mutant construct,[27] and clones with the desired mutation were
validated by DNA sequencing.


To prepare the double mutants C457D–A525C, C457D–E526C,
C457D–E526D, C457D–E526Q, and C457D–E526A, uracil-containing
single-stranded DNAs were prepared from phagemid pSM61.21
C457D.


Lithium acetate was used to transform the S. cerevisiae lanosterol
synthase mutant SMY8 with all the constructs,[27] and transformed
cells were selected on media plates as described above. Genomic
DNA was isolated from yeast by using glass beads and phenol,[27]


and the OSC mutant genes were amplified with PCR and se-
quenced.


DNA sequence analysis was carried out at the C.R.I.B.I.–BMR Servi-
zio Sequenziamento DNA, Padova, Italy. Alignments were obtained
with the MultiAlin program (http://prodes.toulouse.inra.fr/multalin/
multalin.html).


Incorporation of [2-14C]acetate into sterols : Ergosterol biosynthe-
sis in whole recombinant yeast cells was measured by incorpora-
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tion of [2-14C]acetate into nonsaponifiable lipids, as previously de-
scribed.[27] Briefly, yeast cells grown at 30 8C to early stationary
phase were incubated with [2-14C]acetate (0.2 mCi, 7.4N103 Bq,
55 mCimmol�1, 2.04 GBqmmol�1) for 3 h at 30 8C. Cells were sapo-
nified in methanolic KOH for 1 h at 80 8C, and nonsaponifiable
lipids were extracted with petroleum ether. The extract was spot-
ted on TLC plates and developed in n-hexane/ethyl acetate (85:15).
The separated components were identified by comparison with au-
thentic standards of ergosterol, lanosterol, dioxidosqualene, oxi-
dosqualene, and squalene. Radioactivity in separated bands was
measured by collecting counts over a 5 min period with a System
200 imaging scanner. (Canberra Packard, USA)


Squalene and oxidosqualene cyclase activity : Cell-free homoge-
nates were obtained as previously described.[28] Briefly, after lysis of
the cell wall with lyticase the spheroplasts were homogenized with
a Potter device. Proteins in the homogenate were quantified with
a protein assay kit (Sigma), based on the method of Lowry modi-
fied by Peterson[29] and by using bovine serum albumin as a stan-
dard.


OSC activity was assayed as previously described.[30] Briefly, the ho-
mogenates were incubated with the labeled [14C]-(3S)-2,3-oxidos-
qualene or [14C]squalene (1000 cpm). The standard incubation time
was 1 h at 35 8C, but different times and temperatures were used
for some experiments as specified in the results. The enzymatic re-
action was terminated by the addition of KOH in methanol, the
lipids were saponified at 80 8C for 30 min, and the nonsaponifiable
lipids were extracted with petroleum ether. Extracts were spotted
on TLC plates with n-hexane/ethyl acetate (85:15) as the develop-
ing solvent. The conversion of the labeled substrate to labeled
product was determined by using a System 200 imaging scanner.


Oxidosqualene cyclase inhibition : OSC inhibition was carried out
by incubating the homogenates with the labeled [14C]-(3S)-2,3-oxi-
dosqualene (1000 cpm) in the presence of dodecyl-maleimide, as
described above. Time-dependent inactivation of OSC was deter-
mined by adding the inhibitor in N,N-dimethylformamide (DMF) to
the homogenate in the absence of substrate. Aliquots of preincu-
bated homogenate were withdrawn at suitable intervals, transfer-
red to test tubes containing labeled and unlabeled substrate 2,3-
oxidosqualene (25 mM), Tween-80 (0.2 mgmL�1), and Triton X-100
(1 mgmL�1), and assayed for enzymatic activity as described
above.


Residual activity was determined with respect to controls preincu-
bated under the same conditions but in the absence of inhibitor.
In the experiments of time-dependent inhibition, glutathione
(10 mM) was added at the end of the preincubation period to
remove residual inhibitor.


Computational methods


Hard- and software : Molecular modeling studies were performed
on a Silicon Graphics Fuel R14000 Workstation. The software
MOE 2004.03 (Chemical Computing Group Inc. , Montreal, PQ,
Canada) was used for sequence alignment, homology modeling,
and structure-quality evaluation. Sequence-alignment scores were
calculated with the ClustalX 1.83 program.[31] Modeling of mutants
was carried out with the modeling package Moloc (Gerber Molecu-
lar Design, Basel, Switzerland). Final structures were minimized
with Amber 7 (Scripps Institute, University of California, San Fran-
cisco, CA, USA).


Experimental data selection : Sequence information on yeast lano-
sterol synthase was taken from the Swiss-Prot database (accession


number: P38604). The template structure for homology modeling,
the crystal structure of human lanosterol synthase[15] was obtained
from the Protein Data Bank[32] (PDB file code: 1W6K, resolution
2.1 H). For building the homology model, water and octylglucoside
molecules were removed from the structure.


Sequence alignment : The sequence alignment was done by using
the MOE sequence alignment module with application of the
BLOSUM 62 substitution matrix.[33] The alignment was checked for
correct alignment of motifs and catalytic residues. There was no
need to manually correct the resulting sequence alignment.


Homology modeling : Homology modeling was performed by
using the homology modeling module of MOE. With the model se-
quence of yeast lanosterol synthase (Swiss-Prot accession number:
P38604) and the template structure of human lanosterol synthase
(PDB file code: 1W6K), MOE was set up to generate ten energy-
minimized intermediate models. Different homologue models are
the results of permutational selection of different loop candidates
and side-chain rotamers. As a final model, the best intermediate
model according to the MOE program’s packing evaluation func-
tion was chosen and subsequent “fine” energy minimization (MOE
default settings, RMS gradient of 0.005) of this model was per-
formed. The stereochemical and structural quality of the resulting
model was checked with the MOE program’s protein-report utility.
The report includes observed and statistically expected values of
various measured bond lengths, angles, and dihedral values. The
yeast lanosterol synthase model structure showed no significant
deviation from the statistically expected values.


Minimization : The resulting model structure was refined by
energy minimization by using the Amber 7.0 all-atom force field.
Minimizations were carried out for 20 iterations of simplex minimi-
zation followed by 1500 steps of conjugate gradient minimiza-
tion.[34]


Computational introduction of mutations : Mutants were manual-
ly introduced and energy minimized (constraint backbone atoms)
with the Moloc software. The interaction pattern (hydrogen bond-
ing, repulsion, water network) was also analyzed with the Moloc
software. None of the introduced mutants led to steric or electron-
ic repulsion and needed further refinement.


Acknowledgements


This work was supported by the Ministero dell’Istruzione, Univer-
sit" e Ricerca (MIUR), Italy (ex 60%). Thanks are due to Professor
Seiichi Matsuda (Rice University, Houston, TX, USA) for supplying
the plasmid pSM61.21 and the lanosterol synthase mutant SMY8
and for help with mutagenesis. Thanks are also due to Professor
Giorgio Grosa (Universit" del Piemonte Orientale, Italy) for sup-
plying the docecyl-maleimide inhibitor. T.S.-G. thanks her col-
leagues from Roche Biostructure in Basel, Switzerland, for provid-
ing the structural information on human oxidosqualene cyclase
to the public domain, for stimulating discussions and for an over-
all supportive research atmosphere.


Keywords: cyclases · enzyme models · inhibitors ·
mutagenesis · steroids


[1] W. D. Nes, Recent Adv. Phytochem. 1990, 24, 283–327.
[2] I. Abe, M. Rohmer, G. D. Prestwich, Chem. Rev. 1993, 93, 2189–2206.


ChemBioChem 2005, 6, 2221 – 2228 < 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2227


Yeast Oxidosqualene Cyclase



www.chembiochem.org





[3] K. U. Wendt, G. E. Schulz, E. J. Corey, D. R. Liu, Angew. Chem. 2000, 112,
2930–2952; Angew. Chem. Int. Ed. 2000, 39, 2812–2833.


[4] H. Dehmlow, J. D. Aebi, S. Jolidon, Y. H. Ji, E. M. von der Marck, J.
Himber, O. Morand, J. Med. Chem. 2003, 46, 3354–3370.


[5] M. Mark, P. MSller, R. Maier, B. Eisele, J. Lipid Res. 1996, 37, 148–158.
[6] O. H. Morand, J. D. Aebi, H. Dehmlow, Y. H. Ji, N. Gains, H. Langsfeld, J.


Himber, J. Lipid Res. 1997, 38, 373–390.
[7] B. Eisele, R. Budzinski, P. MSller, R. Maier, M. Mark, J. Lipid Res. 1997, 38,


564–575.
[8] G. R. Brown, D. M. Hollinshead, E. S. E. Strokes, D. S. Clarke, M. A. Eakin,


A. J. Foubister, S. C. Glossup, D. Griffiths, M. C. Johnson, F. McTaggart,
D. J. Mirrlees, G. J. Smith, R. Wood, J. Med. Chem. 1999, 42, 1306–1311.


[9] F. S. Buckner, J. H. Griffin, A. J. Wilson, W. C. van Voorhis, Antimicrob.
Agents Chemother. 2001, 45, 1210–1215.


[10] J. C. Hinshaw, D.-J. Suh, P. Garnier, F. S. Buckner, R. T. Eastman, S. P. T.
Matsuda, B. M. Joubert, I. Coppens, K. A. Joiner, S. Merali, T. E. Nash,
G. D. Prestwich, J. Med. Chem. 2003, 46, 4240–4243.


[11] K. U. Wendt, K. Poralla, G. E. Schulz, Science 1997, 277, 1811–1815.
[12] A. Lenhart, D. J. Reinert, J. D. Aebi, H. Dehmlow, O. H. Morand, G. E.


Schulz, J. Med. Chem. 2003, 46, 2083–2092.
[13] T. Schulz-Gasch, M. Sthal, J. Comput. Chem. 2003, 24, 741–753.
[14] D. J. Reinert, G. Balliano, G. E. Schulz, Chem. Biol. 2004, 11, 121–126.
[15] R. Thoma, T. Schulz-Gasch, B. D’Arcy, J. Benz, J. Aebi, H. Dehmlow, M.


Hennig, M. Stihle, A. Ruf, Nature 2004, 432, 118–122.
[16] P. Milla, A. Lenhart, G. Grosa, F. Viola, W. A. Weihofen, G. E. Schulz, G. Bal-


liano, Eur. J. Biochem. 2002, 269, 2108–2116.
[17] S. Lodeiro, M. J. R. Segura, M. Stahl, T. Schulz-Gasch, S. P. T. Matsuda,


ChemBioChem 2004, 5, 1581–1585.
[18] E. J. Corey, S. P. T. Matsuda, C. H. Baker, A. Y. Ting, H. Cheng, Biochem.


Biophys. Res. Commun. 1996, 219, 327–331.
[19] G. Grosa, F. Viola, M. Ceruti, P. Brusa, L. Delprino, F. Dosio, L. Cattel, Eur.


J. Med. Chem. 1994, 29, 17–23.


[20] G. Balliano, G. Grosa, P. Milla, F. Viola, L. Cattel, Lipids 1993, 28, 903–
906.


[21] E. J. Corey, H. Cheng, C. H. Baker, S. P. T. Matsuda, D. Li, X. Song, J. Am.
Chem. Soc. 1997, 119, 1289–1296.


[22] I. Abe, M. Rohmer, J. Chem. Soc. , 1994, 783–791.
[23] K. U. Wendt, A. Lenhardt, G. E. Schulz, J. Mol. Biol. 1999, 286, 175–187.
[24] M. Ceruti, G. Balliano, F. Viola, L. Cattel, N. Gerst, F. Schuber, Eur. J. Med.


Chem. 1987, 22, 199–208.
[25] R. B. Field, C. E. Holmund, N. F. Whittake, Lipids 1979, 14, 741–747.
[26] M. Ceruti, G. Balliano, F. Rocco, P. Milla, S. Arpicco, L. Cattel, F. Viola,


Lipids 2001, 36, 629–636.
[27] Current Protocols in Molecular Biology (Eds. : F. M. Ausubel, R. Brent, R. E.


Kingston, D. D. Moore, J. G. Seidman, J. A. Smith, K. Struhl), Wiley, New
York, 1999.


[28] P. Milla, K. Athenstaedt, F. Viola, S. Oliaro-Bosso, S. Kohlwein, G. Daum,
G. Balliano, J. Biol. Chem. 2002, 277, 2406–2412.


[29] G. L. Peterson, Anal. Biochem. 1977, 83, 346–356.
[30] S. Oliaro-Bosso, F. Viola, S. P. T. Matsuda, G. Cravotto, S. Tagliapietra, G.


Balliano, Lipids 2004, 39, 1007–1012.
[31] J. D. Thompson, T. J. Gibson, F. Plewniak, F. Jeanmougin, D. G. Higgins,


Nucleic Acids Res. 1997, 25, 4876–4882.
[32] F. C. Bernstein, T. F. Koetzle, G. J. B. Williams, E. F. Meyer, Jr. , M. D. Brice,


J. R. Rodgers, O. Kennard, T. Shimanouchi, M. Tasumi, J. Mol. Biol. 1977,
112, 535–542.


[33] S. Henikoff, J. G. Henikoff, Proteins 1993, 17, 49–61.
[34] D. A. Case, D. A. Pearlman, J. W. Caldwell, T. E. Cheatham III, S. DeBolt, D.


Ferguson, G. Seibel, P. Kollman, Comput. Phys. Commun. 1995, 91, 1–41.


Received: March 17, 2005


Published online on October 19, 2005


2228 www.chembiochem.org < 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2221 – 2228


F. Viola et al.



www.chembiochem.org






DOI: 10.1002/cbic.200500165
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Vaccine Development
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Introduction


The Tn antigen,[1] a carbohydrate epitope composed of a
GalNAc a-linked to a serine or threonine residue of a polypep-
tide, was first reported as a tumor-associated antigen about 30
years ago by Springer and has since been investigated exten-
sively.[2, 3] In addition to a broad range of carcinomas,[3,4] Tn ex-
pression has been reported during development/embryogene-
sis,[5–7] in pathogenic parasites,[8, 9] on HIV-1,[10] and in a variety
of rare human diseases such as Tn syndrome,[11] IgA Nephrop-
athy,[12] Henoch–Schonlein purpura,[13] and Schindler–Kanzaki
disease.[14,15] However, expression in normal adult tissue is rare.
As a result, there has been significant interest in monitoring
expression of the Tn antigen for diagnostic purposes as well as
developing Tn-based vaccines for cancer and HIV.[3,4,16–18] In ad-
dition, a considerable effort has been made to understand the
biological effects of Tn expression and its molecular mecha-
nisms of action. Unfortunately, after decades of research and
development, little is known about the biological roles of the
Tn antigen.


Accurate detection of the Tn antigen is essential for both
basic and applied research. However, monitoring the expres-
sion of carbohydrate antigens is not trivial. Few methods are
available and most are extremely labor intensive. Therefore, ex-
pression is almost always monitored indirectly by measuring
the binding of anti-carbohydrate antibodies and lectins. Detec-
tion of the Tn antigen is no exception. Of course, specific rec-
ognition is critical for detecting carbohydrate antigens with an-
tibodies and lectins. If Tn receptors lack specificity, then other
carbohydrate epitopes could be mistaken for the Tn antigen.


While this potential problem could have enormous effects on
basic science and medical applications, anti-Tn antibodies and
lectins such as HBTn1, Bric111, and VVL-B4 have been used for
years to monitor expression of the Tn antigen and were
thought to be selective. For example, the VVL-B4 lectin readily
distinguishes between the Tn antigen and the structurally re-
lated blood group A antigen and selectively binds carcinoma
tissues over most normal adult tissues.[19,20] As a result of this
perception, antibody and lectin binding has been taken as a
reliable measure of Tn expression.


Although Tn receptors are regarded as standard tools, con-
fusing and conflicting results are not uncommon. For example,
Itzkowitz et al.[21] and Ching et al.[22] reported that the Tn anti-
gen was expressed in normal pancreatic acinar cells, while Cao
et al. found that it was not.[23] In addition, a number of studies
indicated that the Tn antigen is expressed at an early stage of
cancer progression,[24–27] while others concluded that it is
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The Tn antigen is a carbohydrate antigen expressed in most car-
cinomas, during embryogenesis, on pathogenic parasites, and on
HIV. It has been evaluated extensively as a potential diagnostic
marker and several Tn-based vaccines are in clinical trials. Based
on discrepancies in the literature regarding Tn expression, we
began to question whether antibodies and lectins used routinely
to detect the Tn antigen were providing accurate information. To
investigate this possibility, a carbohydrate microarray and a
highly sensitive assay were developed and three frequently used


Tn receptors (HBTn1, Bric111, and VVL-B4) were evaluated. Carbo-
hydrate-array analysis revealed unexpected cross-reactivity with
other human carbohydrate epitopes. VVL-B4 bound the Tn anti-
gen, GalNAca1-6Gal, and GalNAca1-3Gal. Bric111 bound the Tn
antigen, blood group A, GalNAca1-6Gal, and GalNAca1-3Gal.
HBTn1 showed the best selectivity, but still displayed moderate
binding to blood group A. Implications for the development of
Tn-based diagnostics and vaccines are discussed.
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expressed at a late stage.[28–31] Some reports concluded that Tn
expression is correlated with a poor prognosis,[28,32,33] while
others found no correlation between Tn expression and prog-
nosis.[34, 35]


Although a variety of factors could contribute to these dis-
crepancies, the inconsistent expression results led us to ques-
tion whether binding studies with anti-Tn antibodies and lec-
tins were providing accurate and reliable information. To test
this, we needed to evaluate binding to a wide range of carbo-
hydrate epitopes. Carbohydrate arrays have recently emerged
as valuable tools for rapid and comprehensive analysis of car-
bohydrate–protein interactions.[36–44] Like the related DNA and
protein microarrays, carbohydrate arrays possess many carbo-
hydrate epitopes spotted onto a solid support, such as a glass
slide. With a spot size of 100–300 mm, thousands of carbohy-
drates can be printed on each slide and only a minimal
amount of sample is required. In addition, the microarray
format facilitates high-throughput as well as thorough and
direct comparisons of binding. As a result, carbohydrate arrays
are ideal tools for probing the specificity of carbohydrate-bind-
ing proteins, identifying new carbohydrate-binding proteins,
and developing diagnostic and therapeutic agents.


In this paper, the development of a carbohydrate microarray
and the evaluation of three frequently used anti-Tn antibodies
and lectins are described. The development of the array re-
quired selecting an appropriate format, synthesizing a variety
of homogenous, structurally defined carbohydrate epitopes,
and developing a highly sensitive assay to detect binding. The
first-generation array contains 29 neoglycoconjugates and gly-
coproteins with a complete array printed in each well of a 16-
well slide. The unique format permits analysis of many samples
(e.g. dilution series, patient serum samples) in an economical
manner and should prove especially useful for the develop-
ment of diagnostics and vaccines. Carbohydrate array analysis
of HBTn1, Bric111, and VVL-B4 revealed significant differences
in specificity as well as cross-reactivity with some structurally
related human carbohydrate epitopes. The results provide a
reasonable explanation for the conflicting reports on Tn ex-
pression. Implications for the development of Tn-based diag-
nostics and vaccines are also discussed.


Results


Development of the carbohydrate array


Our initial objective was to determine if other carbohydrate
epitopes could be mistaken for the Tn antigen. However, our
group is also interested in using carbohydrate arrays for the
development of cancer diagnostics, vaccines, and therapeutic
agents. Since many of these objectives require evaluating large
numbers of samples (e.g. patient serum samples) and/or condi-
tions (e.g. series of dilutions), we wanted an array format that
would permit the analysis of hundreds to thousands of sam-
ples in an economical fashion. Therefore, a slide containing 16
wells was chosen for the array. An entire array would be print-
ed in each well, thus allowing 16 different samples or condi-
tions to be examined on each slide. The spacing of the wells is


comparable to two columns of a 96-well plate and is compati-
ble with standard multichannel pipettors. While subdividing a
slide into 16 sections reduces the total number of features that
can be printed in each array, a significant amount of diversity
can still be represented.


The nature of the carbohydrate epitopes was also an impor-
tant consideration. Numerous papers have been published on
printing proteins on glass microscope slides, and reliable pro-
cedures and conditions are known.[45] In addition, a variety of
slides for printing proteins are commercially available. There-
fore, we chose to print neoglycoconjugates and glycoproteins
with the hope that existing slides, surface chemistry, and print-
ing conditions would be suitable for printing carbohydrate-
modified proteins. In addition to facilitating printing, neoglyco-
conjugates and glycoproteins display multiple copies of each
epitope. Polyvalent presentation of the epitopes is critical,
since most carbohydrate-binding antibodies and lectins ach-
ieve tight binding through polyvalent interactions (i.e. simulta-
neously binding two or more antigens at two or more binding
sites). Moreover, specificity towards monovalent carbohydrates
can be substantially different from the specificity for polyvalent
carbohydrate ligands.[46,47] Since most biologically interesting
recognition events and biochemical assays require high-affinity
polyvalent binding, specificity should also be evaluated in the
context of polyvalent binding. Whether or not the carbohy-
drate moieties would be accessible for binding under these
conditions was of primary concern.


The next step involved choosing and obtaining carbohydrate
epitopes for the array. The objective was to include a broad
range of epitopes, with a subset being structurally related to
the Tn antigen. Unfortunately, natural sources of carbohy-
drates—such as tissue samples, cells, and glycoproteins—dis-
play heterogeneous mixtures of carbohydrates, thus making anal-
ysis of the specificity complicated. Moreover, natural sources of
specific carbohydrate epitopes of interest are frequently inac-
cessible. Therefore, chemical synthesis has become an important
tool for obtaining structurally defined, homogeneous epitopes.


The specific glycoconjugates and glycoproteins used for the
array are listed in Table 1. Two different sources of the Tn anti-
gen were included: asialo-bovine submaxillary mucin (BSM)
and Tn–bovine serum albumin (BSA). Asialo-BSM is a mucin
obtained by desialylation of BSM. BSM and asialo-BSM predom-
inantly express STn and Tn, respectively, in a natural context
and have frequently been used to evaluate anti-Tn antibodies
and lectins.[48] The synthesis of Tn–BSA, a neoglycoconjugate
containing homogeneous, structurally defined Tn epitopes, is
shown in Scheme 1. Acid 30 was coupled with linker 31. After
deprotection of the Fmoc group and acetylation of the N-ter-
minal amine, the esters were hydrolyzed to produce fully de-
protected acid 34. Conjugation to BSA was effected by con-
verting the acid to an N-hydroxysuccinimide (NHS) ester and
then coupling with lysine residues on BSA to produce 11. With
a ratio of acid to BSA of 45:1, the resulting neoglycoconjugate
possessed an average of 21 Tn epitopes per BSA, as deter-
mined by MALDI-MS.


In addition to the Tn antigen, a variety of Tn-related epi-
topes were included on the microarray. To identify epitopes
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that might be mistaken for the Tn antigen, a database of over
7000 carbohydrates was searched by using three criteria.[49]


First, only epitopes that are known to be expressed in humans
were selected, since these have the potential to be present in
samples of interest. Second, only epitopes that are found at
the nonreducing terminus of oligosaccharide chains were chosen,
since they are more likely to be accessible for binding. Third,
epitopes with a high degree of structural similarity to the Tn
antigen were given highest priority. Since the Tn antigen con-
tains a terminal GalNAc a-linked to an amino acid, epitopes
containing a terminal GalNAc with an a linkage were given
highest priority; epitopes with a terminal GlcNAc with an a


linkage or a terminal GalNAc with a b linkage were also consid-


ered. From this list, only the blood group A antigen was readily
accessible in homogeneous form. Chemical synthesis was uti-
lized to obtain additional Tn-like epitopes, such as 12–14.


Epitopes 12–14 were assembled by using a common strat-
egy (see Scheme 2). The key step for each was the formation
of the glycosidic linkage. While the couplings of 35 with 36
and 47 with 48 proceeded stereoselectively under Koenigs–
Knorr conditions, glycosylation of 42 with chloride 47 pro-
duced a 1:2 a/b mixture of disaccharides (43). After some ex-
perimentation, the stereoselectivity was improved to 10:1 a/b
by using imidate 41 as the glycosyl donor. Next, a nine-atom
flexible linker was installed by treating the thioglycosides with
IBr[50] to produce the corresponding glycosyl bromides fol-
lowed by addition of linker 53 under biphasic conditions to
produce 38, 44, and 50.[51] Following addition of the linker, the
azide groups were reduced to amines by the Staudinger reac-
tion and then acetylated to produce 39, 45, and 51. Finally, hy-
drolysis of the ester protecting groups produced disaccharides
40, 46, and 52. The corresponding acids were activated as NHS
esters and then coupled to BSA to produce 12–14. Each of the
conjugates possessed approximately 20 carbohydrate epitopes
per BSA.


To enhance diversity, a variety of other monosaccharide (see
Supporting Information) and oligosaccharide conjugates such
as blood groups A, B, and H, Lex, Lea, Leb, and Ley were includ-
ed on the array (see Table 1). Overall, a total of 29 different
components were utilized: two positive controls (Cy3– and
Cy5–BSA), one negative control (BSA), five monosaccharide
conjugates, seven disaccharide conjugates, ten trisaccharide or
larger conjugates, and four glycoproteins.


The next step in the development of the array involved
printing the samples on the slides. Samples were printed from
stock solutions at a concentration of 0.5 mgmL�1 in PBS con-
taining 5% glycerol. A complete array was printed in each well
of the Nunc ArrayCote16 glass slides by using a robotic arrayer
fitted with quill pins. Each array contained a total of 93 fea-
tures: each of the 29 samples printed in triplicate, along with
an additional three spots each of Cy3- and Cy5-labeled BSA (31
sets of three spots, see Table 1). Spots were approximately
180 mm in size and highly reproducible under these conditions.
As with protein and DNA arrays, the humidity was controlled
to produce consistent spots and minimize evaporation of the
stock solutions.


Evaluation of binding with the array


The next objective was to develop a highly sensitive, robust,
and reproducible assay for evaluating lectin and antibody
binding to the microarray. An ELISA/ELLA assay was adapted
for the microarray format, and conditions were initially opti-
mized for binding VVL-B4 to Tn–BSA. Binding could be detect-
ed under a variety of conditions, thus indicating that the car-
bohydrate epitopes are accessible under our printing condi-
tions. To obtain high signal-to-noise ratios and minimal varia-
tion, however, a number of parameters, such as the blocking
agent, the streptavidin–horseradish peroxidase (HRP) concen-
tration, and the tyramide substrate concentration, were varied.


Table 1. Glycoconjugates and glycoproteins used in the array. Glyco-
conjugates and glycoproteins were printed in triplicate in each well. The
location of each component is defined in the diagram.


Spot Name Spot Name
no. (carbohydrate no. (carbohydrate


structures) structures)


1, 28 Cy3–BSA 16 LacNAc–BSA (Galb1-
4GlcNAc-)


2 BSA 17 TF-HAS (Galb1-3GalNAc-)
3, 31 Cy5–BSA 18 mannotriose–BSA


[Mana1-6[Mana1-3]Mana -]
4 KLH 19 3’Sialyl-LacNAc–BSA


(Sialyla2-3Galb1-4GlcNAc-)
5 oxKLH 20 Blood Group A–BSA


[GalNAca1-3(Fuca1-2)Galb]
6 Glcb–BSA 21 blood group B–BSA


[Gala1-3(Fuca1-2)Galb]
7 GalNAca–BSA 22 blood group H–BSA


[Fuca1-2Galb]
8 Glca–BSA 23 Lex–BSA


[Galb1-4[Fuca1-3)GlcNAc]
9 Mana–BSA 24 Lea–BSA


[Galb1-3[Fuca1-4)GlcNAc]
10 GlcNAcb–BSA 25 Leb–BSA [Fuca1-2Gal b 1-3-


[Fuca1-4)GlcNAc]
11 Tn–BSA


(GalNAca1-Thr-)
26 SLex–BSA [Siaa2-3Galb1-4-


[Fuca1-3)GlcNAc]
12 a1-6–BSA


(GalNAca1-6Galb-)
27 Ley-HAS [Fuca1-2Gal b1-4-


(Fuca1-3)GlcNAc]
13 Adi–BSA


(GalNAca1-3Galb-)
28 BSM (STn, STF, Sia-


GlcNAcb1-3GalNAc)
14 GlcNAca1-4Galb–BSA 29 aBSM


(Tn, TF, GlcNAcb1-3GalNAc)
15 Bdi–BSA


Gala1-3Gal–BSA
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The optimal conditions were as follows. First, wells were incu-
bated with 3% BSA to block nonspecific binding.[52] Next, wells
were incubated with biotinylated-VVL-B4 at concentrations
ranging from 3 to 2800 pM. Wells were washed with PBS and
then incubated with 80 ngmL�1 of streptavidin-HRP for 1 h. To


visualize binding and maximize sensitivity, the tyramide signal-
amplification system was utilized.[53] Wells were incubated with
1 ngmL�1 of Cy5-labeled tyramide substrate (similar results
were obtained with Cy3-labeled tyramide, data not shown) for
5 min, washed, and then dried. Slides were scanned by using a


Scheme 1. Synthesis of Tn–BSA (11). Reaction conditions: a) PyBop, N-methylmorpholine, DMF (96%); b) pyrollidine, CH2Cl2, then Ac2O, pyridine (76%);
c) NaOH, MeOH (58%); d) EDC, NHS, then BSA.


Scheme 2. Synthesis of epitopes 12–14. Reaction conditions: a) AgOTf, CH2Cl2, 2,6-di-tert-butyl-4-methylpyridine, �78 8C (72–86%); b) i. IBr, CH2Cl2, 0 8C (60–
85%); ii. Bu4NHSO4, Na2CO3, 53, EtOAc, H2O (46–70%); c) Ph3P, H2O, THF, 50 8C, then Ac2O, Et3N, CH2Cl2 (67–76%); d) NaOH, MeOH (30–58%); e) TMS-OTf, Et2O,
20 8C (76%); f) EDC, NHS, then BSA.
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GenePix microarray slide reader and analyzed by using GenePix
Pro software to obtain relative fluorescent values (mean minus
background) for each spot. An image of a representative well
is shown in Figure 1. To detect antibody binding, goat anti-
mouse Ig-HRP (2 mgmL�1) was substituted for streptavidin-HRP.


The results from our array and assay compare favorably with
other arrays. One of the key issues is sensitivity. By using the
above conditions, signal-to-noise ratios greater than 100 could
be consistently obtained with high concentrations of lectin,
and binding could easily be detected (signal-to-noise>5) with
lectin concentrations as low as 15 pM. A second important con-
sideration is reproducibility. Variation can arise from both the
printing process and the assay. Under our conditions, spot-to-
spot variation within a well and variation from well to well
were both approximately 10%. With this level of consistency,
twofold differences in binding can easily be detected. A third
consideration is generality. We have successfully probed a
wide range of lectins using this system (unpublished results).
Given the price of slides and the wide range of conditions sur-
veyed, printing and assay development would have been con-
siderably more expensive with a single array per slide format.


Carbohydrate array analysis of VVL-B4, Bric111, and HBTn1


The first receptor to be evaluated was VVL-B4, a plant lectin
isolated and characterized by Tollefsen.[19] It has been used for
over 20 years to monitor the expression of the Tn anti-
gen.[12,13,20, 54–57] Based on 1) selective staining of carcinoma tis-
sues, 2) excellent discrimination between the Tn antigen and
the blood group A antigen, 3) a crystal structure, and 4) specif-
icity studies with a limited number of glycopeptides and mon-
osaccharides, VVL-B4 was thought to be highly selective for


the Tn antigen.[19,58–62] Binding to carbohydrates on the array
was evaluated by using the optimized conditions described
above. The concentration of VVL-B4 was varied by carrying out
a series of twofold dilutions. Graphs of the binding data are
shown in Figure 2, and the minimum amount of VVL-B4 re-
quired to obtain a signal-to-noise ratio of at least 5 are listed
in Table 2. In agreement with previous reports, VVL-B4 bound
well to the Tn antigen (Tn–BSA and asialo-BSM) but not to
blood group A.[63] However, strong signals were also observed
for GalNAca1-6Gal–BSA and GalNAca1-3Gal–BSA; this demon-
strates that the lectin does recognize other epitopes.


The next Tn receptor analyzed was Bric111, a monoclonal
mouse IgG antibody raised against Tn erythrocytes in 1991.[64]


Like VVL-B4, Bric111 selectively stains carcinoma tissues and is
thought to be specific for the Tn antigen.[65–68] Binding to epit-
opes on the carbohydrate array was evaluated in a similar
manner to that used for VVL-B4 (see Figure 2 and Table 2).
However, goat anti-Ig-HRP was used as the secondary reagent
rather than streptavidin-HRP. A wide range of epitopes such
as Tn–BSA, GalNAca1-6Gal–BSA, GalNAca1-3Gal–BSA, blood
group A, BSM, and asialo-BSM were all bound with similar af-
finity. The inability to discriminate between BSM and asialo-
BSM is notable and consistent with previous reports that
showed little difference between binding to glycophorin A and
asialo-glycophorin A.[64] Based on this information, Bric111 does
not appear to be a selective Tn receptor.


The third receptor analyzed was HBTn1, a monoclonal
mouse IgM antibody raised against asialo-ovine submaxillary
mucin (aOSM).[69] HBTn1 has been used extensively over the
last ten years to monitor expression of the Tn anti-
gen.[14,15,28, 34,70–74] HBTn1 clearly demonstrated the best selectiv-
ity within our carbohydrate array (see Figure 2 and Table 2).
Good binding to asialo-BSM was observed along with moder-
ate binding to Tn–BSA. Unlike VVL-B4 and Bric111, little or no
binding was observed to BSM.


Confirmation of the array results by ELISA/ELLA and SDS-
PAGE


In cases in which positive signals were observed with the array,
binding was also evaluated by standard ELISA/ELLA in a 96-
well plate. Results were comparable (data not shown), but the
array proved to be more sensitive. With biotinylated lectins,
the array assay was approximately 10–20 times more sensitive;
for antibodies, the array assay was about 2–4 times more sensi-
tive. While giving similar results to an ELISA/ELLA, the array
provided direct comparisons of binding to all carbohydrates
under identical conditions and used significantly smaller
amounts of carbohydrate samples and antibodies/lectins.


In samples of interest, such as patient tissue samples, Tn
expression is typically detected by histochemical staining or
staining of glycoprotein bands on a polyacrylamide gel. In
these cases, one simply observes the presence or absence of
staining and the intensity of staining. Therefore, the key issue
is whether other epitopes bind well enough to produce a posi-
tive signal in the assay (e.g. withstand extensive washing). To
examine this possibility, BSA conjugates were resolved by SDS-


Figure 1. Assay results for a single well. An array containing 31 samples
each spotted in triplicate was tested for VVL-B4 binding. First, the well was
blocked with 3% BSA and then incubated with VVL-B4 (50 mL, 50 ngmL�1)
for 1 h. After being washed with PBS, the well was incubated with streptavi-
din-HRP (50 mL, 80 ngmL�1) for 1 h. After being washed again with PBS, the
well was incubated with Cy5-tyramide substrate (50 mL, 1 ngmL�1) for 5 min.
The well was washed with PBS, dried, and scanned by using a GenePix Mi-
croarray Scanner. A dashed line defines the borders of the printed area with-
in the well. See Table 1 for array layout and abbreviations.
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PAGE, transferred to polyvinylidene difluoride (PVDF) mem-
branes, and then probed with Tn receptors (see Figure 3). With
VVL-B4, strong positive signals/bands were observed for Gal-
NAca1-6Gal–BSA and GalNAca1-3Gal–BSA. With Bric111, posi-
tive signals could be detected for blood group A, GalNAca1-
6Gal–BSA, and GalNAca1-3Gal–BSA. Even HBTn1, which
showed the best selectivity within our panel of carbohydrate
epitopes, could produce a weak positive signal with blood
group A. These results are consistent with the results of the
carbohydrate-array assay. Moreover, the results show that a
positive signal with these receptors is not a reliable measure of
Tn expression; the signal could be due to expression of the Tn
antigen, expression of a cross-reacting epitope, or expression
of a combination of epitopes.[75]


Discussion


The Tn antigen is a tumor-associated carbohydrate antigen
that has been studied extensively over the last 40 years. In ad-
dition to understanding the biological role(s) of Tn, there has
been considerable effort to develop Tn-based diagnostics and
vaccines for cancer. Naturally, accurate and reliable information
on the expression of the Tn antigen is critical for these studies.
The vast majority of expression information has been obtained
by probing the binding of anti-Tn antibodies and lectins. Since
this approach is an indirect measure of Tn expression, selective
recognition is crucial. However, selective recognition of carbo-
hydrate epitopes is challenging, especially for small epitopes
such as the Tn antigen. Moreover, conflicting reports regarding
Tn expression are not uncommon. Therefore, we began to
question whether anti-Tn antibodies and lectins were provid-
ing accurate information.


The primary concern was whether other carbohydrate epi-
topes could be recognized and mistaken for the Tn antigen by
antibodies and lectins. Unfortunately, this possibility could not
be ruled out based on existing information on specificity. The
anti-Tn antibodies and lectins that have become standard
tools were chosen primarily for their ability to selectively rec-
ognize cancer cells/tissue over normal cells/tissues. Cells and
tissues, however, express large mixtures of carbohydrate epito-
pes. Moreover, many epitopes have not yet been characterized.
Therefore, it can be extremely difficult to determine which car-


Figure 2. Carbohydrate-array binding profiles. For clarity, the epitopes are
ordered from best (left) to worst (right). The fluorescence intensity was nor-
malized by setting the saturation fluorescence at 100. The values at different
dilutions were then taken as a percentage of saturation fluorescence. Nor-
malized fluorescence intensities for each of the epitopes in the array for a
series of dilutions of A) VVL, B) Bric111, and C) HBTn. Color codes for epito-
pes discussed in the text: red=aBSM, olive=Tn–BSA, green=a1-6–BSA,
orange=Adi–BSA, and wine=blood group A, purple=BSM.


Table 2. Binding profiles for VVL-B4, Bric111, and HBTn1.


Detection limit [pM][a]


Glycoconjugates [VVL] [HBTn] [Bric111]


GalNAc-a–BSA 120 6000 NB[b]


Tn–BSA 29 810 3000
a1-6–BSA 120 6000 2000
Adi–BSA 120 3000 3000
blood group A–BSA NB[b] 3000 2000
BSM 230 NB[b] 2000
aBSM 15 8.1 830


[a] The lowest receptor concentration to give a signal to noise ratio of at
least 5:1. [b] no binding at the highest concentration tested: VVL=3 nM


(0.4 mgmL�1), HBTn=6 nM (1:50 dilution), and Bric111=13 nM (1:50 dilu-
tion).
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bohydrate structure or structures are responsible for a positive
signal. In addition to tissue staining, homogeneous glycopep-
tides, monosaccharides, and/or oligosaccharides have also
been examined. While this approach provides information on
specific structures, there an enormous number of carbohydrate
epitopes are expressed in humans. However, only a tiny frac-
tion of them have ever been tested for binding, primarily due
to difficulties in obtaining homogeneous carbohydrates. More-
over, the specific epitopes examined were generally chosen
because they were accessible rather than for more relevant
reasons such as structural similarity.


The design and development of a carbohydrate microarray
and assay are described in this paper. The array contained a va-
riety of carbohydrates, such as tumor antigens, blood group
antigens, and Lewis antigens, as well as a number of Tn-related
epitopes. Results from the array were consistent with other
biochemical assays such as ELISA/ELLA and SDS-PAGE, thus
indicating that the carbohydrate epitopes are accessible for
binding and presented in a comparable manner. Due to the
high sensitivity of the assay and microarray format, only tiny
amounts of each carbohydrate epitope and the lectin/anti-
body-containing samples were required.


The array was utilized to determine if widely used Tn recep-
tors, such as HBTn1, Bric111, and VVL-B4, can bind other carbo-
hydrate epitopes. Consistent with previous results, all three
showed excellent selectivity for the Tn antigen over epitopes
that do not contain a terminal GalNAc. However, carbohydrate
array analysis as well as ELISA and Western blot analysis, did
reveal cross-reactivity with several other carbohydrate epi-
topes, such as GalNAca1-3Gal, GalNAca1-6Gal, and blood
group A. Like the Tn antigen, each of these epitopes has a ter-
minal GalNAc residue with an a linkage. However, these pro-
teins cannot simply be described as GalNAc-binding receptors.
For example, VVL-B4 did not bind at all to the blood group A
antigen. It is important to note that each of the cross-reactive
carbohydrate epitopes has been isolated from human sources.
The blood group A antigen is expressed in many locations in
individuals with blood type A. GalNAca1-3Gal and GalNAca1-
6Gal are expressed on mucins of the human colon,[76] but very
little is known about these epitopes. Since all three epitopes
are expressed in humans, each could contribute to the overall
signal in a histochemical stain or blot for a tissue sample of in-


terest. In fact, a strong positive signal could be pro-
duced in the complete absence of Tn expression. There-
fore, conclusions based on binding data alone may
be entirely inaccurate. Promiscuous binding might be
an especially important consideration when weak-to-
moderate signals are observed.


Differences in specificity and “off target” binding
revealed by carbohydrate-array analysis can provide
reasonable explanations for inconsistent information
on Tn expression in the literature. For example, previ-
ous reports that the Tn antigen is expressed in
normal pancreatic acinar cells utilized the VVL-B4
lectin to detect Tn expression.[21,22] Alternatively, evi-
dence that the Tn antigen is not expressed in normal
pancreatic acinar cells was obtained by using two


monoclonal antibodies (TEC-02 and 12A8-C7-F5) to detect Tn
expression.[23] Promiscuous binding by VVL-B4 could account
for the discrepancy. If, for example, the GalNAca1-6Gal epitope
were expressed on these cells, the VVL-B4 lectin could stain
positive while the antibodies stain negative.


The results with the carbohydrate array also have important
implications for developing Tn-based diagnostics and vaccines.
Correlations between Tn expression and cancer stage, aggres-
siveness, and prognosis are frequently studied. Due to conflict-
ing reports, it is not clear whether the Tn antigen is expressed
at an early or late stage of disease development. However, this
information is vital for diagnostic development. Interestingly,
many of the reports that concluded that the Tn antigen is ex-
pressed at an early stage utilized the VVL-B4 lectin for Tn de-
tection; none used HBTn1. In contrast, reports that the Tn anti-
gen is expressed at a late stage primarily used HBTn1. There-
fore, differences in specificity could provide a reasonable ex-
planation for these inconsistencies. Moreover, the correlation
suggests that a cross-reactive epitope, rather than the Tn anti-
gen, is being detected by VVL-B4 at an early stage of disease
development. If so, the cross-reactive epitope(s) might prove
more useful for early detection and diagnosis of cancer. In any
event, differences in specificity and off-target binding should
be considered when developing diagnostics. Accurate informa-
tion is also critical for the proper implementation of Tn-based
vaccines, since they are likely to be more effective in patients
with Tn-positive tumors.


Finally, the carbohydrate microarray described in this paper
could be useful for a wide range of other applications. The
high sensitivity of the assay should permit detection of even
trace amounts of carbohydrate-binding toxins, pathogens, and
proteins. In addition, the unique multiwell format is well-suited
to analysis of hundreds to thousands of clinical samples in an
economical fashion. As such, the array should be especially ad-
vantageous for the development of diagnostics and vaccines.


Experimental Section


Neoglycoconjugates and glycoproteins for the array: Blood
group A–BSA, blood group B–BSA, blood group H–BSA, Lex–BSA,
Lea–BSA, Leb–BSA, Ley–HSA, SLex–BSA, Galb1-4GlcNAc–BSA, Gala1-
3Gal–BSA, mannotriose–BSA, and Siaa2-3Galb1-4GlcNAc–BSA were


Figure 3. SDS-PAGE/blot binding analysis. SDS-PAGE was carried out in 10% TG polyacryl-
amide gels. For VVL-B4, 50 ng of BSA conjugate were loaded into each lane; for Bric111
and HBTn1, 500 ng of BSA-conjugate were loaded into each lane. Proteins were electro-
phoretically transferred to PVDF membranes, blocked with 5% BSA/PBS, and then incu-
bated with biotinylated VVL-B4 (2 mgmL�1), Bric111 (diluted 1:500, 2 mgmL�1), or HBTn1
(diluted 1:500, 1 mgmL�1) in 3% BSA/PBS followed by streptavidin–alkaline phosphatase
(diluted 1:2000, for blots with VVL-B4) or goat anti-mouse Ig–alkaline phosphatase (di-
luted 1:1000, for blots with Bric111 or HBTn1) in 3% BSA/PBS for 1 h. Blots were washed
and then incubated with BCIP/NBT (1 mgmL�1) for 20 min. See Table 1 for abbreviations.
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purchased from Dextra Labs (Reading, UK). Galb1-3GalNAc-HAS
was purchased from Isosep (Tullinge, Sweden). KLH (keyhole
limpet hemocyanin), BSA, and BSM were purchased from Sigma.
Cy3- and Cy5-labeled BSA were used as positive controls, while un-
modified BSA was used as the negative control.


General synthetic methods. Dimethylformamide (DMF), N-(3-dime-
thylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC), and
NHS were purchased from Aldrich. PyBOP was purchased from
EMD Bioscience (San Diego, CA, USA). NMR spectra were recorded
on a Unity Inova 400 Fourier transform NMR spectrometer. Proton
chemical shifts are reported in parts per million downfield from
tetramethylsilane (TMS) unless otherwise noted. Carbon chemical
shifts are reported in parts per million downfield from TMS with
CDCl3 as an internal reference unless otherwise noted.


Synthesis of the Tn antigen (11). Compound 30 (100 mg,
0.149 mmol)[77,78] was dissolved in DMF (1 mL), and N-methylmor-
pholine (50 mL, 0.448 mmol) and PyBOP (94 mg, 0.180 mmol) were
added. After 5 min, linker 31 (35 mg, 0.173)[79] was dissolved in
DMF (0.5 mL) and then added to the reaction mixture. The solution
was stirred for about 3 h, then diluted in H2O and extracted with
ethyl acetate. The organic phase was then washed with HCl (1M),
sat. NaHCO3, and brine. The aqueous phases were re-extracted
with ethyl acetate. The organic phases were combined, dried over
Na2SO4, decanted, and concentrated in vacuo. The product was pu-
rified by flash chromatography (50% acetone/dichloromethane) to
afford 32 (125 mg, 96% yield). Rf=0.30 (50% acetone/dichlorome-
thane); 1H NMR (CD3OD, 400 MHz): d=7.80 (d, J=7.6 Hz, 2H), 7.68
(m, 2H), 7.40 (app t, J=7.4 Hz, 2H), 7.32 (m, 2H), 5.41 (d, J=
2.8 Hz, 1H; GalNAc H4), 5.12 (dd, J=2.8, 11.4 Hz, 1H; GalNAc H3),
5.00 (d, J=3.6 Hz, 1H; GalNAc H1), 4.63 (dd, J=6.3, 10.6 Hz, 1H),
4.44 (dd, J=6.3, 10.6 Hz, 1H), 4.39 (dd, J=3.6, 11.4 Hz, 1H; GalNAc
H2), 4.33 (app t, J=6.5 Hz, 2H), 4.24 (m, 2H), 4.10 (m, 2H), 3.89 (d,
J=16.4 Hz, 1H; Gly), 3.79 (d, J=16.4 Hz, 1H; Gly), 3.15 (m, 2H),
2.28 (t, J=7.4 Hz, 2H), 2.13 (s, 3H), 2.05 (s, 3H), 1.94 (s, 3H), 1.91 (s,
3H), 1.58 (m, 2H), 1.46 (m, 2H), 1.30 (m, 2H), 1.23 (d, J=6.3 Hz,
3H); 13C NMR (CD3OD, 100 MHz): d=175.8, 173.6, 172.8, 172.2,
172.1, 172.0, 171.1, 159.1, 145.4, 145.2, 142.8, 128.9, 128.3, 126.3,
126.1, 121.3, 121.1, 100.7, 78.0, 70.1, 68.9, 68.4, 67.9, 63.3, 60.7,
52.1, 49.0, 43.2, 40.3, 34.7, 30.0, 27.5, 25.7, 23.0, 20.8, 20.7, 20.6,
18.9; HRFAB-MS calcd for C42H55N4O15: 855.3664 [M+H]+ ; found
855.3679.


The Fmoc group was removed, and the free amine was acetylated.
Briefly, 32 (125 mg, 0.146) was dissolved in dichloromethane
(3 mL), and pyrollidine (200 mL) was added. After 2 h, toluene
(10 mL) was added, and the solvent was removed in vacuo. The
crude amine was dissolved in dichloromethane (3 mL), and pyri-
dine (71 mL, 0.88 mmol) and acetic anhydride (41 mL, 0.44 mmol)
were added. After 2 h, toluene (10 mL) was added, and the solvent
was removed in vacuo. The product was purified by flash chroma-
tography (75% acetone/dichloromethane + 0.5% acetic acid) to
afford 33 (75 mg, 76% yield). Rf=0.35 (75% acetone/dichlorome-
thane + 0.5% acetic acid); 1H NMR (CD3OD, 400 MHz): d=5.41
(brd, J=2.0 Hz, 1H; GalNAc H4), 5.18 (dd, J=3.3, 11.3 Hz, 1H;
GalNAc H3), 5.05 (d, J=3.7 Hz, 1H; GalNAc H1), 4.56 (d, J=2.5 Hz,
1H), 4.38 (m, 3H), 4.10 (m, 2H; GalNAc H6R+S), 3.88 (d, J=
16.7 Hz, 1H; Gly), 3.82 (d, J=16.7 Hz, 1H; Gly), 3.65 (s, 3H), 3.17 (t,
J=7.2 Hz, 2H), 2.34 (t, J=7.4 Hz, 2H), 2.15 (s, 3H), 2.11 (s, 3H), 2.02
(s, 3H), 1.96 (s, 3H), 1.94 (s, 3H), 1.63 (m, 2H), 1.50 (m, 2H), 1.35
(m, 2H), 1.29 (d, J=6.5 Hz, 3H); HRFAB-MS calcd for C29H47N4O14:
675.3089 [M+H]+ ; found 675.3100.


Next, the O-acetyl groups and methyl ester were deprotected.
Briefly, 33 (24 mg, 0.036 mmol) was dissolved in methanol (0.5 mL),


and NaOH (aq) (1M, 200 mL) was added. After 2 h, Amberlyst acidic
resin was added to neutralize the reaction, the reaction mixture
was filtered, and the filtrate was concentrated in vacuo. The prod-
uct was purified by flash chromatography (10%, then 15%, then
20% methanol/dichloromethane + 0.5% acetic acid) on diol-deriv-
atized silica (Silicycle) to afford 34 (11 mg, 58% yield). Rf=0.20
(30% methanol/dichloromethane + 0.5% acetic acid, TLC on silica
plates); 1H NMR (CD3OD, 400 MHz): d=4.89 (d, J=3.9 Hz, 1H;
GalNAc H1), 4.48 (d, J=2.7 Hz, 1H; Thr Ha), 4.24 (dq, J=2.7,
6.3 Hz, 1H; Thr Hb), 4.19 (dd, J=3.9, 11.0 Hz, 1, 1H; GalNAc H2),
3.88 (brdd, J=5.9, 6.3 Hz, 1H; GalNAc H5), 3.84 (brd, J=3.2 Hz,
1H; GalNAc H4), 3.82 (s, 2H; Gly Ha), 3.74 (dd, J=3.2, 11.0 Hz, 1H;
GalNAc H3), 3.67 (m, 2H; GalNAc H6); 3.16 (m, 2H), 2.25 (t, J=
7.3 Hz, 2H), 2.06 (s, 3H), 1.98 (s, 3H), 1.58 (tt, J=7.3, 7.5 Hz, 2H),
1.49 (tt, J=7.3, 7.5 Hz, 2H), 1.33 (m, 3H), 1.25 (d, J=6.3 Hz, 3H;
Thr Hg) ; 13C NMR (CD3OD, 100 MHz): d=174.3, 174.0, 172.8, 171.2,
100.7, 77.1, 73.0, 70.4, 70.3, 62.8, 58.8, 51.7, 43.4, 40.4, 35.1, 30.1,
27.5, 25.8, 23.1, 22.6, 19.0; HRFAB-MS calcd for C22H39N4O11:
535.2615 [M+H]+ ; found 535.2610.


Finally, compound 34 was coupled to BSA. Briefly, 34 was dissolved
in DMF/H2O (50:50) to a final concentration of 150 mM. EDC was
dissolved in DMF/H2O (50:50) to a final concentration of 300 mM.
NHS was dissolved in DMF to a final concentration of 300 mM. The
NHS ester was preformed by combining the carbohydrate, EDC,
and NHS in an Eppendorf tube at a ratio of 2:1:1 and allowing the
mixture to stand at room temperature with occasional gentle
mixing. After 50 min, the reaction mixture was added to a solution
of BSA in aqueous borate buffer (10 mM sodium borate, 90 mM


NaCl, pH 8.0) that had been precooled to 4 8C to give a final carbo-
hydrate/BSA ratio of approximately 45:1. After 15 min, the solution
was warmed to room temperature, then allowed to stand for 1 h.
BSA-conjugate 11 was then dialyzed extensively against water
(SpectraPor 7, MWCO=10000). Analysis by MALDI-TOF MS gave an
average mass for BSA of 66431 and an average mass for Tn–BSA
(11) of 77365; these correspond to an average of 21 epitopes per
BSA (each epitope adds 516 to the molecular weight).


Synthesis of GlcNAca1–4Gal–BSA (14). Phenyl 2,3-di-O-acetyl-4,6-
O-benzylidene-1-thio-b-D-galactopyranoside (2.39 g, 5.3 mmol)[80]


was dissolved in acetic acid (80%), and the mixture was heated at
70 8C for 3 h. The solvent was evaporated, and the residue was
azeotroped with toluene. The residue was then dissolved in di-
chloromethane (50 mL) and cooled to �20 8C. Triethylamine (5 mL)
was added followed by benzoyl chloride (600 mL, 1 equiv). The so-
lution was kept at �20 8C for 1.5 h, then diluted with dichlorome-
thane. The solution was washed with 1N HCl, sat. NaHCO3, and
brine, then dried over anhydrous Na2SO4. The solvent was evapo-
rated, and the residue was purified by column chromatography
(ethyl acetate/hexanes 1:1) to give phenyl 2,3-di-O-acetyl-6-O-ben-
zoyl-1-thio-b-D-galactopyranoside 36 as white powder (1.77 g, 72%
yield). Rf=0.2 (50% ethyl acetate/hexanes); 1H NMR (CDCl3,
400 MHz): d=8.04–8.02 (m, 2H), 7.62–7.58 (m, 1H), 7.51–7.44 (m,
4H), 7.26–7.16 (m, 3H), 5.32 (t, J=10.0 Hz, 1H), 5.04 (dd, J=10.0,
3.2 Hz, 1H), 4.74 (d, J=10.0 Hz, 1H), 4.65–4.53 (m, 2H), 4.16 (d, J=
3.2 Hz, 1H), 3.98–3.95 (m, 1H), 2.098 (s, 3H), 2.096 (s, 3H); 13C NMR
(CDCl3, 100 MHz): d=170.2, 169.8, 166.5, 133.6, 132.9, 132.4, 130.0,
129.7, 129.1, 128.7, 128.2, 86.8, 76.3, 74.4, 67.73, 67.70, 63.3, 21.04,
21.02.


A mixture of glycosyl chloride 35 (467 mg, 1.33 mmol, 1.2 equiv).[81]


acceptor 36 (520 mg, 1.11 mmol, 1 equiv), and di-tert-butylmethyl-
pyridine (273 mg, 1.33 mmol, 1.2 equiv) was dried under vacuum
for 1 h, then dissolved in dichloromethane. Molecular sieves were
added, and the mixture was stirred and cooled to �78 8C. AgOTf
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(570 mg, 2.22 mmol, 2 equiv) was added to the reaction mixture,
and the mixture was allowed to warm to 0 8C over 2.5 h. The reac-
tion was quenched with NaHCO3, and the mixture was filtered to
remove the molecular sieves. The filtrate was extracted with di-
chloromethane (3N ). The organic layers were combined and
washed with brine. The solvent was removed, and the residue was
purified by column chromatography to give phenyl (3,4,6-tri-O-
acetyl-2-azido-2-deoxy-a-D-glucopyranosyl)-(1!4)-2,3-di-O-acetyl-6-
O-benzoyl-1-thio-b-D-galactopyranoside (37) as a white solid
(750 mg, 86% yield). Rf=0.50 (ethyl acetate/hexanes 1:1); 1H NMR
(CDCl3, 400 MHz): d=8.04 (m, 2H), 7.60 (m, 1H), 7.54 (m, 2H), 7.46
(t, J=8.0 Hz, 2H), 7.32 (m, 1H), 7.24 (m, 1H), 7.17 (m, 1H), 5.34 (dd,
J=10.4, 9.6 Hz, 1H), 5.13 (t, J=10.0 Hz, 1H), 5.06 (dd, J=10.4,
9.2 Hz, 1H), 4.92 (dd, J=10.4, 2.8 Hz, 1H), 4.81 (d, J=3.6 Hz, 1H),
4,74 (dd, J=11.2, 6.4 Hz, 1H), 4.72 (d, J=9.6 Hz, 1H), 4.63 (dd, J=
11.2, 6.4 Hz, 1H), 4.29–4.24 (m, 2H), 4.09 (dd, J=12.8, 2.4 Hz, 1H),
4.05, (t, J=11.6 Hz, 1H), 3.95 (m, 1H), 3.68 (dd, J=10.4, 3.6 Hz, 1H),
2.11 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H);
13C NMR (CDCl3, 100 MHz): d=170.5, 169.8, 169.7, 169.0, 166.0,
133.4, 133.3, 131.0, 129.6, 129.0, 128.9, 128.5, 128.4, 128.2, 125.3,
99.9, 85.5, 78.0, 76.1, 74.1, 71.9, 68.4, 68.0, 66.7, 62.8, 62.6, 61.0,
21.0, 20.7, 20.7; HRMS, calcd for C35H39N3O15NaS: 796.1994 [M+Na]+


; found: 796.2030.


Disaccharide 37 (391 mg, 0.5 mmol, 1 equiv) was dissolved in di-
chloromethane and cooled to 0 8C. A solution of IBr (1M) in DCM
(0.55 mL, 1.1 equiv) was added to the mixture dropwise. The reac-
tion was kept at 0 8C for 30 min and then quenched with 10%
aqueous Na2S2O3. The crude product was purified by column chro-
matography (30% ethyl acetate in hexanes) to give (3,4,6-tri-O-
acetyl-2-azido-2-deoxy-a-D-glucopyranosyl)-(1!4)-2,3-di-O-acetyl-6-
O-benzoyl-a-D-galactopyranosyl bromide as a white solid (253 mg,
67% yield). Rf=0.6, (ethyl acetate/hexanes 1:1) ; 1H NMR (CDCl3,
400 MHz): d=8.03 (m, 2H), 7.60 (m, 1H), 7.47 (t, J=8.0 Hz, 2H),
6.74 (d, J=4.0 Hz, 1H), 5.47 (dd, J=10.4, 9.2 Hz, 1H), 5.35 (dd, J=
10.8, 2.4 Hz, 1H), 5.16 (dd, J=11.2, 4.0 Hz, 1H), 5.10 (t, J=9.2 Hz,
1H), 4.94 (d, J=4.4 Hz, 1H), 4.71 (m, 1H), 4.56 (m, 2H), 4.41 (d, J=
2.8 Hz, 1H), 4.34–4.26 (m, 2H), 4.10 (m, 1H), 3.65 (dd, J=10.8,
3.6 Hz, 1H), 2.13, 2.12, 2.10, 2.07, 2.06(5 s, 3H each); 13C NMR
(CDCl3, 100 MHz): d=170.5, 170.1, 169.8, 169.7, 169.6, 165.8, 133.6,
129.9, 129.5, 128.7, 99.7, 88.9, 76.6, 72.9, 71.4, 68.7, 68.4, 67.8, 62.2,
61.9, 61.5, 21.2, 20.94, 20.86, 20.82; HRMS calcd for
C29H34N3O15NaBr: 766.1066 [M+Na]+ ; found: 766.1073.


Linker 53 (50 mg, 0.24 mmol, 3 equiv)[82] was dissolved in 10%
aqueous Na2CO3 (0.5 mL), and tetrabutylammonium hydrogensul-
fate (27 mg, 0.08 mmol, 1 equiv) was added. A solution of glycosyl
bromide (60 mg, 0.08 mmol, 1 equiv) in ethyl acetate (0.5 mL) was
added to this mixture. The mixture was stirred at room tempera-
ture until all glycosyl bromide was gone, as judged by TLC. The
mixture was extracted by ethyl acetate, and the crude product was
purified by column chromatography (50% ethyl acetate in hex-
anes) to give methyl N-{2-[(3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-
glucopyranosyl)-(1!4)-2,3-di-O-acetyl-6-O-benzoyl-b-D-galactopyra-
nosylsulfanyl]ethyl}glutamate 38 as a white solid (51 mg, 73%
yield). Rf=0.5 (ethyl acetate); 1H NMR (CDCl3, 400 MHz): d=7.99
(m, 2H), 7.58 (m, 1H), 7.45 (t, J=8.0 Hz, 2H), 6.43 (t, J=4.2 Hz, 1H),
5.45 (dd, J=10.4, 9.6 Hz, 1H), 5.34 (t, J=10.0 Hz, 1H), 5.12 (t, J=
9.3 Hz, 1H), 4.79 (dd, J=10.4, 2.8 Hz, 1H), 4.91 (d, J=3.6 Hz, 1H),
4.62–4.65 (m, 2H), 4.50 (d, J=10.0 Hz, 1H), 4.31–4.28 (m, 2H), 4.25
(d, J=2.4 Hz, 1H), 4.14 (m, 1H), 4.01 (t, J=6.4 Hz, 1H), 3.70 (dd, J=
10.4, 3.2 Hz, 1H), 3.64 (s, 3H), 3.62–3.54 (m, 1H), 3.43–3.34 (m, 1H),
2.92–2.84 (m, 1H), 2.80–2.72 (m, 1H), 2.36 (t, J=7.2 Hz, 2H), 2.24 (t,
J=7.2 Hz, 2H), 2.10, 2.08, 2.07, 2.06, 2.05 (5 s, 3H each), 1,94 (pent,
J=7.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=173.8, 172.5, 170.7,


170.5, 170.4, 170.0, 169.8, 166.1, 133.7, 129.8, 129.5, 128.8, 99.8,
83.4, 77.4, 76.4, 73.8, 71.6, 68.9, 68.2, 66.8, 62.6, 62.4, 61.4, 51.7,
39.9, 35.4, 33.4, 29.9, 29.1, 21.2, 21.0, 20.93, 20.86; HRMS calcd for
C37H48N4O18NaS: 891.2577 [M+Na]+ ; found: 891.2576.


A mixture of compound 38 (51 mg, 0.059 mmol, 1 equiv) and Ph3P
(31 mg, 0.12 mmol, 2 equiv) in THF (2 mL, contains water) was
stirred at 50 8C for 7 h. The solvent was then evaporated, and the
residue was azeotroped with toluene. The residue was dissolved in
dichloromethane (1 mL), and acetic anhydride (8 mL, 3 equiv) and
triethyl amine (24 mL, 4 equiv) were added. The mixture was stirred
at room temperature overnight. The reaction was quenched with
1N HCl, and the crude product was purified by column chromatog-
raphy (70% ethyl acetate in hexanes) to give methyl N-{2-[(2-acet-
amido-3,4,6-tri-O-acetyl-2-deoxy-a-D-glucopyranosyl)-(1!4)-2,3-di-
O-acetyl-6-O-benzoyl-b-D-galactopyranosylsulfanyl]ethyl}glutamate
39 as white solid (37 mg, 73%). Rf=0.50 (ethyl acetate); 1H NMR
(CDCl3, 400 MHz): d=7.98 (m, 2H), 7.58 (m, 1H), 7.45 (t, J=8.0 Hz,
2H), 7.09 (d, J=8.4 Hz, 1H), 6.16 (m, 1H), 5.39 (t, J=10.0 Hz, 1H),
5.31 (dd, J=11.2, 9.2 Hz, 1H), 5.19 (t, J=9.6 Hz, 1H), 5.05–5.01 (m,
2H), 4.73 (dd, J=11.2, 6.8 Hz, 1H), 4.50 (d, J=9.6 Hz, 1H), 4.43–
4.37 (m, 1H), 4.32–4.22 (m, 2H), 4.18 (d, J=2.4 Hz, 1H), 4.10 (dd,
J=13.2, 3.2 Hz, 1H), 4.01 (t, J=7.8 Hz, 1H), 3.65 (s, 3H), 3.60–3.48
(m, 2H), 3.10–3.02 (m, 1H), 2.70–2.62 (m, 1H), 2.34 (t, J=7.6 Hz,
2H), 2.25- 2.21 (m, 2H), 2.08 (s, 9H), 2.06 (s, 3H), 2.03 (s, 6H), 1.91
(pent, J=7.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=173.7, 172.5,
171.4, 171.1, 170.9, 170.1, 169.9, 169.7, 166.1, 133.7, 129.9, 129.2,
128.8, 99.9, 83.1, 76.6, 76.2, 73.6, 70.4, 68.5, 68.4, 66.9, 61.9, 61.5,
52.6, 51.8, 40.0, 35.5, 33.2, 28.8, 22.9, 21.2, 20.94, 20.92, 20.87;
HRMS: calcd for C39H52N2O19NaS 907.2777; found: 907.2729.


A mixture of compound 39 (43 mg, 0.05 mmol, 1 equiv) and
NaOMe (cat. amount) in MeOH (2 mL) was stirred at room temper-
ature for 2 h until TLC showed that all starting materials had been
consumed. The reaction mixture was neutralized by ion-exchange
resin (Amberlite 15), then filtered, and the filtrate was concentrat-
ed. The residue was dissolved in water/MeCN (1:1) and extracted
with hexanes until all methyl benzoate was removed. The aqueous
phase was concentrated, the residue was dissolved in 1M NaOH
(1 mL), and the mixture was stirred at room temperature overnight.
The solution was neutralized by ion-exchange resin (Amberlite 15)
and filtered. The filtrate was concentrated and purified by re-
versed-phase HPLC or reversed-phase column chromatography to
give N-{2-[(2-acetamido-2-deoxy-a-D-glucopyranosyl)-(1!4)-b-D-gal-
actopyranosylsulfanyl]ethyl}glutaric acid 40 as a white powder
(11 mg, 41% yield): 1H NMR (CD3OD, 400 MHz): d=4.92 (d, J=
3.6 Hz, 1H), 4.46–4.40 (m, 1H), 4.21–4.16 (m, 1H), 4.00 (s, 1H), 3.93
(dd, J=10.8, 3.6 Hz, 1H), 3.82 (dd, J=11.6, 2.4 Hz, 1H), 3.76–3.38
(m, 10H), 2.96–2.88 (m, 1H), 2.80–2.72 (m, 1H), 2.35 (t, J=7.6 Hz,
2H), 2.27 (t, J=7.6 Hz, 2H), 2.04 (s, 3H), 1.90 (pent, J=7.6 Hz, 2H);
13C NMR (CD3OD, 100 MHz): d=182.0, 176.2, 173.8, 100.6, 87.9,
80.8, 79.3, 76.1, 74.0, 72.3, 72.2, 71.5, 62.5, 61.4, 55.9, 41.3, 38.3,
37.0, 30.5, 24.1, 22.8; HRMS: calcd for C21H36N2O13NaS 579.1830;
found: 579.1817.


Compound 40 was coupled to BSA (following the procedure for
conjugate 1) to produce GlcNAc a1–4Gal–BSA (14). Analysis by
MALDI-TOF MS gave an average mass of 77171, corresponding to
an average of 20 epitopes per BSA (each epitope adds 536 to the
molecular weight).


GalNAca1–6Gal (12). A mixture of donor 41 (95 mg, 0.2 mmol,
1 equiv)[83] and acceptor 42 (117 mg, 0.2 mmol, 1 equiv)[84] was
dried under vacuum for 1 h and then dissolved in diethyl ether.
Molecular sieves were added, and the solution was cooled to
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�20 8C. TMS-OTf (0.02 mmol, 0.1 equiv) was added, and the mix-
ture was stirred at �20 8C for 0.5 h. The reaction was quenched by
adding NaHCO3. The crude product was purified by column chro-
matography (ethyl acetate/hexanes 1:1) to give phenyl (3,4,6-tri-O-
acetyl-2-azido-2-deoxy-a-D-galactopyranosyl)-(1!6)-2,3,4-tri-O-ben-
zoyl-1-thio-b-D-galactopyranoside 43 as white solid (136 mg, 76%
yield). Rf=0.3 (ethyl acetate/hexane 1:2); 1H NMR (CDCl3, 400 MHz):
d=7.99–7.96 (m, 2H), 7.93–7.90 (m, 2H), 7.76–7.74 (m, 2H), 7.64–
7.60 (m, 1H), 7.56–7.51 (m, 3H), 7.49–7.44 (m, 2H), 7.43–7.37 (m,
6H), 7.22 (t, J=8.4 Hz, 2H), 5.93 (d, J=2.8 Hz, 1H), 5.78 (t, J=
10.0 Hz, 1H), 5.60 (dd, J=8.8, 3.2 Hz, 1H), 5.38 (dd, J=3.2, 0.8 Hz,
1H), 5.35 (dd, J=11.2, 3.6 Hz, 1H), 5.13 (d, J=10.0 Hz, 1H), 4.95 (d,
J=3.2 Hz, 1H), 4.32–4.27 (m, 2H), 4.04 (d, J=7.2 Hz, 2H), 3.95 (dd,
J=10.4, 7.2 Hz, 1H), 3.73 (dd, J=10.4, 4.0 Hz, 1H), 3.67 (dd, J=
11.2, 3.6 Hz, 1H), 2.13, 2.08, 1.95 (3 s, 3H each); 13C NMR (CDCl3,
100 MHz): d=170.3, 170.0, 169.6, 165.4, 165.4, 165.2, 133.6, 133.4,
133.2, 132.9, 131.9, 130.0, 129.8, 129.7, 129.2, 129.0, 128.8, 128.7,
128.6, 128.4, 128.2, 98.1, 85.4, 76.4, 73.0, 68.9, 68.2, 67.8, 67.7, 67.5,
66.9,61.6, 57.5, 20.7, 20.59, 20.58; HRMS: calcd for C45H43N3O15NaS:
920.2307 [M+Na]+ ; found: 920.2294.


Compound 43 was treated with IBr (see conversion of 37 to 38) to
produce (3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyranosyl)-
(1!6)-2,3,4-O-benzoyl-a-D-galactopyranosyl bromide (85% yield):
Rf=0.6, (50% ethyl acetate/hexanes) ; 1H NMR (CDCl3, 400 MHz):
d=8.09–8.06 (m, 2H), 8.02–8.00 (m, 2H), 7.80–7.76 (m, 2H), 7.66–
7.63 (m, 1H), 7.54–7.49 (m, 3H), 7.46–7.38 (m, 3H), 7.27–7.23 (m,
2H), 6.96 (d, J=4.0 Hz, 1H), 6.05–6.01 (m, 2H), 5.68–5.63 (m, 1H),
5.47 (d, J=2.4 Hz, 1H), 5.33 (dd, J=11.2, 3.2 Hz, 1H), 4.95 (d, J=
3.6 Hz, 1H), 4.82–4.79 (m, 1H), 4.28 (t, J=7.2 Hz, 1H), 4.13–4.07 (m,
2H), 3.95–3.90 (m, 1H), 3.82–3.79 (m, 1H), 3.68 (dd, J=11.2, 3.6 Hz,
1H), 2.13, 2.05, 2.01 (3 s, 3H each); 13C NMR (CDCl3, 100 MHz): d=
170.6, 170.2, 169.8, 165.8, 165.5, 165.4, 134.03, 133.97, 133.5, 130.2,
130.1, 129.9, 129.00, 128.96, 128.7, 128.5, 98.4, 88.2, 72.8, 69.1, 68.8,
68.7, 68.4, 67.7, 67.2, 66.9, 61.8, 57.5, 20.83, 20.79; HRMS, calcd for
C39H38N3O15NaBr: 890.1379 [M+Na]+ ; found: 890.1357.


Coupling with linker 53 (see conversion of 37 to 38) produced
methyl N-{2-[(3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyrano-
syl)-(1!6)-2,3,4-tri-O-benzoyl-b-D-galactopyranosylsulfanyl]ethyl}-
glutamate 44 (70% yield). Rf=0.4 (ethyl acetate); 1H NMR (CDCl3,
400 MHz): d=8.07–8.05 (m, 2H), 7.97–7.94 (m, 2H), 7.77–7.74 (m,
2H), 7.65–7.63 (m, 1H), 7.54–7.48 (m, 3H), 7.43–7.37 (m, 3H), 7.27–
7.21 (m, 2H), 6.37–6.34 (m, 1H), 5.92 (d, J=3.2 Hz, 1H), 5.79 (t, J=
9.6 Hz, 1H), 5.62 (dd, J=9.6, 3.2 Hz, 1H), 5.43 (dd, J=3.2, 1.2 Hz,
1H), 5.36 (dd, J=11.2, 3.2 Hz, 1H), 4.99 (d, J=3.6 Hz, 1H), 4.92 (d,
J=10.0 Hz, 1H), 4.33–4.25 (m, 2H), 4.12–4.02 (m, 2H), 3.92 (dd, J=
10.8, 8.0 Hz, 1H), 3.71–3.65 (m, 2H), 3.64 (s, 3H), 3.58–3.48 (m, 2H),
3.04–2.97 (m, 1H), 2.89–2.82 (m, 1H), 2.34 (t, J=7.2 Hz, 2H), 2.21 (t,
J=7.2 Hz, 2H), 2.12, 2.07, 1.92 (3 s, 3H each), 1.94 (pent, J=7.2 Hz,
2H).13C NMR d 173.7, 172.5, 170.6, 170.3, 170.1, 165.7, 165.6, 165.5,
133.9, 133.6, 133.5, 130.1, 129.9, 129.8, 129.1, 129.0, 128.9, 128.8,
128.6, 128.4, 98.2, 84.5, 76.7, 72.7, 69.1, 68.5, 68.3, 67.6, 67.5, 67.2,
67.7, 57.5, 51.6, 39.5, 35.3, 33.3, 30.6, 20.9, 20.8, 20.7, 20.6; HRMS,
calcd for C47H52N4O18NaS: 1015.2890 [M+Na]+ ; found: 1015.2839.


Conversion of the azide to N-acetyl (see conversion of 38 to 39)
produced methyl N-{2-[(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-
galactopyranosyl)-(1!6)-2,3,4-tri-O -benzoyl-b-D-galactopyranosyl-
sulfanyl]ethyl}glutamate 45 (76% yield). Rf=0.4 (ethyl acetate);
1H NMR (CDCl3, 400 MHz): d=8.05–8.03 (m, 2H), 7.98–7.95 (m, 2H),
7.76–7.73 (m, 2H), 7.67–7.63 (m, 1H), 7.56–7.49 (m, 3H), 7.45–7.38
(m, 3H), 7.24–7.21 (m, 2H), 6.22 (d, J=10.0 Hz, 1H), 6.16 (t, J=
6.0 Hz, 1H), 5.99 (dd, J=3.2, 0.8 Hz, 1H), 5.80 (t, J=10.0 Hz, 1H),
5.68 (dd, J=10.0, 3.6 Hz, 1H), 5.41 (d, J=2.0 Hz, 1H), 5.08 (dd, J=


11.6, 3.2 Hz, 1H), 4.92 (d, J=10.4 Hz, 1H), 4.80 (d, J=3.6 Hz, 1H),
4.65–4.59 (m, 1H), 4.24 (t, J=6.8 Hz, 1H), 4.20 (t, J=7.2 Hz, 1H),
4.13- 4.06 (m, 2H), 3.96 (dd, J=10.0, 6.8 Hz, 1H), 3.69–3.64 (m, 1H),
3.65 (s, 3H), 3.55–3.45 (m, 2H), 3.04–2.98 (m, 1H), 2.89–2.83 (m,
1H), 2.37–2.33 (m, 2H), 2.21–2.17 (m, 2H), 2.15, 2.00, 1.98, 1.97 (4 s,
3H each), 1.92 (pent, J=7.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz):
d=173.6, 172.5, 170.9, 170.8, 170.6, 170.5, 166.0, 165.7, 165.4,
134.1, 133.7, 133.5, 130.0, 129.97, 129.8, 129.1, 129.0, 128.8, 128.7,
128.6, 128.5, 98.2, 84.9, 75.8, 72.5, 68.6, 68.5, 67.3, 67.0, 65.3, 61.9,
51.7, 47.1, 39.5, 35.4, 33.2, 30.8, 23.2, 20.88, 20.85, 20.75. HRMS,
calcd for C49H56N2O19NaS: 1031.3090 [M+Na]+ ; found: 1031.3082.


Global deprotection (following the procedure for conversion of 39
to 40) produced compound 46 (30% yield): 1H NMR (CD3OD,
400 MHz): d=4.39 (d, J=8.8 Hz, 1H; Gal H1), 4.26 (dd, J=8.1,
3.4 Hz, 1H), 3.91–3.73 (m, 8H), 3.62–3.78 (m, 4H), 3.41–3.35 (m,
1H), 2.87–2.72 (m, 2H), 2.31 (t, J=7.6 Hz, 2H), 2.27 (t, J=7.6 Hz,
2H), 2.02 (s, 3H; acetyl H), 1.90 (pent, J=7.6 Hz, 2H). 13C NMR
(CD3OD, 100 MHz): d=176.9, 175.5, 174.1, 99.2, 87.9, 78.6, 76.2,
72.6, 71.5, 70.8, 70.4, 69.8, 68.4, 62.9, 51.6, 41.2, 36.2, 34.2, 30.8,
22.9, 22.3; HRMS, calcd for C21H36N2O13NaS: 579.1830 [M+Na]+ ;
found: 579.1817.


Compound 46 was coupled to BSA (following the procedure for
conjugate 1) to produce GalNAc a1-6Gal–BSA (12). Analysis by
MALDI-TOF MS gave an average mass of 78434, corresponding to
an average of 22 epitopes per BSA (each epitope adds 536 to the
molecular weight).


GalNAca1-3Gal (13). Phenyl 2,6-di-O-benzyol-3,4-O-isopropylidene-
1-thio-b-D-galactopyranoside (700 mg, 1.34 mmol)[85] was dissolved
in 90% acetic acid (6 mL). The mixture was stirred at 90 8C for 3 h.
The solvent was removed, and the residue was azeotroped with
toluene. Dichloromethane (2 mL), trimethyl orthobenzoate
(300 mL), and (1S)-(+ )-10-camphorsulfonic acid (cat. amount) were
added, and the mixture was stirred at room temperature for
30 min to produce the orthoester.[86] The solvent was removed,
and the residue was azeotroped twice with toluene. The residue
was dissolved in 90% acetic acid (4 mL), then stirred at room tem-
perature for 30 min and concentrated. The crude product was puri-
fied by column chromatography (40% ethyl acetate in hexanes) to
give phenyl 2,4,6-tri-O-benzoyl-1-thio-b-D-galactopyranoside 48 as
white solid (650 mg, 83% yield). Rf=0.2 (ethyl acetate/hexanes
1:3) ; 1H NMR (CDCl3, 400 MHz): d=8.12–8.09 (m, 2H), 8.05–8.03 (m,
2H), 7.98–7.96 (m, 2H), 7.65–7.43 (m, 11H), 7.34–7.32 (m, 1H),
7.25–7.21 (m, 2H), 5.79 (d, J=2.8 Hz, 1H), 5.30 (t, J=9.6 Hz, 1H),
4.95 (d, J=9.6 Hz), 4.58 (dd, J=11.6, 7.2 Hz, 1H), 4.47 (dd, J=11.6,
7.2 Hz, 1H), 4.24–4.21 (m, 1H), 4.19–4.14 (m, 1H), 2.74 (d, J=
6.4 Hz, 1H); 13C NMR (CDCl3, 100 MHz): d=167.0, 166.31, 166.26,
134.0, 133.8, 133.5, 131.5, 130.3, 130.2, 130.0, 129.7, 129.5, 129.12,
129.05, 128.8, 128.7, 128.6, 128.5, 85.6, 75.5, 73.2, 71.8, 70.9, 63.1.


Following the procedure used to couple 35 and 36, glycosyl chlo-
ride 47[87] and acceptor 48 were coupled to produce phenyl (3,4,6-
tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyranosyl)-(1!3)-2,4,6-tri-
O-benzoyl-1-thio-b-D-galactopyranoside 49 (72% yield). Rf=0.3
(ethyl acetate/hexane 1:2); 1H NMR (CDCl3, 400 MHz): d=8.13–8.11
(m, 2H), 8.06–8.04 (m, 2H), 7.98–7.96 (m, 2H), 7.62–7.59 (m, 5H),
7.49–7.44 (m, 6H), 7.38–7.34 (m, 1H), 7.28–7.24 (m, 2H), 5.94 (d,
J=2.8 Hz, 1H), 5.59 (t, J=9.6 Hz, 1H), 5.30 (d, J=3.6 Hz, 1H), 4.96
(d, J=9.6 Hz, 1H), 4.90–4.85 (m, 2H), 4.61 (dd, J=11.6, 7.2 Hz, 1H),
4.45 (dd, J=11.6, 7.2 Hz, 1H), 4.25–4.21 (m, 2H), 3.81–3.78 (m, 3H),
3.57 (dd, J=10.4, 3.2 Hz, 1H), 2.03, 1.91, 1.90 (3 s, 3H each);
13C NMR (CDCl3, 100 MHz): d=170.1, 169.9, 169.3, 166.3, 166.0,
164.9, 94.0, 85.7, 75.1, 74.8, 68.8, 68.3, 67.1, 66.9, 65.3, 62.8, 61.3,
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57.1, 20.8, 20.7, 20.6; HRMS: calcd for C45H43N3O15NaS: 920.2307
[M+Na]+ ; found: 920.2349.


Compound 49 was treated with IBr (see conversion of 37 to 38) to
produce (3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyranosyl)-
(1!3)-2,4,6-O-benzoyl-a-D-galactopyranosyl bromide (78% yield).
Rf=0.6 (ethyl acetate/hexanes 1:1) ; 1H NMR (CDCl3, 400 MHz): d=
8.16–8.13 (m, 2H), 8.10–8.07 (m, 2H), 8.05–8.02 (m, 2H), 7.64–7.56
(m, 3H), 7.51–7.43 (m, 6H), 6.93 (d, J=4.0 Hz, 1H), 6.09 (dd, J=2.4,
1.2 Hz, 1H), 5.57 (dd, J=10.0, 4.0 Hz, 1H), 5.39 (d, J=3.6 Hz, 1H),
4.98 (dd, J=2.8, 1.2 Hz, 1H), 4.89 (dd, J=11.2, 3.6 Hz, 1H), 4.77 (t,
J=6.8 Hz, 1H), 4.69 (dd, J=10.4, 3.6 Hz, 1H), 4.60 (dd, J=11.6,
6.8 Hz, 1H), 4.46 (dd, J=11.2, 5.6 Hz, 1H), 4.18–4.15 (m, 1H), 4.04–
3.94 (m, 2H), 3.65 (dd, J=10.8, 3.6 Hz, 1H), 2.09, 2.08, 1.88 (3 s, 3H
each); 13C NMR (CDCl3, 100 MHz): d=170.5, 170.0, 169.4, 166.2,
166.0, 165.3, 134.2, 133.9, 133.6, 130.2, 130.0, 129.5, 128.96, 128.92,
128.87, 128.82, 128.7, 93.8, 89.4, 72.1, 70.1, 69.1, 68.3, 67.5, 67.4,
65.2, 62.3, 62.0, 57.3, 21.0, 20.7, 20.6; HRMS, calcd for
C39H38N3O15NaBr: 890.1379 [M+Na]+ ; found: 890.1356.


Coupling with the linker 53 (see conversion of 37 to 38) produced
methyl N-{2-[(3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyrano-
syl)-(1!3)-2,4,6-tri-O -benzoyl-b-D-galactopyranosylsulfanyl]ethyl}-
glutamate 50 (59% yield). Rf=0.4 (ethyl acetate); 1H NMR (CDCl3,
400 MHz): d=8.16–8.14 (m, 2H), 8.08–8.06 (m, 2H), 8.03–8.01 (m,
2H), 7.65–7.56 (m, 3H), 7.53–7.43 (m, 6H), 6.12 (t, J=6.0 Hz, 1H),
5.99 (d, J=2.4 Hz, 1H), 5.68 (t, J=10.0 Hz, 1H), 5.31 (d, J=2.7 Hz,
1H), 4.90–4.85 (m, 2H), 4.79 (d, J=10.0 Hz, 1H), 4.63 (dd, J=11.6,
6.8 Hz, 1H), 4.42 (dd, J=11.6, 5.6 Hz, 1H), 4.26–4.21 (m, 2H), 3.89–
3.80 (m, 3H), 3.63 (s, 3H), 3.60 (dd, J=10.4, 3.6 Hz, 1H), 3.57–3.51
(m, 2H), 3.08–3.00 (m, 1H), 2.88–2.81 ( m, 1H), 2.31 (t, J=7.6 Hz,
2H), 2.17 (t, J=7.2 Hz, 2H), 2.03, 1.94, 1.90 (3 s, 3H each), 1.89
(pent, J=7.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=173.7, 172.4,
170.2, 169.9, 169.3, 166.3, 166.1, 165.2, 133.9, 133.8, 133.6, 130.1,
130.0, 129.9, 129.8, 129.5, 129.1, 129.0, 128.8, 128.7, 94.2, 83.9, 75.6,
74.5, 70.8, 68.9, 68.2, 67.0, 66.9, 65.6, 62.7, 61.2, 57.1, 51.7, 39.0,
35.4, 33.2, 30.5, 29.8, 20.9, 20.8, 20.6, 20.5; HRMS, calcd for
C47H52N4O18NaS: 1015.2890 [M+Na]+ ; found: 1015.2898.


Conversion of the azide to N-acetyl (see conversion of 38 to 39)
produced methyl N-{2-[(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-
galactopyranosyl)-(1!3)-2,4,6-tri-O-benzoyl-b-D-galactopyranosyl-
sulfanyl]ethyl}glutamate 51 (67% yield). Rf=0.4 (ethyl acetate);
1H NMR (CDCl3, 400 MHz): d=8.18–8.16 (m, 2H), 8.05–8.03 (m, 2H),
8.00–7.98 (m, 2H), 7.70–7.66 (m, 1H), 7.63–7.55 (m, 4H), 7.50–7.42
(m, 4H), 6.08–6.03 (m, 2H), 5.85 (d, J=3.2 Hz, 1H), 5.62 (t, J=
10.0 Hz, 1H), 5.14 (d, J=3.6 Hz, 1H), 4.91 (dd, J=3.2, 1.2 Hz, 1H),
4.77–4.73 (m, 2H), 4.66 (dd, J=11.6, 6.8 Hz, 1H), 4.54–4.78 (m, 1H),
4.36 (dd, J=11.2, 6.4 Hz, 1H), 4.24–4.18 (m, 2H), 3.91–3.88 (m, 1H),
3.76 (dd, J=11.2, 8.4 Hz, 1H), 3.63 (s, 3H), 3.62–3.51 (m, 3H), 3.07–
3.00 (m, 1H), 2.87–2.80 (m, 1H), 2.32 (t, J=7.2 Hz, 2H), 2.17 (t, J=
7.2 Hz, 2H), 2.02, 1.93, 1.89, 1.57 (4 s, 3H each), 1.90 (pent, J=
7.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=173.7, 172.4, 170.5,
170.24, 170.22, 170.1, 166.3, 166.1, 165.7, 134.4, 134.0, 133.7, 130.4,
130.0, 129.9, 129.3, 129.14, 129.06, 128.9, 128.69, 128.66, 98.1, 84.1,
77.9, 75.3, 69.4, 67.6, 67.4, 67.3, 66.8, 62.2, 60.7, 51.7, 47.4, 39.1,
35.4, 33.2, 30.5, 22.7, 20.9, 29.77, 20.74; HRMS calcd for
C49H56N2O19NaS: 1031.3090 [M+Na]+ ; found: 1031.3048.


Global deprotection (following the procedure for conversion of 39
to 40) produced compound 52 (50% yield). 1H NMR (D2O,
400 MHz): d=4.98 (d, J=4.0 Hz, 1H; GalNAc H1), 4.43 (d, J=
10.0 Hz, 1H; Gal H1), 4.13–4.07 (m, 2H), 4.03 (d, J=3.2 Hz, 1H),
3.92–3.8 (m, 2H), 3.66–3.52 (m, 7H), 3.35 (t, J=8.1 Hz, 2H), 2.86–
2.80 (m, 1H), 2.77- 2.71 (m, 1H), 2.18–2.10 (m, 4H), 1.93 (s, 3H


acetyl H), 1.72 (pent, J=7.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=
179.4, 176.2, 174.7, 93.8, 85.7, 78.9, 78.0, 70.9, 68.4, 68.2, 67.6, 65.0,
61.2, 60.9, 49.7, 39.4, 35.0, 34.1, 29.4, 22.0, 21.2; HRMS calcd for
C21H36N2O13NaS: 579.1830 [M+Na]+ ; found: 579.1858.


Compound 52 was coupled to BSA by following the procedure for
conjugate 1 to produce GalNAc a1-3Gal–BSA (13). Analysis by
MALDI-TOF MS gave an average mass of 77849, corresponding to
an average of 21 epitopes per BSA (each epitope adds 536 to the
molecular weight).


Mucins : BSM was purchased from Sigma. Asialo-BSM was prepared
by removing sialic acid residues as reported previously.[58] BSM con-
tains approximately 70% carbohydrate by weight (as compared to
about 15% for the BSA conjugates). About 45–50% of the carbo-
hydrate is either NeuAca2-6Tn or NeuGca2–Tn. About 35% of the
carbohydrate is either NeuAca2-6GlcNAcb1–GalNAc or NeuGca2-
6GlcNAcb1-3GalNAc. A number of other minor components such
as Ley, blood group A, Sialyl-TF, and blood group H are also pres-
ent.[88]


Array printing: The array was printed on epoxy Nunc ArrayCote
16-well slides (Nalge Nunc International, Rochester, NY, USA). All
the glycoconjugate samples were printed at a concentration of
0.5 mgmL�1 with 5% glycerol in PBS buffer (1.9 mM NaH2PO4,
8.1 mM Na2HPO4, and 150 mM NaCl, pH 7.2). Samples were dis-
pensed in specially designed polypropylene 384-well plates with
conical well profiles for maximum sample. Arrays were printed
with Virtex Chipwriter TM Pro technology based on super-precision
robotics and microfluidic systems in HEPA filtered clean air and hu-
midity-controlled chambers (Bio-Rad). SMP6B quill pins were used
to obtain ~150–180 mm spots. Due to the large capacity of the
pins and viscous nature of the glycerol-containing samples, the dip
time for sample pick up was set at 55 s. Samples were blotted
twice and then printed in triplicate with a dwell time of 0.2 s. Pins
were washed five times prior to printing the next sample. Once
printed, the slides were air dried for 24 h, then stored at �20 8C
until used.


Evaluation of binding with the array: Each well of the slide was
incubated in blocking buffer (100 mL of 3% BSA in PBS) for an
hour. The wells were then incubated with biotinylated VVL-B4
(Vector Labs, Burlingame, CA, USA), Bric111 (Accurate Chemical,
Westbury, NY, USA), or HBTn1 (Dako Cytomation, Carpenteria, CA,
USA) at a range of concentrations (serial dilutions) in binding
buffer I (50 mL, 0.3% BSA in PBS). After 1 h of incubation with the
receptors, the wells were washed with PBS (3N 100 mL per well).
The wells that were treated with biotinylated VVL-B4 were then in-
cubated with streptavidin-HRP (50 mL at 80 ngmL�1, Southern Bio-
tech, Birmingham, AL, USA) in binding buffer II (3% BSA in PBS) for
1 h. The wells that were treated with HBTn1 or Bric111 were incu-
bated with Goat anti-mouse Ig-HRP conjugate (50 mL at 2 mgmL�1,
Southern Biotech) in binding buffer II. After 1 h of incubation with
the HRP conjugates, the slides were washed with PBS (7N 100 mL
per well). The HRP-bound wells were then incubated with the
Cyanin 5-labeled tyramide substrate (50 mL, 1 ngmL�1, PerkinElmer
Life and Analytical Sciences, Inc.). After 5 min of signal amplifica-
tion, the slides were washed with PBS (3N ), and the 16-well cham-
ber was removed from the slides. The slides were then incubated
in PBS buffer for an additional 5 min, spun in an Eppendorf centri-
fuge 5810R (400g) for 5 min, and dried.


The slides were then scanned by using a GenePix scanner (GenePix
4000B Microarray Scanner, Molecular Devices Corporation, Union
City, CA). The fluorescence was measured at a photomultiplicator
level (PMT) of 600 at the emission wavelength of the fluorophore.


ChemBioChem 2005, 6, 2229 – 2241 @ 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2239


Analysis of Anti-Tn Antibodies and Lectins



www.chembiochem.org





The fluorescence was quantified by using GenePix Pro 6.0 with a
GenePix Array List (GAL) file. The mean values minus the back-
ground (typically about 200) for each of the three spots of a partic-
ular sample were averaged, and average values greater than 1000
(five times the background) were defined as a positive signal. The
average adjusted fluorescence was normalized to a percentage
scale, with 100 being the saturation fluorescence (65000). The nor-
malized fluorescence was then plotted against the lectin or anti-
body concentration.


Evaluation of binding by SDS-PAGE: SDS-PAGE was carried out in
10% TG polyacrylamide gels. FBSA conjugate was loaded in each
lane (50 ng for blots with VVL-B4, 500 ng for Bric111 and HBTn1).
Proteins were electrophoretically transferred to PVDF membranes.
Membranes were incubated with 5% BSA/PBS for 2 h to block non-
specific binding. Membranes were then incubated with biotinylat-
ed VVL-B4 (2 mgmL�1), Bric111 (diluted 1:500, 2 mgmL�1), or HBTn1
(diluted 1:500, 1 mgmL�1) in 3% BSA/PBS. Blots were washed with
PBS (4N ) and then incubated with streptavidin–alkaline phospha-
tase (diluted 1:2000, for blots with VVL-B4) or goat anti-mouse Ig–
alkaline phosphatase (diluted 1:1000, for blots with antibodies) in
3% BSA/PBS for 1 h. Blots were washed with PBS (10N ) and ddH2O
(1N ), and then incubated with BCIP/NBT (1 mgmL�1) for 10–
20 min. Blots were washed with ddH2O (3N ), dried, and then scan-
ned.
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ścik, Pol. J. Chem. 1987, 61, 127.
[80] P. Depouilly, A. Chenede, J. M. Mallet, P. Sinaÿ, Bull. Soc. Chim. Fr. 1993,
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Introduction


Intrinsically unstructured proteins (IUPs) or disordered protein
segments are quite common in the proteomes of eukaryotic
organisms.[1–4] Such proteins are frequently involved in cellular-
regulatory functions, and their structural disorder confers func-
tional advantages, including the ability to bind diverse targets
by adopting multiple conformations.[5,6] In addition, protein
flexibility has been shown to allow precise control of both the
kinetics and thermodynamics of binding reactions,[7] and in
turn to control biomolecular specificity.[8] Moreover, the se-
quential incorporation of unfolded monomers is a well-recog-
nized mechanism of increasing the size and functional com-
plexity of macromolecular assemblies.[9] Further insights into
the functions of the very large number of IUPs in eukaryotic
proteomes will be gained through study of their conforma-
tions both in the free state as well as within the biomolecular
assemblies in which they exert their biological functions.


NMR spectroscopy has been used to study the structure and
dynamics of protein assemblies in solution for decades. While
structural information on protein assemblies is also available
from X-ray crystallography, NMR studies in solution offer
unique insights into the relationships between both structure
and dynamics, and biomolecular function.[10–12] For assemblies
comprised of individually folded proteins, a standard proce-
dure is to first assign the resonances and determine the struc-
ture of one component in the free state and then to map the
binding site for a second component by monitoring binding-


induced chemical-shift changes. The resonance assignments
and structure of the second component are determined inde-
pendently, and the structure of the assembly can then be built
up from the structures of the component parts. Limited, NMR-
derived structural parameters for a protein assembly can then
be used to determine its structure at modest resolution based
on the structures of the components.[13] As assemblies become
larger, it becomes more challenging to decipher the increas-
ingly complex NMR spectra and obtain residue- and atom-spe-
cific structural information. However, methods such as HN
TROSY[14] and methyl TROSY[15,16] allow high-resolution spectra
to be obtained, resonance assignments to be established, and
structure determination to be performed for protein systems
with molecular masses up to ~80 kDa.[17] Unfortunately, this
procedure, which relies on building up the structure of assem-
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Department of Structural Biology, St. Jude Children’s Research Hospital
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


This paper describes an efficient NMR strategy for assigning the
backbone resonances of an intrinsically unstructured protein
(IUP), p21-KID, bound to its biological target, Cdk2/cyclin A. In
order to overcome the challenges associated with the high mo-
lecular weight (75 kDa) and low solubility of the ternary complex
(0.2 mM), we used perdeuteration, TROSY, and high-sensitivity
cryogenic NMR probes at high magnetic-field strengths (i.e. 16.4,
18.8 and 21.1 Tesla). p21-KID was also prepared by using specific
amino acid isotope labels. Most importantly, we studied binary,


subcomplexes that allowed resonance assignments to be made
in stages. We show that subdomains of p21-KID folded within
binary complexes into the same conformations as observed in
the ternary, Cdk2/cyclin A complex. This is a general feature of
IUPs, which often adopt highly extended conformations when
bound to other proteins. This strategy is suitable for studies of
IUPs within considerably larger biomolecular assemblies as long
as the IUP can be uniformly and selectively isotope labeled.
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blies from their component parts, cannot be applied in NMR
studies of assemblies comprised of IUPs because their confor-
mations in the native state are highly disordered and thus very
different from those in the bound state. Structural information
for IUPs in their functional form within assemblies and in solu-
tion must be gained through de novo NMR studies of intact
protein assemblies. This unavoidably leads to studies of large
molecular species and pushes the limits of NMR methodology
and technology. Compounding these challenges, many eukary-
otic IUPs and their assemblies exhibit limited solubility in vitro
in aqueous buffers; this has limited the application of solution
NMR in structural and dynamic studies.


NMR studies of IUPs in the free state are highly feasible be-
cause their inherent dynamics are associated with favorable re-
laxation properties and have been extensively reported.[18–26]


Studies of IUPs within functional protein assemblies are more
challenging due to the size limitations of solution NMR spec-
troscopy. To probe the limits of current approaches, we under-
took solution NMR studies of a 75 kDa ternary protein complex
that is comprised of an intrinsically unstructured protein, the
kinase inhibitory domain (KID, 10 kDa) of the cell-cycle inhibi-
tor, p21,[27] bound to cyclin-dependent kinase 2 (Cdk2,
35 kDa)[28] and cyclin A (30 kDa).[29] Here we report a strategy
that combines existing methods and is suitable for studies of
dilute protein solutions (�0.2 mM). This approach has allowed
resonance assignments to be made for one IUP (p21-KID)
within a large protein assembly. In order to overcome the tech-
nical challenges associated with the high molecular weight
and low solubility (0.2 mM) of the ternary complex, we used
perdeuteration,[30] TROSY,[14] and high-sensitivity cryogenic NMR
probes[31,32] at high magnetic field strengths (i.e. 16.4, 18.8 and
21.1 Tesla). In addition, p21-KID was prepared by using specific
amino acid isotope labels;[33,34] this allowed anchor points in
sequential assignment patterns to be established. Most impor-
tantly, we studied binary subcomplexes; this allowed reso-
nance assignments to be made in stages. Based on previous
studies of p21-KID[5,35] and the related protein, p27-KID,[7,36] we
postulate that p21-KID adopts a highly extended conformation
when bound to Cdk2/cyclin A, with a compact, N-terminal
domain contacting cyclin A (termed domain 1) and a longer, C-
terminal domain contacting Cdk2 (termed domain 2). These
features of the ternary complex made it possible to prepare
binary subcomplexes comprised of p21-KID/Cdk2 and p21-KID/
cyclin A, whose structures were relevant to that of the ternary
complex. In the following, we describe the capabilities and lim-
itations of our strategy for assigning 1H, 13C, and 15N resonan-
ces for p21-KID within the 75 kDa ternary complex with Cdk2/
cyclin A.


Results and Discussion


We used amino acid-specific 15N labeling to augment triple-res-
onance,[34] sequential assignment methods in our studies of
p21-KID/Cdk2/cyclin A. Seven different 15N-labeled amino acids
were introduced into p21-KID. Resonances for most 15N-labeled
amino acids were observed in 2D 1H,15N-TROSY spectra of the


respective ternary complexes, including 6/8 leucines, 2/3 va-
lines, 3/4 phenylalanines, 4/5 aspartic acids, 2/3 threonines, 1/1
isoleucine, and 1/1 tyrosine (see Supporting Information). It
should be noted that, despite the presence of protons in the
side chains of the 15N-labeled amino acids, line widths were
sufficiently narrow in 2D 1H,15N-TROSY spectra for resonances
to be observed in reasonable acquisition times (24 to 36 h) on
a 600 MHz spectrometer equipped with a noncryogenic probe.
In addition, in all of the complexes studied herein, Cdk2 and
cyclin A were used in their natural (unlabeled) isotopic form.
The compatibility of unlabeled protein subunits within multi-
protein assemblies with triple-resonance, TROSY-based NMR
spectroscopy (vide infra) significantly reduces the costs of such
studies.


We recorded 3D HNCA-TROSY[37] and HN(CO)CA-TROSY[38]


spectra for 2H/13C/15N-labeled p21-KID (tl-p21-KID) within the
ternary complex. The concentration of the ternary complex
was approximately 0.2 mM, and spectra were acquired for four
days each by using an 800 MHz cryogenic probe. Even with
reference to the 2D 1H,15N-TROSY spectra of ternary complexes
with selectively 15N-labeled p21-KID, analysis of these spectra
allowed backbone resonance assignments to be made for only
approximately 1=3 of the residues in p21-KID. This stems from
the ambiguous relationship between 13Ca chemical shifts and
amino acid type,[39] and from the inability to differentiate intra-
residue (i) and inter-residue (i–1) correlations in the HNCA
spectrum. Resonances for 53 residues were observed in the
HNCA spectrum; of these, 47 exhibited correlations for both i
and i–1 residues, and the remaining six exhibited only i correla-
tions (Figure 1). Poor S/N was observed in the HN(CO)CA spec-
trum due to the well-understood effects of C’ chemical-shift
anisotropy at high magnetic-field strength;[37,38] Resonances for
only 25 residues were observed, and 16 of these were also
observed in the HNCA spectrum (Figure 1).


We found that the 2D 1H,15N-TROSY spectrum of tl-p21-KID
bound to Cdk2 exhibited many of the resonances observed in
that of the ternary complex (compare Figure 2E and C) and
that both of these spectra were very different from that of
p21-KID in the free, disordered state (Figure 2B). These data
provide strong evidence that domain 2 of p21-KID (Figure 2A)
adopts the same conformation when bound to Cdk2 as when
bound to Cdk2/cyclin A. An advantage of studying the p21-
KID/Cdk2 binary complex was that it was soluble at a signifi-
cantly higher concentration (0.4 mM) than was the ternary com-
plex (0.2 mM). This allowed additional triple-resonance NMR
experiments to be performed. In particular, we recorded a 3D
HNCACB-TROSY[38] spectrum for p21-KID within this 45 kDa
complex using a cryogenic probe operating at 700 MHz in 2.0
days. In this spectrum, most residues within domain 2 exhibit
i and i–1 correlations for both 13Ca and 13Cb resonances
(Figure 1). Analysis of the HNCACB spectrum for the p21-KID/
Cdk2 binary complex, and HNCA and HN(CO)CA spectra of
p21-KID/Cdk2/cyclin A (Figure 1), with reference to 2D 1H,15N-
TROSY spectra of selectively 15N-labeled p21-KID within ternary
complexes, allowed most resonances of domain 2 of p21-KID
to be unambiguously assigned (Figure 2C and E). Correlations
used to establish sequential resonance assignments for
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domain 2 of p21-KID in complexes with Cdk2/cyclin A and
Cdk2 are shown in the Supporting Information.


Only a small segment of p21-KID makes contact with cyclin
A (domain 1, Figure 2A) and, therefore, only a relatively small
number of resonances are shifted to new positions when p21-
KID is bound to cyclin A (compare Figure 2D and B). These res-
onances were also observed in the 2D 1H,15N-TROSY spectrum
of the ternary complex (compare Figure 2D and E). Through
these simple comparisons, we readily identified resonances of
residues within domain 1 of p21-KID in the binary (with cyclin
A) and ternary complexes. These were assigned through analy-
sis of the 3D HNCA and HN(CO)CA spectra for the ternary com-
plex (Figure 2D and 2E). However, lengthy 3D NMR experi-
ments with the p21-KID/cyclin A binary complex were ham-
pered by poor solubility and a tendency of cyclin A to aggre-
gate and precipitate over time.


Despite facing significant NMR technical challenges and bio-
chemical difficulties, we assigned 76% of the backbone reso-
nances (and 42% of 13Cb resonances) of p21-KID within the
complex with Cdk2/cyclin A. Relatively few observed resonan-
ces remain unassigned (2/60 residues) and resonances were
not observed for several residues in the linker helix segment (7
residues), possibly due to exchange broadening.


Conclusion


In summary, we present an efficient approach for making reso-
nance assignments for IUPs within multiprotein assemblies at
low concentration (�0.2 mM). Of course, this approach is also
suitable for making assignments of natively folded proteins
within assemblies. The system under study here has an aggre-
gate mass of 75 kDa, but the methodology is likely to be
useful in studies of complexes that are considerably larger. For
studies focused on IUPs, the IUP component of a complex
must be prepared in extensively isotope-labeled form which,
currently, is most feasible in bacteria. In our experience, eu-
karyotic IUPs often are expressed at high levels in bacterial in-


clusion bodies and, since they lack tertiary structure, can often
be extracted from the insoluble fraction and purified at high
yield in bioactive form by using denaturing conditions.[5, 19, 40]


Importantly, our results also show that not all components of
complexes involving IUPs need to be isotope labeled; this
allows nonbacterial expression systems to be utilized for other
components. Studies of isotope-labeled IUPs within otherwise
unlabeled complexes allows detailed characterization of the
structure and dynamics of the IUP in the bounds state and
comparison of these results with those of the disordered, free
state. Of course, information on the structure of other compo-
nents within multiprotein assemblies is desirable, when they
can be prepared in isotope-labeled form. While selective and
nonselective isotope labeling of an IUP is essential in these
studies and the availability of high-field magnets enhances the
S/N in NMR spectra, the use of cryogenic probes, with signifi-
cantly improved S/N over room-temperature NMR probes, is
the recent development that makes studies of this type possi-
ble. Now that resonance assignments for p21-KID are nearly
complete, we will move forward with further studies that will
allow detailed structural and dynamic analysis of this cell-cycle
regulator in its biologically active form, in solution.


Experimental Section


Expression and purification of proteins : Full-length human Cdk2
and truncated human cyclin A (residues 173–432 of human cycli-
n A) were expressed in E. coli and purified by using established
procedures.[7] cDNA for p21-KID (residues 9–84 of human p21, 76
amino acids) was subcloned into pET24a (Novagen), and the pro-
tein was expressed in His-tagged form in E. coli BL21(DE3) at 37 8C
by using isopropyl-b-D-thiogalactopyranoside (IPTG).[41] His-tagged
p21-KID was purified by using Ni2+-affinity chromatography (Amer-
sham-Pharmacia resins) and HPLC (C4 column, Vydac, Hesperia,
CA).[5] The purity and identity of each protein sample was con-
firmed by SDS-PAGE and MALDI-TOF mass spectrometry. Isotope-
labeled samples of p21-KID were prepared in 3-(N-morpholino)pro-
pane sulfonic acid MOPS-based minimal medium[42] enriched with


Figure 1. Establishing resonance assignments for 2H/13C/15N-p21-KID (tl-p21-KID) within protein complexes that regulate cell division. Correlations observed in
3D HNCA and HN(CO)CA spectra of the tl-p21-KID/Cdk2/cyclin A ternary complex (75 kDa) and in the HNCACB spectrum of the tl-p21-KID/Cdk2 binary com-
plex (45 kDa). Correlations in the HNCA spectrum to residues i and i–1 are indicated by red and blue bars, respectively. A correlation in the HN(CO)CA spec-
trum to residue i–1 is indicated by a green bar. Correlations between Ca resonances in the HNCACB spectrum to residues i and i–1 are indicated by red and
blue bars, respectively, and correlations between Cb resonances to residues i and i–1 are indicated by cyan and yellow bars, respectively.
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isotope-labeled compounds. 15NH4Cl, glycerol, and
2H2O were used


for 2H/15N-labeled p21-KID. 15NH4Cl,
13CH3


13CO2
� , and 2H2O were


used For 2H/13C/15N-labeled p21-KID. To produce p21-KID labeled at
specific amino acids with 15N, an auxotrophic E. coli strain DL39-
(DE3)[34] was cultured in MOPS-based minimal medium supple-
mented with amino acids. One or two 15N-labeled amino acids
were included (leucine, valine, phenylalanine, aspartic acid, threo-
nine, isoleucine or tyrosine).


NMR studies : The NMR buffer in all studies was potassium phos-
phate (20 mM), pH 6.5, arginine (50 mM), 2H2O (8%v/v), DTT (5 mM)
and sodium azide (0.02% w/v). All three complexes (p21-KID/Cdk2,
p21-KID/cyclin A, p21-KID/Cdk2/cyclin A) were isolated by using
size-exclusion chromatography (Superdex 200, Amersham-Pharma-
cia) in HEPES buffer followed by exchange into NMR buffer by ul-
trafiltration (Centricon units, Amicon, Billerica, MA) to final concen-
trations of 0.4 mM, 0.2 mM and 0.2 mM, respectively. All NMR experi-


Figure 2. 2D TROSY spectra of binary complexes (C and D) were used to assign resonances for tl-p21-KID in the ternary complex (E). A) The sequence of p21-
KID: domains 1 (green) and 2 (red) bind independently to cyclin A and Cdk2, respectively. B) Native p21-KID is disordered in solution. 2D TROSY spectra of tl-
p21-KID bound to C) Cdk2, D) cyclin A, and E) Cdk2/cyclin A were used to identify interacting residues. Residues of p21-KID that bind cyclin A are green in (D)
and (E), and those that bind Cdk2 are red in (C) and (E).
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ments were performed at 35 8C. 2D 1H,15N-TROSY spectra for resi-
due-specific 15N-labeled p21-KID in ternary complexes were record-
ed on a Varian Inova 600 MHz spectrometer with acquisition times
of 24 to 36 h. For both binary complexes (p21-KID/Cdk2 and p21-
KID/cyclin A), 2D 1H,15N-TROSY spectra were acquired with 2H/15N-
labeled p21-KID on a Bruker Avance 800 spectrometer (Memphis,
Tennessee). The 2D 1H,15N-TROSY spectrum for the ternary complex
(2H/15N-labeled p21-KID/Cdk2/cyclin A) was acquired on a Bruker
Avance 900 spectrometer (Frankfurt, Germany) equipped with
cryogenic probe. The 3D HNCACB-TROSY[38] spectrum for the 2H/
13C/15N-labeled p21-KID/Cdk2 binary complex was recorded on a
Bruker Avance 700 MHz spectrometer (FJllanden, Switzerland).
Backbone resonance assignments for p21-KID in ternary complexes
were determined through analysis of 3D HNCA-TROSY[37] and
HN(CO)CA-TROSY[38] spectra, recorded for 2H/13C/15N-labeled p21-
KID with a Bruker Avance 800 MHz spectrometer (FJllanden, Swit-
zerland). For all 3D experiments, cryogenically cooled probes were
used to increase sensitivity. Spectra were processed by using
NMRPipe software[43] and analyzed by using Felix software (Accel-
erys). For all spectra, the 1H dimension was referenced to external
TSP, and the 13C and 15N dimensions were referenced indirectly by
using the appropriate ratios of gyromagnetic ratios.[44]


Acknowledgements


The authors acknowledge Dr. Weixing Zhang for assistance with
NMR experiments, Dr. Eilyn Lacy for assistance with protein pro-
duction, and Dr. Charles Ross for computer support. Dr. David
Waugh is acknowledged for kindly providing the auxotrophic cell
strain DL39(DE3). The authors graciously acknowledge Drs.
Helena Kovacs, Rainer KDmmerle, and Detlef Moskau of Bruker
Biospin, FEllanden, Switzerland, for providing access to spectrom-
eters equipped with cryogenic NMR probes and for helpful discus-
sions. The authors acknowledge support from the American Leb-
anese Syrian Associated Charities (ALSAC), the US National
Cancer Institute (P30 CA21765 and R01 CA82491), and Pfizer, Inc.


Keywords: backbone assignment · intrinsically unstructured
protein · isotope labeling · NMR spectroscopy · protein
assembly


[1] A. K. Dunker, J. D. Lawson, C. J. Brown, R. M. Williams, P. Romero, J. S.
Oh, C. J. Oldfield, A. M. Campen, C. M. Ratliff, K. W. Hipps, J. Ausio, M. S.
Nissen, R. Reeves, C. Kang, C. R. Kissinger, R. W. Bailey, M. D. Griswold,
W. Chiu, E. C. Garner, Z. Obradovic, J. Mol. Graphics Modell. 2001, 19,
26–59.


[2] H. J. Dyson, P. E. Wright, Chem. Rev. 2004, 104, 3607–3622.
[3] H. J. Dyson, P. E. Wright, Nat. Rev. Mol. Cell Biol. 2005, 6, 197–208.
[4] P. E. Wright, H. J. Dyson, J. Mol. Biol. 1999, 293, 321–331.
[5] R. W. Kriwacki, L. Hengst, L. Tennant, S. I. Reed, P. E. Wright, Proc. Natl.


Acad. Sci. USA 1996, 93, 11504–11509.
[6] H. J. Dyson, P. E. Wright, Curr. Opin. Struct. Biol. 2002, 12, 54–60.
[7] E. R. Lacy, I. Filippov, W. S. Lewis, S. Otieno, L. Xiao, S. Weiss, L. Hengst,


R. W. Kriwacki, Nat. Struct. Mol. Biol. 2004, 11, 358–364.
[8] E. R. Lacy, Y. Wang, J. Post, A. Nourse, B. Webb, M. Mapelli, A. Musacchio,


G. Siuzdak, R. W. Kriwacki, J. Mol. Biol. 2005, 349, 764–773.


[9] K. Namba, Genes Cells 2001, 6, 1–12.
[10] D. Kern, E. R. Zuiderweg, Curr. Opin. Struct. Biol. 2003, 13, 748–757.
[11] L. E. Kay, Nat. Struct. Biol. 1998, 5, 513–517.
[12] A. G. Palmer, Annu. Rev. Biophys. Biomol. Struct. 2001, 30, 129–155.
[13] E. R. Zuiderweg, Biochemistry 2002, 41, 1–7.
[14] K. Pervushin, R. Riek, G. Wider, K. Wuthrich, Proc. Natl. Acad. Sci. USA


1997, 94, 12366–12371.
[15] M. Kreishman-Deitrick, C. Egile, D. W. Hoyt, J. J. Ford, R. Li, M. K. Rosen,


Biochemistry 2003, 42, 8579–8586.
[16] V. Tugarinov, P. M. Hwang, J. E. Ollerenshaw, L. E. Kay, J. Am. Chem. Soc.


2003, 125, 10420–10428.
[17] V. Tugarinov, W. Y. Choy, V. Y. Orekhov, L. E. Kay, Proc. Natl. Acad. Sci. USA


2005, 102, 622–627.
[18] M. Tollinger, N. R. Skrynnikov, F. A. Mulder, J. D. Forman-Kay, L. E. Kay, J.


Am. Chem. Soc. 2001, 123, 11341–11352.
[19] E. L. DiGiammarino, I. Filippov, J. D. Weber, B. Bothner, R. W. Kriwacki,


Biochemistry 2001, 40, 2379–2386.
[20] G. Lippens, J. M. Wieruszeski, A. Leroy, C. Smet, A. Sillen, L. Buee, I.


Landrieu, ChemBioChem 2004, 5, 73–78.
[21] C. Smet, A. Leroy, A. Sillen, J. M. Wieruszeski, I. Landrieu, G. Lippens,


ChemBioChem 2004, 5, 1639–1646.
[22] G. W. Daughdrill, M. S. Chadsey, J. E. Karlinsey, K. T. Hughes, F. W. Dahl-


quist, Nat. Struct. Biol. 1997, 4, 285–291.
[23] G. W. Daughdrill, L. J. Hanely, F. W. Dahlquist, Biochemistry 1998, 37,


1076–1082.
[24] R. Bussell, Jr. , D. Eliezer, Biochemistry 2004, 43, 4810–4818.
[25] R. Bussell, Jr. , D. Eliezer, J. Biol. Chem. 2001, 276, 45996–46003.
[26] H. J. Dyson, P. E. Wright, Nat. Struct. Biol. 1998, 5, 499–503.
[27] Y. Gu, C. W. Turck, D. O. Morgan, Nature 1993, 366, 707–710.
[28] S. J. Elledge, R. Richman, F. L. Hall, R. T. Williams, N. Lodgson, J. W.


Harper, Proc. Natl. Acad. Sci. USA 1992, 89, 2907–2911.
[29] D. O. Morgan, Nature 1995, 374, 131–134.
[30] D. M. LeMaster, Q. Rev. Biophys. 1990, 23, 133–174.
[31] H. Kovacs, D. Moskau, M. Spraul, Prog. Nucl. Magn. Reson. Spectrosc.


2005, 46, 131–155.
[32] A. Medek, E. T. Olejniczak, R. P. Meadows, S. W. Fesik, J. Biomol. NMR


2000, 18, 229–238.
[33] L. P. McIntosh, F. W. Dahlquist, Q. Rev. Biophys. 1990, 23, 1–38.
[34] D. S. Waugh, J. Biomol. NMR 1996, 8, 184–192.
[35] R. W. Kriwacki, J. Wu, G. Siuzdak, P. E. Wright, J. Am. Chem. Soc. 1996,


118, 5320–5321.
[36] A. A. Russo, P. D. Jeffrey, A. K. Patten, J. Massague, N. P. Pavletich, Nature


1996, 382, 325–331.
[37] M. Salzmann, K. Pervushin, G. Wider, H. Senn, K. Wuthrich, Proc. Natl.


Acad. Sci. USA 1998, 95, 13585–13590.
[38] M. W. Salzmann, G. Wider, K. Pervushin, H. Senn, K. Wuthrich, J. Am.


Chem. Soc. 1999, 121, 844–848.
[39] S. Schwarzinger, G. J. Kroon, T. R. Foss, J. Chung, P. E. Wright, H. J.


Dyson, J. Am. Chem. Soc. 2001, 123, 2970–2978.
[40] B. Bothner, PhD thesis, University of Tennessee (Memphis, Tennessee),


2002.
[41] F. W. Studier, A. H. Rosenberg, J. J. Dunn, J. W. Dubendorff, Methods En-


zymol. 1989, 185, 60–89.
[42] F. C. Neidhardt, P. L. Bloch, D. F. Smith, J. Bacteriol. 1974, 119, 736–747.
[43] F. Delaglio, S. Grzesiek, G. W. Vuister, G. Zhu, J. Pfeifer, A. Bax, J. Biomol.


NMR 1995, 6, 277–293.
[44] J. Cavanagh, W. J. Fairbrother, A. G. Palmer III, N. J. Skelton, Protein NMR


Spectroscopy, Academic Press, New York, 1996.


Received: June 22, 2005


Published online on November 4, 2005


2246 www.chembiochem.org @ 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2242 – 2246


R. W. Kriwacki et al.



www.chembiochem.org






DOI: 10.1002/cbic.200500285


Binding of Helix-Threading Peptides to E. coli
16S Ribosomal RNA and Inhibition of the S15–
16S Complex
Barry D. Gooch, Malathy Krishnamurthy, Mohammad Shadid, and
Peter A. Beal*[a]


Dedicated to Prof. Peter B. Dervan on the occasion of his 60th birthday


Introduction


Over the past two decades, increased awareness of RNA-de-
pendent biological phenomena has spurred many attempts to
develop RNA-binding small molecules.[1–3] While many designs
have displayed varying levels of efficacy for particular targets,
very few have achieved the selectivity necessary to discrimi-
nate effectively against non-target RNA molecules. This is par-
ticularly evident in the case of aminoglycosides.[4, 5] Subsequent
to the discovery of the prokaryotic ribosomal A-site binding
pocket, many different naturally occurring and artificial RNA
structures have been shown to support aminoglycoside bind-
ing. This promiscuity has prompted investigators to make vari-
ous modifications to these compounds or turn to different
chemical scaffolds in order to develop RNA-binding com-
pounds with greater selectivity.[6,7]


Our laboratory has developed helix-threading peptides
(HTPs) that target duplex RNA structures selectively by thread-
ing intercalation.[8–15] Early studies by Cech and Draper, as well
as more recent efforts by us and others, have established that
certain duplex-RNA structures are predisposed to high-affinity
intercalation and can be selectively targeted by intercalating li-
gands.[12,13,15–21] Therefore, one approach to generating a highly
selective RNA-binding compound is through modification of
an intercalating ligand to maximize binding at one of these
high-affinity sites, while minimizing nonselective binding to
other double-helical structures. In duplex RNA, the major and
minor grooves contain functional groups that provide unique
recognition surfaces. The compounds we have developed have
an intercalation domain substituted in such a way as to project


peptide functional groups into these dissimilar grooves. Thus,
affinity for the target RNA can be maximized through stabiliz-
ing interactions between the peptide and functional groups
found in the grooves at that site. Furthermore, since HTPs bind
by threading intercalation, a substantial opening of the duplex
is required. Defects in RNA duplexes, such as bulges and loops,
increase the rate of base-pair opening and may facilitate bind-
ing, while more conformationally rigid sites are refractory to
these compounds.[22]


To further explore and develop the capabilities of the HTP
design for binding RNA selectively, we identified helix 22 of
the prokaryotic ribosomal 16S RNA as a target. This helix is a
component of the binding site for the ribosomal protein S15
(Figure 1).[23,24] In addition, the S15–16S RNA interaction is im-
portant for the ordered assembly of the bacterial ribo-
some.[25–27] Here we present the synthesis and characterization
of helix-threading peptides that bind selectively to helix 22 of
E. coli 16S RNA. Binding of the threading intercalator is depen-
dent on the presence of a highly conserved purine-rich internal
loop in the RNA, whereas removal of the loop minimally affects
binding of the classical intercalators ethidium bromide and
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Helix-threading peptides (HTPs) constitute a new class of small
molecules that bind selectively to duplex RNA structures adjacent
to helix defects and project peptide functionality into the dissimi-
lar duplex grooves. To further explore and develop the capabili-
ties of the HTP design for binding RNA selectively, we identified
helix 22 of the prokaryotic ribosomal RNA 16S as a target. This
helix is a component of the binding site for the ribosomal protein
S15. In addition, the S15–16S RNA interaction is important for
the ordered assembly of the bacterial ribosome. Here we present
the synthesis and characterization of helix-threading peptides


that bind selectively to helix 22 of E. coli 16S RNA. These com-
pounds bind helix 22 by threading intercalation placing the N
termini in the minor groove and the C termini in the major
groove. Binding is dependent on the presence of a highly con-
served purine-rich internal loop in the RNA, whereas removal of
the loop minimally affects binding of the classical intercalators
ethidium bromide and methidiumpropyl–EDTA·Fe (MPE·Fe). More-
over, binding selectivity translates into selective inhibition of for-
mation of the S15–16S complex.
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methidiumpropyl-EDTA·Fe (MPE·Fe). Moreover, binding selec-
tivity translates into selective inhibition of protein–RNA com-
plex formation.


Results and Discussion


Recent in vitro selection experiments and structure–activity re-
lationship studies have enabled us to define the minimal RNA
structure that allows for optimum binding by helix-threading
peptides.[12,13] Using these criteria, we identified a sequence
within helix 22 of E. coli 16S RNA as a possible target. Interest-
ingly, this notion was supported by the work of Kean et al. in
which it was demonstrated that the classical intercalator ethid-
ium bromide bound selectively to this site.[17] For our studies, a
61-nucleotide RNA construct was designed to mimic the 16S
binding site for the S15 protein containing helix 22. Several
HTPs were then synthesized in order to evaluate their ability to
bind this RNA.


Synthesis of Fmoc-protected acridine amino acid


In order to accomplish the peptide synthesis, a new acridine-
containing amino acid was prepared. We had previously re-
ported a synthetic route to an acridine-containing amino acid
protected as the allyloxycarbamate (Alloc).[8] However, the pal-
ladium-mediated removal of the Alloc group during peptide
synthesis was time consuming due to the air- and moisture-
sensitivity of this reaction. To circumvent these issues, a syn-
thesis to the fluorenylmethoxycarbamate (Fmoc)-protected


acridine amino acid was designed (Scheme 1). Commercially
available 9-acridone-4-carboxylic acid was protected as the
benzyl ester to give compound 1, followed by chlorination at


C9 and substitution with 9-fluorenylmethyl-4-aminobenzylami-
nocarbamate 2 to result in the fully protected amino acid 3.
Hydrogenolysis yielded the free carboxylic acid 4, which was
amenable to standard Fmoc solid-phase peptide synthesis pro-
tocols. The acridine-based amino acid was then incorporated
into helix-threading peptide sequences (Scheme 2).


Helix-threading peptide binding site and orientation


The RNA-binding properties of several helix-threading peptides
were evaluated, and HTP 5 (AcrDprLysLys; Acr refers to the ac-
ridine amino acid and Dpr is diamino propionic acid) was se-
lected for further characterization (Scheme 2). To determine its
binding site and orientation, 5 was modified with EDTA·Fe at
either its N or C terminus to give the affinity cleaving reagents
6 and 7, respectively. In the presence of reducing agents,
EDTA·Fe generates diffusible hydroxyl radicals, which produce
diagnostic cleavage patterns depending on whether the hy-
droxyl-radical generator is located in the minor or major
groove of a double-helical nucleic acid structure.[28–32] After the
5’-32P-labeled RNA construct had been treated with the affinity
cleaving reagents, RNA fragments were separated under dena-
turing conditions by polyacrylamide gel electrophoresis (Fig-
ure 2A). The most efficiently cleaved nucleotides were mapped
onto the RNA secondary structure (Figure 2B). Nucleotides
cleaved by 6 (blue) and 7 (red) surround a 5’-CpG-3’ step that
constitutes the proposed intercalation site. Although 7 cleaves
the duplex with less selectivity than does 6, this was not sur-
prising given the previously observed behavior of C-terminal
EDTA·Fe-modified compounds and RNA molecules of similar
structure.[13] When transferred to the three-dimensional struc-
ture of this three-helix junction from Thermus thermophilus 16S
RNA, the cleavage patterns clearly indicate that these com-
pounds bind helix 22 by threading intercalation with the ben-
zylamine substituent in the minor groove and the DprLysLys
tripeptide in the major groove (Figure 2C).[24]


Figure 1. Structure of a ribonucleoprotein complex from the central domain
of the T. thermophilus 30S ribosomal subunit depicting S15 bound to the
junction of helices 20, 21, and 22.[24] The helix-threading peptide binding
site is highlighted yellow.


Scheme 1. Reagents and conditions: a) BnBr/K2CO3/DMF/RT, 88%; b) POCL3/
reflux/3 h, then (9-fluorenylmethyl)-4-aminobenzylaminocarbamate (2)/
CH3CN/reflux/10 min, 69%; c) H2/10% Pd/C/MeOH/RT, 83%.
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Contrasting binding selectivity of classical and threading
intercalators


The putative intercalation site in helix 22 is the C660·G745–
G661·C744 step, which is adjacent to the bulged A746 and
near the highly conserved purine-rich internal loop consisting
of A663, G664, A665, G741, and G742.[33] Our earlier studies
with HTP-binding aptamers indicated that efficient binding by
this type of ligand required helix defects on both sides of the
intercalation site.[13] Therefore, we tested the effect of replacing
the purine-rich loop of helix 22 with two C·G base pairs
(A663C/G664D/A665C; Figure 3A). This change in RNA se-
quence had been shown by Ehresman to have no effect on
S15-binding affinity.[33] However, this loop structure is thought
to facilitate conformational changes that take place during the
ribosomal-assembly process to allow for the binding of riboso-
mal proteins S6 and S18.[23] We also evaluated the effect that
this change in RNA structure had on the binding of ethidium
bromide and MPE·Fe, since these compounds were also known
to bind this site in helix 22.[17,21]


At a concentration of 5 mM, both HTP 6 and MPE·Fe result in
similar cleavage patterns on the wild-type E. coli construct (Fig-
ure 3B). However, the mutant RNA, which lacks the internal
loop, does not support selective binding by the HTP, as indicat-
ed by the inefficient cleavage of this RNA by 6 (Figure 3B).
Considering the MPE·Fe-cleavage efficiency on the mutant
RNA, removal of the internal loop appeared to have a minimal
effect on its binding. The contrasting dependencies on the in-
ternal loop exhibited by the two intercalators suggest that
RNA structure determinants for efficient binding by a helix-


Scheme 2. Structures of helix-threading peptides 5–7.


Figure 2. A) 5’-32P-labeled affinity cleavage products of the wild-type RNA construct. Lanes from left to right: RNA alone; EDTA (25 mM), Fe(NH4)2(SO4)2 (50 mM),
and 5 (25 mM); alkaline hydrolysis ; RNase T1 reactivity at guanosine; 6 (7 mM); 7 (25 mM). Bracketed regions show the nucleotides most efficiently cleaved by 6
(blue) and 7 (red). Upper (3’) region cleaved by 7 contains nucleotides that could not be individually resolved, but comprises G737–G741. B) Predicted secon-
dary structure of the RNA construct showing location and efficiency of hydroxyl radical cleavage by 6 (blue) and 7 (red). The putative intercalation site is high-
lighted gray. Nucleotides G737–G741 could not be individually resolved and are displayed with equal cleavage efficiencies. Italicized nucleotides are not
native sequence, but incorporated to facilitate formation of the RNA structure. C) Two orientations of the structure of a three-helix junction from the central
domain of the T. thermophilus 30S ribosomal subunit depicting the location of nucleotides cleaved by 6 (blue) and 7 (red).[24]
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threading peptide are more
stringent than those for classical
intercalation and result in the se-
lectivity observed in the affinity
cleaving experiments.
Quantitative binding experi-


ments were carried out to com-
plement the qualitative studies
with the EDTA·Fe-modified com-
pounds described above. Ribo-
nuclease V1 footprinting of the
wild-type and mutant RNA con-
structs with 5 and ethidium bro-
mide confirm the affinity cleav-
ing results (Figure 4). Ethidium
bromide binds well to both wild-
type and mutant RNA constructs
with only a fourfold difference in
measured dissociation constants
(Table 1). However, HTP 5 binds
to wild-type helix 22 with at
least a 30-fold preference, since
no protection from the nuclease
could be observed even at the
highest concentration tested
(500 mM).


Requirement for conformation-
al flexibility in the RNA target


While carrying out these experi-
ments, we noted that U662 in
the wild-type helix 22 sequence
is hyperreactive during alkaline
hydrolysis (Figure 3B). This type
of hydrolytic hyperreactivity is
often seen in flexible sites in
folded RNAs, such as in loops or
bulges.[34] U662 is predicted to
be base paired in the structure
and adjacent to the A663·G742
pair of the purine-rich loop.
When the loop sequence is mu-
tated to create two C·G base
pairs (A663C/G664D/A665C), al-
kaline hydrolysis hyperreactivity
at U662 is lost, along with HTP
binding (Figure 3B). This correla-
tion is consistent with a link be-
tween conformational flexibility
at the binding site and efficacy
of HTP binding. It is interesting
to note that conformational flex-
ibility in 16S RNA at this site is a
functional requirement that facil-
itates the ordered binding of ri-
bosomal proteins.[23] It also appa-


Figure 3. A) RNA sequence and predicted secondary structure near the helix-threading peptide binding site of
helix 22 in the wild-type and mutant RNA constructs. The putative intercalation site is highlighted gray. B) 5’-32P-
labeled affinity cleavage products of the wild-type and mutant RNA constructs. Lanes from left to right (for both):
RNA alone; alkaline hydrolysis; RNase T1 reactivity at guanosine; MPE·Fe (5 mM); 6 (5 mM).


Figure 4. A) 5’-32P-labeled RNase V1 cleavage products of the wild-type and mutant RNAs with increasing [5] (two-
fold increments from 0.15 to 307.2 mM). B) Plot of binding isotherms for 5 on wild-type (*) and mutant (&) RNA
constructs. C) 5’-32P-labeled RNase V1 cleavage products of the wild-type and mutant RNAs with increasing [ethid-
ium bromide] (twofold increments from 0.15 to 76.8 mM). D) Plot of binding isotherms for ethidium bromide on
wild-type (*) and mutant (&) RNA constructs.
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rently allows for selective binding by helix-threading peptides.
The identification of other RNAs with flexible duplex structures,
in which the flexibility is a conserved feature of the RNA be-
cause of its functional importance, will likely reveal additional
targets for control by HTPs.


Helix-threading peptide mediated inhibition of a protein–
RNA complex


The HTP binding site in helix 22 of 16S RNA overlaps that of ri-
bosomal protein S15 (Figure 1). S15 binds to the three-helix
junction formed by the intersection of helices 20, 21, and 22.
Interestingly, the observation that ethidium bromide binds se-
lectively to this site in 16S RNA was made before the structure
of the S15–16S complex was known.[21,24] The structure of the
protein–RNA complex suggested to us that binding of an inter-
calating ligand into the helix 22 site might inhibit S15 binding.
In addition, if this could be carried out with HTPs, affinity and
selectivity optimization would be possible, since these com-
pounds are constructed in a rapid, modular, solid-phase syn-
thesis. Importantly, S15 is a primary binding protein in the or-
dered assembly of the bacterial 30S subunit.[25] Therefore, the
S15–16S complex has been identified as a potential target for
the development of new antibacterial agents that block
growth by inhibiting ribosome assembly.[35]


To evaluate the effect HTP binding has on S15–16S associa-
tion, we developed a gel mobility shift assay that allows for
the resolution of free three-helix junction RNA from the S15–
RNA complex. We chose to test the effect HTP 6 has on this in-
teraction, since we had observed that 6 bound the target with
higher affinity than 5. This is most likely due to the fact that 5
places its negatively charged C-terminal carboxylate in the
major groove, whereas 6 has a neutral C-terminal carboxamide.
Importantly, 6 inhibits the binding of S15 to the three-helix
junction RNA (Figure 5). To the best of our knowledge, this is
the first successful attempt at inhibiting this interaction with a
small molecule. Furthermore, the inhibition is selective for the
wild-type sequence, as expected if HTP binding to helix 22 is
the cause. Nearly complete inhibition of S15 binding to the
wild-type sequence is observed at 5 mM HTP 6, whereas this
concentration has little effect on the complex with the mutant
sequence (Figure 5). This difference is not due to a change in
protein–RNA affinity, as the two RNAs bind S15 with nearly
identical dissociation constants (wild-type: Kd=57�32 nM,
mutant: Kd=68�16 nM, see Supporting Information). We have
noted that the selectivity of the inhibition by 6 observed in
the gel mobility shift assay is not absolute, since concentra-
tions of 6 greater than 50 mM block binding to the mutant se-


quence as well. At these higher concentrations, nonselective,
inefficient cleavage is observed with 6 and the mutant RNA.
We suggest this nonselective binding is a result of the number
of primary amines in this peptide and the resulting overall pos-
itive charge of the ligand. Future optimization will involve
modifications that reduce the overall charge while improving
target-site affinity.


Conclusion


We have shown that helix-threading peptides can bind selec-
tively to helix 22 of E. coli 16S RNA. Complexation is highly de-
pendent on the presence of a purine-rich internal loop. The
classical intercalators ethidium bromide and MPE·Fe bind less
selectively, since their affinity for the RNA is less dependent on
the presence of the native loop structure. Binding of an HTP to
this site in 16S RNA inhibits the association with the ribosomal
protein S15. These studies extend our understanding of the
structural requirements in naturally occurring RNAs for binding
by HTPs. Since these compounds are prepared by using a
modular, solid-phase synthesis, affinity and selectivity optimiza-
tion is readily envisaged by the introduction of additional rec-
ognition elements into the groove-localized domains. Further-
more, because S15 is a primary binding protein in the ordered
assembly of the bacterial ribosome, compounds that block the
S15–16S interaction could be developed into antibacterial
agents that inhibit growth by preventing ribosome assembly.


Experimental Section


General. All reagents for the synthesis of 9-(4’-methylamino-9-
flourenylmethyloxycarbamate) anilinoacridine-4-carboxylic acid (6)
were obtained from commercial sources and were used without
further purification unless noted otherwise. Glassware for all reac-
tions was oven dried at 125 8C overnight and cooled in a dessicator
prior to use. All reactions were carried out under an argon atmos-
phere. Liquid reagents were introduced by oven-dried glass syring-
es. Tetrahydrofuran was distilled over sodium metal and benzophe-
none under an argon atmosphere, while acetonitrile was distilled
over CaH2. To monitor the progress of reactions, thin layer chroma-
tography was performed with Merck silica gel 60 F254-precoated
plates and alumina plates, eluting with the solvents indicated.
Yields were calculated for material that appeared as a single spot
by TLC and homogeneous by 1H NMR. Short- and long-wavelength
visualizations were performed with a Mineral light multiband ultra-
violet lamp at 254 and 365 nm, respectively. Flash column chroma-


Table 1. Dissociation constants of HTP 5 and ethidium bromide for the
wild-type and mutant RNA constructs measured by quantitative ribonu-
clease V1 footprinting.


Compound Kd (wild-type) [mM] Kd (mutant) [mM]


AcrDprLysLys (5) 16.7�3.1 >500
ethidium bromide 1.0�0.8 4.3�3.2


Figure 5. Gel mobility shift assay showing resolution of free wild-type and
mutant RNA constructs from their respective complexes with S15 in the
absence and presence of HTP 6 (5 and 10 mM).
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tography was carried out by using Mallinckrodt Baker silica gel 150
(60–200 mesh) and Fisher Alumina Adsorption gel (A540, 80–200
mesh). 1H and 13C NMR spectra of pure compounds were acquired
on VXL-300, VXR-500 or Inova-500 spectrometers at 300, 500, 75,
and 125 MHz. Chemical shifts for proton and carbon NMR are re-
ported in parts per million with reference to the solvent peak.
High-resolution chemical ionization (CI) and fast atom bombard-
ment (FAB) spectra were recorded on a Finnigan MAT 95 mass
spectrometer.


All reagents for solid-phase peptide synthesis (SPPS) were pur-
chased from NovaBiochem (San Diego, CA), except for Fmoc-Dpr-
(Boc)-OH (Advanced ChemTech, Louisville, KY), ethylenediaminete-
traacetic acid (EDTA) monoanhydride, which was synthesized ac-
cording to reported procedures,[36] and where otherwise noted.
Ethidium bromide (1%) was obtained from Fisher Biotech (Fair-
lawn, NJ). Reagents for DNA amplification, RNA synthesis/radioac-
tive labeling, hydroxyl-radical cleavage, and ribonuclease footprint-
ing were purchased from Amersham Pharmacia Biotech: high-
purity solution NTP set (ATP/CTP/GTP/UTP, 100 mM), RNase-Free de-
oxyribonuclease I (DNase I), RNAguard ribonuclease inhibitor (por-
cine); New England Biolabs: T4 polynucleotide kinase (PNK);
Perkin–Elmer Life Sciences: [g-32P]ATP (6000 Cimmol�1) ; Stratagene:
Pfu Turbo DNA polymerase; USB: PCR nucleotide mix (dATP/dCTP/
dGTP/dTTP, 10 mM) and shrimp alkaline phosphatase (SAP). All
commercial reagents were used as purchased without further puri-
fication. Chemically synthesized ribonucleic acids were purchased
from the DNA/Peptide Core Facility at the University of Utah
Health Sciences Center (HSC). Electrospray ionization (ESI) mass
spectra were recorded on a Finnigan LCQ ion-trap mass spectrom-
eter. Storage phosphor autoradiography was carried out and ana-
lyzed by using Molecular Dynamics imaging screens, Typhoon
9400 phosphorimager and ImageQuant 5.2 software.


Benzyl-9(10H)-acridone-4-carboxylate (1). Benzyl bromide
(0.214 mL, 1.804 mmol) was added dropwise to a solution of 9-
(10H)-acridone-4-carboxylic acid (0.216 g, 0.902 mmol) and K2CO3


(0.374 g, 2.706 mmol) in dry DMF (5 mL). The resulting solution
was stirred at ambient temperature for 12 h under argon. TLC
(50% EtOAc/hexanes) indicated complete conversion. The DMF
was removed by adding water, and the product was extracted in
EtOAc. The EtOAc layer was dried over anhydrous Na2SO4, and the
solvent was removed under reduced pressure. Purification by silica
gel column chromatography (15% EtOAc/hexanes) afforded
0.262 g (88%) of the product as a bright yellow solid. 1H NMR
(300 MHz, CDCl3) d=8.70 (d, J=7.8 Hz, 1H), 8.43 (d, J=7.6 Hz, 2H),
7.66 (t, J=7.7 Hz, 1H), 7.52–7.19 (m, 8H), 5.44 (s, 2H); 13C NMR
(75 MHz, CDCl3) d=177.91, 167.84, 141.89, 140.12, 136.75, 135.47,
134.16, 134.07, 128.95, 128.81, 128.45, 127.16, 122.51, 121.62,
119.99, 117.69, 113.62, 67.38; high-resolution CI-MS calcd for
C21H15NO3: m/z 329.1052, found: 330.1125 [M+H]+ .


(9-Fluorenylmethyl)-4-aminobenzylaminocarbamate (2). Fmoc-
OSu (1.0 g, 2.96 mmol) was added to a solution of 4-aminobenzyl-
amine (0.434 g, 3.56 mmol) in freshly distilled THF (8 mL) and di-
chloromethane (2 mL). The resulting solution was treated with Et3N
(450 mL) and stirred at ambient temperature under argon for 2 h.
TLC (5% MeOH/CHCl3) indicated formation of the product. The sol-
vent was removed under reduced pressure. Purification by silica
gel column chromatography (2% MeOH/CH2Cl2) afforded 0.620 g
(60%) of the product as a white solid. 1H NMR (300 MHz, CDCl3)
d=7.76 (d, J=7.3 Hz, 2H), 7.59 (d, J=7.3 Hz, 2H), 7.40 (t, J=
7.3 Hz, 2H), 7.31 (t, J=7.3 Hz, 2H), 7.06 (d, J=8.1 Hz, 2H), 6.63 (d,
J=8.3 Hz, 2H), 5.03 (s, 1H), 4.43 (d, J=6.8 Hz, 2H), 4.26–4.19 (m,
3H), 3.60 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3) d=156.52,


146.04, 144.15, 141.49, 129.13, 128.37, 127.83, 127.22, 125.33,
120.15, 115.37, 66.75, 47.45, 44.93; high-resolution CI-MS calcd for
C22H20N2O2: m/z 344.1525, found 345.1597 [M+H]+ .


Benzyl-9-(4’-methylaminofluorenylmethyloxycarbamate) anilino-
acridine-4-carboxylate (3). A solution of 1 (0.051 g, 0.154 mmol) in
POCl3 (1.5 mL) was heated at reflux for 3 h. The reaction mixture
was then cooled in ice and quenched by adding cold water. The
resulting solution was neutralized by adding NaHCO3 until the pH
was alkaline. The product was then extracted with dichlorome-
thane. The organic layer was dried over anhydrous Na2SO4, and the
solvent was removed under reduced pressure to obtain the
benzyl-9-chloroacridine-4-carboxylate intermediate. The residue
was then dissolved in freshly distilled acetonitrile (5 mL). (9-Fluore-
nylmethyl)-4-aminobenzylaminocarbamate (2 ; 0.079 g, 0.231 mmol)
was added to this solution, and the reaction mixture was heated at
reflux for 10 min. TLC (5% MeOH/CHCl3) indicated complete disap-
pearance of the chloro intermediate. The solvent was removed
under reduced pressure. The residue was then dissolved in CH2Cl2
and extracted with brine. The organic layer was dried over anhy-
drous Na2SO4, and the solvent was removed under reduced pres-
sure. Purification by alumina gel column chromatography (10%
EtOAc/hexanes) afforded 0.070 g (69%, over two steps) of the
product as a bright orange solid. 1H NMR (500 MHz, CDCl3) d=
11.16 (br s, 1H), 8.71 (br s, 1H), 8.23 (s, 1H), 7.74 (d, J=7.3 Hz, 2H),
7.59 (d, J=6.8 Hz, 2H), 7.47–7.34 (m, 7H), 7.29 (t, J=7.3 Hz, 2H),
7.20 (d, J=7.3 Hz, 2H), 7.15 (d, J=8.3 Hz, 1H), 6.79 (d, J=6.8 Hz,
2H), 5.42 (s, 2H), 5.05 (s, 1H), 4.46 (d, J=6.8 Hz, 2H), 4.37 (d, J=
4.4 Hz, 2H), 4.23 (t, J=6.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) d=
168.16, 156.65, 152.91, 151.36, 144.19, 141.56, 135.76, 134.41,
131.75, 129.29, 128.97, 128.94, 128.75, 128.40, 127.89, 127.27,
125.22, 121.21, 120.18, 119.95, 118.73, 117.73, 107.96, 67.19, 66.85,
47.58, 45.15; high-resolution FAB-MS calcd for C43H33N3O4: m/z
655.2471, found 656.2515 [M+H]+ .


9-(4’-Methylamino-9-fluorenylmethyloxycarbamate) anilinoacri-
dine-4-carboxylic acid (4). A suspension of 3 (0.070 g, 0.107 mmol)
and 10% palladium on carbon (5 mg) in methanol (5 mL) was
opened to vacuum and refilled three times with hydrogen gas
through a balloon. The reaction mixture was stirred for 12 h at am-
bient temperature, at which point TLC (15% MeOH/CHCl3) indicat-
ed completion of the reaction. The solution was filtered through a
Celite pad, and the filtrate was concentrated under reduced pres-
sure. Purification by silica gel column chromatography (3–4%
MeOH/CHCl3) afforded 0.050 g (83%) of the product as a bright
orange solid. 1H NMR (500 MHz, [D6]DMSO) d=8.48 (br s, 1H), 8.37
(br s, 1H), 7.87 (d, J=7.3 Hz, 2H), 7.83 (t, J=6.1 Hz, 2H), 7.69 (d, J=
7.8 Hz, 2H), 7.52–7.51 (m, 1H), 7.38 (t, J=7.6 Hz, 3H), 7.30 (t, J=
7.3 Hz, 3H), 7.18 (d, J=8.3 Hz, 2H), 6.99 (br s, 2H), 4.36 (d, J=
6.8 Hz, 2H), 4.22 (t, J=6.8 Hz, 1H), 4.18 (d, J=5.9 Hz, 2H), 4.09
(br s, 1H); 13C NMR (125 MHz, [D6]DMSO) d=167.81, 156.36, 156.31,
150.41, 143.87, 140.75, 135.62, 132.79, 130.44, 128.27, 127.82,
127.62, 127.51, 127.01, 126.98 125.19, 125.07, 123.41, 121.85,
120.14, 120.03, 119.14, 119.04, 117.17, 65.26, 46.79, 43.35; high-res-
olution FAB-MS calcd for C36H27N3O4: m/z 565.2002, found:
566.2056 [M+H]+ .


NH2-AcrDprLysLys-CO2H (5). TentaGel OH Macrobead resin from
Rapp Polymere GmbH (TNbingen, Germany, 0.21 mmolg�1, 50 mg,
0.011 mmol) was added to a BioRad Poly-Prep column and swollen
in DMF. A solution of Fmoc-Lys(Boc)-OH (5 equiv), N-hydroxybenzo-
triazole (HOBt; 5 equiv), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU; 5 equiv) in DMF was
added to the resin, followed immediately by addition of diisopro-
pylethylamine (DIPEA; 10 equiv). The resin was agitated for approx-
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imately 5 h at ambient temperature, then washed consecutively
with DMF and MeOH. After swelling in DMF, the resin was treated
with 20% piperidine in DMF (3O3 min) to remove the N-terminal
Fmoc protecting group, then washed. The subsequent amino
acids, Fmoc-Lys(Boc)-OH, Fmoc-Dpr(Boc)-OH, and Fmoc-Acr-OH (4)
were coupled in an identical manner. Following Fmoc deprotection
of the acridine residue, the resin was washed and dried by aspirat-
ing and lyophilizing overnight. The dry resin was treated with tri-
fluoroacetic acid (TFA)/PhOH/H2O/triisopropylsilane (TIPS; 88:5:5:2)
for 1 h at ambient temperature to remove remaining acid-labile
protecting groups. After consecutive washes with CH2Cl2, DMF, and
MeOH, the resin was aspirated to dryness and lyophilized for ap-
proximately 5 h. The dry resin (~5 mg) was placed in one well of a
MultiScreenP Solvinert 96-well filter plate (Millipore) and agitated
with NaOH (170 mL, 0.1 N) for 1 h at ambient temperature. This
slurry was neutralized with HCl (2N) and buffered with Bis-Tris
(50 mM, pH 7), and agitated for an additional 1 h. An ~2 mM solu-
tion of the released product was collected by vacuum filtration.
The product was purified by HPLC on a reversed-phase C-18
column (4.6O250 mm, Vydac) following absorbance of the com-
pound at lmax=442 nm. The compound was eluted with a gradient
of H2O (0.1% TFA; mobile phase A) and 60% acetonitrile (ACN;
0.1% TFA; mobile phase B; 0–4 min, linear increase to 40% B; 4–
16 min, linear increase to 80% B; 16–17 min, linear increase to
100% B; 1 mLmin�1). HTP 5 was analyzed by ESI-MS, calcd molecu-
lar weight: 685.4; found: 686.3 [M+H]+ .


EDTA·Fe-AcrDprLysLys-CONH2 (6). Rink amide 4-methylbenzhy-
drylamine (MBHA) resin (0.64 mmolg�1, 25 mg, 0.016 mmol) was
added to a Bio-Rad Poly-Prep column and swollen in DMF; this
was followed by deprotection of the Fmoc group with 20% piperi-
dine in DMF (3O3 min). The Fmoc-protected amino acid couplings
of apo-6 were identical to the preparation of 5. Following Fmoc
deprotection of the acridine residue, the resin was washed and
dried by aspirating and lyophilizing for approximately 3 h. EDTA-
monoanhydride (10 equiv), dissolved in warm anhydrous DMF, was
added to the resin, and the reactor was agitated for 17 h at ambi-
ent temperature. The resin was washed and dried/lyophilized, then
treated with TFA/PhOH/H2O/TIPS (88:5:5:2) for 3 h at ambient tem-
perature to remove remaining protecting groups and to release
the tethered compound. The solution containing apo-6 was col-
lected and concentrated under reduced pressure. Diethyl ether
precipitation of the residue, followed by extraction with water and
neutralization with triethylamine (TEA) gave the crude product.
HPLC purification, as described above for 5, afforded pure apo-6,
which was analyzed by ESI-MS, calcd molecular weight: 958.5;
found: 959.5 [M+H]+ . A twofold molar excess of ferrous ammoni-
um sulfate (Fe(NH4)2(SO4)2) (aq) was added to give FeII-loaded 6 im-
mediately preceding affinity cleavage experiments.


NH2-AcrDprLysLys(EDTA·Fe)-CONH2 (7). Rink amide MBHA resin
(0.64 mmolg�1, 25 mg, 0.016 mmol) was added to a Bio-Rad Poly-
Prep column and swollen in DMF, followed by deprotection of the
Fmoc group with 20% piperidine in DMF (3O3 min). After washes
of DMF and MeOH, a solution of Fmoc-Lys(Mtt)-OH (5 equiv, Mtt=
methyltrityl), HOBt (5 equiv), and HBTU (5 equiv) in DMF was
added to the resin, followed immediately by addition of DIPEA
(10 equiv). Subsequent Fmoc-protected amino acid couplings of
apo-7 were identical to the preparation of 5. Before Fmoc depro-
tection of the acridine residue, the solid support was treated with
1% TFA and 5% TIPS in DCM (2O30 min) to remove the Mtt pro-
tecting group of the C-terminal lysine, leaving other acid-labile
protecting groups intact.[37] EDTA-monoanhydride was coupled,
Fmoc was removed from the acridine residue, and apo-7 was re-


leased from the solid support. Work-up and purification were per-
formed as described previously. ESI-MS, calcd molecular weight:
958.5; found: 959.5 [M+H]+ . A twofold molar excess of Fe(NH4)2-
(SO4)2 (aq) was added to give FeII-loaded 7 immediately preceding
the affinity cleavage experiments.


RNA synthesis and 5’-32P labeling. The 61-nucleotide wild-type
RNA was generated by run-off transcription with T7 RNA poly-
merase. First, an 86-nucleotide dsDNA PCR product was amplified
from a chemically synthesized template by using 25-mer and 45-
mer DNA oligonucleotide primers. Sequences are as follows: 25-
mer, 5’-GAGCGTCAGTCTTCGTCCAGGCCGA-3’; 45-mer, 5’-GCGAAT-
TCTAATACGACTCACTCTCGGGCGGTTTTTCGAAGCTTG-3’, the T7 pro-
moter is underlined; 61-mer template, 5’-GAGCGTCAGTCTTCGT-
CCAGGCCGAAGCCCTCTACGAGACTCAAGCTTCGAAAAACCGCCC-3’.
The PCR product was extracted with phenol/chloroform, precipitat-
ed with ethanol, and dissolved in 100 mL reaction volumes consist-
ing of transcription buffer (80 mM HEPES, 25 mM MgCl2, 2 mM sper-
midine, 30 mM dithiothreitol (DTT), pH 7.5), NTPs (8 mM), and RNase
inhibitor (1 UmL�1). Transcription was initiated with T7 RNA polym-
erase (0.03 mgmL�1) and continued overnight at 40 8C. The reac-
tion mixture was treated with RNase-free DNase I (0.5 UmL�1) and
CaCl2 (1 mM) for 1 h at 40 8C and purified on a 10.5% denaturing
polyacrylamide gel. The transcribed RNA was visualized by UV
shadowing, excised from the gel, and eluted overnight by the
crush-and-soak method. After filtration, the solution was extracted
with phenol/chloroform and precipitated with ethanol. The RNA
concentration was determined by measuring the absorbance at
260 nm. For the preparation of 5’-32P RNA, the transcript (30 pmol)
was treated with SAP (0.1 UmL�1) for 45 min at 37 8C, followed by
heat inactivation of the enzyme for 15 min at 65 8C. The dephos-
phorylated RNA was immediately treated with T4 PNK (0.5 UmL�1),
[g-32P]-ATP (2 mCimL�1) and DTT (1 mM) and incubated for 45 min
at 37 8C. Labeled RNA was gel purified, visualized by storage phos-
phor autoradiography, and isolated as previously described.


The 60-nucleotide mutant RNA construct was chemically synthe-
sized on a Perkin–Elmer/ABI Model 392 DNA/RNA synthesizer with
b-cyanoethyl phosphoramidites purchased from Glen Research
(Sterling, VA). The 5’-O-dimethoxytrityl (DMT) and 2’-O-tertbutyldi-
methylsilyl (TBDMS) phosphoramidites were deprotected with am-
monium hydroxide/ethanol, followed by triethylamine-3HF. The
oligonucleotides were gel purified and 5’-32P end-labeled, as de-
scribed above.


Affinity cleaving. HTPs 6 and 7 and MPE·Fe were incubated with
5’-32P-labeled wild-type and mutant RNAs (1 nM) for 15 min in reac-
tion buffer at ambient temperature. The resulting complexes were
probed by initiating hydroxyl-radical formation through the addi-
tion of hydrogen peroxide (0.01%) and DTT (5 mM). The reactions
were allowed to proceed for 20 min at room temperature, then
quenched by the addition of distilled, deionized water. This was
followed by phenol/chloroform extraction and ethanol precipita-
tion. Cleaved RNA was resuspended in formamide loading buffer,
heat denatured, and analyzed by denaturing 10.5% PAGE.


Gel mobility shift assay. To observe the inhibition of the protein–
RNA complexes, increasing concentrations of 6 were incubated
with E. coli S15 (100 nM) and 5’-32P-labeled wild-type and mutant
RNAs (100 pM) in reaction buffer at 0 8C for 30 min. The complexes
were resolved from free RNA by native 8% polyacrylamide (29:1
acrylamide/bis) gel electrophoresis. Optimal resolution was ob-
tained by running the gel at 4 8C with a 90 V potential for 5.5 h.


Quantitative RNase V1 footprinting. Dissociation constants for 5,
ethidium bromide, and S15 on the wild-type and mutant RNAs
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were obtained by using RNase V1 under native conditions. Ligand/
protein–RNA complexes were formed by incubating increasing
concentrations of the ligand/protein with 5’-32P-labeled RNA (1 nM)
for 15 min in reaction buffer (50 mM Bis-Tris·HCl, pH 7.0, 100 mM


NaCl, 10 mM MgCl2, and 10 mgmL�1 yeast tRNAPhe) at ambient tem-
perature. Enzymatic digestions with RNase V1 (0.0001 UmL�1) were
carried out for 30 min at ambient temperature and quenched with
hot, formamide loading buffer. Cleaved RNA was heat denatured
and analyzed by 10.5% denaturing PAGE. The cleavage efficiency
at nucleotide(s) near the binding site was calculated by normaliz-
ing for any differential loading of each concentration of the ligand
or protein tested.


For HTP 5 and ethidium bromide bound to the wild-type RNA, the
footprint at A663 was monitored with respect to the V1-dependent
constant band C651. For the same ligands bound to the mutant
RNA, the footprint at G661 was monitored with respect to the
same constant band. The cleavage data for the RNA were convert-
ed to binding data for the ligand by assuming that the maximum
cleavage efficiency corresponds to 0% occupancy and the mini-
mum cleavage efficiency corresponds to 100% occupancy. The
fraction of RNA bound by the ligand was plotted as a function of
concentration, and the data were fitted to the equation: fraction of
RNA bound= [ligand]/([ligand]+Kd). Dissociation constants are re-
ported as the average and standard deviation of three different
experiments.


For S15 bound to the wild-type RNA, hyperreactivity at A663 was
followed with respect to the V1-dependent constant band U590.
The cleavage data for the RNA were converted to binding data for
the protein by assuming that the minimum cleavage efficiency cor-
responds to 0% occupancy and the maximum cleavage efficiency
corresponds to 100% occupancy. However, for S15 bound to the
mutant RNA, the hyperreactive pattern was not observed. Instead,
a footprint at C658–U659 was monitored with respect to U594,
and cleavage data were processed by assuming that the maximum
cleavage efficiency corresponds to 0% occupancy and the mini-
mum cleavage efficiency corresponds to 100% occupancy. The
fraction of RNA bound by S15 was plotted as a function of concen-
tration, and the data were fitted to the equation: fraction RNA
bound= [S15]/([S15]+Kd). The results are reported as the average
and standard deviation of three different experiments (see Sup-
porting Information).
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Design, Synthesis and Analysis of Inhibitors of
Bacterial Aspartate Semialdehyde
Dehydrogenase
Russell J. Cox,*[a] Jennifer S. Gibson,[a] and Andrea T. Hadfield[b]


Aspartate semialdehyde dehydrogenase (ASA-DH) is an enzyme
that catalyses one of the first steps during the biosynthesis of
cell-wall components and amino acids in bacteria (Scheme 1).[1]


The enzyme catalyses the reductive dephosphorylation of as-
partyl phosphate 1 using an active-site cysteine. The cysteine
thiol attacks the acyl carbonyl of 1, displacing phosphate and
creating a thiolester 2, which is covalently bound to the
enzyme. The thiolester is then reduced by hydride from
NADPH, releasing the active-site thiol and aspartate semialde-
hyde 3 from the active site.[2] Inhibition of ASA-DH would be
expected to lead to cell lysis, and experiments in which the
ASA-DH gene, asd, has been knocked out yield bacteria incapa-
ble of surviving in the absence of exogenous cell-wall precur-
sors.[3] For this reason, potent inhibitors of ASA-DH could form


a new class of antibacterial agents. We have previously report-
ed the synthesis and properties of ASA-DH inhibitors based on
the structure of the substrate, aspartyl phosphate 1.[4] We now
report the design, synthesis and testing of compounds de-
signed to act as covalent inactivators of ASA-DH.
In previous work, we described the synthesis of analogues


of 1, in which the phosphate ester oxygen atom was replaced
by CF2, CH2 or NH (compounds 4–6, respectively).[4] These com-
pounds were designed to mimic the substrate 1 but be inca-
pable of losing phosphate. These compounds also allowed us
to learn about substrate recognition in the active site of ASA-
DH. The phosphate pKa2 should be around 7 or higher for opti-


Unsaturated and fluorinated analogues of aspartyl-b-phosphate
were synthesised as potential inhibitors of the bacterial enzyme
aspartate semialdehyde dehydrogenase (ASA-DH). Acetylenic and
Z-olefinic analogues showed competitive inhibition, but an E-ole-
finic analogue was inactive. A monofluoromethylene phospho-
nate competed poorly, but showed time-dependent inhibition of


ASA-DH in the absence of phosphate. Simulated docking proce-
dures were used to rationalise the results. These studies showed
that substrate and inhibitor binding are mediated by interaction
with two active-site arginine residues, and for likely covalent at-
tachment to the active-site thiol group, electrophilic carbon
atoms should be located 4.5 &, or less, from the thiol.


Scheme 1. Reactions catalysed by ASA-DH and biological fate of aspartate
semialdehyde.
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mal binding,[4] so that the phosphate is mono-ionised at phys-
iological pH. For the difluorophosphonate 4 with a pKa2 of
about 4.5, initial binding was therefore poor, while the phos-
phonate 5 (pKa2�6.1) and phosphoramidate 6 (pKa2�6.3)
bound progressively better. However, another feature was also
important—the high electrophilicity of the difluoromethylene
carbonyl of 4 means that it most likely forms a reversible cova-
lent bond with the active-site thiol of ASA-DH, leading to more
potent slow-binding inhibition.[4] The design of compounds
likely to be electrophilic at this carbon atom, while maintaining
a relatively high pKa2 value for the phosphorous moiety, was
therefore considered.
Thus we considered compounds such as the monofluoro-


phosphonate 7, which would be expected to have a phospho-
nate pKa2 value around 6.2[5] and a moderately electrophilic car-
bonyl group. The isomeric olefins 8 and 9, expected to have
pKa2 values around 7.9[6] and likely Michael acceptors at the de-
sired carbon atom were also considered. Finally, the acetylene
10 was chosen—analogous acetylenic esters are excellent Mi-
chael acceptors for thiols, and we expected the pKa2 of the
phosphonate to be around 6.3.[6] The more rigid unsaturated
compounds would also allow us to assess possible steric re-
quirements in the active site of ASA-DH.


Synthesis


Monofluorophosphonates have been reported before to be
useful mimics of phosphates. For example, Berkowitz described
fluorophosphonate analogues of glucose-6-phosphate (G6P) as
alternative substrates for G6P-dehydrogenase[5] and O’Hagan
has described fluorinated analogues of glycerol-3-phosphate
as alternative substrates for glycerol-3-phosphate dehydrogen-
ase.[7] In both cases the monofluorophosphonate proved to be
a better substrate than methyl-
ene or difluoromethylene ana-
logues.
We initially approached the


synthesis of 7 using chemistry
developed by Savignac—the
generation of a lithiosilylfluoro-
methyl phosphonate 12 and its
reaction with an activated car-
bonyl species (Scheme 2).[8] How-
ever, these reactions proved un-
productive, and the desired pro-
tected monofluoromethylene
phosphonate 13 could not be
obtained this way. We next con-
sidered electrophilic fluorination
of the methylene phosphonate
15, a reaction similar to that re-
ported by Robins for the fluori-
nation of methylenephosphon-
atesulfonates.[9]


The synthesis of the diethyl
phosphonate analogue of 15
has already been described,[4]


and we used the same methods for the construction of the di-
methyl phosphate 15. Thus, treatment of bis-methyl ester 14
with LiCH2P(O)(OMe)2 gave 15 in modest yield. Treatment of
15 with NaH, followed by the addition of one equivalent of se-
lectfluor [1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]oc-
tane bis-(tetrafluoroborate)] , however, led to the formation of
the undesired difluorophosphonate 16 (40%) and recovery of
starting material 15 (55%). This is presumably because the
monofluorinated product is more acidic than the starting ma-
terial and deprotonates and fluorinates a second time. Reverse
addition (i.e. adding the preformed sodium salt of 15 to two
equivalents of selectfluor) was more successful, giving a 50%
yield of the desired 17, 16% of the difluorophosphonate 16
and the remainder as starting material 15 (20%). These com-
pounds were easily separated by using flash chromatography.
The protected monofluorophosphonate 17 exists as a mixture
of diastereomeric (roughly 45%:45%) and enol (10%) forms as
shown by 19F NMR. Thus, no attempt was made to separate
the diastereomers. The mixture was deprotected by using the
in situ generation of TMS-I (TMSCl and NaI in CH3CN) followed
by KOH hydrolysis of the resulting TMS esters. 19F NMR of the
product 7 showed the presence of approximately 1% of the
enol isomer and equimolar amounts of each diastereomer.
The synthesis of the acetylenic phosphonate 10 has been


described previously, but in racemic form.[10] An initially at-
tempted Ohira–Bestmann reaction[11] of the doubly BOC-pro-
tected (BOC= tert-butyloxycarbonyl) enantiomerically pure
aminoaldehyde 18[4] gave the aldehyde 19, but in low yield
(Scheme 3). However, we realised that the methylene phospho-
nate 15 could be converted to the required alkyne if the
ketone could be enolised and eliminated. Thus 15 was treated
with triflic anhydride and DIPEA. Under these conditions the in-
termediate triflylenolether was not observed, and the protect-


Scheme 2. Route to monofluromethylenephosphonate 7. a) BuLi, Me3SiCl, BuLi, �78 8C; b) addition of electrophile,
�78 8C; c) (MeO)2P(O)CH3, BuLi, �78 8C to RT, 29%; d) NaH, THF, 0 8C, then selectfluor, �10 8C, 50%; e) CH3CN,
Me3SiCl, NaI, RT, then KOH(aq), 70%.
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ed L-alkyne 20 was obtained in moderate yield. De-
protection was achieved in refluxing aqueous HCL to
give the L-amino acid 10 in quantitative yield.
Initial attempts to reduce the protected alkyne 20


focused on the use of zirconium reagents such as
Schwartz reagent (Cp2ZrHCl) and Negishi’s reagent
(Cp2ZrCl2/2BuLi). Attempts to add the Schwartz re-
agent to 20 followed by aqueous hydrolysis were un-
successful, and Quntar and Srebnik’s method involv-
ing the addition of Negishi’s reagent to acetylenic
phosphonates to form zirconacycles, which can be
hydrolysed to Z-olefins, was also unsuccessful.[12] Re-
moval of one of the BOC protecting groups of 20
gave the monoprotected amine 21—however, this
was similarly unreactive to the Zr reagents.
Traditional Lindlar conditions proved more useful


for the controlled reduction of the mono-BOC acetyl-
ene 21, giving a 75% yield of the desired Z-olefin 22
and 21% of the over-reduced analogue 23
(Scheme 4). The Z-selectivity is reflected in the cou-
pling constants of the 1H spectrum of 22. Savignac
showed that for the E-vinyl phosphonates typical
coupling constants are 3JHH-trans values of 17.1–17.3 Hz
and 3JPH-cis values of 20–23 Hz; for Z-vinyl phospho-
nates typical values are 3JPH-trans=38–50 Hz and
3JHH-cis=5–13 Hz.[13] The Z-vinyl phosphonate 22 dis-
played typical coupling values for such compounds;
3JPH-trans=52.4 Hz and 3JHH-cis=13.2 Hz. The Z-olefin
and over-reduced compound were conveniently sep-
arated by flash chromatography and deprotected in
refluxing aqueous HCl, giving 9 and 24, respectively,
in quantitative yields.
The synthesis of the E-olefin 8 also proved trouble-


some initially. We attempted the metathesis ap-
proach pioneered by Hayes[14] in which dimethylvinyl
phosphonate 25 was treated with protected allylgly-
cine 26 (Scheme 5) in the presence of the Grubbs
second-generation catalyst, but this did not yield the
desired olefin 27, and only starting material was re-
covered. A more conventional approach, involving
the Horner–Wadsworth—Emmons-type reaction of
the doubly BOC-protected aldehyde 18[4] with the bis-
phosphonate 31 was more successful, however, af-
fording the desired protected olefin 28 in 80% yield.
The E selectivity of the reaction is apparent from the
coupling constants in the 1H NMR spectrum.[13] The
vinyl phosphonate 28 has coupling constants typical
for a trans-alkene (3JHH=17.1 and 3JPH=21.5 Hz). Con-
firmation of the structure was gained by crystal struc-
ture analysis of 28 (Figure 1). Deprotection to 8 was
again achieved in quantitative yield by aqueous acid
hydrolysis.
Modification of this reaction provided the fluorinat-


ed olefin 29. Thus the bisphosphonate 31 was treat-
ed with base and then selectfluor to give the monofluoro-
phosphonate 32 in 50% yield. A second deprotonation and
treatment with the doubly BOC-protected amino aldehyde 18


gave a low yield of the monofluoro-olefin 29. However, suffi-
cient material was obtained for deprotection to 30 and further
study.


Scheme 3. Route to acetylenic analogue 10: a) K2CO3, MeOH, 0 8C, then (MeO)2P(O)C(N2)-
C(O)CH3, 12%; b) CH2Cl2, 0 8C, DIPEA, Tf2O, 57%; c) HCl(aq), D, 99%. DIPEA=N,N-diisopro-
pylethylamine.


Scheme 4. Synthetic routes to Z-olefinic and saturated analogues : a) CH2Cl2, CF3CO2H, RT,
68%; b) MeOH, Pd/BaSO4/quinoline, H2 (1 atm), RT, 45 min, 75%; c) HCl(aq), D, quant. ;
d) HCl(aq), D, quant.


Scheme 5. Synthesis of E-olefinic analogues : a) RuCl2(
iMES)(PCy2)CHPh, CH2Cl2, RT; b) THF,


NaH, selectfluor, 53%; c) 31, NaH, THF, 0 8C, 65%; d) HCl(aq), D, 99%; e) NaH, THF, 0 8C,
8%; f) HCl(aq), D, 99%.
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Inhibition


ASA-DH is difficult to assay in the biosynthetic forward direc-
tion because of the instability of the substrate aspartylphos-
phate 1. However, L-aspartate semialdehyde 3 is simply pre-
pared by ozonolysis of L-allylglycine.[15] This is then used as the
substrate for the enzyme, and turnover is monitored by detect-
ing the production of NADPH from NADP+ at 340 nm in the
presence of high phosphate concentrations, from which the
rate of reaction can easily be measured (Scheme 6).[4] Two
types of assays were used: “competitive” assays to detect re-
versible inhibition were performed by adding the inhibitor to


the standard assay; and time-dependent inhibition was detect-
ed by preincubating ASA-DH with the inhibitor, in the absence
of substrates, and measuring the amount of uninhibited
enzyme remaining at subsequent time points by using the
standard assay procedure.
The monofluoromethylene phosphate 7 behaved similarly to


the difluoromethylene phosphonate 4 previously studied.[4] In
competitive assays, no inhibition was observed; however,
when 7 was incubated with ASA-DH in the absence of phos-
phate and substrates, inhibition was observed that varied over
time (Figure 2). In the case of 4 this inhibition is reversible,[4] as
it was observed that when ASA-DH inhibited with 4 was
added to assay mixtures containing phosphate, ASA and
NADPH, the initial slow rate of reaction increased over time,
thus indicating loss of inhibitor from the active site. In contrast,
this behaviour was not observed for inhibition of ASA-DH by 7.
Instead, inhibited ASA-DH did not regain activity when diluted
into solutions containing substrates (even after prolonged in-


cubation), indicative of irreversible covalent inhibition. Howev-
er, inhibition was weak with a measured Ki of 1.2 mM.
The E-vinylphosphonate 8 also showed no observable rever-


sible inhibition at concentrations up to 20 mM, and was inac-
tive in time-dependent assays at this high concentration. The
fluorinated vinylphosphonate 30 was also inactive in both
assays. The Z-olefin 9 showed very marginal reversible inhibi-
tion at 20 mM and no time-dependent inhibition. However, the
acetylene 10 showed relatively good reversible inhibition of
ASA-DH; variation of 3, phosphate and 10 concentrations
showed that 10 is a competitive inhibitor versus both 3 and
phosphate, with Ki values of 3.9 mM versus 3 and 1.3 mM versus
phosphate (Figure 2). No time-dependent inhibition was ob-
served for 10. The fully reduced compound 24 was also tested
as an inhibitor of ASA-DH, but showed no observable activity
at concentrations up to 20 mM.


Discussion


Our previous results suggested that initial recognition and
binding of substrates by ASA-DH is controlled, to a large
extent, by the charge on the phosphate group—monoanionic
compounds are preferred to dianions. This is consistent with a
singly charged cationic arginine residue in the active site of
ASA-DH (vide infra). This analysis is borne out by the behaviour
of the monofluoromethylene phosphonate 7. This compound
would be expected to have a pKa2 value of around 6.2, and so


Figure 1. X-ray crystal structure of 28, showing E-olefin. Aliphatic hydrogen
atoms were removed for clarity.


Scheme 6. Assay procedure for ASA-DH.


Figure 2. Inhibition of ASA-DH by 7 and 10 : A) residual activity plot for in-
hibition by 7; B) Reciprocal rate data for inhibition of ASA-DH with varying
ASA and 10 concentrations; C) Reciprocal rate data for inhibition of ASA-DH
with varying phosphate and 10 concentrations.
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the phosphonate of 7 would be largely di-ionised at pH 8.6 of
the inhibition assay. Thus, this compound did not compete
well with phosphate itself, but, as expected, 7 proved to be a
time-dependent inhibitor of ASA-DH in the absence of phos-
phate.
The inhibitory activity of the other compounds is harder to


understand based on pKa arguments—the pKa2 values for the
olefins and acetylene would be expected to be around 8.0 and
6.5, respectively, but the acetylene showed significantly better
competitive inhibition than either olefin. We reasoned that this
is probably a reflection of geometric considerations. In order
to assess this possibility, simulated docking procedures were
used to model the interactions and likely geometries of the
substrate 1 and inhibitors studied here.
X-ray crystal structures of ASA-DH from E. coli have been


previously obtained.[1,16] In particular, one structure exists in
which a substrate analogue is covalently attached to the
active-site cysteine and in which a flexible loop region
(Asp231–Glu242) has become more ordered over the top of
the active site.[1, 16] The substrate mimic was manually removed
from the coordinate file (Protein Data Bank ID: 1gl3), and this
was used for simulated docking experiments with the Sybyl
software package (Tripos Software). The first simulated docking
experiment performed was with the substrate 1. In the result-
ing structure, substrate 1 takes up a conformation in which
the phosphate interacts with Arg102 and the carboxylate inter-
acts with Arg267 (Figure 3A). This is in agreement with crystal
structure data obtained by Viola, in which ASA 3 is covalently
bound as a thiohemiacetal in the active site of H. influenzae


ASA-DH (corresponding to intermediate B in Scheme 1). In this
structure the carboxylate of the covalently bound ASA 3 inter-
acts with an arginine corresponding to Arg267 of the E. coli
enzyme and a free phosphate ion interacts with an arginine
which corresponds to Arg102 of the E. coli enzyme.[17]


The carbonyl carbon atom of the docked substrate 1 lies
4.4 P from the cysteine thiol group in the docked structure. Al-
though this distance does not represent a bonding interaction
(the bond length is 1.8 P in the ASA-thiohemiacetal structure
of Viola), it is clear from the fact that bonding does occur, that
electrophilic carbon atoms that can locate 4.4 P or less from
the thiol have the potential to bind covalently, given the cor-
rect geometrical constraints. The carbonyl group of docked 1
also points at the active-site His274; this might play a role in
polarising the carbonyl prior to nucleophilic attack and depro-
tonating the thiol nucleophile. Thus the simulated docking
procedure we used appears to predict the likely bound confor-
mation of the substrate (prior to covalent bond formation) well.
We next used the same procedure to model the docking of


the known inhibitors 4 and 5. Both compounds took up very
similar docked conformations to the substrate 1—the phos-
phate interacts with Arg267, while the carboxylate interacts
with Arg102. For the difluoromethylene phosphonate 4, the
nucleophilic carbonyl is 4.3 P from the nucleophilic cysteine
thiol, while for the methylene phosphonate it is 3.9 P away—
both within the distance obtained for 1. Again, the carbonyls
of 4 and 5 point towards the active-site histidine.
The acetylene 10 behaved similarly: the phosphate and car-


boxylate locate correctly, but the electrophilic carbon of the
alkyne is far from the cysteine
sulfur atom (6.4 P), and, in any
case, the two are poorly aligned
for reaction (Figure 3B). The si-
mulated docking of the two ole-
fins 8 and 9 was examined next.
The Z-olefin 9 also appeared to
dock successfully—both carbox-
ylate and phosphate can interact
with the two arginines (Fig-
ure 3C). In this structure, the
active-site thiol is close to the
electrophilic carbon atom (3.8 P),
but is not orientated correctly
for nucleophilic attack. The E-
olefin 8 did not take up a con-
formation likely to lead to effec-
tive binding—the rigidity of the
compound prevented it reaching
a conformation in which both
the phosphate and carboxylate
could interact with the two
active-site arginines (Figure 3D).
In the structure shown in Fig-
ure 3D, the distance between
the active-site thiol and the elec-
trophilic alkene carbon atom is
4.8 P.


Figure 3. Substrates and inhibitors of ASA-DH interacting with active-site residues of ASA-DH obtained by simulat-
ed docking. In each case the four active-site residues are (from l to r) Arg102, Cys135, His274, and Arg267, with
the nicotinamide moiety of NADP+ shown behind: A) substrate 1; B) alkyne 10 ; C) cis-olefin 9 ; D) trans-olefin 8 ;
E) 5R-fluoride 7a ; F) 5S-fluoride 7b.
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Both diastereomers of the monofluorophosphonate 7 were
then modelled into the active site of ASA-DH. The (2S,5R)
isomer 7a takes up a conformation very similar to that ob-
served for the other compounds, with a carbonyl–thiol dis-
tance of 4.0 P (Figure 3E). However, the (2S,5S) isomer 7b
takes up a conformation different to that observed for the
other compounds—while the carboxylate and phosphate still
interact with Arg102 and Arg267, respectively, the carbonyl
group has rotated so that it is no longer interacting with the
active-site histidine residue and has moved to be 6.0 P away
from the active-site thiol (Figure 3F). The model also suggests
a plausible explanation for the irreversible inhibition by 7.
Thiohemiacetal formation between the active-site thiol of ASA-
DH and the carbonyl of 7 would be expected to be reversible,
unlike the observed irreversible inhibition. However, displace-
ment of fluoride from the phosphonate carbon atom by the
active-site thiol would be expected to lead irreversibly to a co-
valent adduct. In the case of docked 7a, the phosphonate CHF
carbon atom lies 4.32 P away from the thiol, while for 7b this
distance is 4.05 P. However, in the predicted structure of
docked 7a, the active-site thiol approaches at a near perfect
angle for SN2 attack (176.78), while for 7b the angle is 64.98, an
angle unlikely to lead to covalent bond formation.
The modelling studies clearly reflect the trends observed in


the inhibition data. For example, the E-olefin 8 did not dock
well into the active site of ASA-DH and did not show any in-
hibitory activity. The Z-olefin 9 and acetylene 10 docked better
and showed better competitive inhibition. Neither of these
compounds showed time-dependent inhibition as their elec-
trophilic carbonyls were located too far away from the thiol
and, in any case, were incorrectly aligned for bond formation.
The only compound to show measurable time-dependent


inhibition was the monofluorophosphonate 7. Here, one
isomer of 7, the (2S,5R) isomer 7a, takes up a conformation in
which both the phosphate and carboxylate can make produc-
tive interactions with the active-site arginines. In this structure
the thiol is located 4.3 P away from the phosphonate CF at a
near perfect angle for SN2 attack; this could lead to the ob-
served irreversible inhibition. Inhibition is weak because initial
binding is controlled by the phosphate pKa2 such that a doubly
ionised phosphate is poorly recognised.
To date, inhibitors based on the structure of the substrate 1


have shown modest inhibition—with Ki values in the region of
the reported KM values for substrates.[4] This is unsurprising as
most structural features of the substrate are retained in the in-


hibitors and the substrates themselves do not bind tightly to
the enzyme. For the design of more potent future inhibitors of
ASA-DH, compounds that could be useful antimicrobial agents,
more drastic structural changes will have to be considered.
However, we have shown that simulated docking approaches
may be useful in the design of such compounds.


Experimental Section


Procedures for the synthesis of compounds 7–10, 15–17, 19–24,
28–30, and 32, as well as assay procedures are contained in the
Supporting Information.
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Protein Flexibility and Ligand Rigidity: A
Thermodynamic and Kinetic Study of ITAM-
Based Ligand Binding to Syk Tandem SH2
Nico J. de Mol,*[a] M. Isabel Catalina,[b, c] Frank J. Dekker,[a, d] Marcel J. E. Fischer,[a]


Albert J. R. Heck,[b] and Rob M. J. Liskamp[a]


Introduction


Protein phosphorylation functions as an on/off switch in intra-
cellular molecular signal transduction. In the recognition of
protein sequences containing phosphotyrosine (pY), Src ho-
mology 2 (SH2) domains play a crucial role. SH2 domains are
protein modules of approximately 100 amino acid residues, oc-
curring in a wide variety of signaling proteins. The structural
basis of the recognition of specific sequences by SH2 domains
has been elucidated by X-ray crystallography and NMR.[1] Indi-
vidual SH2 domains bind to specific tyrosine-phosphorylated
sequences with dissociation constants ranging from 200 to
1000 nM.[2] SH2 domains are present in tandem in a number of
signaling proteins, including ZAP-70, Syk, PI-3 kinase, SHP-2,
and PLC-g. The affinities of bivalent interactions with tandem
SH2 domains are much higher than those for binding to single
SH2 domains, being found in the 0.5–50 nM range. Similarly,
the specificities of interactions with tandem-SH2 (tSH2) do-
mains are also much greater than those of single SH2 do-
mains.[2]


Spleen tyrosine kinase (Syk) contains two SH2 domains in
tandem, in addition to its kinase domain. This kinase plays a
crucial role in the signal transduction of certain members of
the family of multichain immune recognition receptors, such
as the high-affinity receptor for IgE (FceRI) and the B cell anti-
gen receptor (BCR).[3] Stimulation of FceRI induces the onset of
IgE-mediated allergic reactions through the release of several


proinflammatory mediators from mast cells and basophils.[4]


Early events in the FceRI-mediated signaling are tyrosine phos-
phorylation of the FceRI b- and g-subunits by the Src family
kinase Lyn and activation of the Syk/Zap family kinase Syk.[5]


The b- and g-subunits of FceRI each contain a so-called immu-
noreceptor tyrosine-based activation motif (ITAM). The consen-
sus sequence for ITAMs is YXX(I/L)-(X)6–8-YXX(I/L), in which X
can be any amino acid. ITAM sequences are bivalent docking
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The Syk tandem Src homology 2 domain (Syk tSH2) constitutes a
flexible protein module involved in the regulation of Syk kinase
activity. The Syk tSH2 domain is assumed to function by adapting
the distance between its two SH2 domains upon bivalent binding
to diphosphotyrosine ligands. A thermodynamic and kinetic anal-
ysis of ligand binding was performed by using surface plasmon
resonance (SPR). Furthermore, the effect of binding on the
Syk tSH2 structural dynamics was probed by hydrogen/deuterium
exchange and electrospray mass spectrometry (ESI-MS). Two li-
gands were studied: 1, a flexible peptide derived from the tSH2
recognition ITAM sequence at the g chain of the FceRI-receptor,
and 2, a ligand in which the amino acids between the two SH2
binding motifs in ligand 1 have been replaced by a rigid linker of
comparable length. Both ligands display comparable affinity for


Syk tSH2 at 25 8C, yet a major difference in thermodynamics is
observed. Upon binding of the rigid ligand, 2, the expected entro-
py advantage is not realized. On the contrary, 2 binds with a
considerably higher entropy price of ~9 kcalmol�1, which is at-
tributed to a further decrease in protein flexibility upon binding
to this rigid ligand. The significant reduction in deuterium incor-
poration in the Syk tSH2 protein upon binding of either 1 or 2, as
monitored by ESI-MS, indicates a major reduction in protein dy-
namics upon binding. The results are consistent with a two-step
binding model: after an initial binding step, a rapid structural
change of the protein occurs, followed by a second binding step.
Such a bivalent binding model allows high affinity and fast disso-
ciation kinetics, which are very important in transient signal-
transduction processes.
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sites for Syk or ZAP-70 tSH2 if both tyrosines are phosphorylat-
ed. A Syk mutant, lacking tSH2, is constitutively active,[6] show-
ing the importance of tSH2 for regulation of the Syk kinase ac-
tivity. The mechanism of Syk activity regulation is not yet
known in full detail. Upon docking of Syk tSH2 on the ITAM of
the FceRI g-subunit, Syk becomes phosphorylated on tyrosines
519 and 520 in its activation loop, mainly through Syk trans-
phosphorylation.[7] However, in contrast to many other kinases,
this phosphorylation of the activation loop is not necessary for
Syk activation.[8] Furthermore, a unique insert in the linker be-
tween tSH2 and the kinase domain is necessary for the func-
tioning of Syk in immunoreceptor signaling, and this insert can
regulate the ability of Syk to bind ITAMs.[9]


An allosteric change induced in tSH2 upon binding of an
ITAM sequence may be involved in the regulation of Syk activi-
ty.[6, 10] This is supported by the structures of tSH2 in the bound
and the free states of the other member of the Syk/ZAP family
kinases: ZAP-70.[11,12] In the unbound state, the two SH2 do-
mains of ZAP-70 are far apart from each other. Upon ITAM
binding, the tSH2 of ZAP-70 undergoes a large conformational
change, becoming locked in a more “closed” conformation.[12]


For Syk tSH2 only the crystal structure of its bound form with
a doubly phosphorylated ITAM is available (Figure 1). The


asymmetric unit contains six copies of the bound tSH2 with
variable distances between the pY binding sites of the SH2 do-
mains, indicating that a certain degree of flexibility also exists
in the bound state.[13] A role for the inter-SH2 distance can also
be inferred from the flexible structure of the helical coiled coil
linker between the two SH2 domains.[13,14] Furthermore, tyro-
sine 130 in the inter-SH2 linker of Syk tSH2 plays a crucial role
in binding to the B cell antigen receptor and receptor activa-
tion.[15]


In view of the high specificity and affinity of bivalent ligands
for tSH2, the development of inhibitors of Syk kinase activation
would be a very attractive strategy for the treatment of allergic
diseases such as asthma[16–18] and of breast cancer.[3] Our group
has been working on ITAM-based peptidomimetics.[19–21] The
intervening seven amino acids between the SH2 binding
motifs pYTGL and pYETL of the ITAM of the FceRI g-chain (g-
ITAM) were replaced by non-peptidic flexible and rigid link-
ers.[20,21] This yields ligands with high affinity, approaching that
of the native ITAM peptide. This is in accordance with the X-
ray structures, which indicate that the intervening amino acids
do not contribute significantly to binding.[13]


We were most intrigued, however, by the fact that rigidiza-
tion of the linker between the SH2 binding motifs in the ITAM
sequence did not yield an affinity higher than that of the flexi-
ble native peptide.[21] Ideally, rigidization of ligands in multiva-
lent interactions should reduce the entropy costs of binding,[22]


so we primarily asked ourselves: why does the assumed entro-
py gain with a rigid ligand not yield binding stronger than that
of the parent diphosphorylated peptide, and is design of rigid
ITAM mimetics a fruitful strategy? To address this issue, we per-
formed a thermodynamic study of Syk tSH2 binding to a flexi-
ble g-ITAM peptide and a rigid ITAM mimetic, using surface
plasmon resonance (SPR). The SPR experiments also allowed a
kinetic analysis to be performed and the binding mode to be
studied in more detail. Furthermore, to evaluate the effects of
ligand binding on the overall Syk tSH2 protein dynamics, hy-
drogen/deuterium exchange was monitored by electrospray
mass spectrometry (ESI-MS). As well as an explanation as how
the Syk tSH2 flexibility hampers stronger binding of rigid link-
ers, the kinetics also give insight into how high affinity com-
bines with fast on- and off-rates.


Results


Thermodynamic analysis of a flexible and rigid ligand
binding to Syk tSH2


The two FceRI g-ITAM-derived compounds used in this study
are shown. Compound 1 is the all-peptide ITAM sequence
pYTGL-NTRSQET-pYETL, and compound 2 is a peptidomimetic
in which the seven amino acids between the two SH2 binding
motifs pYTGL and pYETL have been replaced by a rigid propy-
nylbenzoyl linker. From molecular modeling it appears that
this linker is of approximately the same length as the averaged
length of the amino acid linker in the X-ray structures of
Syk tSH2.[21]


In our SPR assay the affinity constant for interaction in solu-
tion (KS) was derived from ligand competition experiments.[23]


The all-peptide g-ITAM 1, extended with a hexanoyl spacer,
was immobilized on the sensor chip surface. SPR assays were
performed over a temperature range from 10 to 40 8C. As
shown in Figure 2a, the equilibrium SPR signal versus the tSH2
concentration can be fitted to a one-site binding Langmuir iso-
therm [Eq. (3) ; Experimental Section] , yielding KC, the affinity
for the interaction at the sensor chip, and the maximum bind-
ing capacity (Rmax). Examples of ligand competition experi-


Figure 1. X-ray structure of Syk tandem SH2 domain (ribbon) with doubly
phosphorylated ITAM from the T cell receptor CD 3e chain (sticks). The
protein consists of two SH2 domains connected by a flexible linker. PDB
entry 1A81.[13]
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ments to obtain the affinity constant in solution are shown in
Figure 2b. The obtained affinity constants at different tempera-
tures are shown in a van’t Hoff plot in Figure 3; the KD values
ranged from 2.9 to 12 nM for the flexible ligand 1 and from 3.3
to 40 nM for the rigid ligand 2.
Figure 3 shows that the KC and KS values for binding to the


g-ITAM 1 are identical, so the affinity is not influenced by
immobilization of the peptide on the SPR sensor chip. The
van’t Hoff plot for the rigid ligand 2 is significantly different
from that for ligand 1. The data have been fitted according to
the integrated van’t Hoff equation [Eq. (4) ; Experimental Sec-
tion], and the thermodynamic parameters derived from the fits


are included in Table 1. At 25 8C, the free binding energy (DG0)
values for the flexible and the rigid ligand are rather similar,
but the entropy contribution to DG0 is ~9 kcalmol�1 less for
rigid ligand 2, which is completely compensated by the enthal-
py contribution. For both ligands DCp is close to zero, resulting
in practically linear van’t Hoff curves.
The observed affinity at 25 8C (KD is 5 nM) compares well with


previous reports based on alternative techniques.[24, 25] Grucza
et al.[26] determined binding at different temperatures by fluo-
rescence titration and found a somewhat lower affinity for an
ITAM peptide derived from the CD3e-chain of the T cell recep-
tor (35 nM at 25 8C). We performed a van’t Hoff analysis of the


Grucza data and the outcome
compares very well with our
results, especially with respect
to the DH0 and DCp values
(Table 1).


Kinetic analysis of flexible and
rigid ligand binding to
Syk tSH2


The time-related information of
the SPR signal allows kinetic
analysis of the binding process
and transition state analysis. In
principle, koff could be derived
from the dissociation phase of
the sensorgram: that is, after re-
moval of the protein. In practice,
however, the dissociation phase
is frequently influenced by trans-
port limitation and rebinding
(see below). We therefore mea-


Figure 2. Assay of affinity of Syk tandem SH2 for immobilized g-ITAM (KC) and g-ITAM in solution (KS). Experiments
were performed in HBS buffer pH 7.4 at the indicated temperatures. a) Binding of Syk tSH2 to immobilized g-ITAM
in the absence of competing ligand at 11 8C (*) and 40 8C (*). The lines indicate the fit to Equation (3) to deter-
mine KC. b) Ligand competition experiment with Syk tSH2 (25 nM) in the presence of various concentrations of 1
in solution at 11 8C (*) and 30 8C (*). The lines are the fits to Equation (4) in ref. [23] to determine KS. Req is the
SPR signal reached at equilibrium.
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sured dissociation after addition of competing ligand 1 to
avoid effects of rebinding of released protein.
In order to establish how much peptide was needed to


avoid the influence of rebinding completely, experiments were
performed with increasing amounts of ligand 1. A relatively
large amount of competing peptide is needed (Figure 4). At
0.22 mM, the maximum dissociation rate (koff) is reached and
the dissociation phase can be fitted with a monoexponential
fit [Eq. (6) ; Experimental Section]. Dissociation experiments in
the presence of 0.22 mM peptide were performed over a tem-
perature range from 10 to 30 8C. At temperatures higher than
30 8C the results were less reliable, because the dissociation be-
comes very rapid and also because small temperature effects
at short time intervals after addition of the peptide disturbed
the SPR signal. The koff values at temperatures >30 8C were
obtained from extrapolation of the linear Arrhenius plot. Disso-
ciation experiments with a monovalent Syk tSH2 binding pep-
tide (Ac-pYETL-NH2) gave comparable results (not shown).


Dissociation of the tandem SH2 domain is rapid, as has also
been observed for single SH2 proteins.[27] At 25 8C, the ob-
served koff value is 0.18 s


�1, between reported values of
0.01 s�1 and 0.7 s�1 for dissociation of Syk tSH2 from diphos-
phorylated ITAM, and very close to a value of 0.13 s�1 used in a
mathematical model of the kinetics of early FceRI-related phos-
phorylation.[28]


With KD and koff known, the association rate (kon) can be cal-
culated (kon is koff/KD). By using this approach, kon was deter-
mined to be 3.2P107M�1s�1 at 25 8C, which compares fairly
well with the value of 2.1P107M�1s�1 obtained for the e-ITAM
by stopped-flow fluorescence.[26] The temperature dependen-
cies of kon and koff are shown in Figure 5 as Eyring plots. The
dissociation data were fitted with a linear relationship [Eq. (5) ;
Experimental Section] and the nonlinear association data with
Equation (4).[29]


The activation parameters derived from the fits are included
in Table 2. Enthalpy and entropy appear to contribute almost
equally to formation of the transition state for binding of the
flexible ligand 1 to tSH2. On going from the transition state to
the bound state there is a considerable enthalpy contribution
to the change in free energy. As the thermodynamic data are
compatible with a further decrease in protein flexibility upon
binding, especially of the rigid ligand 2, we looked for a more
direct confirmation by probing the effects of binding to tSH2
protein on hydrogen/deuterium (H/D) exchange and electro-
spray mass spectra (ESI-MS).


Figure 3. van’t Hoff plot for binding of 1 and 2 to Syk tandem SH2. Affinity
for immobilized g-ITAM-peptide (1) KC (*) ; affinity for g-ITAM (1) in solution
KS (*). Affinity of ITAM-mimetic with rigid linker (2) in solution KS (~). Experi-
ments in HBS buffer pH 7.4. The bars indicate the standard error in the affin-
ity data, and the lines are the fits according to the integrated van’t Hoff
equation [Eq. (4)] .


Table 1. Thermodynamic parameters for binding of all-peptide FcerRI g-
ITAM (1) and a rigid ITAM-mimetic (2) to Syk tandem SH2 domain in HBS
buffer pH 7.4. Values � standard error as derived from fits of data in
Figure 3 with Equation (4). For comparison, parameters derived by us
from fluorescence data for binding of e-ITAM (Ac-PDpYEPIRKGQRDL-
pYSGLNQR-NH2) are also included.


Compound 1[b] Compound 2 e-ITAM[d]


DH0 [kcalmol�1][a] �10.3�0.8 �19.2�1.6 �10.9�3.2
TDS0 [kcalmol�1][a] 0.9�0.8 �8.4�1.6 �1.0�3.2
DCp [calmol


�1K�1] �140�200 60�420 �240�350
DG0 [kcalmol�1][a,c] �11.2 �10.8 �9.9
KD [nM]


[a] 5.6 11.6 35


[a] At reference temperature 25 8C. [b] From combined KC and KS values.
[c] Calculated from DG0=DH0�TDS0. [d] From fluorescence data.[26]


Figure 4. Dissociation rate of Syk tandem SH2 domain from immobilized
g-ITAM after addition of g-ITAM peptide at 20 8C. Syk tSH2 (100 nM) has
reached equilibrium binding before addition of peptide (see arrow). Solid
traces: (with increasing dissociation rate) 2.22P10�6 ; 2.22P10�5 ; 2.22P10�4 M
g-ITAM peptide, respectively. Dashed trace: 3.64P10�4 M g-ITAM.
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Changes in the structural dynamics of the Syk tSH2 protein
upon ITAM binding


H/D exchange and ESI-MS : H/D exchange is a highly sensitive
way of probing changes in structure and dynamics accompa-
nying ligand binding, protein–protein interactions, and protein
folding.[30,31] In a recent study we reported a remarkable reduc-
tion in deuterium incorporation of the Syk tSH2 protein upon
binding to the flexible native peptide 1.[14] Typical electrospray
ionization mass spectra of the deuterated Syk tSH2, either
ligand-free or bound to the rigid ligand 2, are shown in Fig-
ure 6A and 6B. The spectrum of ligand-free Syk tSH2 shows a
bimodal charge envelope: the more abundant charge enve-
lope is centered around the 12-fold protonated protein ions,
whereas the less intense envelope is localized around the 21+
protein ions (Figure 6A). In contrast, the ESI spectrum of
Syk tSH2 in the presence of rigid ligand 2 shows only a single
charge envelope distribution with three markedly intense ions
around the 12+ ions of the protein–ligand complex.
The H/D-exchange kinetics of bound and unbound Syk tSH2


were followed by incubation in an ammonium acetate D2O so-
lution (65 mM, equivalent to neutral pD) with continuous moni-
toring of the increase in protein mass in the ESI mass spec-
trum. The total number of exchangeable hydrogens in the pro-


tein, as calculated from its
amino acid sequence, is 490.
The noncovalent complexes of
Syk tSH2 with its ligands are
easily preserved in the gas
phase in the mass spectrometer,
as revealed by the spectrum
shown in Figure 6B. However, to
measure the deuterium uptake
in the protein, the noncovalent
complex was dissociated in the
gas phase by application of a
high cone voltage in the source
interface, through which we
monitored the mass of the re-
leased protein as described pre-
viously.[14]


Figure 5. Eyring plots for Syk tandem SH2 domain interacting with immobilized g-ITAM-peptide (1). K� is k.h/kB.T,
in which the rate constant k is kon (panel a), or koff (panel b). koff has been assayed from SPR dissociation experi-
ments in the presence of 2.2P10�4 M g-ITAM peptide. The association rate is calculated from kon=KAkoff. Fit in a is
with Equation (4), and in b with Equation (5).


Table 2. Parameters for activation to the transition state for binding of
FceRI g-ITAM to Syk tandem SH2. The activation parameters � standard
error are derived from the Eyring plots in Figure 5.


Activation parameter Association[c] Dissociation[b]


DH� [kcalmol�1][a] 4.0�0.8 14.2�0.9
TDS� [kcalmol�1][a] �3.2�0.9 �4.3�0.9
DC�


p [calmol
�1K�1] �200�250 0


DG� [kcalmol�1][a,d] 7.2 18.5


[a] At reference temperature 25 8C. [b] Calculated from fit with Equa-
tion (5). [c] Calculated from fit with Equation (4). [d] Calculated from
DG�=DH��TDS�.


Figure 6. ESI mass spectra of Syk tSH2 in a D2O solution (95%) containing
ammonium acetate at a concentration of 65 mM (neutral pD) after 25 min in-
cubation: A) as ligand-free protein, B) in complexation with the rigid ITAM 2
(1:1) at a cone voltage of 190 V. “P” stands for protein, and “PL” for the pro-
tein–peptide ligand complex. The numbers of charges on the ions are indi-
cated in superscript. The asterisks denote small ion signals representing pro-
tein dimer ions.
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The deuterium uptake of the protein over time is displayed
in Figure 7. The deuterium incorporation appears to be very
rapid: within 1 min over 80% of the available protons have


been exchanged in the ligand-free protein and some 72% in
the ligand-bound protein. From the curves, it is apparent that
ligand binding has a remarkable effect on deuterium incorpo-
ration, diminishing it quite dramatically overall, but no differ-
ence in effect between the flexible and the rigid ligand was
observed.


Evaluation of binding models by SPR real-time association
kinetics


The kinetic information in the time-dependent SPR signal
allows evaluation of predefined binding models. For this,
Morton and Myszka have developed the computer program
CLAMP.[32] In a global analysis, this program fits the SPR curves
from several protein concentrations simultaneously, returning
the kinetic parameters of the binding model. Changes in H/D
exchange have been associated with conformational
changes,[14,33–35] and this inspired us to examine a two-step
model with an initial binding event followed by a structural
change of the complex from AB1 to AB2 (model 2, Scheme 1).
Together with this, a simple bimolecular model in which the
protein–ligand structural change is absent was evaluated
(model 1, Scheme 1). A transport step was also included in
both binding models, to allow for the rate-limiting diffusion of
the protein from the bulk solution to the sensor surface, which
appears from the observed rebinding during dissociation
(Figure 4).[27,36]


Figure 8 shows sensorgrams of the association phase at 11
and 35 8C. The data have been fitted to the binding models
shown in Scheme 1. In the fits, Rmax and koff have been kept to
experimentally determined values, obtained as described
above. It appears that the bimolecular model 1 is not able to


fit the curves at low temperatures in all detail (Figure 8a); in
particular, the slower association after the initial rapid increase
is not well reproduced. On the other hand, the two-step
model 2 is able to fit the experimental curves well (Figure 8b).
Interestingly, at higher temperatures (>30 8C) model 1 also de-
scribes the experimental curves adequately, indicating that the
AB1 to AB2 change becomes so fast that it can no longer be ki-
netically resolved from the initial association step (Figure 8c).
For model 2 the equilibrium signal (Req) versus the protein


concentration can also be described by a one-site binding
Langmuir isotherm as shown in Figure 2a. Here, the derived
Kobs value is an apparent binding constant, containing contri-
butions both from the initial binding step and from the struc-
ture change: Kb and Kconf, respectively [see Equation (1d);
Theory Section]. By use of the Monte Carlo function of CLAMP,
the kinetic parameters of model 2 have been obtained from re-
peated fits through the use of various starting values (see Ex-
perimental Section). The equilibrium constants Kb and Kconf con-
tributing to Kobs, derived from the kinetic parameters at 11 and
25 8C, appeared to be highly consistent and are given in
Table 3. The high value of Kconf (Table 3) indicates that at com-
pletion of the binding process the equilibrium is almost com-
pletely shifted to the AB2 form of the complex. As appears
from Table 3, the temperature especially seems to affect the
initial binding step, with only a modest effect on Kconf.


Discussion


Kinetic and thermodynamic information on protein–protein in-
teractions gives insight into the nature of the binding process
and assists our understanding of the function of intermolecular
interactions, thereby guiding rational drug design. Here we
characterize the binding of a flexible diphosphorylated ITAM
peptide and a rigid ITAM-derived ligand to the Syk tSH2
domain by thermodynamic and kinetic analysis by SPR, as well
as by studying effects on protein dynamics with ESI-MS. From
previous work by us and by others it appeared that such an
SPR approach can give reliable thermodynamic data.[37,38]


The affinity of Syk tSH2 for g-ITAM in solution was found to
be identical to that for immobilized g-ITAM (1) at the SPR
sensor surface. This has been observed previously for single
SH2 domains,[38] and indicates that the affinity is not influenced
by additional effects of the sensor chip. Comparison of the
thermodynamic binding parameters of the flexible native pep-
tide 1 with those of the rigid ligand 2 (Figure 3, Table 1) shows


Figure 7. Percentage of Syk tSH2 deuteration vs. time upon H/D exchange.
The protein was exposed to buffered D2O, both as the peptide ligand-free
protein (*) and in complexation with the flexible ITAM (*) and the rigid
ITAM peptide (+). The maximum mass deviation errors fall around �3 Da
(�1% protein deuteration).


Scheme 1. Binding models evaluated by global analysis with CLAMP. Species
A denotes unbound Syk tandem SH2, B denotes the g-ITAM peptide 1, and
AB represents ITAM–Syk tSH2 complexes in various forms.
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a remarkable difference in binding energetics, the comparable
affinities notwithstanding. Binding of ligand 1 to Syk tSH2 is
almost completely enthalpy-driven (Table 1). Furthermore, for-
mation of the transition state for this interaction has modest
entropy costs of approximately 3–4 kcalmol�1 (Table 2). Rigidi-
zation is frequently used in nature and in drug design, to
obtain a more favorable entropy contribution. In this case,
however, the opposite is observed: binding of the rigid ligand
2 has a higher entropy cost, of approximately 9 kcalmol�1,
than binding of the flexible ligand 1 to the tSH2 domain,
which is completely compensated by gain in enthalpy. The in-
tervening amino acids in the ITAM sequence hardly contribute
to binding,[13] and the rigid linker has also been shown to
make no contribution to binding.[21] The thermodynamic re-
sults agree with a much higher degree of ordering upon bind-
ing of the rigid ligand 2, relative to binding of 1. The “snap
shots” in the X-ray structure[13] indicate that some degree of
conformational freedom remains in the presence of the flexible
ligand 1, so the results are consistent with a further decrease
in protein flexibility upon binding of the rigid ligand.
We have previously probed the changes in Syk tSH2 struc-


tural dynamics upon binding to the flexible 1 in different pro-
tein segments by H/D exchange, proteolysis, and MALDI-MS.[14]


The results clearly showed that a major proportion of the de-
crease in H/D exchange upon binding could be attributed to


the overall inter-SH2 linker region and its stabilization by hy-
drogen bonding. Figure 7 shows that the decreases in H/D ex-
change for the flexible and the rigid ligand are similar (the
maximum mass deviation errors fall around �3 Da). The fur-
ther reduction in protein dynamics and structural change upon
binding of rigid 2, as indicated by the thermodynamic data,
seems to be insensitive to the H/D exchange approach used
here. It is conceivable that not every change in protein dynam-
ics has equal sensitivity for H/D exchange (i.e. , not all changes
in structural dynamics are accompanied by large changes in
hydrogen bonding). We assume that the structure of the inter-
SH2 linker, the major site for H/D exchange,[14] located far away
from the ITAM binding site (Figure 1), is not much influenced
by the flexibility of the ligand. In support of the global H/D ex-
change results, we also observed a change in charge state dis-
tribution upon ligand binding (Figure 6A/B), which indicates a
reduction in the overall protein dynamics upon binding.[30,39]


The kinetic analysis of the g-ITAM-tSH2 interaction by SPR
shows that the association and dissociation are extremely
rapid, indicating a transient character of the bound state, with
a short lifetime of approximately 4 s. We propose a two-step
binding mechanism in which the initial step is binding of one
of the pY motifs of the ITAM to one of the SH2 domains
(Scheme 2). Binding to the C-terminal SH2 domain is the likely
initial step, as this SH2 domain has a much higher affinity for
ITAMs than the N-terminal SH2.[25,40] This initial binding step is
then rapidly followed by binding to the N-terminal SH2, which
locks the tSH2 protein in a closed conformation, with reduced
dynamics in the linker region (Scheme 2). Such a sequence of
initial association followed by an intramolecular binding pro-
cess in the complex has also been found to apply in other mul-
tivalent interactions.[22] Our proposal is also based on the two-
step kinetic model, which describes the experimental data
well, especially at lower temperatures (Figure 8). It should be
noted that this model is an approximation, as the second step
also includes intramolecular binding, together with a confor-
mational change to bring the reactants together. The second
“intramolecular” step can be extremely rapid, as there is a high
effective concentration due to the first binding step. Further-


Table 3. Equilibrium constants derived from kinetic analysis of sensor-
grams of FceRI g-ITAM binding to Syk tandem SH2, with the two-step
model (model 2, Scheme 1).


Equilibrium constants 11 8C 25 8C


Initial binding step Kb
[a] [M�1] 1.89 (�0.02)P107 1.04 (�0.02)P107


Conformation change Kconf
[b] 18.0�0.5 14.7�0.3


KD,obs
[c] [nM] 2.8 6.1


[a] Calculated from kon/koff (see Scheme 1). [b] [AB2]/[AB1] is calculated
from kconf/k�conf (see Scheme 1). [c] Calculated from Equation (1), with
KD,obs=1/Kobs.


Figure 8. SPR sensorgrams (SPR signal R vs. time) of the association phase of FceRI g-ITAM (1) binding to Syk tandem SH2 in HBS buffer pH 7.4, at 11 (a and
b) and 35 8C (c). The data have been fitted by use of the CLAMP program (thin lines), according to the indicated models (see also Scheme 1).
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more, the proposed two-step model allows high affinity and
rapid dissociation kinetics, in which high concentrations of
competing peptide are necessary to prevent rebinding.[22,41] Ac-
cording to the multivalent binding model of Huskens et al.[41]


the dissociation rate can approximate the rate for a corre-
sponding monovalent system. This is in accordance with our
observations.[38]


The sequential two-step model proposed here is different
from the model proposed by Grucza et al. for binding of eITAM
to Syk tSH2.[26] Their model includes an equilibrium between
two distinct conformations in the unbound state. An important
role in the model of Grucza et al. is attributed to the tempera-
ture dependence of DH0 for binding of the eITAM, as measured
by calorimetry. From our van’t Hoff analysis a linear tempera-
ture dependence of the observed DH0 is evident (Figure 3). In
principle, a nonlinear temperature dependence of DH0obs could
also be found for the model proposed by us if Kconf is tempera-
ture-dependent [see Eq. (2b); Theory Section]. However, if Kconf
is @1, Equation (2b) reduces to the sum of the contributions
of the two steps—DH0obs=DH0b+DH0conf—as is expected when
the AB2 form is the major species at equilibrium. The van’t
Hoff analysis performed by us on the fluorescence data of
Grucza et al. is also consistent with a constant DCp with tem-
perature (Table 1). Discrepancies between van’t Hoff and calori-
metric DH0 values have been observed and discussed before
(references cited in Horn et al.).[42] It must be concluded, even
for complex binding models such as the binding of a molecule
to a protein in conformation equilibrium, that DH0 values from
calorimetry and van’t Hoff analysis should not be different.[42]


With the SPR method used here we have indeed found good
agreement between DH0 values from both methods.[38]


Conclusion


This study demonstrates that bivalent binding to Syk tSH2 has
a marked effect on the tSH2 protein dynamics. In the unligated
state, the protein is flexible, the origin of this flexibility largely
residing in the helical coil connecting the two SH2 domains.
This part of the tSH2 protein shows a high degree of H/D ex-
change.[14] This study makes it clear why rigid ITAM mimetics
do not have the general entropic advantage of rigidization:
the entropy price for fixing the flexible protein counteracts the
entropy gain of rigidization of the ligand. On the other hand,
ligands with rigid spacers of various lengths could be interest-


ing tools for further elucidation
of the role of the Syk tSH2 inter-
SH2 distance in regulation of the
kinase domain.
The two-step bivalent binding


model we propose is compatible
with the observed rapid dissocia-
tion kinetics in combination with
high affinity. Fast kinetics are es-
pecially important for transient
processes such as phosphoryla-
tion and dephosphorylation in


signal-transduction pathways. Together with increased affinity
and specificity, fast kinetics might also be relevant for the oc-
currence of multivalent interactions in nature.


Theory Section


The binding model explored in this study consists of two steps
(see also Scheme 2): firstly an initial binding event, characterized
by the equilibrium association constant Kb, and secondly a change
in the bound state, which may represent an intramolecular change
in the complex, with binding of the second pY-motif to an SH2
domain, as shown in Scheme 2. The second step is characterized
by the equilibrium constant Kconf, between the two bound states.
Kb and Kconf are given by Equation (1a)


Kb ¼
½AB1�
½A�½B� ð1aÞ


and Equation (1b).


Kconf ¼
kconf
k�conf


¼ ½AB2�
½AB1� ð1bÞ


The observed equilibrium association constant Kobs is given by
Equation (1c)


Kobs ¼
½AB1� þ ½AB2�


½A�½B� ð1cÞ


and it can be derived [Eq. (1d)] that:


Kobs ¼ Kbð1þK confÞ ð1dÞ


Application of the Gibbs–Helmholtz relationship [Eq. (2a)]


@ ln Kð Þ
@ Tð Þ


� �
p


¼ DH0


RT2
ð2aÞ


to Equation (1d) allows it to be derived [Eq. (2b)] that


DH0obs ¼ DH0b þ
Kconf


1þ Kconf


� �
DH0conf ð2bÞ


in which DH0b and DH0conf are the enthalpy contributions of the
binding step and the conformation change, respectively. The term
Kconf/(1+Kconf) equals the fraction of bound species in the AB2 state.


For the proposed two-step model, the amount of bound protein at
equilibrium as a function of ligand concentration will obey a one-
site Langmuir binding isotherm (see also Figure 2).[43] With the
change in SPR signal (Req) being proportional to the amount of


Scheme 2. Proposed mechanism for binding of diphosphorylated ITAM to Syk tSH2.
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bound protein, Equation (3) is obtained:


Req ¼
½B�


½B� þ KD,obs


� �
Rmax ð3Þ


in which [B] is the protein concentration (Syk tSH2 in this case) and
KD,obs=1/Kobs, with Kobs obeying Equation (1d when model 2 ap-
plies. Rmax is the maximum binding capacity of the SPR sensor chip
upon saturation of binding of all immobilized peptide.


Experimental Section


Syk tSH2 protein expression and purification : Fusion clones of
the gluthathione S-transferase (GST) Syk tSH2 domain were kindly
provided by Prof. Gabriel Waksman[13] (Washington University, St.
Louis, MI). The Escherichia coli strain BL21 contained the pGEX-KT
vector with amino acids 10–273 of human Syk, enabling thrombin
cleavage of the GST moiety. Isolation procedures were generally as
previously described.[27] The collected cellular protein fraction was
purified on a GSTrap column (Amersham Pharmacia Biotech). On-
column cleavage with thrombin resulted in pure (>98%) Syk tSH2,
as determined by mass spectral analysis and SDS-PAGE. The pro-
tein concentration was determined by UV, with use of a molar
extinction coefficient of 31630 at 280 nm.


Synthesis of FceRI g-ITAM-based Syk tSH2 ligands : The synthesis
of the flexible all-peptide g-ITAM 1 and the rigid ITAM-mimetic 2
was performed as previously described.[21] For coupling to the SPR
sensor the g-ITAM was extended with an N-terminal 6-aminohexan-
oic acid (Ahx).[20]


SPR binding experiments : SPR experiments were performed with
an IBIS II instrument (Eco Chemie, Utrecht, The Netherlands), essen-
tially as previously described.[44] In brief, the Ahx-extended g-ITAM
peptide was covalently coupled to a Biacore CM5 sensor chip (Bia-
core AB, Uppsala, Sweden) through the free amino group by EDC/
NHS chemistry. The Ahx moiety was added to provide a spacer be-
tween the dextrane surface of the sensor chip and the binding
peptide, to avoid steric hindrance upon binding of the tSH2
domain. Ahx-g-ITAM-peptide (2 mmol) in borate (0.1M)/NaCl (1M)
buffer pH 8.3 was allowed to react over 10 min. Experiments were
performed in Hepes-buffered saline pH 7.4 (HBS-buffer) over a tem-
perature range of 10 to 40 8C. The solutions were adjusted to tem-
perature before injection to diminish temperature effects. The
equilibrium constant of the protein for the coupled peptide (KC)
was obtained by fitting with a Langmuir binding isotherm [Eq. (3) ;
Theory Section]. Before fitting, a small correction of the free pro-
tein concentration for depletion due to binding to the sensor sur-
face in the cuvette system was applied.[44] The equilibrium constant
in solution (KS) was obtained from SPR competition experiments.
The proteins, at a fixed concentration (25 nM), were mixed with the
ligands 1 or 2 over a concentration range and the SPR equilibrium
signal was assayed. KS was obtained from fitting the inhibition
curve as described.[23]


Thermodynamic analysis of equilibrium and transition state for-
mation : The obtained KS and KC values (see above) over a range
from 10 to 40 8C were transformed into association binding con-
stants KA and plotted in a van’t Hoff plot and fitted to the integrat-
ed van’t Hoff equation [Eq. (4)] .


ln KA ¼
�DH0ðT0Þ


RT
þ DS0ðT0Þ


R
þ DCp


R
T � T0


T


� �
� ln T


T0


� �� �
ð4Þ


From this, the thermodynamic equilibrium parameters for binding,
DH0 and DS0 at reference temperature T0 (25 8C), and the heat ca-
pacity DCp were derived.


According to transition state theory, kinetic data can be analyzed
by use of the Eyring equation K�=kh/kBT, in which K� is the ther-
modynamic equilibrium constant for formation of the transition
state, k is the on- or off-rate constant, h is Planck’s constant, and kB
is Boltzmann’s constant. For the linear Eyring plot of the dissocia-
tion kinetics, the activation parameters DH� and DS� are obtained
from Equation (5).


ln
koff .h
kB.T


� �
¼ �DH 6 ¼


R
1
T
þ DS 6 ¼


R
ð5Þ


For the nonlinear Eyring plot for association kinetics, K� is treated
in the same manner as for the equilibrium reaction, and fitted with
Equation (4).[29] From this fit the activation parameters DH� and
DS� at the reference temperature (25 8C), and DC�


p are obtained.


Assay of koff rates : The koff rate of the Syk tSH2 domain from the
sensor surface was assayed at temperatures over the range of 10
to 30 8C, essentially as described,[27] with some adaptations for
measurement at various temperatures. After equilibration of bind-
ing of Syk tSH2 protein (100 nM) at the desired temperature,
mixing of the solution in the cuvette was stopped and g-ITAM pep-
tide 1 (10 mL, 1 mM) or peptide Ac-pYETL-NH2 at an adjusted tem-
perature was rapidly manually added. The dissociation phase was
assayed with a high sampling rate of 5 data points per second.
The SPR signal is very sensitive to temperature changes and this
was sometimes visible as a linear baseline with a small positive or
negative slope within 10 s after addition of the peptide. Correction
for deviation of the baseline was performed by fitting the SPR
signal in the dissociation phase (R(t)) with a monoexponential fit
superposed on a baseline with slope b as in Equation (6).


RðtÞ ¼ aþbtþce�koff t ð6Þ


The data points from the first second after addition of the compet-
ing peptide were discarded, as the signal is influenced by the bulk
effect of mixing of the 1 mM peptide solution over this time inter-
val. At least three experiments at each temperature were per-
formed to obtain koff. For temperatures above 30 8C no koff values
were determined, as the dissociation becomes very fast and the
baseline becomes disturbed. For these temperatures koff was ob-
tained by extrapolation of the Arrhenius plot.


Global kinetic analysis of the SPR signal : Kinetic analysis of the
association phase was performed with the program CLAMP.[32]


Global analyses were performed by fitting several curves from dif-
ferent protein concentrations simultaneously, with use of a defined
binding model. A diffusion step of the protein from bulk solution
to the sensor surface was included (ktr) in the binding models. To
evaluate the robustness of the kinetic parameters returned by the
fits, the Monte Carlo module of CLAMP was used. With this
module 25 converged fits were performed with variation of the
start parameters adjusted to 100%. In these fits Rmax and koff were
kept at their independently determined experimental values.


H/D exchange and ESI-MS : Samples (100 mM) of Syk tSH2, either
ligand-free or bound to 1 or 2 (protein mixed with a threefold
ligand excess), were diluted 20-times with ammonium acetate D2O
(65 mM, neutral pD). This gives a final value of 95% D2O. Mass spec-
trometric measurements were performed on an LCT time-of-flight
(ToF) mass spectrometer (Micromass) fitted with Z-electrospray
source. Protein solutions (typically 100 mL) were infused into the
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LCT mass spectrometer at 2 mLmin�1 with a Harvard syringe pump.
The ionization chamber of the mass spectrometer was flushed
with D2O for a few minutes prior to analysis. Electrospray was ach-
ieved with a capillary voltage of 2500 V. For mass calibration, an
aqueous CsI solution was used (2 mgmL�1 in 50% isopropanol). In
analysis of the noncovalent protein–peptide complex by ESI-MS,
typical spectra would exclusively show the multiple charged ions
corresponding to the molecular mass of the noncovalent Syk–ITAM
complex. In order to analyze the deuterium incorporation in the
protein, high cone voltages of 190 V were used to disrupt the pro-
tein–peptide complex, to obtain the fragment ions corresponding
to the intact protein. The same cone voltage of 190 V was applied
when spraying the ligand-free protein in order to keep experimen-
tal conditions identical. Alternatively, the mass of the deuterated
protein can be obtained by subtracting the mass of the fully deu-
terated peptide from the mass of the deuterated protein–peptide
complex.[14] The total number of exchangeable hydrogens of
Syk tSH2 was calculated from its amino acid sequence, being 465.5
out of a total of 490 in 95% D2O. Protein masses were analyzed by
ESI-MS; the combined data from several charge states of the pro-
tein in each spectrum were used to calculate the molecular mass.


To determine the molecular mass of the originally nondeuterated
protein, solutions (5 mM in 50% acetonitrile/1% formic acid) were
analyzed. The experimental molecular mass of the Syk tSH2
domain was 29788(�1) Da, in agreement with the calculated mass
of 29787.95 Da.


Keywords: kinetics · multivalent interactions ·
phosphopeptides · protein dynamics · thermodynamics


[1] J. Kuriyan, D. Cowburn, Annu. Rev. Biophys. Biomol. Struct. 1997, 26, 259.
[2] S. E. Shoelson, Curr. Opin. Chem. Biol. 1997, 1, 227.
[3] C. S. Navara, Curr. Pharm. Des. 2004, 10, 1739.
[4] B. D. Gomperts, Y. Churcher, A. Koffer, T. H. Lillie, P. E. Tatham, T. D. Whal-
ley, Int. Arch. Allergy Appl. Immunol. 1991, 94, 38.


[5] H. Turner, J. P. Kinet, Nature 1999, 402, B24.
[6] V. Rolli, M. Gallwitz, T. Wossning, A. Flemming, W. W. Schamel, C. Zurn,
M. Reth, Mol. Cell 2002, 10, 1057.


[7] J. Zhang, M. L. Billingsley, R. L. Kincaid, R. P. Siraganian, J. Biol. Chem.
2000, 275, 35442.


[8] S. Atwell, J. M. Adams, J. Badger, M. D. Buchanan, I. K. Feil, K. J. Froning,
X. Gao, J. Hendle, K. Keegan, B. C. Leon, H. J. Muller-Dieckmann, V. L.
Nienaber, B. W. Noland, K. Post, K. R. Rajashankar, A. Ramos, M. Russell,
S. K. Burley, S. G. Buchanan, J. Biol. Chem. 2004, 279, 55827.


[9] S. Latour, J. Zhang, R. P. Siraganian, A. Veillette, Embo J. 1998, 17, 2584.
[10] S. Kumaran, R. A. Grucza, G. Waksman, Proc. Natl. Acad. Sci. USA 2003,


100, 14828.
[11] M. H. Hatada, X. Lu, E. R. Laird, J. Green, J. P. Morgenstern, M. Lou, C. S.


Marr, T. B. Phillips, M. K. Ram, K. Theriault, et al. , Nature 1995, 377, 32.
[12] R. H. Folmer, S. Geschwindner, Y. Xue, Biochemistry 2002, 41, 14176.
[13] K. Futterer, J. Wong, R. A. Grucza, A. C. Chan, G. Waksman, J. Mol. Biol.


1998, 281, 523.
[14] M. I. Catalina, M. J. E. Fischer, F. J. Dekker, R. M. J. Liskamp, A. J. R. Heck,


J. Am. Soc. Mass Spectrom. 2005, 16, 1039.


[15] L. M. Keshvara, C. Isaacson, M. L. Harrison, R. L. Geahlen, J. Biol. Chem.
1997, 272, 10377.


[16] P. J. Barnes, Nature 1999, 402, B31.
[17] J. M. Oliver, C. L. Kepley, E. Ortega, B. S. Wilson, Immunopharmacology


2000, 48, 269.
[18] W. S. Wong, K. P. Leong, Biochim. Biophys. Acta 2004, 1697, 53.
[19] R. Ruijtenbeek, J. A. Kruijtzer, W. van de Wiel, M. J. E. Fischer, M. Fluck,


F. A. M. Redegeld, R. M. J. Liskamp, F. P. Nijkamp, ChemBioChem 2001, 2,
171.


[20] F. J. Dekker, N. J. de Mol, J. van Ameijde, M. J. E. Fischer, R. Ruijtenbeek,
F. A. M. Redegeld, R. M. J. Liskamp, ChemBioChem 2002, 3, 238.


[21] F. J. Dekker, N. J. de Mol, M. J. E. Fischer, R. M. J. Liskamp, Bioorg. Med.
Chem. Lett. 2003, 13, 1241.


[22] J. Rao, J. Lahiri, R. M. Weis, G. M. Whitesides, J. Am. Chem. Soc. 2000,
122, 2698.


[23] N. J. de Mol, M. B. Gillies, M. J. E. Fischer, Bioorg. Med. Chem. 2002, 10,
1477.


[24] E. A. Ottinger, M. C. Botfield, S. E. Shoelson, J. Biol. Chem. 1998, 273,
729.


[25] T. Chen, B. Repetto, R. Chizzonite, C. Pullar, C. Burghardt, E. Dharm, Z.
Zhao, R. Carroll, P. Nunes, M. Basu, W. Danho, M. Visnick, J. Kochan, D.
Waugh, A. M. Gilfillan, J. Biol. Chem. 1996, 271, 25308.


[26] R. A. Grucza, K. Futterer, A. C. Chan, G. Waksman, Biochemistry 1999, 38,
5024.


[27] N. J. de Mol, M. I. Catalina, M. J. E. Fischer, I. Broutin, C. S. Maier, A. J. R.
Heck, Biochim. Biophys. Acta 2004, 1700, 53.


[28] J. R. Faeder, W. S. Hlavacek, I. Reischl, M. L. Blinov, H. Metzger, A. Redon-
do, C. Wofsy, B. Goldstein, J. Immunol. 2003, 170, 3769.


[29] B. L. Chen, W. A. Baase, J. A. Schellman, Biochemistry 1989, 28, 691.
[30] X. Yan, J. Watson, P. S. Ho, M. L. Deinzer, Mol. Cell. Proteomics 2004, 3,


10.
[31] A. Miranker, C. V. Robinson, S. E. Radford, R. T. Aplin, C. M. Dobson, Sci-


ence 1993, 262, 896.
[32] T. A. Morton, D. G. Myszka, Methods Enzymol. 1998, 295, 268.
[33] J. R. Engen, W. H. Gmeiner, T. E. Smithgall, D. L. Smith, Biochemistry


1999, 38, 8926.
[34] M. Y. Kim, C. S. Maier, D. J. Reed, M. L. Deinzer, Protein Sci. 2002, 11,


1320.
[35] R. Anderegg, D. Wagner, J. Am. Chem. Soc. 1995, 117, 1374.
[36] P. Schuck, Biophys. J. 1996, 70, 1230.
[37] Y. S. Day, C. L. Baird, R. L. Rich, D. G. Myszka, Protein Sci. 2002, 11, 1017.
[38] N. J. de Mol, F. J. Dekker, I. Broutin, M. J. E. Fischer, R. M. J. Liskamp, J.


Med. Chem. 2005, 48, 753.
[39] A. Mohimen, A. Dobo, J. K. Hoerner, I. A. Kaltashov, Anal. Chem. 2003,


75, 4139.
[40] S. S. Narula, R. W. Yuan, S. E. Adams, O. M. Green, J. Green, T. B. Philips,


L. D. Zydowsky, M. C. Botfield, M. Hatada, E. R. Laird, et al. , Structure
1995, 3, 1061.


[41] J. Huskens, A. Mulder, T. Auletta, C. A. Nijhuis, M. J. Ludden, D. N. Rein-
houdt, J. Am. Chem. Soc. 2004, 126, 6784.


[42] J. R. Horn, D. Russell, E. A. Lewis, K. P. Murphy, Biochemistry 2001, 40,
1774.


[43] D. A. Lauffenburger, J. J. Linderman, Receptors : Models for Binding, Traf-
ficking, and Signalling, Oxford University Press, Oxford, 1993.


[44] N. J. de Mol, E. Plomp, M. J. E. Fischer, R. Ruijtenbeek, Anal. Biochem.
2000, 279, 61.


Received: April 5, 2005
Published online on October 27, 2005


2270 www.chembiochem.org ? 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2261 – 2270


N. J. de Mol et al.



www.chembiochem.org






DOI: 10.1002/cbic.200500209


Development of a Novel Chemical Probe for the
Selective Enrichment of Phosphorylated Serine-
and Threonine-Containing Peptides
Pieter van der Veken,[a, b] Eef H. C. Dirksen,[b] Eelco Ruijter,[a, b]


Ronald C. Elgersma,[a] Albert J. R. Heck,[b] Dirk T. S. Rijkers,[a] Monique Slijper,[b]


and Rob M. J. Liskamp*[a]


Introduction


The reversible phosphorylation of serine, threonine, and tyro-
sine residues in peptides and proteins is generally recognized
to play a pivotal role in the regulation of virtually all cellular
functions. With an estimated one third of all eukaryotic pro-
teins being amenable to this form of post-translational modifi-
cation, phosphorylation is widely acknowledged as a regulat-
ing mechanism touching on almost every known signaling
pathway.[1] In spite of its importance, the global analysis of
phosphoproteomes remains a challenge that is far from being
met. Often encountered problems involve heterogeneous
phosphorylation patterns within a given protein and their rela-
tively low abundance, necessitating the development of selec-
tive enrichment techniques. In general, there is a clear need
for robust analytical methodologies that allow the quantitative
mapping of phosphoproteins and their phosphorylated sites
and rapid screening for deviant phosphorylation events.


Several approaches towards quantitative phosphoproteo-
mics have been described in the literature[2–5] and, as in many
fields in proteomics, mass spectrometric analysis plays a crucial
role in these studies.[5–10] While analysis of phosphorylated tyro-
syl residues (Tyr(P)) in peptides and proteins is facilitated by
the commercial availability of specific antibodies,[11–13] the use
of immunochemical techniques for the enrichment and detec-
tion of proteins containing Ser(P) and Thr(P) (accounting for


>99% of all phosphorylated species) has only rarely been dem-
onstrated.[8,14] For tackling analytical problems associated with
these two types of phosphorylated amino acid residues, differ-
ent strategies based on affinity chromatographic enrichment
of phosphopeptides from tryptic protein digests, followed by
mass spectrometric analysis have been reported.[15–22] Never-
theless, because of the poor ionization efficiencies of phospho-
peptides in the positive ionization mode, probably resulting
from proton sequestration by the acidic phosphate group,
methods in which the phosphate ester is chemically modified
prior to MS might be expected to be more sensitive.[9] So far, a


Gaining insight into phosphoproteomes is of the utmost impor-
tance for understanding regulation processes such as signal
transduction and cellular differentiation. While the identification
of phosphotyrosine-containing amino acid sequences in peptides
and proteins is now becoming possible, mainly because of the
availability of high-affinity antibodies, no general and robust
methodology allowing the selective enrichment and analysis of
serine- and threonine-phosphorylated proteins and peptides is
presently available. The method presented here involves chemical
modification of phosphorylated serine or threonine residues and
their subsequent derivatization with the aid of a multifunctional
probe molecule. The designed probe contains four parts : a reac-
tive group that is used to bind specifically to the modified phos-
phopeptide, an optional part in which heavy isotopes can be in-


corporated, an acid-labile linker, and an affinity tag for the selec-
tive enrichment of modified phosphopeptides from complex mix-
tures. The acid-cleavable linker allows full recovery from the af-
finity-purified material and removal of the affinity tag prior to
MS analysis. The preparation of a representative probe molecule
containing a biotin affinity tag and its applicability in phospho-
proteome analysis is shown in a number of well-defined model
systems of increasing degrees of complexity. Amounts of phos-
phopeptide as low as 1 nmol can be modified and enriched from
a mixture of peptides. During the development of the b-elimina-
tion/nucleophilic addition protocol, special attention was paid to
the different experimental parameters that might affect the
chemical-modification steps carried out on phosphorylated resi-
dues.
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number of methods for phosphoprotein and -peptide
analysis and/or enrichment based on chemical modi-
fication have been described.[15,23–31] However, some
of these approaches suffer from certain limitations,
such as relatively low reaction efficiency and, as a
result, low yields, which hamper proteomics applica-
tions. We chose a stepwise development of a chemi-
cal modification/multifunctional probe addition strat-
egy in investigations geared towards general meth-
ods for assessing phosphoserine/phosphothreonine-
containing (phospho)proteomes. During this process
we focused on improvement in the efficiency of the
individual reactions and a stepwise extrapolation of
the results obtained from the test conditions.


Results and Discussion


Approach


The following test systems, of increasing degrees of
complexity, were developed for evaluation of our la-
beling protocol and analysis of phosphopeptides:


phosphorylated tripeptides 1a and 1b, phosphorylated octa-
peptides 2a and 2b, and a mixture of peptide 2a and a
number of other, nonphosphorylated, peptides. This mixture
was viewed as a model for protein tryptic digests, and served
to assess affinity enrichment after probe attachment.


Our approach for studying Ser(P) and Thr(P) residues in pep-
tides and proteins exploits the well studied base-promoted b-
elimination reaction of aliphatic phosphate esters (3) in basic
media[24,25,29, 32] (Scheme 1A). This step involves the creation of
a Michael acceptor moiety (4) that is susceptible to attack by
nucleophiles such as thiols, leading to adduct 5. We therefore
developed multifunctional probe molecule 6 (Scheme 1B) that
consists of four functional modules: 1) a nucleophilic reactive
site (thiol), 2) a part in which heavy isotopes may be incorpo-


rated (in the ethylene chain), 3) an acid-labile “Wang”-type
linker, and 4) a biotin moiety that allows affinity-based purifica-
tion.


Incubation of 6 with b-eliminated peptides derived from, for
example, 2a or 2b was expected to result in the formation of
a covalent adduct 5 through Michael addition of the sulfhydryl
moiety of 6 to the a,b-unsaturated amino acid residue in the
peptide (Scheme 1A). However, no covalent linkage of the
probe to the peptide was observed, even upon addition of a
tenfold excess of 6 to a solution of a b-eliminated peptide de-
rived from 2a. The size of the nucleophile was probably detri-
mental to its reactivity and a smaller thiol nucleophile—to be
used in high excess—-might be more advantageous. This en-
ticed us to consider alternative strategies.


A possible strategy involves the addition of a dithiol to b-
eliminated phosphopeptides 4 (Scheme 2A). The originally
phosphorylated serine or threonine residue is thus functional-
ized with a thiol group (7), which serves as a handle for linking
of the peptide to a probe molecule. A similar successful ap-
proach has been reported in the literature.[25,27, 29,33] However,
the conditions described in the literature were not successful
in our hands for modification of phosphopeptides 2a and 2b,
so an optimized procedure for b-elimination and subsequent
ethanedithiol (EDT) addition was developed. In addition to
supplying a handle for probe attachment, the generation of a
thiol-functionalized residue also allows the application of avail-
able cysteine-labeling methods. Unlike 6, the new probe (10)
carried an electrophilic group, since peptide 7 is now function-
alized with a sulfhydryl group. This probe (Scheme 2B) again
included a biotin affinity label, a Wang-type linker, but also the
electrophilic maleimide functionality, incorporated for chemo-
selective reaction with the generated thiols on the originally
phosphorylated amino acid residues.


A similar, commercially available, probe that lacks the acid-
sensitive part (11; see Scheme 2B) had been used earlier by


Scheme 1. A) Base induced b-elimination followed by Michael addition of an SH-contain-
ing probe. B) Thiol-containing multifunctional probe.
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Oda et al. for isolating a phosphorylated protein that was used
to spike a complex mixture.[27] Other methods derived from
this strategy have also been described.[33,34] However, the pres-
ence of the cleavable linker in our molecule offers means to
circumvent several of the shortcomings of the technique, such
as incomplete recovery from the (strept)avidin material used
during the affinity-based isolation/enrichment. In addition, in-
corporation of the acid-labile linker in 10 affords small, stable
adducts—that no longer include the biotin moiety—with the
previously phosphorylated serine and threonine residues, thus
leading to more easy interpretable mass spectra.


In the first step, the validity of these assumptions was tested
with well-defined model systems. Thus, two model octapep-
tides, 2a and 2b, containing either a Ser(P) or a Thr(P) residue,
were used in experiments in which the b-elimination/Michael
addition/probe addition sequence and avidin affinity chroma-


tography were applied to isolate and enrich both
peptides from peptide mixtures of known composi-
tions. In addition, since no systematic optimization
studies of the b-elimination and Michael addition re-
actions could be found in the literature, and as exist-
ing reports in general deal exclusively with the reac-
tivity of Ser(P)-containing peptides, two phosphory-
lated model tripeptides, 1a and 1b, were prepared
with the aim of studying experimental parameters
affecting these transformations for both Ser(P) and
Thr(P) residue-containing peptides.


Synthesis of the probe molecules


The synthesis of thiol-functionalized biotin probe 6
(Scheme 3) began with the alkylation of methyl 4-hy-
droxybenzoate (12) with N-Alloc-2-bromoethylamine.
The alkylation product 13 was reduced with LiAlH4 to
give benzylic alcohol 14, which was subsequently
converted into activated carbonate 15 by treatment
with p-nitrophenyl chloroformate. Treatment with S-
tritylcysteamine in the presence of Et3N then fur-
nished carbamate 16. After Alloc deprotection, the
resulting free amine (17) was used in a BOP-mediated
coupling to biotin, affording the S-protected probe
18. The free probe 6 was generated in situ when re-
quired for labeling studies.


For the maleimide-containing probe (10), the acid-
cleavable linker moiety 21 was synthesized from
methyl 4-hydroxybenzoate in a sequence consisting
of alkylation, LiAlH4-mediated reduction of the ester


Scheme 2. Dithiol modification of phosphopeptides and electrophilic addi-
tion of the probe.


Scheme 3. Synthesis of probe molecule 6. Reagents and conditions: a) N-
Alloc-2-bromoethylamine, K2CO3, DMF, 81%. b) LiAlH4, Et2O, 91%. c) p-Nitro-
phenyl chloroformate, pyridine, CH2Cl2, 79%. d) S-Tritylcysteamine, Et3N, THF,
64%. e) Pd(PPh3)4, PhSiH3, CH2Cl2, 89%. f) Biotin, BOP, Et3N, DMF, 93%.
g) TFA, EtSH, CH2Cl2, quant.
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functionality, and removal of the benzyloxycarbonyl protecting
group (Scheme 4). Building block 24, containing the maleimide
group and a site in which stable isotopes can, optionally, be in-
corporated, was obtained from the addition of maleic anhy-
dride to monoprotected ethylenediamine and subsequent ring


closure, with acidolytic cleavage of the Boc protecting group
from 22 and the addition of 4-nitrophenyl chloroformate to
the resulting amine 23 leading to 24. For assembly of the
probe molecule, the “Wang”-derived linker was coupled to D-
biotin N-hydroxysuccinimidyl ester 26, prepared by the
method of Bayer and Wilchek.[35] The complete probe molecule
(10) was obtained in good yield after carbamoylation of benzyl
alcohol 27 with 4-nitrophenyl carbamate 24.


Model tripeptides


Tripeptides Ac-Phe-Ser(P)-Gly-NHMe (1a) and Ac-Phe-Thr(P)-
Gly-NHMe (1b) were prepared by standard tert-butyloxycar-
bonyl (Boc) solution-phase peptide synthesis. The amino termi-
ni of the peptides were capped with acetyl groups by treat-
ment with N-hydroxysuccinimidyl acetate (AcOSu) and the


seryl or threonyl residues were
phosphorylated with reagent 28a,
prepared as described previous-
ly.[36–38]


The 4-chlorobenzyl protecting
groups were removed by Pd-cata-
lyzed hydrogenolysis, and phos-
phopeptides 1a and 1b were pu-
rified by reversed-phase column


chromatography (C-8). These compounds were prepared for
optimization of the b-elimination and dithiol addition reaction
on a preparative scale (10–100 mg), allowing thorough charac-
terization of all products formed. For the optimization of the
b-elimination reaction, peptides were incubated at 45 8C with


different inorganic (NaOH, CsOH,
Ba(OH)2) and organic bases
(DBU, NaOCH3, Et3N) in MeCN/
H2O mixtures (60:40 to 90:10
v/v). For every solvent mixture
tested, experiments were run
with two, five, seven, and ten
molar equivalents of base. In all
cases, nearly quantitative elimi-
nation of phosphate from the
Ser(P)-containing peptide could
be achieved within 3 h. Forma-
tion of the dehydrobutyrine resi-
due in the phosphothreonine-
containing peptide turned out
to be significantly slower, how-
ever, requiring up to 6 h of incu-
bation: hydrolysis of the phos-
phate ester could be detected in
the case of the alkali bases and
was most pronounced in experi-
ments with NaOH. The product
of this competing side reaction,
Ac-Phe-Thr-Gly-NHMe, could be
isolated in yields of up to 10%.
Although, from these results,
none of the used bases was


found to be a significantly superior promoter of the b-elimina-
tion reaction, we decided to use Ba(OH)2 in all further experi-
ments. At this point it should be noted that peptides resulting
from other post-translational modifications on serine and
threonine, such as glycosidation[39] and the less often encoun-
tered sulfonation,[40] may also undergo b-elimination under
these conditions. No reliable procedure for selective b-elimina-
tion of phosphorylated Ser/Thr residues in the presence of gly-
cosylated Ser/Thr residues has been reported to date.


Although several authors claim that the use of elimination
mixtures containing the highly polar aprotic DMSO gave favor-
able results in terms of the kinetics and yields of the reac-
tion,[29,33] this observation could not be reproduced with our
model tripeptides. Comparable results were obtained when
the elimination reaction was run in MeCN/H2O or in a standard
elimination mixture containing DMSO, EtOH, and H2O (3:1:1).
Furthermore, because of the poor compatibility of DMSO with
the process of matrix crystal formation (MALDI) and electro-
spray ionization, solvent systems based on MeCN/H2O mixtures
were considered to be more suitable for this application.


After isolation of the dephosphorylated peptides, optimiza-
tion of the dithiol addition reaction was performed by incuba-
tion with two, four, or six equivalents of 1,4-dithiothreitol (DTT)
and a catalytic amount of base (Et3N, 0.2 equiv.). In all cases,
DTT addition proceeded in a quantitative fashion within 3 h.


Scheme 4. Synthesis of probe molecule 10. Reagents and conditions: a) N-Cbz-2-bromoethylamine, K2CO3, mW,
neat, 83%. b) LiAlH4, Et2O, 94%. c) H2, Pd/C, 98%. d) Maleic anhydride, Et3N, Et2O; then BOP, Et3N, CH2Cl2, 38%.
e) HCl, Et2O, 96%. f) p-Nitrophenyl chloroformate, Et3N, CH2Cl2, �18 8C, 37%. g) DCC, DMF, 90 8C, 99%. h) 21, 26,
DMF, 85%. i) 24, 27, Et3N, DMF, 37%.
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Again, no additional advantages in terms of yields and kinetics
were observed with the DMSO/EtOH/H2O mixture relative to
MeCN/H2O systems.


Model octapeptides


Octapeptides 2a and 2b were synthesized by standard 9-fluo-
renylmethoxy-carbonyl (Fmoc) solid-phase synthesis on a
cross-linked polystyrene resin with a polyethylene glycol
spacer and the Rink amide linker (p-{(R,S)-a-[1-(9H-fluoren-9-yl)-
methoxyformamido]-2,4-dimethoxybenzyl}-phenoxyacetic acid).
After Fmoc deprotection of the N-terminal glycine residues,
the amino termini of the peptides were capped on the solid
phase by treatment with N-hydroxysuccinimidyl acetate
(AcOSu). Phosphorylation was carried out with reagent 28a
followed by oxidation with tBuOOH in the case of the serine-
containing peptide and with reagent 28b in that of the threo-
nine peptide.[36,37,41] The peptides were then cleaved from the
resin by acidolysis; this step simultaneously removes the phos-
phate benzyl esters and side chain protecting groups present
on lysine and glutamic acid residues. Final products were
lyophilized and used as such. Initially, experiments were carried
out in order to establish whether the phosphopeptide in
amounts of 10 pmol to 10 nmol could be isolated from solu-
tion by the series of transformations described earlier. Condi-
tions optimized for the b-elimination and dithiol addition of
model tripeptides were applied: MeCN/H2O (90:10 v/v) was
chosen as the solvent and Ba(OH)2 as the base. The b-elimina-
tion process was found to be similarly straightforward, but was
invariantly accompanied by some hydrolysis of the phosphate
ester, in the cases of both the Ser(P)- and the Thr(P)-containing
peptide. Addition of DTT, however, proved to become substan-
tially more problematic on downscaling: even with 50 equiva-
lents, only a minor fraction of the dehydropeptides could be
transformed into the corresponding dithiol adducts. Since the
introduction of even larger excesses of DTT was expected to
compromise the subsequent process of probe binding, due to
scavenging of maleimide by unreacted dithiol, we decided to
use volatile ethanedithiol (EDT) in all further experiments. Un-
reacted portions of this reagent could then be removed from
the system by evaporation prior to probe addition. However,
large excesses (~104 equivalents) of both EDT and base (Et3N)
were required to achieve near-quantitative dithiol addition.
This required excess resulted in the formation of unexpected
byproducts when MeCN was used as solvent. In addition to
the expected peaks in the MS spectrum (e.g. , dehydropeptide,
EDT adduct), several other peaks were observed, all displaying
a +41 Da mass shift with respect to the expected peaks. MS/
MS analysis revealed that these peaks had arisen from addition
of MeCN to the lysine residue. We suspect that high concentra-
tions of EDT and base in MeCN result in the formation of a
thioacetimidate, which would be susceptible to attack by nu-
cleophiles such as the lysine residue e-amino group.


This observation led us to change the solvent of EDT addi-
tion (and b-elimination) to MeOH. Although this requires
somewhat longer reaction times, b-elimination and EDT addi-


tion proceeded smoothly, and no unexpected side products
were observed.


The phosphorylated peptides 2a and 2b were subjected to
the b-elimination/EDT addition protocol and were subsequent-
ly affinity purified with immobilized avidin. After cleavage of
the Wang-type linker, the supernatant was analyzed by MALDI-
TOF mass spectrometry, which showed that the originally
phosphorylated serine- and threonine-containing peptides had
been modified. The subsequent mass spectrometric fragmenta-
tion of the modified peptides is shown in Figure 1. The result-
ing MS/MS spectrum not only contains nearly complete series
of b and y ions, which can be used for sequence tagging of
the peptide and determination of the site of phosphorylation,
but also shows the modified immonium ion at m/z 276.1 (in
the case of the serine-modified peptide) and m/z 290.1 (in that
of the threonine-modified peptide), which show that the phos-
phorylated amino acid residue has indeed been modified in
the desired way by the protocol used. These specific immoni-
um ions may potentially be used as marker ions for the phos-
phorylated serine and threonine peptides. In comparison with
fragmentation of a phosphorylated peptide, which normally
mainly results in loss of the labile phosphate group and re-
quires further (MS/MS/MS) fragmentation to provide sequence
information, the approach shown here has the advantage that
most of the label stays on the amino acid residue, thereby al-
lowing sequence tagging and phosphorylation site determina-
tion. In addition, the modification results in the introduction of
an extra amine group, which increases the ionization efficiency
of the peptide, especially in relation to the phosphorylated
peptide.


In order to confirm the applicability of our enrichment strat-
egy, we composed a mixture of synthetic nonphosphorylated
peptides[42,43] to which the serine-phosphorylated octapeptide
2a was added (~1 nmol each; see Figure 2A and Table 1).


The peptide mixture was subjected to the optimized b-elimi-
nation/EDT addition protocol. After evaporation of the vola-
tiles, the residue was redissolved in MeOH (90 mL) and incubat-
ed at 45 8C for 2 h with probe molecule 10 (5–50 equiv). Subse-
quently, the mixture was incubated with immobilized avidin
for 1 hour, and the beads were then washed with buffer and


Table 1. Components of the peptide mixture used for phosphopeptide
enrichment experiments.


Peptide sequence m/z


Ac-GFEApSLFK-NH2 1019.4
H-SNNFGALLGS-NH2 978.5
Ac-VHAEFLKA-NH2 955.5
Ac-ARAEQLAQEA-NH2 1127.6
Ac-KLB[a]EII-NH2 769.5
H-GFEATLFK-NH2 911.5
H-SNNFGAILSS-NH2 1008.5
Ac-LAQEAHKNAKLB[a]EII-NH2 (E4!K7 lactam) 1714.0
Ac-EB[a]ARAEQLAQEAHK-NH2 (E11!K14 lactam) 1616.8
Ac-REVLEB[a]ARAEQLAQEAHKNRKLB[a]EII-NH2 3111.8


[a] B= L-norleucine.
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treated with TFA to cleave the Wang-type linker. After removal
of TFA, the mixture was analyzed by MALDI-TOF mass spec-
trometry. The mass spectrum of the enriched fraction is shown
in Figure 2B. The most abundant peak, at m/z 1155.5, corre-
sponds to the modified phosphopeptide. The presence of
other compounds (peptides) in the enriched fraction might be
caused by unspecific binding of particular peptides either to
avidin or to agarose on which the avidin was immobilized.
These peaks however, can be used to calculate a semiquantita-
tive amount of enrichment: the intensity ratio between the
synthetic peptide with an m/z value of 1127.6 and the phos-
phopeptide (m/z 1019.4, marked with P in Figure 2A) before
enrichment is 10, while it is 0.11 after enrichment, yielding a
semiquantitative enrichment factor of around 100.


Together with the sequence
tagging and identification of the
former site of phosphorylation, as
shown in Figure 1, these results
confirm the validity of our meth-
odology for modification, enrich-
ment, and analysis of serine and
threonine phosphorylated pep-
tides.


Conclusion


The analysis of post-translational
modifications on proteins in com-
plex mixtures, especially that of
protein phosphorylation, requires
methods that allow specific en-
richment of peptides that carry
this type of modification. This is
because mass spectrometry, rou-
tinely used for these purposes,
has some disadvantages that
hamper the investigation of this
modification. The extra negative
charge, for example, lowers the
ionization efficiency of phos-
phorylated peptides in the posi-
tive-ion mode, and MS/MS colli-
sion-induced fragmentation of
these ions mainly results in loss of
the labile phosphate group, ob-
structing further sequence analy-
sis.


In order to improve the analysis
of phosphorylated peptides, we
have developed a protocol for the
selective b-elimination and subse-
quent EDT modification of serine-
and threonine-phosphorylated
peptides using three different test
systems with different degrees of
complexity. In our test systems,
this newly developed protocol


proved more effective than previously described methods.
It was found that b-elimination of phosphorylated Ser/Thr


residues took place without concomitant b-elimination of un-
phosphorylated Ser/Thr residues. So far, no reliable procedure
for selective b-elimination of phosphorylated Ser/Thr residues
in the presence of glycosylated Ser/Thr residues has been de-
scribed. Selective b-elimination of phosphate in the presence
of other modified (e.g. , glycosylated) Ser/Thr residues is cur-
rently the subject of investigation, and preliminary results are
promising.


Furthermore, selective profiling of Ser/Thr phosphorylation
or glycosylation can be facilitated by pretreatment of the pep-
tide or protein mixture with an appropriate glycosidase or
phosphatase, respectively.


Figure 1. Mass spectrometric fragmentation (MS/MS) spectra of the modified phosphopeptides 2a and 2b. Char-
acteristic b- and y-type ions that were used for sequence tagging of the peptide are indicated. A) MS/MS spec-
trum of the modified serine-phosphorylated peptide (m/z 1155.5). The structure of the modified phosphoserine
moiety is shown. The peak marked S’ indicates the immonium ion of the modified amino acid residue S*. The
peaks marked “�Tag” (at m/z 516.2, 629.3, and 921.5) indicate the corresponding fragments that have lost the
complete modification (the probe residue including the EDT moiety) as a result of b-elimination during MS/MS.
B) MS/MS spectrum of the modified threonine-phosphorylated peptide (m/z 1169.5). The structure of the modi-
fied phosphothreonine moiety is shown. The peak marked T’ indicates the immonium ion of the modified amino
acid residue T*. The peaks marked “�Tag” (at m/z 530.2, 643.3, and 939.5) indicate the corresponding fragments
that have lost the complete modification (the probe residue including the EDT moiety) as a result of b-elimina-
tion during MS/MS.
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In addition, we have developed a multifunctional molecular
probe featuring a biotin affinity label, an acid-labile linker, a
site for the optional incorporation of stable isotopes, and an
electrophilic reactive group. This probe molecule selectively
allows further modification of originally phosphorylated serine
and threonine residues, as well as affinity-based purification of
modified phosphopeptides from mixtures of peptides. Modi-
fied peptides can be released from the affinity purification ma-
terial by cleavage of the acid-labile linker, and the remaining,
compact adduct allows identification of the peptide sequence,
as well as of the phosphorylation site. Incorporation of an acid-
labile linker ensures quantitative release of bound peptides
from the affinity purification material unlike previously report-
ed biotin-based molecular probes. In addition, MS/MS spectra
of the modified peptides are more straightforward when the
adducts do not contain biotin, and sequencing of the peptide
and assignment of the phosphorylation site is simpler.


The work described here offers
an approach to better analysis of
phosphorylated peptides. It not
only enables affinity enrichment
of originally phosphorylated pep-
tides, but it also improves further
analysis of these peptides by
introduction of a stable group,
which, moreover, provides im-
proved ionization due to the
presence of an additional amino
group.


The introduction of stable iso-
topes could offer potential for
quantitative phosphoproteomic
studies that not only give insight
into the pool of phosphorylated
proteins, but also reveal some of
the dynamics of this modification
over time or between different
cellular states.


In summary, the pursuit of
knowledge on the down-scaling
of chemical reactions and incor-
poration of stable isotopes for
relative quantitation of phosphor-
ylation levels is a prerequisite for
further improvement of the field
of chemistry-based phosphopro-
teomics, allowing the analysis of
phosphorylated peptides in com-
plex biological samples.


Experimental Section


General : All solvents were distilled
prior to use or were HPLC grade.
Anhydrous solvents were obtained
by storing the solvents over activat-
ed 4 R molecular sieves. Tentagel


S RAM resin was purchased from Rapp Polymere (TSbingen, Ger-
many). Fmoc amino acids were purchased from Advanced Chem-
Tech (Louisville, KY, USA), Alexis (San Diego, CA, USA), or Novabio-
chem (LUufelingen, Germany). Avidin immobilized on 6% agarose
was purchased from Sigma. All other reagents were purchased
from Fluka, Sigma–Aldrich, and Acros and were used without fur-
ther purification. Solid-phase peptide synthesis was performed on
an Applied Biosystems 433 A peptide synthesizer. TLC plates used
were Merck 60 F254 silica gel on glass. Visualization was achieved
with UV light when applicable, or by staining with ninhydrin solu-
tion in n-butanol (0.2%). NMR spectra were recorded on a Varian
Inova 300 MHz spectrometer. Chemical shifts are reported in ppm
downfield, relative to tetramethylsilane. ESI-MS spectra were ob-
tained in the positive-ion mode on a Shimadzu instrument. MALDI-
TOF spectra were acquired in reflectron positive-ion mode on an
Applied Biosystems Voyager DE-STR instrument or an Applied Bio-
systems 4700 Proteomics Analyzer with a-cyano-4-hydroxycinnam-
ic acid as the matrix. MS/MS spectra were acquired on an Applied
Biosystems 4700 Proteomics Analyzer.


Figure 2. A) MALDI-TOF mass spectrum of the starting mixture of peptides used to mimic a tryptic digest to test
the chemical modification procedure. The phosphopeptide (2a) at m/z 1019.4 is indicated by a dashed line and
the letter P. B) MALDI-TOF mass spectrum of the supernatant obtained after affinity enrichment and cleavage of
the Wang-type linker. The formerly phosphorylated species is indicated by P* ([M+H]+ , m/z 1155.5, [M+Na]+ ,
m/z 1177.5).
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Synthesis of peptides : Tripeptides 1a and 1b were synthesized
by a standard tert-butyloxycarbonyl protection strategy with BOP
as coupling agent and Et3N as base in CH2Cl2, from N-Boc-O-benzyl-
serine or -threonine. Treatment with HCl in Et2O was used for Boc
cleavage. N-Termini were acetylated by treatment with AcOSu.
After hydrogenolysis of the benzyl ethers, the resulting free alco-
hols were phosphorylated as described earlier.[38] Because of their
more straightforward NMR spectra, the bis(p-chlorobenzyl) phos-
photriesters of 1a and 1b (1aa and 1bb, respectively) were used
for analysis.


Ac-Phe-Ser[O-P(O)(p-ClC6H4CH2O)2]-Gly-NHMe (1aa): 1H NMR
(300 MHz, CD3OD): d=2.00 (s, 3H), 2.84 (s, 3H), 3.02 (m, 1H), 3.28
(m, 1H), 3.85 (d, 1H), 4.01 (d, 1H), 4.49 (m, 1H), 4.75 (m, 1H), 5.17
(d, J=8.5 Hz, 2H), 7.25–7.45 ppm (m, 13H); 13C NMR (75 MHz,
CD3OD): d=25.2, 29.2, 41.3, 46.3, 59.2, 70.4, 73.0, 132.2, 132.6,
133.1, 133.6, 138.4, 138.5, 138.6, 141.1, 173.4, 174.5, 176.4,
177.3 ppm.


Ac-Phe-Thr[O-P(O)(p-ClC6H4CH2O)2]–Gly-NHMe (1bb): 1H NMR
(300 MHz, CD3OD): d=1.36 (d, J=6.3 Hz, 3H), 1.90 (s, 3H), 2.68 (s,
3H), 2.94 (dd, J=14.1, 9.1 Hz, 1H), 3.17 (dd, J=14.1, 6.3 Hz, 1H),
3.69 (d, J=16.7 Hz, 1H), 3.83 (d, J=16.8 Hz, 1H), 4.75 (m, 1H), 5.01
(m, 2H), 5.09 (m, 1H), 7.19–7.37 ppm (m, 13H); 13C NMR (75 MHz,
CD3OD): d=16.7, 21.2, 25.2, 37.2, 42.3, 55.1, 57.2, 68.8, 75.8, 126.7,
128.4, 128.6, 129.2, 129.5, 129.6, 134.4, 134.7, 137.2, 169.6, 170.4,
172.2, 173.5 ppm.


Octapeptides 2a and 2b : Octapeptides 2a and 2b were synthe-
sized on an Applied Biosystems 433 A peptide synthesizer with (p-
{(R,S)-a-[1-(9H-fluoren-9-yl)-methoxyformamido]-2,4-dimethoxy-
benzyl}-phenoxyacetic acid)-crosslinked polystyrene as the starting
resin (loading 0.3 mmolg�1) in order to obtain a C-amidated se-
quence. tert-Butyloxycarbonyl (Boc) side-chain protecting groups
were used for lysine and tert-butyl for glutamic acid. The N-a-
amino acids were activated in situ by the standard 2-(1H-benzotri-
azol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
procedure. Fmoc deprotection was carried out with piperidine in
DMF (20%). Final acetylation was carried out by shaking the resin-
bound peptide overnight with N-hydroxysuccinimidyl acetate
(5 equiv.) in DMF. Phosphorylation was achieved by shaking the
resin with reagent 28a (for 2a) or reagent 28b (for 2b) (10 equiv.)
and 1H-tetrazole (50 equiv.) in dry N,N-dimethyl acetamide (DMA)
for 24 h, followed by addition of a solution of tert-butyl hydroper-
oxide in H2O (70%, 15 equiv.). After 30 min, the solvent was re-
moved by suction filtration and the resin was successively washed
several times with DMA, CH2Cl2, and MeOH. Cleavage of the pep-
tide from the resin was accomplished by treatment of the peptidyl
resin with a mixture of TFA and scavengers (TFA/H2O/EDT/TIS
88:8:3:1 v/v/v/v). The crude peptide was precipitated from cold
tert-butyl methyl ether and hexane (50:50), redissolved in H2O/tert-
butanol (50:50), and lyophilized.


Synthesis of probe molecules : For experimental data and charac-
terization of compounds 6 and 13–18, see the Supporting Informa-
tion.


Methyl 4-(2-{[(benzyloxy)carbonyl]amino}ethoxy)benzoate (19):
Benzyl chloroformate (2.4 g, 20 mmol) was added dropwise to an
ice-cooled solution of 2-bromoethylamine·HBr (4.74 g, 22 mmol)
and Et3N (4.4 g, 44 mmol) in CH2Cl2 (60 mL). After the addition, the
cooling bath was removed and the solution was allowed to reach
room temperature. Stirring was continued for 2 h, followed by
evaporation of volatile components under reduced pressure. The
remaining oil was mixed with EtOAc (200 mL). The organic layer
was washed with aq. HCl (1N, 100 mL) and brine (100 mL), dried


(Na2SO4), filtered, and concentrated in vacuo to give crude N-Cbz-
2-bromoethylamine as a colorless oil, which was used in the next
step without further purification. 1H NMR (300 MHz, CDCl3): d=
3.44 (t, J=5.4 Hz, 2H), 3.65 (q, J=5.4 Hz, 2H), 5.12 (s, 2H,), 5.22 (t,
J=5.4 Hz, 1H), 7.24–7.41 ppm (m, 5H). A solution of the crude N-
Cbz-2-bromoethylamine (3.9 g, ~15 mmol) and methyl 4-hydroxy-
benzoate (12, 2.28 g, 15 mmol) in MeOH (10 mL) was adsorbed on
solid anhydrous K2CO3 (10.4 g, 75 mmol) by evaporation of the sol-
vent under reduced pressure. The resulting cake was irradiated in a
kitchen microwave apparatus (5W1 min with intermediate cooling).
The crude product was obtained by washing of the cake with
EtOAc/MeOH (9:1, 150 mL) and evaporation of the solvent. Product
19 was isolated after chromatography on silica gel (hexane/EtOAc
1:1) as a white solid (yield: 4.02 g, 12.2 mmol, 83%). 1H NMR
(300 MHz, CDCl3): d=3.63 (q, J=5.4 Hz, 2H), 3.88 (s, 3H), 4.09 (t,
J=5.4 Hz, 2H), 5.11 (s, 2H), 5.26 (t, J=5.4 Hz, 2H), 6.89 (d, J=
8.7 Hz, 2H), 7.33 (m, 5H), 7.98 ppm (d, J=8.7 Hz, 2H); MS (ESI): m/z
330.3 [M+H]+ , 352.4 [M+Na]+ .


Benzyl 2-[4-(hydroxymethyl)phenoxy]ethylcarbamate (20):
Methyl ester 19 (4.0 g, 12.1 mmol) was dissolved in a mixture of
THF and Et2O (60 mL) and was cooled to 0 8C under nitrogen at-
mosphere with an ice bath. LiAlH4 (740 mg, 20 mmol) was added
in three portions over a period of 60 min. The reaction mixture
was stirred for 6 h at 0 8C and was then carefully quenched by the
dropwise addition of water (5 mL). The solid precipitate was fil-
tered off and washed with THF (3W20 mL). Evaporation of the sol-
vent yielded crude 20, which was purified by silica gel chromatog-
raphy (EtOAc) (yield: 3.42 g, 11.36 mmol, 94%). 1H NMR (300 MHz,
CDCl3): d=2.1 (br s, 1H), 3.61 (q, J=5.1 Hz, 2H), 4.04 (t, J=5.4 Hz,
2H), 4.6 (s, 2H), 5.12 (s, 2H), 5.24 (t, J=5.4 Hz, 2H), 6.83 (d, J=
8.4 Hz, 2H), 7.28 (d, J=8.4 Hz, 2H), 7.3–7.42 ppm (m, 5H); MS (ESI):
m/z 302.1 [M+H]+ .


4-(2-Aminoethoxy)benzyl alcohol (21): N-Cbz-protected alcohol
20 (3.0 g, 10 mmol) was dissolved in MeOH (20 mL). After flushing
with N2 and addition of Pd on C (10%, 210 mg, 2 mol%), the reac-
tion mixture was placed under an atmosphere of H2 and stirred for
8 h at room temperature. After removal of excess hydrogen by
flushing with N2, the catalyst was removed by filtration through a
short path of Celite and the solvent was removed under reduced
pressure, yielding 21 as a colorless solid that was used in the next
step without further purification (yield: 494 mg, 2.94 mmol, 98%).
1H NMR (300 MHz, CD3OD): d =2.84–3.09 (m, 2H), 3.97 (t, J=
5.1 Hz), 4.53 (s, 2H), 6.92 (d, J=8.7 Hz), 7.27 ppm (d, J=8.7 Hz).


tert-Butyl 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethylcarba-
mate (22): Monoprotected N-Boc-ethylenediamine (3.2 g, 20 mmol)
and Et3N (2.0 g, 20 mmol) were dissolved in Et2O (40 mL) at 0 8C. A
solution of maleic anhydride (1.96 g, 20 mmol) in Et2O (40 mL) was
added dropwise, and the reaction mixture was stirred for 4 h while
being allowed to reach room temperature. The precipitated crude
intermediate triethylammonium salt was filtered off and dissolved
in CH2Cl2 (100 mL). Additional Et3N (4.0 g, 40 mmol) and BOP
(8.84 g, 20 mmol) were added and stirring was continued for two
hours. CH2Cl2 was evaporated under reduced pressure and the
dark brown residue was redissolved in EtOAc (200 mL). The organic
layer was washed with aq. HCl (1N, 2W100 mL), sat. aq. NaHCO3


(100 mL), and brine (100 mL). After drying over Na2SO4, the organic
layer was concentrated under reduced pressure. The dark brown,
oily residue was chromatographed on silica gel (hexane/EtOAc 1:1),
yielding 22 as a white, crystalline solid (yield: 1.83 g, 7.6 mmol,
38%). 1H NMR (300 MHz, CDCl3): d=1.4 (s, 9H), 3.34 (q, J=5.7 Hz,
2H), 3.64 (t, J=5.7 Hz, 2H), 5.01 (t, J=5.7 Hz, 1H), 6.74 ppm (s,
2H); 13C NMR (75 MHz, CDCl3): d=28.12 (s, Boc), 37.8, 39.1, 79.3,
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134.0, 155.9, 170.8 ppm; MS (ESI): m/z 140.3 [(M�Boc)+H]+ , 240.4
[M+H]+ .


1-(2-Aminoethyl)-1H-pyrrole-2,5-dione HCl salt (23): N-Boc-pro-
tected maleimide 22 (1 g, 4.17 mmol) was dissolved in CH2Cl2
(2 mL). A saturated solution of hydrogen chloride in Et2O (5 mL)
was added. After the mixture had been stirred for 30 min, the pre-
cipitated hydrochloride salt was filtered off and washed with Et2O
(2W5 mL). Product 23 was obtained as a white powder (yield:
702 mg, 4.0 mmol, 96%). 1H NMR (300 MHz, CDCl3): d=3.12 (t, J=
5.7 Hz, 2H), 3.77 (t, J=5.7 Hz, 2H), 6.84 ppm (s, 2H); MS (ESI): m/z
140.3 [M+H]+ .


4-Nitrophenyl 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethylcar-
bamate (24): A solution of 4-nitrophenyl chloroformate (800 mg,
4 mmol) in CH2Cl2 (5 mL) was cooled with an ice/salt bath, and
powdered 23 was added, followed by dropwise addition of Et3N
(800 mg, 8 mmol). After the mixture had been stirred for two
hours, the solvent was removed and the residue was redissolved in
EtOAc (100 mL). The organic layer was washed successively with
aq. HCl (1N, 2W25 mL) and brine (25 mL). The yellow residue was
chromatographed on silica gel (hexane/EtOAc 2:1) and the target
product 24 was obtained as a pink solid (yield: 455 mg, 1.5 mmol,
37%). 1H NMR (300 MHz, CDCl3): d=3.42–3.61 (m, 2H), 3.76–3.84
(m, 2H), 5.6 (br s, 1H), 6.75 (s, 2H), 7.29 (d, J=12 Hz, 2H), 8.23 ppm
(d, J=12 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=36.9, 37.6, 39.8,
40.8, 122.4, 125.4, 134.6, 145.1, 153.7, 156.0, 171.1 ppm; MS (ESI):
m/z 306.5 [M+H]+ , 328.4 [M+Na]+ .


N-{2-[4-(Hydroxymethyl)phenoxy]ethyl}-5-(2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamide (27): Amine 21 (184 mg,
1.1 mmol) was dissolved in DMF (5 mL). The N-hydroxysuccinimidyl
ester of biotin (26, 330 mg, 1 mmol) was added, and the reaction
mixture was stirred for 1 hour at room temperature. The solvent
was evaporated under reduced pressure and the resulting solid
was washed with MeCN (4W2 mL), yielding 27 as a colorless solid
(322 mg, 0.85 mmol, 85%). 1H NMR (300 MHz, [D6]DMSO): d=1.18–
1.64 (m, 6H), 2.08 (t, J=7.2 Hz, 2H), 2.44–2.61 (m, 1H), 2.79 (dd,
J=12.3, 4.8 Hz, 1H), 2.98–3.16 (m, 1H), 3.38 (q, J=5 .7 Hz, 2H),
3.94 (t, J=5.7 Hz, 2H), 4.06–4.11 (m, 1H), 4.22–4.34 (m, 1H), 4.4 (s,
2H), 4.8–5.2 (br s, 1H), 6.37 (s, 1H), 6.44 (s, 1H), 6.87 (d, J=8.71 Hz,
2H), 7.21 (d, J=8.7 Hz, 2H), 8.06 ppm (t, J=5.7 Hz, 1H); 13C NMR
(75 MHz, CD3OD): d=24.9, 25.7, 28.5, 33.6, 39.0, 39.9, 55.8, 60.4,
62.1, 63.7, 66.4, 114.3, 128.5, 133.9, 158.4, 164.9, 175.3 ppm; MS
(ESI): m/z 376.1 [M�OH]+ , 394.5 [M+H]+ , 416 [M+Na]+ .


4-(2-{[5-(2-Oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)penta-
noyl]amino}ethoxy)-benzyl 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)ethyl carbamate (10): Benzylic alcohol 27 (190 mg, 0.5 mmol)
and 4-nitrophenyl carbonate 24 (140 mL, 0.6 mmol) were dissolved
in dry DMF. Et3N (100 mg, 1 mmol) was added, and the mixture
was stirred for 48 h at room temperature under a nitrogen atmos-
phere. The solvent was evaporated under reduced pressure, and
the residue was chromatographed on silica gel (CH2Cl2/MeOH
90:10). Compound 10 was obtained as a white solid (120 mg,
0.22 mmol, 37%). 1H NMR (300 MHz, CD3OD): d=1.42 (q, J=
7.2 Hz), 1.47–1.92 (m, 4H), 2.24 (t, J=7.2 Hz, 2H), 2.66 (d, J=
10.8 Hz, 1H), 2.86 (dd, J=12.6, 5.4 Hz, 1H), 3.05–3.18 (m, 1H),
3.24–3.41 (m, 4H), 3.52–3.75 (m, 4H), 4.04 (t, J=5.4 Hz), 4.19 (dd,
J=7.8, 5.2 Hz, 1H), 4.42 (dd, J=7.8, 5.2 Hz, 1H), 4.95 (s, 2H), 6.77
(s, 2H), 6.91 (d, J=5.7 Hz, 2H), 7.25 ppm (d, J=5.7 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=25.6, 28.2, 28.4, 35.5, 37.5, 39.0, 39.9,
39.9, 55.8, 60.4, 61.9, 66.0, 66.4, 114.3, 129.5, 134.2, 158.5, 165.8,
171.4, 175.2 ppm; MS (ESI): m/z 376.1, 559.4 [M+H]+ , 581.2
[M+Na]+ .


Modification of phosphopeptides : A solution of a mixture of pep-
tides (10 mL, containing 0.1–1 nmol of phosphopeptide in 10–50%
aq. MeOH), MeOH (80 mL), and sat. aq. Ba(OH)2 (0.15N, 3 mL,
450 nmol) in a 500 mL Eppendorf vial was vortexed and shaken in
an Eppendorf Thermomixer apparatus (800 rpm) for 3 h at 45 8C.
Aq. H2SO4 (0.30N, 1.5 mL, 450 nmol) was then added, and the mix-
ture was vortexed and centrifuged (4 min. at 12000 rpm) to precip-
itate BaSO4 and Ba3(PO4)2. The supernatant was transferred to a
new 500 mL Eppendorf vial, and EDT (18 mmol) and Et3N (11 mmol)
were added. The resulting mixture was vortexed and shaken
(800 rpm) for 48 h at 45 8C. The Eppendorf vial was then briefly
centrifuged to pull down any droplets sticking to the cap of the
vial. An aqueous solution of TCEP·HCl (tris(carboxyethyl)phosphine
HCl salt, 10 mL, 1 mM, 10 nmol) was added and the vial was vor-
texed and briefly centrifuged again. All volatile components were
evaporated by placing the open vial in the Thermomixer apparatus
at 45 8C with gentle shaking (300 rpm) under a continuous argon
stream. MeOH (100 mL) was added to the residue, and the vial was
vortexed and centrifuged (3 min at 12000 rpm). The supernatant
was transferred to a new 500 mL Eppendorf vial and the volatile
components were evaporated by gentle shaking (300 rpm) of the
open vial in the Thermomixer apparatus at 45 8C under a continu-
ous argon stream. After evaporation, additional MeOH (100 mL)
was added and evaporated again; this was repeated once. The res-
idue was dissolved in MeOH (90 mL) and a 5 mM solution of 10 in
MeOH (10 mL, 50 nmol) and Et3N (100 mM in MeOH, 10 mL) was
added. The mixture was vortexed and shaken (800 rpm) for 3 h at
45 8C. Unreacted maleimide groups were capped by addition of b-
mercaptoethanol (1 mL). Again, volatile components were evaporat-
ed by gentle shaking (300 rpm) of the open vial in the Thermomix-
er apparatus at 45 8C under a continuous argon stream. The resi-
due was redissolved in phosphate buffer (pH 7.4, 100 mM) contain-
ing NaCl (200 mM, 30 mL), and a slurry of avidin immobilized on 6%
agarose (10 mL) was added. The mixture was gently shaken for 2 h
in an Eppendorf Thermomixer apparatus (1000 rpm, 25 8C). The su-
pernatant was removed and the beads were washed with buffer
(5W30 mL). The beads were then shaken (1000 rpm, 25 8C) for 1 h
with TFA (95%, 30 mL) and the supernatant containing the modi-
fied peptide(s) was transferred to a new 500 mL Eppendorf vial. Fi-
nally, volatile components were evaporated by gentle shaking
(300 rpm) of the open vial in the Thermomixer apparatus at 45 8C
under a continuous argon stream. The residue was then analyzed
by MALDI-TOF MS.


Keywords: beta-elimination · chemical proteomics · Michael
addition · molecular probes · phosphorylation
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Introduction


The protein quality-control system in the endoplasmic reticu-
lum (ER) ensures that only correctly folded proteins proceed
along the secretory pathway.[1,2] The molecular chaperone cal-
nexin (CNX) is a type I transmembrane protein, whilst calreticu-
lin (CRT) is its soluble homologue. They share a lectin charac-
ter, recognizing Asn-linked (Asn = asparagine; N-linked) high-
mannose-type glycan chains, most typically Glc1Man9GlcNAc2


(G1M9; 1a), which is generated as the primary ligand from
Glc3Man9GlcNAc2 (G3M9) through sequential deglucosylation
by glucosidases I (Glc-ase I) and II (Glc-ase II ; Figure 1A). These
chaperones are believed to promote protein folding by recruit-
ing folding factors such as ERp57.[3,4] Glc-ase II further removes
the a-1,3-linked Glc residue, to generate Man9GlcNAc2 (M9),
which is inactive toward CNX/CRT. The correctly folded glyco-
proteins are subsequently transported to the Golgi apparatus,
whereas the unfolded ones are reglucosylated by UDP-Glc :gly-
coprotein glucosyltransferase (UGGT) to regenerate the CNX/
CRT ligand G1M9.[5] This constitutes the “CNX/CRT cycle”, which
plays the central role in glycoprotein quality control in the
ER.[6,7] Two models to account for the chaperone activity of
CNX/CRT have been proposed: the lectin-only model[8,9] and
the dual-binding model.[10–12] The latter model hypothesizes
that CNX and CRT each possess a polypeptide-binding site in
addition to the lectin domain, while the former ascribes their
function solely to the lectin domain. The precise role of the
glycan chain in the chaperone cycle is still controversial.


Although the details remain ambiguous, a number of carbo-
hydrate-binding proteins are considered to play important
roles in the glycoprotein quality-control process; these include


CNX/CRT, UGGT, Glc-ase I and II,[13] mannosidase-like proteins
(EDEM, Mnlp1/Htm1p),[14–16] cargo receptors (e.g. , ERGIC 53,
VIP 36),[17] mannosidase I,[18] glycanase (PNGase),[19] and E3 ubiq-
uitin ligase (Fbs).[20,21] In order to gain a clear understanding of
the glycoprotein quality-control system, structurally defined
high-mannose-type glycans would be valuable tools. As part of
our effort toward the comprehensive synthesis of ER-related
glycoprotein glycans,[22] we have previously achieved the first
chemical synthesis of a monoglucosylated dodecasaccharide
(G1M9),[23] the putative ligand for CNX/CRT. We have also re-
ported the first synthesis of Man8GlcNAc2 (M8)—the proposed
ligand of EDEM/Mnlp1/Htm1p—together with its monogluco-
sylated homologue Glc1Man8GlcNAc2 (G1M8).[24]
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Calnexin (CNX) and its soluble homologue calreticulin (CRT) are
lectin-like molecular chaperones that help newly synthesized gly-
coproteins to fold correctly in the rough endoplasmic reticulum
(ER). To investigate the mechanism of glycoprotein-quality con-
trol, we have synthesized structurally defined high-mannose-type
oligosaccharides related to this system. This paper describes the
synthesis of the non-natural undecasaccharide 2 and heptasac-
charide 16, designed as potential inhibitors of the ER quality-con-
trol system. Each possesses the key tetrasaccharide element
(Glc1Man3) critical for the CNX/CRT binding, while lacking the


pentamannosyl branch required for glucosidase II recognition.
These oligosaccharides were evaluated for their ability to bind
CRT by isothermal titration calorimetry (ITC). As expected, each of
them had a significant affinity towards CRT. In addition, these
compounds were shown to be resistant to glucosidase II diges-
tion. Their activities in blocking the chaperone function of CRT
were next measured by using malate dehydrogenase (MDH) as a
substrate. Their inhibitory effects were shown to correlate well
with their CRT-binding affinities, both being critically dependent
upon the presence of the terminal glucose (Glc) residue.
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Most of the misfolded proteins are eliminated by the ubiqui-
tin/proteasome-mediated degradation pathway. Under certain
circumstances, however, misfolded proteins may escape the
degradation process. Accumulation of such proteins results in
the formation of aggregates and causes various “conforma-
tion-associated diseases”, including Alzheimer’s and Parkinson’s
diseases, amyloidoses, a1-antitrypsin deficiency, and the prion
encephalopathies.[25] a1-Antitrypsin (a1-AT) is a serum glycopro-
tein, secreted by the liver, and an a1-AT deficiency mutation
constitutes the genetic cause of liver disease in children, be-
cause of accumulation of the abnormally folded a1-AT mole-
cules in the ER lumen. A prolonged association of mutant pe-
ripheral myelin protein-22 (PMP-22) with CNX is found in a
family of ER diseases termed heritable neuropathies.[26] Cells re-
spond to such “ER stress” through the expression of chaper-
ones and the nuclear transcriptional factor NF-kB, which is a
central mediator of the immune response.


As a basis for exploration of mechanism-based therapies for
“conformation-associated diseases”, precise understanding of


the above process is important. Since a number of
proteins are involved in folding events in the ER, a
specific inhibitor for each player would be helpful.
The aim of this study was to synthesize non-natural
high-mannose-like oligosaccharides (i.e. , compounds
2 and 16), designed as potential inhibitors of CNX/
CRT (Figure 1B). Unlike inhibitors of glycoprotein
processing, such as tunicamycin, which may cause
global changes in glycoprotein composition, such
compounds would be expected to perturb the fold-
ing event mediated by CNX/CRT in a specific manner.


Results and Discussion


Design and synthesis of CNX/CRT inhibitors and
related compounds


As depicted in Figure 1A, the native ligand of CNX/
CRT (1a) contains both the CNX/CRT recognition site
(G1M3) and a pentamannosyl branch (M5) critical for
Glc-ase II recognition. Previous studies on the specif-
icity of Glc-ase II have revealed that this enzyme re-
quires the pentamannosyl branch (M5) for its full ac-
tivity. The relative rates of Glc-ase II-catalyzed deglu-
cosylation decline sharply as the number of mannose
residues in the M5 branch decreases: the relative
activities of Glc1Man9GlcNAc2, Glc1Man8GlcNAc2,
Glc1Man7GlcNAc2, Glc1Man6GlcNAc2, and Glc1Man5Glc-
NAc2 are 100, 21, 9, 5, and 3, respectively.[27] If the
CNX/CRT ligand were to escape Glc-ase II trimming, it
should remain associated with CNX/CRT to inhibit
the glycoprotein quality-control system. In view of
these factors, the non-natural undecasaccharide 2
and heptasaccharide 16 (Scheme 1) were designed.
In these compounds the M5 branch of G1M9 (Fig-
ure 1B) has either been replaced by G1M3 (2) or has
been removed (16). Since G1M3 itself has been
known to display an affinity towards CRT,[28] it would


be interesting to see whether compound 2, which contains
two G1M3 arms, would show an enhanced affinity relative to
16 and 1b. In addition, 2 and 16 would be expected to be re-
sistant to Glc-ase II and to bind to CNX/CRT in a stable fashion
(Figure 1B).


For the convergent synthesis of the target oligosaccharides,
fragments corresponding to Man1GlcNAc2 (3), Man3 (4), and a
glucosyl donor (5) were designed (Scheme 1A). The b-manno-
side linkage of fragment 3 was constructed through PMB-as-
sisted (PMB=p-methoxybenzyl) intramolecular aglycon deliv-
ery (IAD) as the key reaction, according to our standard proce-
dure.[29, 30] Trimannoside 4 and glucose donor 5 were prepared
as reported previously.[23,24]


The synthesis of 2 was conducted as depicted in Scheme
2A. Coupling of 3 with trisaccharide donor 4 was achieved
through the action of methyl trifluoromethanesulfonate
(MeOTf) to afford the 3-O-glycosylated hexasaccharide 6 in
76% yield and as a single isomer, which was converted into
the diol 7. Regioselective glycosylation with donor 4 gave the


Figure 1. Glycoprotein processing and quality control in ER.
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6-O-glycosylated nonasaccharide 8 in 82% yield. After acetyla-
tion, removal of the TBDPS group under high-pressure condi-
tions (1 GPa) with HF·pyridine[31] gave 9 in 84% yield. The
same reaction under atmospheric pressure gave extremely
poor results, presumably due to the steric hindrance of the re-
action site. Two a-linked glucose residues were incorporated
simultaneously to afford undecasaccharide 10 in 88% yield as
the sole product. Thioglycoside 5 was highly suitable for the
formation of a Glca1!3Man linkage, as had been reported
previously.[23] Complete deprotection gave the target com-
pound 2 in 57% yield (four steps). Inspection of its 1H NMR re-
vealed the presence of two a-Glc [d=5.11 (N2), J=3.4 Hz] and
six a-Man [d=5.20, 5.16 (N2), 4.99, 4.89 Hz (N2)] residues, con-
firming its stereochemical integrity.


Previous studies have established that the a-linked terminal
glucose residue is critical for recognition by CNX/CRT,[10,23, 32] so


for purposes of comparison a nonglucosylated congener (11)
was synthesized. The preparation of 11 was achieved by suc-
cessive deprotection of the nonasaccharide 9, which was
achieved in 29% overall yield.


Since compound 2 is bidentate in terms of G1M3, heptasac-
charide 16 was synthesized in order to allow precise evaluation
of the contribution of a single G1M3 arm (Scheme 2B). Acetyla-
tion of starting compound 7 thus gave 13 in 91% yield. The
TBDPS group was removed uneventfully under high-pressure
conditions to give compound 14 in 82% yield. Introduction of
an a-glucose unit and full deprotection afforded heptasacchar-
ide 16 in 35% yield over four steps.


Scheme 1. A) Retrosynthetic plan for the non-natural oligosaccharides 2 and 16. B) Other oligosaccharides used in this study.
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Isothermal titration calorimetric studies of synthetic oligo-
saccharides


Isothermal titration calorimetry (ITC) has recently found use as
a reliable tool to provide quantitative estimates of carbohy-


drate–protein interactions.[33] On the other hand, precise analy-
sis of the binding between CNX/CRT and complex oligosac-
charides have been limited,[28] mainly due to the poor availabil-
ity of structurally defined high-mannose-type oligosaccharides


Scheme 2. Synthesis of oligosaccharides 2, 11, and 16. Conditions and yields: A: 1) MeOTf, MS (4 O), ClCH2CH2Cl, 40 8C, 76%. 2) p-TsOH·H2O, MeCN, 56%.
3) MeOTf, DTBMP, toluene, 82%. 4) Ac2O, pyridine, DMAP, 91%. 5) HF·pyridine (10%), DMF, 1 GPa, 84%. 6) MeOTf, DTBMP, ClCH2CH2Cl, 88%. 7) Ethylene-
diamine, nBuOH. 8) Ac2O, pyridine. 9) NaOMe/MeOH. 10) Pd(OH)2, H2, 50% AcOH, 57% (4 steps). 11) Ethylenediamine, nBuOH. 12) Ac2O, pyridine, DMAP.
13) NaOMe/MeOH. 14) Pd(OH)2, H2, 50% AcOH, 29% (4 steps). B: 1) Ac2O, pyridine, DMAP, 91%. 2) 10% HF·pyridine, DMF, 1 GPa, 82%. 3) MeOTf, DTBMP,
ClCH2CH2Cl, 59%. 4) Ethylenediamine, nBuOH. 5) Ac2O, pyridine. 6) NaOMe/MeOH. 7) Pd(OH)2, H2, 50% AcOH, 35% (4 steps).
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or glycoproteins from biological sources. With synthetic oligo-
saccharides with natural (1b, 17) or non-natural (2, 11, 16)
structures now to hand, their abilities to interact with CRT
were compared.


The binding of synthetic oligosaccharides to glutathione-S-
transferase-fused CRT (GST-CRT) is characterized in Table 1 and
Figure 2. G1M9 (1b) had a Kb of 6.96N106


M
�1,[34] while non-glu-


cosylated M9 (17) did not show binding. The binding constant
of 2 was 1.73N106


M
�1. Under the same conditions, non-gluco-


sylated glycan (11) was inactive. These results underscore the
importance of the terminal glucose residue for CNX/CRT bind-
ing, consistent with previous studies. The affinity of the hepta-
saccharide 16 (1.86N106


M
�1) was essentially identical with that


of 2, showing that the divalency of the G1M3 arm did not en-
hance the affinity. While the DH and DS values for 2 and 16
were similar, the binding stoichiometry (n) of 2 was noticeably
smaller than that of 16. Although this might derive from the
difference in G1M3 valency between 2 (divalent) and 16


(monovalent), the precise reason is not clear. Since G1M9 (1b)
had a significantly higher affinity than 2/16, the M5 arm of
G1M9 might play an adjunct role in the interaction with CRT,
although most of the affinity toward CRT derives from the
G1M3 arm.


Glucosidase II treatment of oligosaccharides


Since non-natural oligosaccharides 2 and 16 are devoid of the
M5 branch, they would be expected to be resistant to Glc-
ase II. To confirm this, the membrane fraction of Aspergillus
oryzae was isolated and used as the Glc-ase II source. It was
first confirmed that G1M9 (1b) was smoothly converted to M9
(Figure 3A). In contrast, oligosaccharides 2 and 16 were com-
pletely resistant to Glc-ase II trimming, as judged from MALDI-
TOF MS analyses (Figure 3B, C).


Chaperone inhibitory activities of synthetic oligosaccharides


Studies in vitro have shown that CNX and CRT act as molecular
chaperones not only for glycoproteins but also for non-glyco-
sylated proteins, although they were most efficient when a
monoglucosylated high-mannose-type glycan-carrying protein
was used as the substrate.[35,36] In these studies, the ability to
suppress the aggregation of malate dehydrogenase (MDH), cit-
rate synthase (CS), IgY, or a-mannosidase was taken as a mea-
sure of chaperone activity.[11,35,36] It was reported that binding
to oligosaccharide (G1M3) inhibited the chaperone activity of
CNX.[35, 36] These results suggest the presence of overlap and/or


Table 1. Thermodynamic parameters for the binding of oligosaccharides
to CRT.


Oligosaccharide n KbN10�6 DH[a] DS[b]


2 0.719 (�3.6N10�3) 1.73 (�0.1) �13.0 �16.0
16 0.989 (�2.0N10�3) 1.86 (�0.05) �11.5 �10.7
11 – n.b.[c] – –
1b 0.833 (�2.5N10�2) 6.96 (�0.5) �12.7 �11.9
17 – n.b.[c] – –


[a] kcalmol�1. [b] calmol�1K�1. [c] No binding under ITC measurement
conditions.


Figure 2. Isothermal calorimetric titration of calreticuline with oligosaccharides. Raw data were obtained after injections (6 mL) of sugar solutions (0.3 mM) into
GST-CRT (30 mM) in MOPS buffer (10 mM) containing CaCl2 (5 mM) and NaCl (150 mM) at 293 K (top). Molar heat values plotted as a function of the molar ratio
(bottom). The solid line represents the best-fit binding isotherm obtained by use of a single-site model. A) 2, Kb=1.73(�0.1)N106


M
�1, n=0.719�0.0036. B) 11


and C) 16, Kb=1.86(�0.05)N106
M
�1, n=0.989�0.0012.
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crosstalk between the carbohydrate- and peptide-binding do-
mains of CNX/CRT.


The inhibitory effects of the synthetic oligosaccharides on
CRT chaperone activity were investigated by use of MDH, and
the results are shown in Figure 4. MDH readily aggregated at
45 8C in MOPS buffer (10 mM) without prior denaturation. In
the presence of GST-tagged (GST=glutathione-S-transferase)
CRT (GST-CRT) (GST-CRT/MDH 3:1), the aggregation was sup-
pressed to 10% of the control value. The synthetic oligosac-
charides 2 and 16 were then evaluated for their abilities to in-
terfere with the chaperone activity of GST-CRT, relative to
G1M9 (1b) and M9 (17) (Figure 4). MDH (1 mM) was incubated
in MOPS buffer (10 mM) at 45 8C in the presence of GST-CRT
(1 mM) and the oligosaccharides (40 mM) for 60 min. After incu-
bation, the aggregation was measured by light scattering at
360 nm. The undecasaccharide 2 inhibited the activity of GST-
CRT, and a comparable result was observed with the heptasac-
charide 16. G1M9 (1b) also showed inhibitory activity, in line


with previous studies conducted with G1M3.[35,36] The presence
of the terminal Glc was essential for the activity: neither M9
(17) nor 11 was effective. Overall, the inhibitory properties of
oligosaccharides correlate extremely well with their CRT-bind-
ing properties. As suggested by Williams et al. , the binding of
oligosaccharide may cause a conformational change of CNX/
CRT, abrogating the binding to denatured MDH.[11]


To eliminate the possibility that GST per se possesses the
chaperone activity, a similar assay was conducted with GST-un-
tagged CRT (Figure 4). Although the general tendency was
similar, GST-CRT had a more robust chaperone activity and the
effect on untagged CRT seemed to reflect the relative affinity
more precisely, G1M9 (1b) being most potent.


Conclusion


We have designed and synthesized an undecasaccharide, 2,
and a heptasaccharide, 16, as novel CNX/CRT inhibitors that
lack a Glc-ase II recognition site. These oligosaccharides had
binding affinity for CRT and inhibited the chaperone activity of
CRT. Both were indeed resistant to Glc-ase II digestion; this im-
plies their potential use as inhibitors of the glycoprotein quali-
ty-control system governed by the CNX/CRT-UGGT cycle. More
judicious designs along these lines might result in the discov-
ery of an effective inhibitor of CNX/CRT-mediated glycoprotein
quality control.


Experimental Section


The GST-CRT construct was a generous gift from Dr. Shunji Natori
(RIKEN) and Dr. Shunji Natsuka (Osaka University). The plasmid
vector pGEX-6p-1 and the BL21(DE3) strain were purchased from
Amersham Biosciences (Piscataway, NJ) and from Stratagene (La
Jolla, CA), respectively. PreScission protease was purchased from
Amersham Biosciences. Centrifugal concentrators (Centriprep) were
obtained from Millipore Corp (Billerica, MA). A glutathione-Sephar-
ose column (Amersham Biosciences) was used for the purification
of GST-tagged proteins. Malate dehydrogenase (MDH) was pur-
chased from Sigma (St. Louis, MO). MALDI-TOF mass spectra were


Figure 3. Glucosidase II treatment of oligosaccharides. Oligosaccharides
1b (A), 2 (B), and 16 (C) were each treated with an A. oryzae membrane
fraction containing glucosidase II. All experiments were conducted in Tris
(pH 7.5, 10 mM) at 37 8C, in the presence of deoxymannojirimycin (10 mM).
Aliquots were fractionated by ultrafiltration and the flow-through fractions
were subjected to MALDI-TOF MS measurements.


Figure 4. The inhibition of CRTs’ aggregation-suppressing function by oligo-
saccharides. MDH (1 mM) was incubated in MOPS buffer (pH 7.4, 10 mM),
CaCl2 (5 mM), and NaCl (150 mM) with either GST-CRT (1 mM) or CRT (1 mM) at
45 8C in the presence of oligosaccharides (40 mM). The degree of aggregation
was estimated by measurement of light scattering at 360 nm after 60 min.


2286 www.chembiochem.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2281 – 2289


Y. Ito et al.



www.chembiochem.org





recorded in positive ion mode on an AXIMA-CFR Kompact MALDI
instrument (Shimadzu/KRATOS). NMR spectra were obtained with a
JEOL EX-400 spectrometer (1H at 400 and 13C at 100 MHz) at ambi-
ent temperature unless otherwise noted.


Expression and purification of recombinant GST-CRT: DNA en-
coding human calreticurin (CRT) with a N-terminal glutathione-S-
transferase (GST) moiety was cloned into a pGEX-6p-1 plasmid
vector. For expression, the plasmid was introduced into BL21 (DE3)
cells. An overnight plateau phase culture was used to inoculate
fresh LB medium containing ampicillin (50 mgmL�1). Cells were
grown at 25 8C to an A600 of 0.4–0.6, treated with isopropyl 1-thio-
b-D-galactopyranoside (0.1 mM), and incubated for an additional
3 h. The cells were harvested and washed with PBS buffer and
were then resuspended to be sonicated. Lysates were centrifuged
at 12000 rpm for 20 min at 4 8C. The recombinant protein was pu-
rified from the filtered (0.45 mm, Whatman Inc. Clifton, NJ) superna-
tant with a glutathione-Sepharose column, concentrated by use of
a Centriprep YM-3, and then dialyzed against a buffer (pH 7.4) con-
sisting of MOPS (10 mM), CaCl2 (5 mM), and NaCl (150 mM). GST-CRT
was judged to be greater than 90% pure by SDS-PAGE. The molec-
ular mass of GST-CRT was confirmed by MALDI-TOF mass spec-
trometry after desalting with Zip-Tip C4 (Millipore).


Purification of recombinant CRT: The release of CRT from GST was
performed with PreScission protease. The protease was added to
GST-CRT and incubated for 6 h at 4 8C in Tris-HCl (pH 7, 50 mM) con-
taining NaCl (150 mM), EDTA (1 mM), and DTT (1 mM). CRT was puri-
fied on a glutathione-Sepharose column. CRT was further purified
by UNO Q1 anion-exchange chromatography (BIO-RAD, Hercules,
CA) with use of a linear gradient of NaCl (0.15M to 1M) in Tris-HCl
(pH 8.0, 50 mM), and was dialyzed (pH 7.4) against MOPS (10 mM),
CaCl2 (5 mM), and NaCl (150 mM). CRT was judged by SDS-PAGE to
be greater than 90% pure. The molecular mass was checked by
MALDI-TOF mass spectrometry after desalting with Zip-Tip C4 (Mil-
lipore).


Isothermal titration calorimetry experiments : ITC experiments
were performed with a VP-ITC calorimeter (Microcal, Northampton,
MA). GST-CRT (30 mM; in 10 mM MOPS, 5 mM CaCl2, and 150 mM


NaCl, pH 7.4) in a sample cell was titrated with synthetic oligosac-
charide (0.3 mM) in the same buffer at 293 K. The latter was added
as 30–40 injections (6 mL). The heat of dilution values of the sugar
solution were subtracted from the titration data. The nonlinear
least-squares minimization method was used for the data fitting.
The binding stoichiometry (n), binding constant (Kb), and changes
in enthalpy (DH


o


b
) and entropy (DS) were determined by use of


Origin software.


Aggregation assays : MDH (1 mM) was mixed with GST-fused CRT or
CRT (1 mM) in MOPS buffer (pH 7.4, 10 mM) containing CaCl2 (5 mM)
and NaCl (150 mM) and incubated at 45 8C in the presence or ab-
sence of oligosaccharide (40 mM) for 60 min. The reaction mixture
was then immediately cooled on ice. The degree of aggregation
was assessed by light scattering at 360 nm.


Synthesis of oligosaccharides : The syntheses of fragments 3–5
and compound 7 have been reported previously.[23]


Compound 8 : A mixture of compound 7 (26.0 mg, 9.5 mmol), com-
pound 4 (20.0 mg, 12.6 mmol), 2,6-di-tert-butyl-4-methylpyridine
(DTBMP, 13.7 mg, 66.5 mmol), and molecular sieves (50 mg, type
4 O) in dry toluene was stirred at �40 8C for 30 min, and MeOTf in
ClCH2CH2Cl (1M, 83 mL, 83 mmol) was then added. After the mixture
had been stirred for 15 h at RT, the reaction was quenched by the
addition of triethylamine (~0.1 mL). This mixture was diluted with


EtOAc and filtered through Celite. The filtrate was washed succes-
sively with sat. aq. NaHCO3 and brine, the organic layer was dried
over Na2SO4 and concentrated in vacuo, and the residue was puri-
fied by silica gel column chromatography (hexane/EtOAc 3:2) to
give compound 8 as a colorless, amorphous solid (34.4 mg,
8.10 mmol, 85% yield). 1H NMR (400 MHz, CDCl3): d=7.85–6.58 (m,
arom), 5.68–5.52 (m, 1H; CH2=CH-), 5.30 (d, J=3.4 Hz, 1H), 5.24–
5.12 (m, 3H), 3.10–2.95 (m, 1H), 1.94 (s, 3H; Ac), 1.09 ppm (s, 18H;
tBuN2); 13C NMR (100 MHz, CDCl3): d=101.01, 100.60, 99.99, 99.14,
96.94, 96.90 (C-1), 56.57, 55.59, 27.22, 20.95 ppm; elemental analy-
sis calcd (%) for C261H272N2O49Si2 : C 73.29, H 6.41, N 0.65; found C
73.34, H 6.45, N 0.64.


Compound 9 : Acetic anhydride (0.25 mL) was added at 0 8C to a
stirred solution of compound 8 (84.0 mg, 19.6 mmol) and 4-dime-
thylaminopyridine (DMAP, 1.0 mg) in pyridine (0.50 mL). The mix-
ture was stirred at 50 8C for 12 h, diluted with EtOAc, and succes-
sively washed with sat. aq. CuSO4, brine, sat. aq. NaHCO3, and
brine. The organic layer was dried over Na2SO4 and concentrated
in vacuo. The residue was purified by silica gel column chromatog-
raphy (hexane/EtOAc 3:1–3:2) to give the acetylated compound
as a colorless, amorphous solid (76.6 mg, 17.7 mmol, 91% yield).
1H NMR (400 MHz, CDCl3): d=7.80–6.55 (m, arom), 5.66–5.50 (m,
1H; CH2=CH-), 5.33 (d, J=4.0 Hz, 1H), 3.10–3.00 (m, 1H), 1.95 (s,
3H; Ac), 1.88 (s, 3H; Ac), 1.07 ppm (s, 18H; tBuN2); 13C NMR
(100 MHz, CDCl3): d=101.06, 100.60, 99.26, 99.00, 96.95, 96.89 (C-
1), 56.57, 55.62, 27.24, 20.99, 20.82 ppm.


The above acetylated compound (64.0 mg, 14.8 mmol), dissolved in
DMF (0.8 mL) containing HF/pyridine (10%), was placed in a 1 mL
Teflon reaction vessel, was compressed to 1.0 Gpa, and was left at
35 8C for 13 h. The resulting mixture was diluted with EtOAc and
washed successively with sat. aq. NaHCO3 and brine. The organic
layer was dried over Na2SO4 and concentrated in vacuo. The resi-
due was purified by silica gel column chromatography (hexane/
EtOAc 2:1) to give the title compound as a colorless, amorphous
solid (48.0 mg, 12.5 mmol, 84% yield). 1H NMR (400 MHz, CDCl3):
d=7.65–6.60 (m, arom), 5.64–5.50 (m, 1H; CH2=CH-), 5.34 (d, J=
2.8 Hz, 1H), 3.26–3.19 (m, 1H), 3.18–3.14 (m, 1H), 3.05–2.92 (m,
1H), 2.32–2.18 (m, 2H; OH), 1.97 (s, 3H; Ac), 1.90 ppm (s, 3H; Ac);
13C NMR (100 MHz, CDCl3): d=101.06, 100.77, 100.35, 99.27, 98.93,
98.44, 98.14, 96.96, 96.87 (C-1), 56.55, 55.62, 20.99, 20.90 ppm.


Compound 10 : A mixture of compound 9 (26.0 mg, 6.74 mmol),
compound 5 (14.4 mg, 28.8 mmol), DTBMP (11.6 mg, 56.6 mmol),
and molecular sieves (143 mg, type 4 O) in dry ClCH2CH2Cl
(0.75 mL) was stirred at 0 8C for 30 min, and MeOTf in ClCH2CH2Cl
(1M, 47 mL, 47 mmol) was then added. After the mixture had been
stirred for 12 h at 40 8C, the reaction was quenched by the addition
of triethylamine (~0.1 mL). This mixture was diluted with EtOAc
and filtered through celite, the filtrate was washed successively
with sat. aq. NaHCO3 and brine, and the organic layer was dried
over Na2SO4 and concentrated in vacuo. The residue was purified
by PTLC (hexane/EtOAc 3:2) to give compound 10 as a colorless,
amorphous solid (28.1 mg, 5.9 mmol, 88% yield). 1H NMR (400 MHz,
CDCl3): d=7.60–6.50 (m, arom), 5.64 (t, J=9.6 Hz, 1H; H-3 Glc),
5.63 (t, J=9.8 Hz, 1H; H-3 Glc), 5.57–5.45 (m, 1H; CH2=CH-), 5.34
(s, 2H; benzylidene CH), 3.61 (s; OMe), 3.60 (s; OMe), 1.91 (s, 3H;
Ac), 1.83 (s, 3H; Ac), 1.10 ppm (s, 18H; tBuN2); 13C NMR (100 MHz,
CDCl3): d=101.10, 101.00, 100.64, 99.46, 99.25, 98.99, 96.96, 96.88
(C-1 and benzylidene CH), 62.88, 56.57, 55.64, 55.15, 38.85, 27.24,
21.02, 20.91 ppm; elemental analysis calcd (%) for C283H298N2O64: C
71.54, H 6.32, N 0.59; found C 71.35, H 6.33, N 0.54.
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Compound 2 : A solution of compound 10 (45.6 mg, 9.60 mmol)
in n-butanol (6.1 mL) containing ethylenediamine (0.61 mL) was
stirred at 80 8C for 10 h. Volatiles were removed by evaporation in
vacuo and the residue was dissolved in pyridine (3.4 mL). Acetic
anhydride (1.7 mL) was added at 0 8C and the mixture was stirred
overnight at RT and then concentrated in vacuo. The residue was
purified through a pad of silica gel (hexane/EtOAc 1/1 to EtOAc
only) and concentrated to give the NHAc compound. This product
was dissolved in MeOH (6.0 mL), and NaOMe/MeOH (28%, 0.4 mL)
was added at 0 8C. After stirring at 75 8C for 50 h, the mixture was
neutralized with Amberlyst 15 (H+) resin and evaporated in vacuo.
The residue was purified by PTLC (hexane/EtOAc 3:2) to give the
O-deacylated product (27.0 mg, 6.24 mmol, 65% yield). The product
(11.7 mg, 2.70 mmol) was dissolved in MeOH/H2O (7:1, 2.5 mL) and
hydrogenated in the presence of Pd(OH)2 (20% on carbon,
11.0 mg) under H2. After the mixture had been stirred for 30 min at
RT, AcOH (0.9 mL) was added. The reaction mixture was stirred
overnight at RT and was then filtered through a pad of celite. The
filtrate was concentrated in vacuo and the residue was purified on
a Sep-Pak C18 cartridge (3 cc, Waters) (H2O only to H2O/MeOH 5:1)
to give the compound 2 (4.30 mg, 2.23 mmol, 83%) as a colorless,
amorphous solid. 1H NMR (400 MHz, D2O): d=5.20 (br s, 1H; H-1
Man), 5.16 (br s, 2H; H-1 ManN2), 5.11 (d, J=3.4 Hz, 2H; H-1 GlcN
2), 4.99 (br s, 1H; H-1 Man), 4.89 (br s, 2H; H-1 ManN2), 4.45 (d, J=
7.6 Hz, 1H; H-1 GlcNAc), 4.36 (d, J=6.8 Hz, 1H; H-1 GlcNAc), 1.94
(s, 3H; NHAc), 1.89 (s, 3H; NHAc), 1.45–1.35 (m, 2H; CH2), 0.72 ppm
(t, J=7.4 Hz, 3H; CH3); LRMS (MALDI-TOF) calcd for C73H124N2O56Na
[M+Na]+ :1947.6; found 1947.7.


Compound 11: A solution of compound 9 (17.7 mg, 4.60 mmol) in
n-butanol (3.0 mL) containing ethylenediamine (0.3 mL) was stirred
at 80 8C for 15 h. Volatiles were removed by evaporation in vacuo
and the residue was dissolved in pyridine (1.7 mL). Acetic anhy-
dride (0.80 mL) was added at 0 8C and the mixture was stirred for
29 h at RT and for 21 h at 50 8C then concentrated in vacuo. The
residue was dissolved in MeOH (3.0 mL) and NaOMe/MeOH (28%,
0.20 mL) was added at 0 8C. After stirring at 70 8C for 20 h, the mix-
ture was neutralized with Amberlyst 15 (H+) resin and evaporated
in vacuo. The residue was purified by PTLC (hexane/EtOAc 3:2) to
give the product without Ac and Piv (7.6 mg, 2.1 mmol, 46% yield).
The product (7.6 mg, 2.1 mmol) was suspended in MeOH/H2O (7:1,
3.0 mL) and hydrogenated in the presence of Pd(OH)2 (20% on
carbon, 5.0 mg) under an atmosphere of H2. After 30 min of stirring
at RT, AcOH (1.5 mL) was added to the clear solution. The reaction
mixture was stirred for 17 h at RT then filtered through a pad of
celite. The filtrate was concentrated in vacuo. The residue was puri-
fied on a Sep-Pak C18 cartridge (12 cc, Waters, H2O only to H2O/
MeOH 5:1) to give the compound 11 (2.20 mg, 1.31 mmol, 62%
yield) as a white, amorphous solid. 1H NMR (400 MHz, D2O): d=
5.19 (s, 1H; H-1 Man), 5.15 (s, 2H; H-1 ManN2), 4.98 (s, 1H; H-1
Man), 4.89 (s, 2H; H-1 ManN2), 4.45 (d, 1H; J=8.0 Hz, H-1 GlcNAc),
4.35 (d, 1H; J=6.8 Hz, H-1 GlcNAc), 4.08 (br s, 1H), 1.94 (s, 3H;
NHAc), 1.88 (s, 3H; NHAc), 1.40–1.35 (m, 2H; CH2), 0.72 (t, 3H; J=
7.4 Hz, CH3); LRMS (MALDI-TOF) calcd for C61H104N2O46Na [M+Na]+ :
1623.6; found 1624.1.


Compound 13 : Acetic anhydride (0.12 mL) was added at 0 8C to a
stirred solution of compound 7 (164.0 mg, 60.0 mmol) and DMAP
(7.3 mg) in pyridine (0.20 mL). The mixture was stirred at RT for
15 h. The reaction mixture was diluted with EtOAc and was succes-
sively washed with sat. aq. CuSO4, brine, sat. aq. NaHCO3, and
brine, and the organic layer was dried over Na2SO4 and concentrat-
ed in vacuo. The residue was purified by silica gel column chroma-
tography (hexane/EtOAc 2:1–1:2) to give the compound 13 as a


white, amorphous solid (154.2 mg, 54.6 mmol, 91% yield). 1H NMR
(400 MHz, CDCl3): d=7.95–6.78 (m, arom), 5.75–5.60 (m, 1H; CH2=
CH-), 5.43 (br s, 1H), 5.28 (d, J=8.0 Hz, 1H; CH2), 3.47–3.44 (m, 1H),
3.36–3.34 (m, 1H), 3.26–3.24 (m, 1H), 3.14–3.04 (m, 1H), 2.11 (s,
3H; Ac), 2.03 (s, 3H; Ac), 1.97 (s, 3H; Ac), 1.17 ppm (s, 9H; tBu);
13C NMR (100 MHz, CDCl3): d=101.3, 100.62, 98.70, 96.89, 96.63 (C-
1), 62.22, 56.43, 55.49, 27.10, 20.84, 20.52, 19.23 ppm; elemental
analysis calcd (%) for C168H174N2O36Si : C 71.42, H 6.21, N 0.99; found
C 71.37, H 6.21, N 0.95.


Compound 14 : Compound 13 (24.0 mg, 8.50 mmol), dissolved in
DMF (0.8 mL) containing HF/pyridine (10%), was placed in a 1 mL
Teflon reaction vessel, compressed to 1.0 Gpa, and left at 35 8C for
17 h. The resulting mixture was diluted with EtOAc and washed
successively with sat. aq. NaHCO3 and brine. The organic layer was
dried over Na2SO4 and concentrated in vacuo, and the residue was
purified by silica gel column chromatography (hexane/EtOAc 2:1–
3:2) to give the compound 14 as a white, amorphous solid
(18.0 mg, 6.96 mmol, 82% yield). 1H NMR (400 MHz, CDCl3): d=
7.78–6.60 (m, arom), 5.57–5.47 (m, 1H; CH2=CH-), 5.28 (d, J=
3.2 Hz, 1H; H-2 Man), 5.13 (d, J=8.4 Hz, 1H; CH2), 5.08 (br s, 1H),
3.35–3.27 (m, 1H), 3.24–3.15 (m, 1H), 3.14–3.07 (m, 1H), 3.00–2.90
(m, 1H), 2.16 (d, J=9.2 Hz, 1H; OH), 1.97 (s, 3H; Ac), 1.89 (s, 3H;
Ac), 1.82 ppm (s, 3H; Ac); 13C NMR (100 MHz, CDCl3): d=101.04,
100.80, 98.74, 98.61, 96.99, 96.78 (C-1), 62.33, 56.52, 55.60, 31.55,
22.64, 20.94, 20.74, 20.61 ppm; LRMS (MALDI-TOF) calcd for
C152H156N2O36Na [M+Na]+ : 2609.7; found 2609.9 [M+Na]+ .


Compound 15 : A mixture of compounds 14 (85.4 mg, 33.0 mmol)
and 5 (35.0 mg, 69.0 mmol), DTBMP (28.0 mg, 0.14 mmol), and mo-
lecular sieves (603 mg, type 4 O) in dry ClCH2CH2Cl/cyclohexane
(1:5, 6.0 mL) was stirred at RT for 20 min, and MeOTf in ClCH2CH2Cl
(1M, 0.12 mL, 47.2 mmol) was added. After the mixture had been
stirred for 27 h at 50 8C, the reaction was quenched by the addition
of TEA (0.1 mL). This mixture was diluted with EtOAc and filtered
through celite, and the filtrate was washed with sat. aq. NaHCO3


and then brine. The organic layer was dried over Na2SO4 and
concentrated in vacuo, and the residue was purified by silica
gel column chromatography (hexane/EtOAc 3:1–3:2) and PTLC
(hexane/EtOAc 3:2) to give the compound 15 as a white, amor-
phous solid (58.9 mg, 19.4 mmol, a/b 93:7, 59% yield). 1H NMR
(400 MHz, CDCl3): d=7.88–6.62 (m, arom), 5.73 (t, J=10.0 Hz, 1H;
H-3 Glc), 5.65–5.54 (m, 1H; CH2=CH-), 5.43 (s, 1H; benzylidene
CH), 5.37 (d, J=2.8 Hz, 1H; H-2 Man), 3.69 (s, OMe), 3.32–3.24 (m,
1H), 3.21–3.15 (m, 1H), 3.07–3.00 (m, 1H), 2.05 (s, 3H; Ac), 1.98 (s,
3H; Ac), 1.90 (s, 3H; Ac), 1.19 ppm (s, 9H; Piv); 13C NMR (100 MHz,
CDCl3): d=101.27, 101.01, 100.91, 99.51, 99.01, 98.77, 97.03, 96.84
(C-1N7 and benzylidene CH), 62.93, 62.38, 55.57, 55.15, 38.85,
27.23, 20.99, 20.77, 20.68 ppm; elemental analysis calcd (%) for
C178H186N2O43 : C 70.29, H 6.16, N 0.92; found C 69.90, H 6.15, N
0.81.


Compound 16 : A solution of compound 15 (35.9 mg, 11.8 mmol)
in n-butanol (7.0 mL) containing ethylenediamine (0.70 mL) was
stirred at 75 8C for 17 h. Volatiles were removed by evaporation in
vacuo and the residue was dissolved in pyridine (4.0 mL). Acetic
anhydride (2.0 mL) was added at 0 8C and the mixture was stirred
for 48 h at RT and was then concentrated in vacuo. The residue
was purified by PTLC (AcOEt only) to give the N-acetylated com-
pound (25.8 mg, 9.0 mmol, 76% yield). 1H NMR (400 MHz, CDCl3):
d=7.57–6.79 (m, arom), 5.78–5.76 (m, 1H; CH2=CH-), 5.74 (t, J=
9.8 Hz, 1H; H-3 Glc), 5.43 (s, 1H; benzylidene CH), 5.31 (d, J=
3.2 Hz, 1H), 3.25–3.15 (m, 1H), 3.05–2.95 (m, 1H), 2.04 (s, 3H; Ac),
2.01 (s, 3H; Ac), 1.954 (s, 3H; Ac), 1.951 (s, 3H; Ac), 1.73 (s, 3H; Ac),
1.19 ppm (s, 9H; Piv).
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This compound (25.8 mg, 9.0 mmol) was dissolved in MeOH
(6.0 mL), and NaOMe/MeOH (28%, 0.23 mL) was added at 0 8C.
After stirring at 70 8C for 44 h, the mixture was neutralized with
Amberlyst 15 (H+) resin and evaporated in vacuo. The residue was
purified by PTLC (AcOEt only) to give the product without Ac, Piv,
and benzylidene groups (13.3 mg, 5.2 mmol, 58% yield). The prod-
uct (11.0 mg, 4.3 mmol) was dissolved in MeOH/H2O (5:1, 1.2 mL)
and hydrogenated in the presence of Pd(OH)2 (20% on carbon,
6.0 mg) under H2. After the mixture had been stirred for 30 min at
RT, AcOH (0.5 mL) was added to the clear solution. The reaction
mixture was stirred for 14 h at RT and was then filtered through a
pad of celite. The filtrate was concentrated in vacuo and the resi-
due was purified on a Sep-Pak C18 cartridge (12 cc, Waters, H2O
only to H2O/MeOH 20:1) to give compound 16 (5.40 mg, 4.2 mmol,
98% yield) as a white, amorphous solid. 1H NMR (400 MHz, D2O):
d=5.19 (s, 1H; H-1 Man), 5.15 (s, 1H; H-1 Man), 5.10 (d, J=3.9 Hz,
1H; H-1 Glc), 4.88 (s, 1H; H-1 Man), 4.44 (d, J=7.2 Hz, 1H; H-1
GlcNAc), 4.35 (d, J=7.6 Hz, 1H; H-1 GlcNAc), 1.91 (s, 3H; NHAc),
1.88 (s, 3H; NHAc), 1.45–1.34 (m, 2H; CH2), 0.71 ppm (t, J=7.4 Hz,
3H; CH3); LRMS (MALDI-TOF) calcd for C49H84N2O36Na [M+Na]+ :
1300.1; found 1299.7.


Preparation of fungal membranous fraction : Aspergillus oryzae
strain RIB40 was cultivated in DPY liquid medium (100 mL, 2% dex-
trin, 1% polypeptone, 0.5% yeast extract, 0.5% KH2PO4, and 0.05%
MgSO4·7H2O, pH 5.5) at 30 8C for 18 h. Harvested mycelia (1.6 g
wet weight) were homogenized in liquid nitrogen, and the total
cell lysate was extracted with extraction buffer [6 mL, 50 mM Tris
(pH 7.5), 2 mM PMSF, and 1:100 PIC (protein inhibitor cocktail)] . The
debris was removed by centrifugation at 3000g for 10 min at 4 8C.
The supernatant was subjected to another round of centrifugation
at 20000g for 20 min at 4 8C. The membranous pellet was solubi-
lized in 600 mL of the extraction buffer containing Triton X-100
(1%) and centrifuged at 20000g for 20 min at 4 8C. The resultant
supernatant was used for the assay.


Incubation of oligosaccharide with glucosidase II—typical proce-
dure : Enzyme assay solution was prepared by mixing the following
species: compound 2 (0.10 mg, 52 nmol, final conc. 0.52 mM), deoxy-
mannojirimycin (10 mM, 4 mL, final conc 400 mM), fungal membra-
nous fraction of Aspergillus oryzae (40 mL), and Tris·HCl (pH 7.5,
10 mM, 36 mL). The enzyme assay solution was incubated at 37 8C
for 16 h. During the incubation, the Glc-trimming was monitored
by MALDI-TOF MS as follows; an aliquot (20 mL) of the reaction
mixture was fractionated by ultrafiltration (Millipore: Microcon
YM10). The flow-through, small molecule, fraction was measured
by MALDI-TOF MS with an a-cyano-4-hydroxycinnamic acid matrix.
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Introduction


Malassezia furfur is a lipophilic yeast occurring on the human
skin as a part of the residential flora. Members of the genus
Malassezia, currently represented by nine species, are implicat-
ed as the pathogenic organisms involved in the skin disease
known as pityriasis versicolor.[1, 2] This benign but irksome dis-
ease, causing mainly cosmetic damage, has several characteris-
tic clinical features. For example, the yellow–green fluores-
cence observed under UV light at 366 nm is used in diagnosis.
Furthermore, the skin depigmentations observed in the course
of the disease are accompanied by decreased rather than sig-
nificantly increased sensitivity towards UV irradiation. The dis-
ease occurs with only minimal signs of inflammation and hu-
moral response, despite the high intradermal fungus load
found in lesions of the disease.[3–5]


M. furfur produces a great variety of indole derivatives when
cultured on a minimal agar medium with tryptophan as sole
nitrogen source.[6] Interestingly, M. furfur is the only lipid-de-
pendent species of the genus Malassezia to posses this abili-
ty.[7] Recently, we isolated several new indole alkaloids from the
cultural extract, and the biological properties of these com-
pounds correlate well with the clinical features of pityriasis ver-
sicolor. Thus, pityriacitrin, a pale yellow solid, could contribute
to the decreased UV sensitivity of the depigmented areas in
this disease.[8] In solution, pityrialactone exhibits a strong
green to blue fluorescence upon irradiation with UV light at


366 nm, and this might contribute to the green fluorescent
layer present in affected skin.[9]


Malassezin, a novel type of aryl hydrocarbon receptor ago-
nist, induces apoptosis in human melanocytes and could con-
tribute to the marked depigmentation caused by the dis-
ease.[10, 11] Furthermore, several new indol alkaloids were found
in the culture extract, including several new indolo[3,2-b]carba-
zole compounds as well as complex structures with unknown
biological properties.[12]


The orange to red bis[indolyl]spiran alkaloids pityriarubins A,
B and C (Scheme 1[13]) are structurally similar to bisindolylmale-
imides like arcyriarubin A, a potent but unspecific inhibitor of
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Pityriasis versicolor is the most common skin mycosis in humans
worldwide. Yeasts of the genus Malassezia, particularly M. furfur,
a saprophyte occurring widely on human skin, are generally re-
garded as the causative agents. M. furfur is able to convert tryp-
tophan into a variety of indole alkaloids, some of them showing
biological properties that correlate well with certain clinical fea-
tures of pityriasis versicolor. This suggests a possible role for
these compounds in the pathophysiology of the disease. We here
report that the novel pityriarubins A, B and C, isolated from cul-


tures of the yeast, inhibit respiratory burst in human neutrophils,
activated by various agents, in a highly selective, unexpected
manner. The release of 5-lipoxygenase products after challenge
of neutrophils with the calcium ionophore A23187 is also inhibit-
ed in a dose-dependent manner. These activities reflect the close
structural relationship of pityriarubins to bisindolylmaleimides,
which have recently gained great interest as protein kinase inhib-
itors.
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protein kinase C.[14–20] They can act in vivo as anti-inflammatory
agents, thus explaining the modest levels of inflammation ob-
served in affected skin areas. All these phenomena suggest a
specific role of the indole metabolites in the pathogenesis of
pityriasis versicolor.


Given the structural similarity of the pityriarubins to arcyria-
rubin A, we investigated the influence of these novel com-
pounds on the release of radical oxygen species [ROS, “burst”]
in human neutrophils in response to various agents. Release of
ROS is one hallmark of the cellular immune response to various
noxious substances like bacteria and fungi[21] and is commonly
used as a model to characterise the anti-inflammatory profile
of arcyriarubin A and staurosporine analogues.[22–24] In addition,
the influence of the pityriarubins on the formation of A23187-
induced lipoxygenase products was investigated.


Results


Human neutrophils release ROS upon stimulation with A23187
(1 mM), IL-3 (20 mgmL�1), formyl peptide N-formyl-Met-Leu-Phe
[FMLF] (1 mM), 1,2-dioctanoylglycerol (10 mM), phorbol-12-myris-
tate-13 acetate (1 mM) and sodium fluoride (10 mM), as described
in the literature.[22–24] In the case of A23187 stimulation, genera-
tion of 5-lipoxygenase products was detected by analytical
HPLC focused on the simultaneously released leukotriene B4


[LTB4] as well as the hydrolysis products 6-trans-LTB4 and 6-
trans-epi-LTB4.


The action of these agents is inhibited in a dose-dependent
manner by arcyriarubin A, in line with the literature.


Addition of pityriarubin A, B or C only resulted in a similar
dose-dependent inhibition of respiratory burst after stimula-
tion with A23187, IL-3 or FMLF, and inhibition of 5-lipoxyge-
nase products after challenge with A23187 was also found. Fig-
ures 1, 2 and 3 depict the corresponding experimental values


Scheme 1. Structures of the pityriarubins A, B and C; comparison with arcyr-
iarubin A (D).


Figure 1. Influence of arcyriarubin A (BIM) and pityriarubins A, B and C on ROS release after challenge of human neutrophils with 1 mM A23187 (Hill Plot). The
lines are a guide to the average values.
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Figure 2. Influence of arcyriarubin A and pityriarubins A, B and C on ROS release after challenge of human neutrophils with 1 mM N-formyl-Met-Leu-Phe
(FMLF) after priming with cytochalasin B 5 mgmL�1 (Hill Plot). The lines are a guide to the average values


Figure 3. Influence of arcyriarubin A and pityriarubins A, B and C on ROS release after challenge of human neutrophils with 20 mgmL�1 IL-3 (Hill Plot). The
lines are a guide to the average values.


2292 www.chembiochem.org > 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2290 – 2297


H.-J. Kr�mer et al.



www.chembiochem.org





and Hill plots for ROS release. No influence of the other agents
on the release of ROS was detected. In Figure 4, the results for
challenge with phorbol-12-myristate-13 acetate ester are given
as an example of noninhibition. In all cases of inhibition, pity-
riarubin C had the most prominent effect.


Statistics were obtained by nonparametric methods that do
not rely on the assumption of a normal distribution of the vari-
able of interest. Basically, we used two statistical approaches.


Firstly, numeric approximation of the nonaveraged single
dose-response curve by mixed exponential curves with four
parameters was used when possible to obtain the IC50 values
of all four substances for ROS release and generation of 5-lip-
oxygenase products (Figure 5). Secondly, as estimation of the
parameter of the dose-response curves was not possible for all
experimental data due to aberrant curve shape. Statistical anal-
ysis and testing for distribution-free multiple comparison
based on Kruskal–Wallis rank scenes of the highest concentra-
tion data were performed, assuming monotonic falling rela-
tionships for the dose-response curves. The same tests were
used to compare the obtained IC50 values. In both approaches,
no indication of relevant difference was detected between the
inhibitors arcyriarubin A and pityriarubin C by using FMLF and
IL-3; this suggests similar inhibitory potencies for both com-
pounds.


Any toxic effects of the pityriarubins/arcyriarubin A as well
as of the solvent DMSO (0.2%, maximum content in the ex-
periments always <0.1%) could be excluded by measurement
of intracellular ATP in HaCaT cells even after an incubation
period of 48 h (Figure 6).


Discussion


The biological activities of the known indole metabolites from
Malassezia furfur seem to be well related to certain clinical fea-
tures of pityriasis versicolor, although we have not yet suc-
ceeded in their direct detection in lesions or scales from pity-
riasis versicolor due to the complex nature of these materials.
A typical feature of the disease is the relative lack of inflamma-
tory signs compared to other dermal mycoses.[3, 4] Moreover,
the humoural and cellular immune responses to Malassezia-
yeasts are strongly diminished in patients with pityriasis versi-
color.[5, 25–28]


Malassezia furfur is able to convert tryptophan into a variety
of complex indole compounds, most of them having new
chemical structures. One family of the complex alkaloids that
we isolated recently comprises the bright red pityriarubins A, B
and C, all of them containing a bisindolyl-spirane moiety. We
were able to document the close similarity of the pityriarubins
to unspecific PKC inhibitors of the arcyriarubin A type by a sim-
ilar dose-dependent inhibition of release of reactive oxygen
species from neutrophils caused by several agents, as well as
an inhibition of the production of 5-lipoxygenase products
after challenge with calcium ionophore A23187. Direct inhibi-
tion of NADPH oxidase and radical scavenging could be ex-
cluded by the unaltered burst in cases of noninhibition. Toxic
effects of the substances were negligible over the concentra-
tion range used for the experiments. Nevertheless, the pityria-
rubins exhibited a marked selectivity with respect to the
agents used, with a restricted, specific ability for inhibition.


Figure 4. Influence of arcyriarubin A and pityriarubins A, B and C on ROS release after challenge of human neutrophils with 1 mM phorbol-12-myristate-13 ace-
tate (PE, Hill Plot).
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There seems to be a remarkable difference in the signalling
pathways inhibited by these agents and those inhibited by the
classical arcyriarubin A-type PKC inhibitors. As no inhibition of
PKC activation by 1,2-dioctanoylglycerol, phorbol-12-myristate-


13 acetate and sodium fluoride
was detected, this target could
be excluded, although it is in-
volved in the activation of
NADPH oxidases and release of
ROS.[29, 30]


Furthermore, it can be con-
cluded from the inhibitory pro-
file that the target should be a
common element of the signal-
ling pathways of A23847, FMLF
and IL-3. The last two stimuli are
the most promising for search-
ing for such common elements,
while A23847 is an unspecific el-
evator of intracellular Ca2+ , with
consecutive activation of various
Ca2+-dependent processes, in-


cluding nucleotide-dependent protein kinases. FMLF and IL-3
are naturally occurring activators in inflammatory processes
and the release of reactive oxygen species, and both are recep-
tor agonists on neutrophils.[31–33]


Figure 5. IC50 values obtained after numeric exponential approximation and calculating the concentration of half-maximal inhibition: 1) arcyriarubin A, 2) pit.
A, 3) pit. B, 4) pit. C.


Figure 6. Influence of, from left to right, pityriarubins A, B and C, arcyriarubin and solvent (0.2% DMSO) on the
ATP level of HaCaT cells at the concentrations given (48 h, n=32).
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In the literature on the signalling pathways of both com-
pounds, several elements in the activation of neutrophils have
recently been described: p38 Map kinases (mitogen-activated
protein kinases), ERK2 (extracellular signal-regulated
kinase)[32,34] and PI3Kd[35] are all involved in the phosphoryla-
tion of the NADPH oxidase component, p47phox, with subse-
quent production of ROS. A recently discovered activation
pathway includes the interaction of H-ferritin with the cytokine
receptor.[36]


It is remarkable that, in the search for more specific deriva-
tives, variations of the structural lead for this kind of inhibitor
provided by the natural compounds indolocarbazoles, stauro-
sporine and K252a were made mostly at the indolyl hydro-
gens.[17–20,22,23, 37–39] Furthermore, substitution of the imido hy-
drogen by methyl, hydroxyl or hydroxymethyl residues result-
ed in partial to total loss of PKC inhibitory activity.[17,18, 22] Sur-
prisingly, substitution of the maleimide moiety by the spirane
structure provides highly specific and potent inhibitors with
low cellular toxicity. None of the previously reported analogues
of arcyriarubin A presented a selectivity comparable to that of
the pityriarubins, thus it is reasonable, especially from a spatial
point of view, to postulate a still unknown common target in
the course of signalling of FMLF and IL-3 and activation by
A23187. As a result of the unspecific activation by A23187, the
inhibition of ROS release is suppressed only in a limited
manner over the concentration range used, which was limited
to 20 mM by solubility. In the cases of FMLF and IL-3 challenge,
pityriarubin C was practically as capable of suppressing ROS re-
lease as arcyriarubin A; this suggests a nanomolar activity at
the target. It seems likely that the unexpected structural modi-
fications presented by the pityriarubins could give new impe-
tus to the search for kinase inhibitors and their targets.


Finally, it could be assumed that the pityriarubins, especially
pityriarubin C, due to its high potency comparable to that of
arcyriarubin A, might act in vivo as immunomodulators in the
course of pityriasis versicolor, expressing a highly adaptive
strategy of M. furfur to encounter with the host’s defense
mechanisms and contributing to the comparably low incidence
of inflammatory signs in affected skin lesion.


Experimental Section


Organism and pigment production : The M. furfur reference strain
CBS 1878 was used for pigment production according to a previ-
ously published procedure.[40] The strain was maintained at 32 8C
on modified Dixon agar (mDixon), as described.[6]


Growth medium : The medium for inducing pigment synthesis was
used with modifications previously described.[6] It consisted of (for
1 L medium) TweenN 80 (30 mL; Sigma, St. Louis, USA) and Agar
(20 g; Merck, Darmstadt, Germany). After this had been sterilised
and cooled to 50 8C, sterile filtered L-tryptophan (15 mmol; Sigma)
was added and aliquots (10 mL) of the medium were poured into
sterile Petri dishes 10 cm in diameter.


Preparation and separation of the crude extract : Suspensions of
CBS 1878 were smeared onto the agar medium with a swab. After
14 days of incubation, the contents of 200 Petri dishes were
purOed and extracted with ethyl acetate (Merck) for 12 h. The ex-


tract was filtered through glass wool, the filtrate was evaporated
to dryness, and the residue was dissolved in methanol. The solu-
tion was separated under UV light (254 nm) into seven fractions by
chromatography on Sephadex LH-20 (Sigma) with methanol as
eluent. Thin layer chromatography was performed on silica gel 60
plates (Merck) with toluene/ethyl formate/formic acid (TEF; 10:5:3,
v/v/v) elution.[35] After the plates had been dried, the orange bands
with Rf values of 0.14 (Pit. A), 0.27 (Pit. B) and 0.38 (Pit. C) were
scraped out and partitioned between H2O and EtOAc. The EtOAc
layer was dried over anhydrous Na2SO4, evaporated and dissolved
again in acetonitrile. Further purification of the fractions was
achieved by preparative HPLC over a gradient with a LiChrospher-
RP-8 column (30P250 mm; Merck) and a LiChrosorb RP-18 precol-
umn. An M305 master pump combined with a 302 model pump
(Gilson, Villiers le Bel, France) was used, each with a preparative
50 mLmin�1 pump head, controlled by a Gilson 802 module. De-
tection was made by a UV detector (Holochrome, Gilson) at
220 nm. A linear gradient of acetonitrile/water (0:100–100:0% over
180 min) was used (chromatography grade solvents; Merck), the
flow rate was 5 mLmin�1. The compounds were collected with a
fraction collector (Super Frac, Pharmacia Biotech, Uppsala, Sweden;
180 fractions, 5 mL each), combined according to the resulting
peaks (~10 fractions), and then lyophilised by using a Lyovac GT2
machine (Leybold–Heraeus, Hanau, Germany). The orange pityriar-
ubins eluted in fractions number 107–120 (Pit. A), 112–129 (Pit. B)
and 112–120 (Pit C) from the preparative column. They were re-
purified by means of an extended gradient (40–70% acetonitrile
and 60–0% water, 180 fractions of 5 mL each). Elution occurred in
fractions 18–25 (Pit A), 55–65 (Pit. B) and 55–68 (Pit. C). The purity
of the freeze-dried dark red compounds was checked by analytical
HPLC, consisting of a reversed-phase column (RP-18, 4P250 mm,
stationary-phase Shandon ODS Hypersil 3 mm, Life Science Interna-
tional Ltd. , Cheshire, England). Elution occurred with a high-pres-
sure gradient system (Gynkotek Gradientenpumpe 480, Gynkotek,
Germering, Germany). Mobile phase: linear gradient of acetonitrile/
water (0:100–100:0% over 100 min, flow rate 1 mLmin�1). Detec-
tion of the components was achieved at 220 nm (UV detector 785,
Bai, Bensheim, Germany), chromatographic monitoring being car-
ried out by using an integrator C-R 6 A Chromatopac from Gynko-
tek (Germering). Application of specimens was achieved by using
an Alcott Modell 738 autosampler from Bischoff Analysentechnik
(Leonberg, Germany) at a volume of 100 mL. The purity was about
99.5% in all samples.


Release of ROS from human neutrophils : Isolation of neutrophils
from whole blood and measurement of ROS release were per-
formed according to the literature.[41]


Peripheral venous blood was taken from healthy volunteers
(600 mL) after informed consent. EDTA blood samples were imme-
diately processed for isolation of polymorphonuclear neutrophils
(PMN). The blood was centrifuged in a Ficoll–Paque gradient (Phar-
macia, Uppsala, Sweden), erythrocytes were sedimented by using
polyvinyl alcohol (Merck–Schuchardt, Hohenbrunn, Germany), and
the remaining erythrocytes in the cell pellet were eliminated by hy-
potonic lysis (distilled water, 30 s). Cells were centrifuged (150g,
10 min, 4 8C), washed twice in phosphate buffer (PBS, 298 mM with
Ca2+ and Mg2+) and resuspended in PBS at a concentration of 5P
106 cells per mL. In the case of FMLF stimulation, additional pre-
incubation of the total cell suspension with cytochalasin B
(5 mgmL�1) for 30 min was required. Cell purity was generally
higher than 98% (Pappenheim stain), cell vitality was higher than
96% as shown by trypan blue staining. After preincubation with
PBS (500 mL), with and without the given concentrations of inhibi-
tors, and cytochrome C (75 mM), with and without superoxide dis-
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mutase (SOD, 100 mg per sample) in PBS (100 mL), isolated neutro-
phils (300 mL of the above mentioned suspension) were stimulated
for superoxide release [O2


�] by adding calcium ionophore A23187
(100 mL in PBS, final concentration 1 mM). The release of O2


� was
measured by the reduction of cytochrome C at 546 nm (incubation
for 10 min, then stopping with ice for 5 min and subsequent cen-
trifugation for 3 min at 13000g for removal of cells). The same
preparation with SOD as additive to prevent reduction of cyto-
chrome C was carried out as reference. The difference of the ex-
tinctions of both preparations is a measure for the production of
superoxide anions. Experiments without inhibitors were performed
as controls for maximum release (100%); in order to control the
spontaneous burst, experiments on preparations without inhibitors
and stimulators were carried out for each assay. Data from the ex-
periments were adjusted by subtraction of the low spontaneous
activity (<5%) and ratios (in percent) of the maximal values were
calculated from the extinctions of the experiments with inhibitors.


Determination of 5-lipoxygenase (5-LO) products after challenge
with A23187: Arachidonic acid-related 5-LO products were deter-
mined in cell supernatants after challenge with A23187 (1 mM) by
solid-phase extraction and subsequent reversed-phase HPLC/UV
detection at 230/270 nm as described.[40] Briefly, 5P106 cells in
Hank’s HEPES buffer with Ca2+ and Mg2+ (400 mL; HH++ , Gibco,
Karlsruhe, Germany) were equilibrated for 10 min at 37 8C, then a
solution of A23187 (1 mM) in DMSO (5 mL) was added. After 10 min
at 37 8C, the reaction was stopped by immersion in crushed ice
and centrifugation at 4 8C (1200g, 4 min.). Supernatants were
stored at �20 8C for final analysis. Solid-phase extraction was per-
formed after conditioning the columns with methanol (2P1 mL)
and distilled water (2P1 mL). Cell supernatants were added to the
columns, and, after passing through the columns, these were
washed twice with distilled water (1 mL). Additionally, trichlorome-
thane (100 mL) was used to elute nonpolar lipophilic compounds
and replace water residuals on the columns. Elution of 5-LO-prod-
ucts was achieved by adding methanol (250 mL), which was applied
by gentle suction. Eluates were evaporated by a continuous nitro-
gen stream and stored at �20 8C for HPLC analysis. Samples were
dissolved in methanol (50 mL), of which solution 30 mL were used
for HPLC analysis. The chromatographic device consisted of a re-
versed-phase column ((RP-18, 4P250 mm, stationary-phase Shan-
don ODS Hypersil 3 mm; Life Science International LTD, Cheshire,
England), mounted in a Kontron HPLC analysis system (HPLC Pump
420, HPLC detector 430, HPLC Autosampler 465, Kontron, Munich,
Germany)). Mobile phase: methanol/water/acetic acid (78:28:0.16,
v/v/v, pH 4.9) adjusted with ammonia and degassed by membrane
filtration), the flow rate was 1.3 mLmin�1. The peak heights were
taken as signals for quantification, known amounts of the analytes
were used as references. Recoveries were determined by separate
recovery experiments comprising solid-phase extraction, evapora-
tion and subsequent HPLC analysis with known amounts of stand-
ards. The values obtained from cell supernatants were corrected
by the recovery, which was >70% in all cases.


Experimental methods used in IL-3 stimulation


Isolation of neutrophils : The isolation of neutrophils was performed
by means of the density gradient method.[42] EDTA blood (8 mL)
was mixed with dextran (2 mL). After 90 min of sedimentation and
removal of the supernatant, the suspension was centrifuged for
15 min at 900 rpm. Resuspension of the cell pellets, addition of
aqueous NH4Cl and incubation at 4 8C were used for the lysis of
erythrocytes. The leukocyte cell pellets obtained after another cen-
trifugation were mixed with CAST stimulation buffer (10 mL), con-


taining IL-3 (20 mgmL�1; human recombinant, Miltenia Biotec, Bad
Nauheim, Germany).


The cell number was determined by means of the cell counter
Casy 1 (Sch�rfesystem, Germany) with the cell suspension (20 mL)
in Casyton (10 mL). The adjustment of the used cell number (1P
106 mL) was carried out by dilution with stimulation buffer.


Chemiluminescence measurements : The chemiluminescence meas-
urements were carried out by means of the microplate luminome-
ter “LUMIstar Galaxy” (BMG LabTechnologies GmbH, Offenbach,
Germany). In each well of a white 96-well-plate (Nunc Maxisorp,
Wiesbaden, Germany). the cell suspension (50 mL) and solutions
(50 mL) of pityriarubin A, B or C or arcyriarubin A in Dulbecco’s
modified Eagle’s medium (DMEM, Seromed-Biochrom, Berlin, Ger-
many) were added to achieve final concentrations of 0.05, 0.1, 0.5,
1, 5, 10 and 20 mM. Lucigenin solution (100 mL, 0.0001 molL) was in-
jected directly into the wells of the microplate by means of a re-
agent injector at 37 8C. For the measurement, we used the slow ki-
netic method (plate mode).The results are mean values of accumu-
lated single readings over a period of 24 min.


Cytotoxicity : Human HaCaT keratinocytes were cultured in DMEM
according to ref. [43] , supplemented with 1% antibiotic–antimy-
cotic solution (Gibco BRL) and 10% foetal calf serum (Seromed-Bio-
chrom). Cell culture was done in 200mL culture flasks (Greiner Bio-
One, KremsmRnster, Austria) for 5–7 days at 37 8C under 5% CO2.


Cells were then mobilised by means of trypsin EDTA (Gibco BRL),
disseminated in 96-well microtiter plates (Greiner) at a density of
20–40000 cells per cm2 and cultured for 48 h in medium (100 mL),
as described. Incubation for 24 h and 48 h with pityriarubins A, B
and C as well as arcyriarubin A was done thereafter by addition of
solutions in DMEM to achieve final concentrations of 0.05, 0.1, 0.5,
1, 5, 10 and 20 mM.


ATP bioluminescence : Intracellular ATP was determined by use of
ATPLite-M (Packard Bioscience B.V. , Groningen, The Netherlands).
This assay is based upon the ATP-dependent reaction of luciferase
and D-luciferin. The emitted light is directly proportional to the ATP
concentration. lysis buffer (50 mL) was added to each well after the
incubation period, followed by shaking for 2 min at 700 rpm in an
orbital shaker. Substrate solution (luciferin/luciferase; 50 mL) was
added to each well. After being shaken again for 1 min, the plate
was kept in the dark for 10 min. Luminescence was measured in a
microplate luminometer LUMIstar Galaxy (BMG LabTechnologies
GmbH, Offenburg, Germany). ATP concentrations were determined
according to a standard curve.
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Synthesis and Properties of Aminopropyl
Nucleic Acids
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Introduction


In an effort to explain the origin of nucleotides, several impor-
tant observations have been made. It was shown that the four
nucleobases of RNA could be generated under a variety of po-
tentially prebiotic conditions.[1] Recent work has highlighted a
chemical-assembly process for obtaining racemic phosphoryl-
ated ribose.[2] Reaction of two molecules, phosphorylated gly-
colaldehyde and formaldehyde [2/ (C2+C1)] gives rise to the
formation of 2,4-O-diphosphorylated ribose, which is a poten-
tial precursor of natural nucleosides.[2] Later it was shown that
glycolaldehyde could be very efficiently phosphorylated in
aqueous solution and at extremely low concentrations by a
novel phosphorylation process that uses amidotriphosphate
(the ammonolysis product of metatriphosphate) as a sugar-se-
lective phosphorylation agent.[3] Apart from these findings, a
systematic investigation of potential nucleic-acid alternatives
that contain various sugars and linkages has led to the discov-
ery of some intriguing pairing systems. Most notable is threose
nucleic acid (TNA), which is based on a-threofuranosyl units
that are joined by 3’,2’-phosphodiester linkages. These have
shown efficient and specific base paring as well as cross pair-
ing with DNA and RNA.[4] TNAs are thought to be interesting
nucleic acid alternatives not only because of their hybridization
properties, but also because of their structural simplicity. Re-
cently, work was extended to include oligonucleotides with ni-
trogen-linked C4 backbone units (i.e. , NH–TNA with phosphor-
amidate instead of phosphodiester links) that were derived
from nitrogen-containing starting materials (Scheme 1).[5]


These systems were found to behave in a similar manner to
TNA.
Ribonucleosides have four chiral centres, while tetroses (TNA


like) have three. TNA (C2+C2) is a simpler type of molecular
system to generate than RNA. However, we wondered if it
were possible to further reduce the number of carbon atoms
and chiral centres in a nucleotide structure (C2+C1 style) with-
out losing the ability for self- and cross-hybridization with RNA
and DNA. In principle, such a nucleotide could be assembled


from glycolaldehyde (C2), formaldehyde (C1) and a nucleobase.
In the simplest prototypes, only one chiral centre is present;
this raises the question of whether the chirality of carbon
atoms still plays an important role in the strength and selectivi-
ty of hybridization (i.e. , if nucleic acids composed of (R)- or (S)-
nucleotides show similar hybridization properties). For this
reason, we synthesized two new members of this family
(Scheme 2) that possess a phosphoramidate linkage between
the repeating units instead of the phosphodiester group, and
which might have the ability to communicate with natural nu-
cleic acids by intersystem cross pairing. Phosphoramidate was


[a] D. Zhou, Dr. I. M. Lagoja, Prof. J. Rozenski, Prof. R. Busson,
Prof. A. Van Aerschot, Prof. P. Herdewijn
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K.U. Leuven, Minderbroedersstraat 10, 3000 Leuven (Belgium)
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author: procedures for the syn-
thesis of 3a, 3b, 16a and 16b.


Oligonucleotides that contain up to three aminopropyl nucleo-
side analogues have been synthesized. Dimers of aminopropyl
adenine and thymidine were prepared and used as building
blocks by applying phosphoramidite chemistry. Both R and S iso-
mers of the aminopropyl nucleosides were used. This incorpora-


tion led to a reduction of thermal stability of double-stranded
DNA. Furthermore, the (R)-adenine analogue, which yielded (S)-
APNA, can be considered as a candidate for universal base pair-
ing.


Scheme 1. Base-pairing systems related to TNA: a-threofuranosyl oligonu-
cleotides that contain phosphoramidate linkages.
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selected due to its high nucleophilicity;[5] as demon-
strated with NH–TNAs, nitrogen chemistry might be
involved in prebiotic-assembly process that could
lead to RNA ancestors.
The synthesis of 3’-aminopropyl nucleosides (APN)


is very simple. However, the synthesis of aminopropyl
nucleic acids (APNA) is a major problem due to com-
peting side reactions during oligonucleotide synthe-
sis, such as, intramolecular attack of nucleophilic ni-
trogen on the electrophilic phosphor atom. There-
fore, we decided to prepare mixed DNA–APNA oligo-
nucleotides with incorporation of the modified nucle-
otide as part of a dimer with a 2’-deoxynucleoside.
Two different types of protected dimers were chosen to serve
as intermediates in the chemical synthesis of the correspond-
ing phosphoramidate oligomers and both contained either
adenine or thymine as base moiety (Scheme 3).


Results and Discussion


Optically active APNs with either an adenine or thymine base
moiety were prepared from enantiomerically pure (S)-1,2-O-iso-
propylidene glycerol, which is less expensive than the R
isomer.


Synthesis of protected (R)-acyclic nucleosides


The synthesis of 3a and 3b from the commercially available
(S)-1,2-O-isopropylidene glycerol (4) is outlined in Scheme 4.


The adenine derivative 6a was synthesized by nucleophilic
substitution of (R)-1-O-tosyl-2,3-O-isopropylidene glycerol (5)
with the sodium salt of adenine.[6] Note that the annotation of
the chiral centres as R or S changes due to alteration of the
substitution pattern, although the configuration of the asym-
metric centre remains untouched. First, treatment of 4 with p-
toluenesulfonyl chloride (TsCl) in pyridine yielded 5 quantita-
tively. This was then treated with the sodium salt of adenine,
which was prepared in situ by treatment of adenine with
sodium hydride, to give 6a in 68% yield. Subsequent protec-
tion of the exocyclic amine with benzoyl chloride (BzCl) in pyri-
dine was carried out to give 7a (79%). Treatment of 4 with N3-
benzoylthymine (TBz) under Mitsunobu conditions[7] furnished
the protected nucleoside, which was debenzoylated to obtain
7b. Acid hydrolysis gave the free nucleosides 8a and 8b. In
the following step, selective monotritylation of the primary hy-
droxyl group (3’-OH) was carried out with monomethoxytrityl
chloride. This was followed by silylation of the secondary hy-
droxyl group (2’-OH) with tert-butyldimethylsilyl (TBDMS) chlo-
ride and imidazole in DMF. Subsequent cleavage of the 3’-O-
MMTr group in the presence of p-toluenesulfonic acid (4%) in
CHCl3/MeOH (2:1, v/v) afforded the 2’-O-TBDMS derivatives
10a (54%) and 10b (47%). These reactions could be carried
out conveniently in a single pot without the need for isolation
of the intermediates 9a and 9b. Mesylation and displacement
of the 3’-O-Ms group was achieved by heating 11a and 11b to
100 8C with 1.3 equiv of NaN3 in DMF, overnight, to afford
azido nucleosides 12a (57%) and 12b (84%), respectively. Re-
duction of the azide derivatives with PPh3 in THF gave the free
amino derivatives 13a and 13b in 80% yield. MMTr protection
of the amino function yielded the fully protected intermediates
14a/b, which were deprotected with tetrabutylammonium


Scheme 2. Constitution and configuration of members of two
APNA families; B=base.


Scheme 3. Dimers used for oligonucleotide synthesis.


Scheme 4. Preparation of R-configured, protected nucleosides 3a and 3b from (S)-iso-
propylidene glycerol (4). a) TsCl, pyridine, 94%; b) A, NaH (60%), 80 8C, DMF, 1 h, 100 8C,
15 h, 68%; c) BzCl, pyridine, saturated NH3 in MeOH, 0 8C, 79%; d) T


Bz, DIAD, Ph3P, THF,
saturated NH3 in MeOH, 0 8C, not isolated; e) TFA (75%) in H2O, a : 91%, b : 61%, over
all steps; f) MMTrCl, pyridine, TBDMSCl, imidazole, DMF, not isolated, g) pTSOH (4%) in
CH2Cl2 and MeOH, a : 54% over 2 steps, b : 47% over 2 steps; h) MsCl, pyridine, not isolat-
ed; i) NaN3, DMF, 100 8C, a : 57% over 2 steps, b : 84% over both steps; j) Ph3P, THF, H2O
(80%), a : 80%, b : 80%; k) MMTrCl, pyridine, not isolated; l) TBAF (1M) in THF, a : 71%
over 2 steps, b : 79% over 2 steps.
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fluoride (TBAF; 1M) in THF to afford the desired R nucleosides
3a (71%) and 3b (79%). A shorter route, which involved the
selective tosylation or triisopropylphenylsulfonylation of the
primary hydroxyl group, proved less effective.


Synthesis of the S congeners


Acyclic (S)-nucleosides 15a and 15b were synthesized from in-
termediate 5 (Scheme 5). Nucleophilic substitution was carried
out by heating NaN3 to 100 8C in DMF. This was followed by
acid hydrolysis to obtain 17. Selective protection with MMTr,
followed by treatment with TBDMS was carried out without
isolation of the intermediate. Thereafter, the trityl group was
selectively removed with p-toluenesulfonic acid (4%) in a
MeOH/CH2Cl2 (1:3). The hydroxyl group of 19 was mesylated to
allow the introduction of adenine. Thymine was introduced
with the Mitsunobu reaction as described in Scheme 4. Ph3P
did not reduce the azido group of 19 during the Mitsunobu re-
action, and the yield for compound 22b was 77%. The follow-
ing steps to give rise to the desired products 15a and 15b are
described in Scheme 5.


Synthesis of dimers with acyclic nucleosides


In order to verify the applicability of common DNA chemistry
for the synthesis of oligonucleotides with the acyclic mono-
mers, we tried to synthesize dimers from the monomer and
natural 3’-O-acetylthymidine by using phosphoramidite
chemistry. Treatment of 3a with 2-cyanoethyl-N,N-diisopropyl-
chlorophosphoramidite gave phosphoramidite 25. Treatment
of 25 with 3’-O-acetylthymidine in the presence of tetrazole,
followed by oxidation with I2/H2O did not afford the desired
dimer. Instead, 26 was obtained as a result of the intramolecu-
lar attack of the amino group on PIII (Scheme 6).


An attempt was made to emulate the phosphotriester
method by converting 3a into the stable phosphoramidate
27a (73%).[8] However, the coupling of 27a with 13a was not
observed in the presence of various activators, such as mesityl-
enesulfonyl chloride (MSCl) or 2,4,6-triisopropylbenzenesulfonyl
chloride (TPSCl) in pyridine at room temperature. Instead the
primary amino group was sulfonated in a side reaction. On the
basis of these observations, attempts to generate oligonucleo-
tide sequences that uniformly contained aminopropyl nucleo-
tides were abandoned. However, the above results indicated
that the phosphodiester building block 27a was stable under
phosphotriester conditions. Taking into account the modifica-
tion of the phosphoramidate synthesis as described by Gryaz-
nov,[9] we decided to couple these acyclic phosphodiesters
with natural thymidine and use the dimers 28a–d to synthe-
size oligomers by applying phosphoramidite methodology
(Scheme 7).


Synthesis of dimers for oligonucleotide synthesis


Treatment of 3a, 3b, 15a and 15b with a slight excess of 2-
chlorophenyl dichlorophosphate in the presence of 1,2,4-tri-
azole gave the required phosphodiester building blocks 27a–
d, respectively. The dimers 1a, 1b, 2a and 2b were obtained
by treatment of 27a–d, respectively, with 3’-O-Fmoc-thymi-
dine, mesitylenesulfonyl chloride and 1-methylimidazole (NMI)
in pyridine (1a, 2a : 62%; 1b, 2b : 49%; Scheme 7). The Fmoc
protecting group was slowly removed during the condensation
reaction. The desired dimers 1a, 1b, 2a and 2b were isolated
and their structures were analyzed by mass and NMR spectros-
copy.


Synthesis of oligonucleotides with ayclic 3’NH-phosphor-
amidate linkage


Phosphitylation was carried out with the monomethoxytritylat-
ed derivatives (1a, 1b, 2a and 2b) in dichloromethane by
using freshly distilled diisopropylethylamine and 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite under argon to afford
28a–d, respectively, in high yield. Several oligonucleotides


Scheme 5. Preparation of S-configured, protected nucleosides 15a and 15b
from (S)-isopropylidene glycerol (4). a) TsCl, pyridine, 94%; b) NaN3, 100 8C,
DMF, not isolated; c) TFA (80%) in H2O, 33% over both steps; d) MMTrCl,
pyridine, TBDMSCl, imidazole, DMF, not isolated; e) pTSOH (4%) in CH2Cl2
and MeOH, 37%; f) MsCl, pyridine, 81%; g) A, NaH (60%), 80 8C, DMF, 1 h,
100 8C, 15 h, 46%; h) BzCl, pyridine, saturated NH3 in MeOH, 0 8C, 82%; i) T


Bz,
DIAD, Ph3P, THF, saturated NH3 in MeOH, 0 8C, 77%; j) Ph3P, THF, H2O, a : 80%,
b : 80%; k) MMTrCl, pyridine, not isolated; l) TBAF (1M) in THF, yields over
both steps a : 71%, b : 79%.


Scheme 6. Side reaction occurring during dimer synthesis when using the
phosphoramidite approach.
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with one or three modified acyclic building blocks were syn-
thesized with these phosphoramidites. In addition, the proto-
cols developed for NH–TNA[10] were used, and a modified ver-
sion of the phosphoramidite method described by Gryaznov
for their analogues was taken into account.[11] The oligomers
were isolated after ion-exchange chromatography and gel fil-
tration. The purified oligonucleotides (sodium salts) were de-
salted by cation exchange beads and analyzed by mass spec-
trometry, and the correct incorporation of the acyclic building
blocks was demonstrated.


Pairing properties of oligonucleotides that contain a 3’NH-
phosphoramidate linkage


The pairing properties of the analogues were examined by hy-
bridizing oligomers with their complementary DNA strands
and determining the melting points of the hybrids by tempera-
ture-dependent UV spectroscopy. Table 1 shows the influence
of aminopropyl thymine (T*) or aminopropyl adenine (A*) in-
corporation into the DNA oligomers on the Tm, which was de-
termined at 260 nm in NaCl (0.1M) buffer with KH2PO4 (20 mM,
pH 7.5) and EDTA (0.1 mM) together with 4 mM of each oligomer
complement. Likewise Table 1 shows the Tm for duplexes that
contain T* or A* in each strand.


Incorporation of one T* or A* resulted in a strong
decrease in duplex stability (DTm/mod=�9.8 to
�15.7), the absolute value being independent of the
incorporation site. The decrease for T* (30) is larger
than for A* substitutions (29, 31). A larger DTm/mod
was observed when both strands contained a modi-
fied building block, albeit not in complementary po-
sitions (duplexes 4 and 5). However, the destabiliza-
tion per modification proved smaller. A large differ-
ence was also noticed between the adenine and thy-
mine congeners, with 12 and 7 8C destabilization per
modification, respectively.
Evaluation of potential for hybridization of comple-


mentary APNAs (duplexes 6 and 7) within a dsDNA
sequence indicated strong destabilization. Remarka-
bly, however, there is a large difference in the stabili-


ty of the two enantiomers which favours (S)-APNA or (R)-nu-
cleoside incorporation (27 8C vs. 22 8C for A*–T* interaction;
duplexes 6 and 7). The mismatches that were created (du-
plexes 10 and 11) might reflect the lack of sufficient width for
the APNA modification in B-DNA for normal Watson–Crick base
pairing: the bulky A*–A* pairing (duplex 10) is more stable
than the control A–A mismatch (duplex 9) ; this is especially so
for the incorporation of R dimers (33.4 8C vs. 27.5 8C). However,
the smaller T*–T* mismatch further destabilizes the helix in
comparison with a single T* modification (duplex 11 vs. 2).
Thus, we observed that the hybridization properties of R
dimers were better than those of S dimers; this indicates that
the chirality of the carbon atoms in APNA nucleotides plays an
important role in the hybridization strength in a double-strand-
ed DNA sequence.
Table 2 shows the Tm of DNA oligomers that contain three


T* or A* (37, 38) and that have been hybridized to their com-
plement. The Tm value for these duplexes decreased too much
and could no longer be detected. This result indicates that
long stretches of such nucleoside analogues are difficult to
accommodate in the DNA duplex.
To further evaluate the possible universal characteristics of


T* and A*, a single modification was incorporated into a mixed
sequence and hybridized to oligomers that contained either
one of the four natural bases in the complementary position


Scheme 7. Synthesis of dimer amidites 28 for oligonucleotide synthesis a) 2-chlorophenyl
phosphorodichloridate, 1H-1,2,4-triazole, pyridine; a and c : 73%; b and d : 68%; b) MSCl,
NMI, pyridine; 1a, 2a (S): 62%; 1b, 2b (R): 49%; c) 2-cyanoethyl-N,N-diisopropylchloro-
phosphoramidite, diisopropylethylamine, DCM; a : 72%, b : 78%, c : 77%, d : 85%.


Table 1. Sequences and stability studies of the oligonucleotide 5’-CCTTTXYZTTTCC-3’ and its complement 3’-GGAAAMLKAAAGG-5’.


Duplex Sequence Tm [8C] DTm/mod [8C]
[a] Tm [8C]


(oligo pair) XYZ/MLK (R)-APNA (S)-APNA (R)-APNA (S)-APNA B-DNA


1 (29/41) TA*T/ATA 30.8 30.8 �10 �10 40.8
2 (30/42) TT*T/AAA 26.7 26.2 �15.5 �15.7 42.2
3 (43/31) TAT/ATA* 29.8 31.0 �11 �9.8 40.8
4 (29/31) TA*T/ATA* 25.6 25.7 �7.6 �7.6 40.8
5 (32/33) AAT*/TT*A 16.2 16.1 �12.3 �12.3 40.8
6 (34/33) AA*T/TT*A 21.7 27.1 –[b] –[b] –[b]


7 (35/36) AT*T/TA*A 22.2 26.7 –[b] –[b] –[b]


8 (30/41) TT*T/ATA 20.7 24.9 �9.1 �4.9 29.8
9 (29/42) TA*T/AAA 23.8 24.1 �3.7 �2.6 27.5
10 (34/36) AA*T/TA*A 28.2 33.4 –[b] –[b] –[b]


11 (35/33) AT*T/TT*A 20.2 22.0 –[b] –[b] –[b]


[a] DTm between unmodified and modified nucleotides. [b] Not determined.
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(Y; Table 3). As with A/T homopolymer stretches, both T* and
A* destabilized the matched sequence to a large extent (ap-
proximately 12 8C and 8.5 8C, respectively) with both the R and


S series. Mismatches, however, did not increase the destabiliza-
tion of the duplexes to a large extent, and in some cases (A*)
even proved advantageous compared to the control mismatch.
The Tm range for the different mismatches proved smallest for
the A* congeners, and again the best results were obtained
with the (R)-A* nucleoside analogue ((S)-APNA series). This
modified building block displayed almost universal or ambigu-
ous characteristics in hybridizing to all four natural bases with
about equal strength, with a range of only 2.7 8C. Unfortunate-
ly, there was also an average destabilization of 9.3 8C compared
to the control matched sequence (A–T, 57.4 8C). However, this
is comparable to other common “universal bases” (Scheme 8,
44–46).
The acyclic 5-nitroindazole derivative 44 displayed a spread


of 2.2 8C with an average destabilization of 7.8 8C in an analo-
gous sequence.[12] The 5-nitroindole nucleoside analogue 45
displayed a spread of only 1.0 8C with 8.1 8C average destabili-
zation.[13] The commercially available nitropyrrole congener 46
had a detrimental spread of 5.1 8C and a DTm average of
12.0 8C for the same sequence.[14]


Conclusion


In conclusion, all four modifications studied considerably de-
stabilized the double helix upon a single or multiple incorpora-
tions. This might be due to large constitutional and conforma-
tional irregularities that arise at the insertion site when mixed
oligonucleotides are synthesized. Better results might be ob-
tained with fully modified APNA as has recently been demon-
strated with (S)-glycol nucleic acids (GNA). During the prepara-
tion of this manuscript, an article describing the successful hy-
bridization of GNA with RNA was published.[15]


The (S)-APNA series is slightly better accommodated, and
especially an A*–A* interaction seems favourable. The (R)-A*
monomer modification behaves almost like the best ambigu-
ous nucleoside analogues known to-date and therefore the
system deserves further study. Aminopropyl nucleoside ana-
logues are not substitutes for deoxynucleotides when incorpo-
rated into DNA. APNA itself as a simple nucleic acid alternative
and its potential to hybridize with DNA or RNA, could not be
evaluated so far due to the difficulty of obtaining APNA
oligomers with the present phosphoramidite method.


Experimental Section


For all reactions analytical grade solvents were used. All moisture-
sensitive reactions were carried out in oven-dried glassware
(100 8C) under a nitrogen atmosphere. 1H NMR spectroscopy was
carried out with a Varian Unity 500 MHz spectrometer with tetra-
methylsilane (TMS) as internal standard. A 200 MHz Varian Gemini
apparatus was used for 13C NMR spectrum determinations in the
solvents [D6]DMSO (39.6 ppm) or CDCl3 (76.9 ppm) by using the
solvent peak as reference. Exact mass measurements were per-
formed on a quadrupole time-of-flight mass spectrometer (Q-Tof-2,
Micromass, Manchester, UK) equipped with a standard ESI inter-
face; samples were infused in iPrOH/H2O (1:1) at 3 mLmin�1. TLC
was performed with aluminum sheets (Merck, Silica gel 60 F254).
The spots were examined with UV light, or sprayed with ethanol/
sulfuric acid/anisaldehyde (70:5:5) or potassium permanganate
(1%) solution. Column chromatography was performed on ICN
silica gel 60A 60–200. The names of the compounds accorded to
IUPAC rules and were verified with a nomenclature program (ACD-
Labs, Version 4.08, Sept. 1999, Adv. Chem. Dev. Inc. , Toronto,
Canada).


Table 2. Thermal stability of three T* or A* residues incorporated in DNA
oligomers.


Sequence (R)-APNA (S)-APNA Unmodified
control


5’-CCTTT*TT*TT*TTCC-3’ (37) no[a] no[a] 42.2
5’-CCTTA*TA*TA*TTCC-3’ (38) <10 <10 39.0


[a] Temperatures too low for measurement.


Table 3. Hybridization studies of a single T* or A* incorporation into a
mixed sequence 5’-CACCGXTGCTACC-3’ and its complement 3’-
GTGGCYACGATGG-5’, including mismatches.


X
Y T* (S, 39) T* (R, 39) T


Tm DTm Tm DTm Tm DTm


A 44.8 –[a] 45.8 –[a] 57.0 –[a]


T 41.1 �3.7 44.9 �0.9 46.8 �10.2
C 38.8 �6.0 41.2 �4.6 44.4 �12.6
G 44.5 �0.3 49.5 +4.6 50.9 �6.1


A* (S, 40) A* (R, 40) A
Tm DTm Tm DTm Tm DTm


T 48.7 –[a] 49.2 –[a] 57.4 –[a]


A 45.4 �3.3 47.8 �1.4 46.6 �10.8
C 44.5 �4.2 46.5 �2.7 44.7 �12.7
G 48.3 �0.4 49.0 �0.6 53.5 �3.9


[a] Did not match control sequence.


Scheme 8. Structure of three “universal” nucleoside analogues.
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(R)-2-[6-(benzoylamino)-9H-purin-9-yl]-1-({[(4-methoxyphenyl)di-
phenylmethyl]amino}methyl)ethyl-2-cyanoethyl diisopropylami-
dophosphite (25): Compound 3a (0.32 g, 0.55 mmol) was treated
with freshly distilled diisopropylethylamine (0.28 mL, 1.6 mmol)
and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.20 mL,
0.88 mmol) in CH2Cl2 under argon atmosphere. The reaction mix-
ture was stirred at room temperature for 45 min after which TLC
analysis indicated complete reaction. Water (3 mL) was added, the
solution was stirred for 10 min and partitioned between CH2Cl2
(50 mL) and aqueous NaHCO3 (30 mL). The organic phase was
washed with brine (3/30 mL) and the aqueous phases were back
extracted with CH2Cl2 (30 mL). Evaporation of the organics left an
oil, which was purified by flash chromatography (25 g silica, n-
hexane/acetone/TEA, (67:32:1)) to afford the product as foam. Dis-
solution in CH2Cl2 (2 mL) and precipitation in cold hexane (160 mL;
�60 8C) was carried out twice to afford 25 as a white powder. The
product was dried in vacuo and stored under nitrogen at �20 8C
until use for oligonucleotide synthesis. Yield: 0.37 g (86%);
31P NMR: d=149.20, 150.32; ESMS calcd for C44H50N8O4P: 785.3692
[M+H]+ ; found: 785.3679.


(S)-N-[9-({2-(2-cyanoethoxy)-3-[(4-methoxyphenyl)diphenylmeth-
yl]-2-oxido-1,3,2-oxazaphospholidin-5-yl}methyl)-9H-purin-6-yl]-
benzamide (26): Compound 25 (0.070 g, 0.09 mmol) and 3’-O-ace-
tylthymidine (0.011 g, 0.04 mmol) were dissolved in CH3CN (1 mL)
and tetrazole in CH3CN (0.5M, 1 mL) was added. The reaction mix-
ture was stirred for 10 min, I2 (0.05M) in THF/H2O/pyridine (1 mL)
was added and the mixture was stirred for a further 20 min. CH2Cl2
(25 mL) was added, and, after 10 min, the mixture was partitioned
between CH2Cl2 (50 mL) and aqueous NaHCO3 (5 mL). The organic
phase was washed with brine (3/30 mL), and the aqueous phases
were extracted with CH2Cl2 (2/25 mL). Evaporation of the organics
left an oil, which was purified by flash chromatography (10 g silica,
CH2Cl2/MEOH (97:3)). Yield: 0.03 g (44%);


31P NMR: d=17.44, 18.26;
ESMS calcd for C38H35N7O5P: 700.2437 [M+H]+ ; found: 700.2440.


(R)- and (S)-1-[6-(benzoylamino)-9H-purin-9-yl]-2-{[(4-methoxy-
phenyl)diphenylmethyl]amino}ethyl-2-chlorophenylphosphate
triethylammonium salt (27a, 27c): 2-Chlorophenyl phosphorodi-
chloridate (0.42 mL, 3.08 mmol) was slowly added to an ice-cooled
solution of 1H-1,2,4-triazole (0.95 g, 12.3 mmol) in dry pyridine
(10 mL). After stirring for 5 min, 3a and 15a (0.90 g, 1.54 mmol)
which were dissolved in dry pyridine (1 mL) were slowly injected,
respectively. After stirring for another 5 min the reaction mixture
was quenched with TEAB (0.1M, 20 mL). The mixture was extracted
with chloroform (3/30 mL). The organic layer was dried with
Na2SO4, evaporated and purified by column chromatography
(silica, 100 g, CH2Cl2/MeOH/Et3N 95:4.5:0.5). Yield: 0.99 g (73%);
Rf=0.53 (CH2Cl2/MeOH/Et3N 95:4.5:0.5) ;


1H NMR (CDCl3): d=1.14–
1.21 (t, J=7.2 Hz, 9H; 3CH3-Et3N), 2.02–2.37 (dd, J(3’A„2’)=6.4, J(gem)=
12.2 Hz, 1H; H-3A), 2.29–3.37 (dd, J(3’B„2’)=5.4, J(gem)=12.2 Hz, 1H;
H-3’B), 2.84–2.96 (q, J=7.2, J(germ)=14.6 Hz, 6H; 3CH2), 3.76 (s, 3H;
CH3-MMTr), 4.65–4.84 (m, 2H; H-1’), 4.97 (m, 1H; H-2’), 6.7–6.75 (t,
2H; J(3,4)=8.8 Hz, 2H-4-MMTr), 6.90–7.46 (m, 15H; H-MMTr), 7.49–
7.65 (m, 4H; 3,4,5H-Bz, H-MMTr), 8.04–8.09 (d, J=6.6 Hz, 2H; 2,6H-
Bz), 8.27 (s, 1H; H-8), 8.65 (s, 1H; H-2); 13C NMR ([D6]DMSO): d=8.5
(CH3-Et3N), 45.3 (C-3’, C-1’), 55.1 (CH3-MMTr), 70.1 (NH-C-MMTr),
74.6 (C-2’, J(C-P coupling)=5.5 Hz), 121.1 (C-4-P-Ar), 122.2 (C-6-P-
Ar), 123.5 (C-2-P-Ar), 124.8 (C-5), 126.2 (C-MMTR), 127.5 (C-5-P-Ar),
127.7, 127.8 (C-MMTr), 128.4 (3,5C-Bz), 128.8 (2,6CH-Bz), 129.7 (C-
MMTr), 132.6 (4C-Bz), 133.9 (1C-Bz), 137.9, 145.0 (C-MMTr), 146.0 (C-
8), 149.1 (C-4), 152.2 (C-2, C-1-P-Ar), 153.2 (C-6), 157.6 (C-MMTr),
164.8 (C=O). ESMS calcd for C41H37N6O6PCl [M+H]+ : 775.2200;
found: 775.2216.


(R)- and (S)-2-chlorophenyl-2-{[(4-methoxyphenyl)diphenylme-
thyl]amino}-1-[(5-methyl-2,4-dioxo-3,4-dihydro-1(2H)-pyrimidin-
yl)methyl]ethylphosphate triethylammonium salt (27b, 27d):
Following the method described for 27a and 27c, derivatives 27b
and 27d were obtained in 68% and 70% yield, respectively. Rf=
0.53 (CH2Cl2/MeOH/Et3N 95:4.5:0.5) ;


1H NMR (CDCl3): d=1.14–1.18
(t, J=7.2 Hz, 9H; 3CH3-Et3N), 1.79 (s, 3H; CH3-T), 2.27–2.39 (m, 1H;
H-3), 2.78–2.89 (q, J=7.2, J(germ)=14.6 Hz, 6H; 3CH2), 3.74 (s, 3H;
CH3-MMTr), 4.03–4.19 (m, 2H; H-1’), 4.79–4.89 (m, 1H; H-2’), 6.71–
6.75 (d, 2H; 2H=MMTr), 6.86–6.89 (m, 1H; H-Ar-O), 6.90–7.42 (m,
15H; H-Ar-O, H-MMTr, H-6-T); 13C NMR ([D6]DMSO): d=8.5 (CH3-
Et3N), 11.9 (CH3-T), 45.4 (CH2-Et3N), 50.2 (C-3’), 55.0 (CH3-MMTr), 70.0
(NH-C-MMTr), 74.7–74.8 (C-2’, J(c,p)=6.1 Hz), 109.3 (C-5), 113.2 (C-
MMTr), 120.9, 123.3 (C-Ar-O-P), 125.9, 127.4, 127.6, 128.4, 129.7,
137.7, 146.0 (C-MMTr), 142.2 (C-6), 146.1 (C-Ar-O-P), 149.0–149.2 (d,
J=6.1 Hz, C-Ar-O-P), 151.3 (C-Ar-O-P), 157.4 (C-2), 164.5 (C-4); ESMS
calcd for C34H32N3O7PCl: 660.1666 [M�H]� ; found: 660.1661.


Dimers (R)-1a and (S)-2a : Compound 27a or 27c (0.80 g,
0.91 mmol) was coevaporated with 3’-O-Fmoc-thymidine (0.42 g,
0.91 mmol) with pyridine (2/10 mL) and finally dissolved in dry
pyridine (10 mL). MSCl (0.40 g, 1.82 mmol) and NMI (0.72 mL,
9.1 mmol) were added under nitrogen protection. After 2 h, the re-
action was quenched with TEAB (0.1M, 10 mL), and the mixture
was extracted with CH2Cl2 (2/15 mL). The organic layer was dried
over Na2SO4, evaporated under reduced pressure and purified by
column chromatography (50 g silica, CH2Cl2/MeOH/pyridine 95:4.5:
0.5). Yield: 0.55 g (62%); Rf=0.48 (CH2Cl2/MeOH 95:5); ESMS calcd
for C51H49N8O10PCl: 998.2920 [M+H]+ ; found: 998.2995.


Dimers (R)-1b and (S)-2b : 27b or 27d (0.80 g, 1.05 mmol) was
treated with 3’-O-Fmoc-thymidine (0.46 g, 0.99 mmol) in dry pyri-
dine (10 mL) as described for 1a and 2a. Yield: 0.46 g (49%); Rf=
0.31 (CH2Cl2/MeOH 95:5); ESMS calcd for C44H45N5O11PCl: 886.2620
[M+H]+ ; found: 886.2629.


General procedure for phosphoramidite synthesis (28a–d): Phos-
phitylation was carried out with 1a (0.54 mmol), 1b (0.30 mmol),
2a (0.60 mmol) and 2b (0.56 mmol) in CH2Cl2 by using freshly dis-
tilled diisopropylethylamine and 2-cyanoethyl-N,N-diisopropylchlor-
ophosphoramidite under argon atmosphere. The mixture was stir-
red at room temperature for 60 min, after which the reaction was
found by TLC analysis to be complete. Water (3 mL) was added,
and the solution was stirred for another 10 min and partitioned be-
tween CH2Cl2 (50 mL) and aqueous NaHCO3 (30 mL). The organic
layer was washed with brine (3/30 mL), and the aqueous phases
were back extracted with CH2Cl2 (30 mL). After evaporation of the
solvent the resulting oil was purified by flash chromatography
(45 g silica, n-hexane/acetone/pyr 55:45:1). Dissolution in CH2Cl2
(3 mL) and precipitation in cold hexane (160 mL, �60 8C) was car-
ried out twice to afford the desired product as a white powder.
The product was dried in vacuo and stored under nitrogen at
�20 8C. 28a : 0.47 g (72%); 31P NMR: d=�6.88, �7.02, 149.44,
149.54, 149.72, 149.98; ESMS calcd for C60H65N10O11P2Cl : 1199.4076
[M+H]+ ; found: 1199.4117. 28c : 0.47 g (78%); 31P NMR: d=�6.40,
�7.27, �7.32, 14.48, 14.53, 149.43, 149.49, 149.85, 149.93; ESMS
calcd for C60H65N10O11P2Cl : 1199.4076 [M+H]+ ; found: 1199.41171.
28b : 0.50 g (77%); 31P NMR: d=�6.49, �6.66, �6.98, �7.03, 14.48,
14.52, 149.16, 149.46, 149.90; ESMS calcd for C53H62N7O12P2Cl:
1086.3698 [M+H]+ ; found: 1086.3705. 28d : 0.53 g (85%); 31P NMR:
d=�6.77, 14.47, 149.60, 150.01; ESMS calcd for C53H62N7O12P2Cl:
1086.3698; [M+H]+ found: 1086.3688.


Synthesis of oligonucleotides : Oligonucleotide assembly was per-
formed on an Expedite DNA synthesizer (Applied Biosystems) by
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using the phosphoramidite approach. The standard DNA assembly
protocol was used, except that 10 min coupling time was em-
ployed for the newly synthesized unnatural amidites (0.08M) with
ethylthiotetrazole (ETT) as the activator. The oligomers were depro-
tected and cleaved from the solid support by treatment with con-
centrated aqueous ammonia (55 8C, 16 h). After gel filtration on a
NAP-10R column (Sephadex G25 DNA grade; Pharmacia) with
water as eluent, the crude was analyzed on a Mono-QR HR 5/5
anion exchange column. Purification was then achieved on a
Mono-QR HR 10/10 column (Pharmacia) with the following gradi-
ent system: A=NaOH (10 mM, pH 12.0), NaCl (0.1M); B=NaOH
(10 mM, pH 12.0), NaCl (0.9M).


The low-pressure liquid chromatography system consisted of a
Merck-Hitachi L6200A intelligent pump, a Mono QR HR10/10
column (Pharmacia), a Uvicord SII 2138 UV detector (Pharmacia-
LKB) and a recorder. The product-containing fraction was desalted
on a NAP-10R column and lyophilized.


Oligonucleotides were characterized and their purity was checked
by HPLC-MS on a capillary chromatograph (CapLC, Waters, Milford,
MA). Columns of 150 mm/0.3 mm length (LCPackings, San Francis-
co, CA) were used. Oligonucleotides were eluted with an acetoni-
trile gradient in triethylammonium (50 mM) adjusted to pH 8.0 with
1,1,1,3,3,3-hexafluoropropan-2-ol. The flow rate was 5 mLmin�1.
Electrospray spectra were acquired on an orthogonal acceleration/
time-of-flight mass spectrometer (Q-Tof-2, Micromass, Manchester,
UK) in negative-ion mode; scan time was 2 s. The combined spec-
tra from a chromatographic peak were deconvoluted by using the
MaxEnt algorithm of the software (Masslynx 3.4, Micromass, Man-
chester, UK). Theoretical oligonucleotide masses were calculated by
using the monoisotopic element masses.


Melting temperatures : Oligomers were dissolved in NaCl (0.1M),
potassium phosphate (0.02M, pH 7.5), EDTA (0.1 mM). The concen-
tration was determined by measuring the absorbance in MilliQ
water at 260 nm at 80 8C, and by assuming that the acyclic-nucleo-
side analogues had the same extinction coefficients per base
moiety in the denatured state as the natural nucleosides (A* e=
15000; T* e=8500). The concentration for each strand was 4 mM in
all experiments unless otherwise stated. Melting curves were deter-
mined with a Varian Cary 300 BIO spectrophotometer. Cuvettes
were maintained at constant temperature by water circulation
through the cuvette holder. The temperature of the solution was
measured with a thermistor that was directly immersed in the cuv-
ette. Temperature control and data acquisition were carried out
automatically with an IBM-compatible computer by using Cary
WinUV thermal application software. A quick heating and cooling
cycle was carried out to allow proper annealing of both strands.
The samples were then heated from 10 8C to 80 8C at a rate of
0.2 8Cmin�1, and were cooled again at the same speed. Melting


temperatures were determined by plotting the first derivative of
the absorbance as a function of temperature; data plotted were
the average of two runs. Up and down curves in general showed
identical Tm values.
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Introduction


Overexpression of the multidrug resistance 1 (MDR1) gene has
long been implicated in the resistance of many cancers to che-
motherapeutic agents.[1–3] The MDR1 gene product, P-glycopro-
tein, is an ATP-dependent transporter that can actively pump a
wide variety of unrelated small molecules out of the cell.[1] In
some instances multidrug resistance is intrinsic to the cancer
and in others it is acquired upon exposure of the cancer cells
to a specific drug, such as doxorubicin.[2] In either case, inhibi-
tion of the MDR1 gene and its product is necessary for the
suppression of cancer-cell resistance to otherwise effective
drugs. Direct inhibition of P-glycoprotein is not ideal because
basal levels of functional protein in the colon epithelium and
at the blood–brain barrier have been shown to be necessary in
the body’s defense against natural toxins.[4] Disruption of these
normal functions of P-glycoprotein could lead to increased tox-
icity in an organism. Therefore, inhibition of upregulated tran-
scription of the MDR1 gene offers an attractive option for drug
discovery.[2]


Expression of the MDR1 gene is regulated by a variety of
transcription factors.[2, 5] Exposure to ultraviolet radiation[6] and
various chemotherapies[7] lead to upregulation of the MDR1


gene by nuclear factor-Y (NF-Y). This upregulation occurs by
binding of NF-Y to the inverted CCAAT box (ICB; sequence: 5’-
ATTGG) in the MDR1 promoter.[6–8] In addition, NF-Y mediates
the expression of P-glycoprotein according to levels of his-
tone-modifying enzymes;[9] this implicates NF-Y involvement in


A novel hairpin polyamide, ZT65B, containing a 3-methylpicoli-
nate moiety was designed to target the inverted CCAAT box (ICB)
of the human multidrug resistance 1 gene (MDR1) promoter.
Binding of nuclear factor-Y (NF-Y) to the ICB site upregulates
MDR1 gene expression and is, therefore, a good target for anti-
cancer therapeutic agents. However, it is important to distinguish
amongst different promoter ICB sites so that only specific genes
will be affected. All ICB sites have the same sequence but they
differ in the sequence of the flanking base pairs, which can be ex-
ploited in the design of sequence-specific polyamides. To test this
hypothesis, ten ICB-containing DNA hairpins were designed with
different flanking base pairs ; the sequences ICBa and ICBb were
similar to the 3’-ICB site of MDR1 (TGGCT). Thermal-denaturation
studies showed that ZT65B effectively targeted ICBa and ICBb
(DTM=6.5 and 7.0 8C) in preference to the other DNA hairpins
(<3.5 8C), with the exception of ICBc (5.0 8C). DNase I-footprinting


assays were carried out with the topoisomerase IIa-promoter se-
quence, which contains five ICB sites; of these, ICB1 and ICB5 are
similar to the ICB site of MDR1. ZT65B was found to selectively
bind ICB1 and ICB5; footprints were not observed with ICB2,
ICB3, or ICB4. A strong, positive induced ligand band at 325 nm
in CD studies confirmed that ZT65B binds in the DNA minor
groove. The selectivity of ZT65B binding to hairpins that con-
tained the MDR1 ICB site compared to one that did not (ICBd)
was confirmed by surface-plasmon studies, and equilibrium con-
stants of 55106–15107 and 4.65105M�1 were obtained with
ICB1, ICB5,and ICB2 respectively. ZT65B and the previously pub-
lished JH37 (J. A. Henry, et al. Biochemistry 2004, 43, 12249–
12257) serve as prototypes for the design of novel polyamides.
These can be used to specifically target the subset of ubiquitous
gene elements known as ICBs, and thereby affect the expression
of one or a few proteins.
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cell division and proliferation. Additional evidence that links
NF-Y to cell replication is its regulation of topoisomerase IIa
(topo IIa) expression. Binding of NF-Y to the second of five ICB
sites (ICB2) in the topo IIa promoter downregulates expression
of the protein at cell confluence.[10] In some cancers this results
in nondividing (confluent) cells that are resistant to topo IIa-
targeting drugs, such as etoposide.[10–12] Therefore, disruption
of NF-Y binding to the promoter is a potential target for anti-
cancer therapeutic agents. The drug ecteinascidin 743 (ET 743)
has been shown to inhibit the induced transcription of MDR1
by a variety of mechanisms that include interactions with NF-Y
and other transcription factors, such as SP-1, that bind regions
proximal to the ICB site.[7] ET 743 is promising in that it does
not influence basal levels of P-glycoprotein expression, but it
might inhibit induced transcription too broadly and thereby
cause increased toxicity.
NF-Y binds to the ICB of the MDR1 promoter in the minor


groove[13] and is a good target for polyamides, which also bind
to the DNA minor groove. In order to specifically aim at this
ICB sequence, a target site that partially overlaps the ICB has
been identified and is underlined in the sequence: 5’-ATTGGCT.
Similar sequences have also been found to flank the 3’ end of
ICB1 and ICB5 sites of the topo IIa promoter (ATTGGCT and
ATTGGCA, respectively). Even though a similar approach was
initially reported by Dervan and co-workers for the inhibition
of a variety of transcription factors,[14] the work was not fo-
cused on the binding of NF-Y to an ICB site within the MDR1
promoter. We have designed a polyamide that specifically
binds the MDR1 ICB site, with the goal of tightly regulating NF-
Y-activated gene expression. The sequence selectivity of poly-
amides can be adapted by altering their pyrrole (Py) and imid-
azole (Im) heterocyclic content so as to specifically target the
TGGCT sequence. These heterocyclic groups stack in the DNA
minor groove as dimers—one group from each strand of the
hairpin polyamide recognizes one base in a pair (Figure 1A,
right). Py dimers recognize A–T or T–A base pairs (denoted A/T
in target sequences), Im–Py dimers bind G–C base pairs, Py–Im
binds C–G base pairs, and Im–Im recognizes G–T or T–G base
pairs.[15–25] We have recently used this approach to design the
polyamide hairpin JH-37 (Figure 1A, inset) and have successful-
ly targeted the sequence TTGGT, which corresponds to ICB2
and ICB3 of the topo IIa promoter.[26]


Although N-terminal, nonformylated imidazoles have been
reported,[27] the synthetic yields are typically low. Therefore, we
sought an alternative heterocyclic group for the imidazole to
increase synthetic yields. Previous research[21] has shown that
addition of a picolinic acid to the N terminus of netropsin
yields a molecule that recognizes the G/C containing sequence
TGTCA and the A/T-rich sequence, AAATTT, with nearly equal
affinities. Addition of an imidazole to the N terminus of netrop-
sin recognizes TGTCA only. The recognition of two different se-
quences by picolinate–netropsin was explained by rotation of
the pyridyl�carboxamide bond by ~1808, which results in the
presentation of two different sequence-recognition elements
to the minor groove. In one position, the nitrogen of the pico-
linate faces the minor groove; this results in the recognition of
guanosine, and thus the picolinate behaves like an imidazole


(Figure 1B). Imidazole and pyrrole moieties commonly used in
polyamides have methyl groups that limit the ring in one posi-
tion. Consequently, upon binding to DNA, the methyl group is
positioned away from the minor groove. We therefore utilized
the same strategy with a methylated picolinic acid (MePic) to
prevent this ring from rotating. We hypothesized that the 3-
methylpicolinate moiety would bind such that the methyl
group would be preferentially placed away from the minor
groove (Figure 1B), much like methylimidazole groups. CD
studies with a simple polyamide, MePicPyIm, have shown that
the MePic–Im pairing indeed behaves like an Im–Im pair in its
ability to specifically recognize T–G base pairs.[28] Thus, a poly-
amide hairpin was designed with an N-terminal methylpicolinic
acid that stacked opposite the C-terminal pyrrole so as to rec-
ognize a G–C base pair (Figure 1A).
Here we report the synthesis of a novel 3-methylpicolinate-


containing hairpin (ZT65B: Figure 1A) that targets the se-
quence (A/T)GGC(A/T). Ten ICB-containing DNA hairpins were
designed to test the specificity of ZT65B (Figure 1C). Sequen-
ces ICBa and ICBb contained the cognate (A/T)GGC(A/T) se-
quence for ZT65B; ICBa contains the 5’-TGGCT sequence of the
MRD1 ICB site. Eight additional DNA hairpins were designed:
three had five base pairs that flanked the 3’-end of the ICB site
(ICBc–e). The remaining DNA hairpins had five base pairs that
flank the 5’-end of the ICB site (ICBf–j). The selectivity of ZT65B
for these ICB sites over other sequences has been tested by
thermal DNA-denaturation experiments, DNase I footprinting,
surface-plasmon resonance (SPR), and CD.


Results and Discussion


Synthesis and solubility


The synthesis of ZT65B is shown in Scheme 1 and is similar to
that reported for JH37.[26] The polyamide hairpin has been
characterized by FTIR, 500 MHz 1H NMR spectroscopy, and
mass spectrometry (see Experimental Section). Coupling of the
N-terminal methylpicolinic acid 1 with the tripyrroleamine 2 in
the presence of PyBOP gave ZT65B in 25% yield. ZT65B is
completely soluble in aqueous solutions. However, its absorb-
ance at 309 nm dropped significantly within 12 h. Filtration
studies with stock solutions of ZT65B (~500 mM) were per-
formed by using a 0.2 micron membrane. These studies
showed that considerable amounts of polyamide were re-
tained on the membrane when samples were older than 12 h
but not when they were fresh. This indicates that ZT65B
formed larger particles and did not degrade (data not shown).
ZT65B is in fact prone to aggregation due to stacking associa-
tions of the aromatic rings in the hairpin polyamide.


Thermal denaturation studies


The sequence specificity of ZT65B was tested against ten DNA
sequences (Figure 1C) by using UV-monitored thermal-denatu-
ration experiments. The ability of a molecule to stabilize
duplex DNA so that it requires more heat to denature, is gen-
erally proportional to the affinity with which the compound
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binds the DNA.[27] In addition, the hyperchromic effect allows
easy discernment between double- and single-stranded DNA
at 260 nm. The DTM values represent the differences between
denaturation of the DNA–ZT65B complex and the DNA on its
own. The binding of ZT65B to ten different sequences was
readily assessed by this method (Table 1). Both ICBa and ICBb
exhibited higher DTM values (6.6 and 6.8 8C, respectively) than
the other eight sequences (<3.5 8C), with the exception of
ICBc, which showed a significant DTM (5.2 8C).
ZT65B selectively recognized the (A/T)GGC(A/T) sequence


that is present in ICBa- and ICBb-DNA hairpins, and which cor-
responds to the single ICB site in the MDR1 promoter. ZT65B


also binds the sequence TGGTT. One possible explanation is
that this sequence is just one base pair different from the cog-
nate sequence and that the Py–Im pairing closest to the b-ala-
nine linker can accommodate a T–A base pair. Ultimately, with
this DTM method, ZT65B is found to selectively recognize the
sequences TGGCA and TGGCT, and to a lesser extent TGGTT.


DNase I footprinting


The sequence selectivity of ZT65B was further characterized
with DNase I footprinting. The sense strand was 5’-32P radiola-
beled for the visualization of the ICB4 and ICB5 sites; the anti-


Figure 1. ZT65B, its target sequence, sequence recognition by picolinates, and model DNA hairpins. A) The cationic hairpin polyamide, ZT65B (MePic-Im-Py-
turn-Im-Py-Py), and its proposed recognition sequence (right) ; JH-37 is depicted in the inset. B) Picolinate recognition of A or T, its recognition of G after ring
flipping,[21] and prevention of ring flipping by using methylpicolinate. The positions of the minor groove and solvent are labeled and highlighted (gray boxes).
C) Ten synthetic hairpins that include ICB sites and different flanking sequences (gray boxes). Five of the hairpins have extended 5’-flanking sequences and
five have extended 3’-flanking sequences. The ZT65B target site is boxed (ICBa and ICBb).
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sense strand was likewise labeled for the visualization of the
remaining ICB sites of the topo IIa promoter (Figure 2). The
concentrations of ZT65B that were used in this experiment in-
dicate the amount of compound necessary to protect the DNA
from DNase I cleavage. Protection of the 3’ flank of ICB1, which
is identical to ICBa, is initially visible with 3 mM ZT65B; ICB5,
which is analogous to ICBb, shows a footprint upon addition
of at least 5 mM ZT65B. Three other regions are protected from
DNase I cleavage by ZT65B (Figure 2). Each of these sites con-
tains the (A/T)GGC(A/T) cognate sequence and no other cog-
nate sequences are present on the length of the footprinted
DNA. The protected region adjacent to ICB3 is visible in both
gels. These protected regions are sufficiently separated from
ICB2, ICB3, and ICB4 to demonstrate that ZT65B is selective for
those sites that are flanked by CT or CA on the 3’-end. An addi-
tional region (denoted by a triangle) was protected that does
not contain the (A/T)GGC(A/T) cognate sequence. However, in
conjunction with the thermal-melt data discussed above, it is
apparent that ZT65B can bind sites that differ by a single base
pair from (A/T)GGC(A/T). This protected region centers on the
sequence 5’-ATCCT, for which the complementary strand is 5’-
AGGAT. These sequences are not universally recognized be-
cause ICB3 has the sequence 5’-TGGTT and is not protected by
ZT65B from DNase I cleavage. Thus, when ICB sites are placed
in direct competition, ZT65B preferentially binds to regions
that contain the (A/T)GGC(A/T) sequence and not to other
sites.


Surface plasmon resonance


The steady-state binding affinities and stoichiometries of
ZT65B for ICBa, ICBb, and ICBd were determined by using SPR.
The sensorgrams for the titration of ZT65B to biotin immobi-
lized DNA hairpins are shown in Figure 3. The steady-state re-
sponse of ZT65B binding to each of these DNA hairpins is
shown in Figure 3D. The binding affinities to ICBb and ICBd
were determined to be 4.8N106 and 4.6N105M�1, respectively.
The proximity of the calculated response units (RU; see
ref. [23]) to the observed values, and the good-data fit by the
monomeric isotherm indicate that ZT65B binds to ICBd and
ICBb as a monomer.
ZT65B binds to ICBa and we have observed binding of a


second molecule of ZT65B to the hairpin DNA. The RUs ob-
served at high concentrations are approximately twice the cal-
culated values for the binding of a single ZT65B molecule. In
addition, the data are best fit by using a two-site isotherm
rather than a monomeric fit. The first molecule of ZT65B binds
very strongly (K1=1.2N10


7
M
�1) while the second molecule has


much lower affinity for the DNA (K2=2.6N10
5
M
�1). A similar


phenomenon was observed by SPR and isothermal microca-
lorimetry for the binding of JH-37 to hairpin DNA.[26] The bind-
ing of the first molecule to its cognate sequence had an affini-
ty of K=2.8N107M�1, that of the second molecule was ~100-
fold weaker, as measured by SPR.[26] The interactions of this
second molecule with the DNA are not understood, but are
consistent with nonspecific, weak interactions between the
cationic polyamide and polyanionic DNA.[26] Thus, the reported
binding affinity of ZT65B to ICBa is the value that corresponds
to the strong initial binding. Interestingly, dissociation of
ZT65B from ICBa and ICBb is visibly slower than from ICBd (Fig-
ure 3A–C). This observation is in good agreement with the ten-
fold stronger binding affinities observed with ICBa and ICBb
over ICBd.


Scheme 1. Synthesis of ZT65B: the N-terminal methylpicolinic acid 1 was dissolved in CH2Cl2 and coupled with the tripyrroleamine 2 in the presence of
PyBOP and DIPEA. ZT65B was obtained in 25% yield.


Table 1. DTM values [8C].


5’ flank 5’ flank


ICBa 6.5 ICBb 7.0
ICBc 5.0 ICBd 3.5
ICBe 3.0 ICBf 2.0
ICBg 3.5 ICBh 2.5
ICBi 2.0 ICBj 3.0
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Circular dichroism titration studies


A series of CD experiments was performed to determine the
binding mode of ZT65B to ICBa, ICBb, and ICBd (Figure 4). The
induction of a new band at ~320 nm demonstrates that ZT65B
binds in the DNA minor groove.[24,27, 29] In addition, each set of
titrations results in an isodichroic point at ~300 nm; this indi-
cates that ZT65B binds to DNA by a single mechanism.
The maximum response for the induced peak corresponds


to the saturation of DNA binding sites, which can be reported
as the molar ratio (ZT65B:DNA) required to reach the maxima.
These molar ratios do not indicate binding stoichiometry be-
cause it is unlikely that three molecules of ZT65B will bind to
one twelve base-pair DNA hairpin. The overestimation in bind-


ing stoichiometry in CD studies is likely due to equili-
bration of the free and bound states, and is more ap-
parent for compounds with modest binding affini-
ties.[30] Moreover, ZT65B exhibits monomeric binding
to ICBb and ICBd, as determined by SPR. The CD
data exhibit a maximum response for ZT65B binding
to ICBa, ICBb, and ICBd at molar ratios ranging from
~2.5:1 to ~3.5:1 (ZT65B:DNA).


Conclusion


We have successfully synthesized a novel hairpin
polyamide with an N-terminal 3-methylpicolinate
moiety. This heterocycle has been previously report-
ed in the context of triheterocyclic polyamides.[28]


Coupling of 3-methylpicolinic acid to the growing
polyamide was more straightforward than incorpora-
tion of a nonformylated imidazole and resulted in
yields that are typical of the solution-phase synthesis
of polyamide hairpins.
The biophysical studies discussed herein have


shown that ZT65B selectively binds the (A/T)GGC(A/
T) site found in the ICBa and ICBb DNA hairpins in
preference to other sequences tested. Binding of
ZT65B to the alternative sequence, (A/T)GG(A/T)T,
was also observed, but not universally detected as
was apparent by the lack of ICBd and ICB2/3 recog-
nition in thermal-melting and DNase I-footprinting
assays, respectively. Recognition of ICBa and ICBb is
achieved by partial binding of this sequence and the
base pairs that immediately flank its 3’-end. Thus,
ZT65B could have potential for selective targeting of
the single ICB site of the MDR1 gene. ICB sequences
and their complement, CCAAT, are ubiquitous in pro-
moters that lack the TATA box and have been identi-
fied by mRNA analysis in at least 67% of human
genes.[31] Thus, identifying specific sites that flank the
ICB sequence in different promoter regions is a
viable method for affecting the expression of only a
few genes, while limiting the influence of the com-
pound on the expression of other genes that contain
similar recognition sites. The selective targeting of
ICB sites was previously reported with the specific


targeting of ICB2 in the topo IIa promoter by JH-37.[26] ZT65B
is a good model compound for affecting the expression of P-
glycoprotein; in vitro and in vivo biological studies that test
the inhibition of NF-Y binding to the MDR1 ICB site are on-
going.


Experimental Section


Synthesis of ZT65B : The nitro precursor to amine 2 (80 mg,
0.14 mmol) was reduced in chilled methanol (15 mL) over 30% Pd
on carbon. The mixture was filtered, co-evaporated with dry CH2Cl2
(3N ) to give amine 2. The carboxylic acid 1 (88 mg, 0.18 mmol)
was dissolved in freshly distilled CH2Cl2 (30 mL) and added to
amine 2. PyBOP (100 mg, 0.19 mmol), dry diisopropylethyl amine


Figure 2. DNase I footprinting protection patterns of ZT65B with the topo IIa promoter.
The antisense strand was 5’-32P radiolabeled for the visualization of ICB1, ICB2, and ICB3;
the sense strand was radiolabeled for the visualization of ICB4 and ICB5 of the topo IIa
promoter. This sequence has been previously published.[32] These ICB sites correspond to
ICBa, ICBd, ICBc, ICBe, and ICBb, respectively; U is undigested DNA; GA denotes the se-
quencing lanes. The topo IIa promoter ICB sites are marked by black boxes with white
numbers; protected regions that center on the sequence (A/T)GGC(A/T) are denoted by
stars and the protected region that does not contain this sequence is denoted by a trian-
gle.
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(DIPEA; 0.07 mL, dried over NaOH) were added to the mixture, and
stirred at room temperature for 60 h. The coupling was confirmed
by TLC, washed with NaOH (2M, 20 mL) and extracted with CH2Cl2
(four times). The organic extracts were dried with Na2SO4, filtered,
concentrated by rotator evaporation, and column purified. The
product, ZT65B, was eluted with between 15 and 17.5% MeOH/
CHCl3 (32 mg of a light yellow solid, 25%): m.p. 190–200 8C; TLC


(30% MeOH/CHCl3): Rf=0.57; IR (Nujol): n=3372, 3060,
1709, 1651, 1531, 1307, 1258, 1209, 1165, 969, 723 cm�1.
UV (water): lmax=309 nm (e=36000 M


�1cm�1) ; 1H NMR
(500 MHz, [D6]DMSO): d=10.45 (s, 1H), 10.28 (s, 1H),
10.23 (s, 1H), 9.95 (s, 1H), 9.87 (s, 1H), 8.53 (d, 4.0, 1H),
8.04 (br t, 1H), 7.82 (t, 4.0, 1H), 7.64 (s, 1H), 7.58 (d, 4.0,
1H), 7.44 (s, 1H), 7.34 (br t, 1H), 7.24 (s, 1H), 7.21 (s, 1H),
7.19 (s, 1H), 7.17 (s, 1H), 7.02 (s, 1H), 6.98 (s, 1H), 6.85 (s,
1H), 4.01 (s, 3H), 3.86 (s, 3H), 3.84 (s, 3H), 3.79 (s, 6H),
3.19 (q br, 2H), 2.66 (s, 3H), 2.52 (q br, 2H), 2.35 (m, 4H),
2.20 (s, 6H), 1.79 (quintet, 6.0, 2H), 1.67 (quintet, 6.0,
2H); TOF-MS (electrospray) m/z (relative intensity): 919
([M+H]+ , 65); exact mass for C44H55N16O7: calcd
919.4440, found 919.4442.


Aqueous solubility of ZT65B : Solutions of ZT65B were
tested under a variety of conditions by monitoring the
UV/Vis absorbance spectra as a function of time. The
change in wavelength maximum from 309 nm and
height of the peak maximum when concentration was
accounted for, indicated that the compound aggregated
and after a period of two days solid particulates were
visible. ZT65B was captured on a 0.2 mm membrane only
after the compound had been dissolved in aqueous solu-
tion for at least 12 h. The best results were obtained
when the compound was stored for less than 12 h at
room temperature in distilled, deionized water.


DNase I footprinting : The DNA fragment utilized corresponded to
the �489 to �10 positions in the topo IIa promoter. The foot-
printing experiments were performed as described in ref. [22].


Biophysical studies (thermal denaturation, CD titration, and
SPR): These studies were performed on a Cary 3 spectrophotome-
ter, JASCO J-710 spectropolarimeter, and a BIACORE 3000, respec-
tively. The thermal melting experiments were carried out in sodium


phosphate (10 mM), EDTA buffer
(1 mM) with no extra NaCl; the CD
and SPR experiments were per-
formed in sodium phosphate
(10 mM), EDTA (1 mM), NaCl
(200 mM) buffer. The CD and SPR
experiments were performed at
room temperature (27 8C). The
three types of assay were carried
out by using the model 12 base-
pair DNA hairpins (Figure 1). The
experiments were otherwise per-
formed and analyzed as described
in ref. [22] .


DNA hairpins : The DNA hairpins
were chemically synthesized with a
5’-biotin group and AE-HPLC puri-
fied by Qiagen, Inc. The DNAs
were resuspended in MES20
(pH 6.2) to concentrations of about
50 mM base pairs and used without
further purification.


Figure 3. SPR of ZT65B binding to several ICB sequences. Sensorgrams of ZT65B binding
to A) ICBa, B) ICBd, and C) ICBb. D) Steady-state binding affinity for ICBa (*), ICBd (&),
and ICBb (~) ; RU= response units. Equal amounts of DNA hairpins were not loaded; in
order to account for this, data were normalized for the respective DNA sequences in the
absence of ZT65B.


Figure 4. CD studies of ZT65B binding to ICBa, ICBd, and ICBb. Sample spectra with increasing ZT65B titrated in
1:1 molar ratios ZT65B/DNA are shown in the top row. The height of each induced peak at 326, 327, and 327 nm
were plotted as a function of the molar ratios in the bottom row. Different experiments are indicated with differ-
ent symbols.


2310 www.chembiochem.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 2305 – 2311


W. D. Wilson, M. Lee et al.



www.chembiochem.org





Acknowledgements


The authors thank the National Science Foundation (CHE-
0414231 and CHE-0138538), the Henry and Camille Dreyfus Foun-
dation (SF-01-011), and Cancer Research UK (SP2000/0402) for
support of this work.


Keywords: antitumor agents · DNA recognition · multidrug
resistance · polyamides · surface plasmon resonance


[1] V. Ling, Cancer Chemother. Pharmacol. 1997, 40, S3–8.
[2] K. W. Scotto, R. A. Johnson, Mol. Interventions 2001, 1, 117–125.
[3] J. Sun, Z.-G. He, G. Cheng, S.-J. Wang, X.-H. Hao, M.-J. Zou, Med. Sci.


Monit. 2004, 10, RA5–14.
[4] A. H. Schinkel, Semin. Cancer Biol. 1997, 8, 161–170.
[5] M. Sukhai, M. Piquete-Miller, J. Pharm. Pharm. Sci. 2000, 3, 268–280.
[6] Z. Hu, S. Jin, K. W. Scotto, J. Biol. Chem. 2000, 275, 2979–2985.
[7] D. Friedman, Z. Hu, E. A. Kolb, B. Gorfajn, K. W. Scotto, Cancer Res. 2002,


62, 3377–3381.
[8] R. Sundseth, G. MacDonald, J. Ting, A. C. King, Mol. Pharmacol. 1997, 51,


963–971.
[9] S. Jin, K. W. Scotto, Mol. Cell. Biol. 1998, 18, 4377–4384.
[10] R. J. Isaacs, A. L. Harris, I. D. Hickson, J. Biol. Chem. 1996, 271, 16741–


16747.
[11] J. C. Wang, Annu. Rev. Biochem. 1996, 65, 635–692.
[12] H. Wang, Z. Jiang, Y. W. Wong, W. S. Dalton, B. W. Futscher, V. T. Chang,


Biochem. Biophys. Res. Commun. 1997, 237, 217–224.
[13] A. Ronchi, M. Bellorini, N. Mongelli, R. Mantovani, Nucleic Acids Res.


1995, 23, 4565–4572.
[14] L. A. Dickinson, R. J. Gulizia, J. W. Trauger, E. E. Baird, D. E. Mosier, J. M.


Gottesfield, P. B. Dervan, Proc. Natl. Acad. Sci. USA 1998, 95, 12890–
12895.


[15] J. G. Pelton, D. E. Wemmer, Proc. Natl. Acad. Sci. USA 1989, 86, 5723–
5727.


[16] T. J. Dwyer, B. H. Geierstanger, Y. Bathini, J. W. Lown, D. E. Wemmer, J.
Am. Chem. Soc. 1992, 114, 5911–5919.


[17] J. G. Pelton, D. E. Wemmer, J. Am. Chem. Soc. 1990, 112, 1393–1399.
[18] M. L. Kopka, C. Yoon, D. Goodsell, P. Pjura, P. E. Dickerson, Proc. Natl.


Acad. Sci. USA 1985, 82, 1376–1380.
[19] J. W. Lown, K. Krowicki, U. G. Bhat, A. Skorobogaty, B. Ward, J. C. Dabro-


wiak, Biochemistry 1986, 25, 7408–7416.
[20] K. Kissinger, K. Krowicki, J. C. Dabrowiak, J. W. Lown, Biochemistry 1987,


26, 5590–5595.
[21] W. S. Wade, M. Mrksich, P. B. Dervan, J. Am. Chem. Soc. 1992, 114, 8783–


8794.
[22] P. B. Dervan, Bioorg. Med. Chem. 2001, 9, 2215–2235.
[23] M. A. Marques, R. M. Doss, A. R. Urbach, P. B. Dervan, Helv. Chim. Acta


2002, 85, 4485–4517.
[24] E. R. Lacy, K. K. Cox, W. D. Wilson, M. Lee, Nucleic Acids Res. 2002, 30,


1834–1841.
[25] E. R. Lacy, B. Nguyen, M. Le, K. K. Cox, C. O’Hare, J. A. Hartley, M. Lee


W. D. Wilson, Nucleic Acids Res. 2004, 32, 2000–2007.
[26] J. A. Henry, N. M. Le, B. Nguyen, C. M. Howard, S. L. Bailey, S. M. Horick,


K. L. Buchmueller, M. Kotecha, J. A. Hochhauser, W. D. Wilson, M. Lee,
Biochemistry 2004, 43, 12249–12257.


[27] E. R. Lacy, N. M. Le, C. A. Price, M. Lee, W. D. Wilson, J. Am. Chem. Soc.
2002, 124, 2153–2163.


[28] P. B. Uthe, A. M. Staples, M. Turlington, J. B. Jones, K. N. Blackmon, S. L.
Bailey, K. L. Buchmueller, M. Lee, Heterocycl. Commun. 2005, 11, 163–
166.


[29] R. Lyng, A. Rodger, B. Norden, Biopolymers 1992, 32, 1201–1214.
[30] K. L. Buchmueller, A. M. Staples, C. M. Howard, S. M. Horick, P. B. Uthe,


N. M. Le, K. K. Cox, B. Nguyen, K. A. O. Pacheco, W. D. Wilson, M. Lee, J.
Am. Chem. Soc. 2005, 127, 742–750.


[31] Y. Suzuki, T. Tsunoda, J. Sese, H. Taira, J. Mizushima-Sugano, H. Hata, T.
Ota, T. Isogai, T. Tanaka, Y. Nakamura, A. Suyama, Y. Sakaki, S. Morishita,
K. Okubo, S. Sugano, Genome Res. 2001, 11, 677–684.


[32] R. J. Isaacs, A. L. Harris, I. D. Hickson, J. Biol. Chem. 1996, 271, 16741–
16747.


Received: April 26, 2005


Published online on October 27, 2005


ChemBioChem 2005, 6, 2305 – 2311 D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 2311


Hairpin Polyamide against the MDR1 Promoter



www.chembiochem.org






DOI: 10.1002/cbic.200500205


LanV, a Bifunctional Enzyme: Aromatase and
Ketoreductase during Landomycin A
Biosynthesis
Almuth Mayer, Takaaki Taguchi, Anton Linnenbrink, Carsten Hofmann,
Andriy Luzhetskyy, and Andreas Bechthold*[a]


Introduction


Landomycins and urdamycins are streptomyces-derived angu-
cycline-type anticancer agents.[1, 2] Landomycins in particular
show powerful anticancer activities, primarily against prostate
cancer cell lines.[3] Landomycin A is the major product of Strep-
tomyces cyanogenus S136;[4] urdamycin A and urdamycin B
are primarily produced by Streptomyces fradiae T-2717[2]


(Scheme 1). The biosynthetic pathways that lead to landomy-
cins and urdamycins are similar: the polyketide backbone is
thought to be constructed in an identical manner.[5] However,
the compounds differ in their sugar linkage, functional groups
and oxidation state (Scheme 1). In landomycin A a deoxysugar
chain is attached through an O-glycosidic linkage to the poly-
ketide core. In urdamycin A, in addition to a single L-rhodinose
moiety, a trisaccharide is connected to the polyketide by an
unusual C�C bond. It has been shown that four glycosyltrans-
ferases are needed for the biosynthesis of the hexasaccharide
side chain of landomycin A and for the biosynthesis of urdamy-
cin A.[6–8] In addition, the function of each glycosyltransferase
in both pathways has been determined.[7–13] The angucyclic
cores of landomycin A and urdamycin B differ in several re-
spects. Importantly, landomycin A contains an aromatic-A ring
and two additional hydroxyl groups at position C6 and C11.
While genes and enzymes involved in both hydroxylation


steps have been identified,[14,15] the mechanism that leads to
the aromatization of ring A during landomycin biosynthesis
has not been elucidated. The function of genes involved in
landomycin A and urdamycin B biosynthesis has mostly been
elucidated by gene-deletion experiments.[7,8,10–12, 14–16] Further-
more, combinatorial-biosynthesis experiments have provided
information about the exact function of genes only in a rela-


tively small number of cases.[9] In this study we aimed at identi-
fying a putative aromatizing enzyme by expressing landomycin
biosynthetic genes in the urdamycin producer. The successful
generation of compounds was possible in S. fradiae mutants
but not in the wild-type strain. This indicates that metabolic
flux is a central issue in the production of genetically engi-
neered drugs. Our data suggest that LanV is involved in the re-
moval of the oxygen at position C6 during landomycin A bio-
synthesis and that it is responsible for the aromatization of
ring A of the angucyclic polyketide core. In addition we show
that LanGT2, which is involved in the attachment of the first D-
olivose moiety during landomycin A biosynthesis, requires the
aromatized ring A for substrate recognition.


Results


Expression of landomycin biosynthetic genes in S. fradiae


This project was aimed at identifying an aromatizing enzyme
in the landomycin pathway that could be used to generate
novel compounds in the urdamycin producer, S. fradiae. We se-
lected lanV, which is located in the landomycin A cluster and
can be excised with BglII to give a 3.7 kb fragment;[17] a gene
similar to lanV has not been established in the urdamycin B


[a] Dr. A. Mayer, Dr. T. Taguchi, A. Linnenbrink, Dr. C. Hofmann,
Dr. A. Luzhetskyy, Prof. A. Bechthold
Albert-Ludwigs-Universit(t, Institut f*r Pharmazeutische Wissenschaften
Stefan-Meier-Straße 19, 79104 Freiburg (Germany)
Fax: (+49)0761-203-8383
E-mail : andreas.bechthold@pharmazie.uni-freiburg.de


LanV is involved in the biosynthesis of landomycin A. The exact
function of this enzyme was elucidated with combinatorial bio-
synthesis by using Streptomyces fradiae mutants that produce
urdamycin A. After expression of lanV in S. fradiae DurdM, which
is a mutant that accumulates rabelomycin, urdamycinon B and
urdamycin B were found to be produced by the strain. This result
indicates that LanV is involved in the 6-ketoreduction of the an-
gucycline core, which preceeds a 5,6-dehydration reaction. 9-C-D-
Olivosyltetrangulol was also produced by this strain; this demon-


strates that LanV catalyses the aromatization of ring A of the an-
gucycline structure. Coexpression of lanV and lanGT2 in S. fra-
diae AO, a mutant that lacks all four urdamycin glycosyltransfer-
ases, resulted in the production of tetrangulol and the glycoside
landomycin H, both of which have an aromatic ring A. As glyco-
sylated angucyclines were not observed after expression of
lanGT2 in the absence of lanV, we conclude that LanGT2 needs
an aromatized ring A for substrate recognition.
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biosynthetic gene cluster. The 3.7 kb BglII fragment also con-
tains lanGT2 which encodes the first-acting glycosyltransferase
in landomycin A biosynthesis. The fragment was engineered to
be under the control of the ermE promoter in plasmid pUW-
L201oriT, and the product pU3705 was generated. After the ex-
pression, no new compound was detected, only those pro-
duced by the exoconjugates in comparison to the control cells,
S. fradiae–pUWL201oriT. Therefore, experiments were repeated
with S. fradiae AO[9] a mutant that lacks all four glycosyltrans-
ferase genes of the urdamycin pathway, and S. fradiae
DurdM[16] a mutant that lacks the oxygenase gene urdM. Both
mutants accumulate polyketide derived products (S. fradiae
AO: urdamycin I, urdamycin J and rabelomycin;[8] S. fradiae
DurdM : rabelomycin[16]). The expression of pU3705 in these


mutants led to the formation of
compounds previously not pro-
duced, as indicated below.


Expression of pU3705 in S. fra-
diae DurdM and S. fradiae AO
results in the production of an-
gucycline derivatives that are
not produced by the mutant
strain


Expression of pU3705, which
encodes both lanV and lanGT2,
in S. fradiae DurdM resulted in
the production of compounds
that were not found in the
mutant strain that contained the
control plasmid, pUWL201oriT.
These compounds were also
produced by expression of a
plasmid that only contained lanV
(pUlanV). Products were identi-
fied by TLC, HPLC-MS (Figure 1)
and NMR spectroscopy to be
compounds 9-C-D-olivosyltetran-
gulol,[11] urdamycin B and urda-
mycinon B[2,8] (Scheme 1).
Plasmid pU3705 was also ex-


pressed in S. fradiae AO. Extracts
of the strain were analysed by
TLC and HPLC-MS and compared
to those of S. fradiae AO–pUW-
l201oriT.
Two minor peaks were detect-


ed with S. fradiae AO–pU3705
extracts which did not accumu-
late in the control strain. Reten-
tion time, UV and mass spectrum
of each compound indicated the
formation of tetrangulol[11] and
landomycin H[14] (Scheme 1,
Figure 2).


Discussion


The aim of this study was to identify a gene from the lando-
mycin biosynthetic-gene cluster that encoded a landomycin-
ring A 6-aromatase. The accumulation of 9-C-D-olivosyltetran-
gulol in S. fradiae DurdM, which contained lanV, clearly demon-
strated that LanV is the responsible aromatase.
The accumulation of two further compounds, urdamycin B


and urdamycinon B, indicated that LanV is also involved in the
ketoreduction step at position C6 of the polyketide core fol-
lowed by a dehydration reaction. The enzyme complements an
unidentified second function for UrdM—the other function
being hydroxylation at position C12b during urdamycin A bio-


Scheme 1. Chemical structures of landomycin A, urdamycin A, urdamycin B, urdamycinon B, 9-C-D-olivosyltetran-
gulol, tetrangulol and landomycin H.
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synthesis.[16,18] The fact that S. fradiae DurdM does not produce
glycosylated rabelomycin or any other glycosylated secondary
metabolites indicates that the OH-group at position C6 pre-
vents the activity of UrdGT2. Therefore, the glycosyltransferase
from the urdamycin pathway catalyses the formation of the C-
glycosidic linkage at C9. Careful comparison of LanV and UrdM
showed that LanV and the C-terminal part of UrdM (amino
acids 413–669) share a 59% amino-acids identity. Both en-


zymes belong to the short-chain
dehydrogenase/reductase (SDR)
family that contains the catalytic
triad Ser-Tyr-Lys. One member of
this family is 4HNR from Magna-
phorte grisea which reduces tet-
rahydroxynaphthalene to scyt-
alone.[19] Surprisingly, LanV is not
similar to JadF—a monooxyge-
nase that is involved in the aro-
matization of ring A during jado-
mycin B biosynthesis.[20]


The single expression of
lanGT2 in S. fradiae A0 did not
result in the production of glyco-
sylated angucyclines.[9] The coex-
pression of lanGT2 and lanV in
S. fradiae AO led to the accumu-
lation of small amounts of tet-
rangulol and landomycin H. The
latter indicates that LanGT2 re-
quires an aromatized ring A for
substrate recognition. The com-
bination of different gene clus-
ters has been shown to result in
the formation of novel natural
products. This study shows that
the success of this method is
somewhat limited when using
wild-type strains. The reason
might stem from metabolic flux
that is strongly controlled during
the biosynthesis of a given com-
pound and prevents the accu-
mulation of intermediates in the
cells.


Experimental Section


Bacterial strains, plasmids and
culture conditions : DNA manipu-
lation was performed in E. coli
XL1 Blue MRF (Stratagene, La Jolla,
CA, USA). Plasmids were then
passed through E. coli ET12567
(dam-, dcm-, hsdM-, cmr)[21] to gen-
erate unmethylated DNA for trans-
formation. E. coli strains were
grown under standard condi-
tions.[22] Plasmid pUWL201[23] was a


gift from U. Wehmeier and W. Piepersberg (Department of Chemi-
cal Microbiology, University of Wuppertal, Germany). A blunt-end
fragment containing oriT was cloned into the SspI site of pUWL201
to yield pUWLoriT. Routine molecular methods were performed as
described.[24] Protoplast formation, transformation and regenera-
tion of protoplasts for S. fradiae were performed by using standard
procedures.[24] The generation of S. fradiae DurdM and S. fradiae AO
has been described.[12] NL111 medium (10% malt extract, 2% meat
extract Lab Lemco (Oxoid), 1% CaCO3, pH 7.2) was used for pro-


Figure 1. HPLC chromatograms of extracts obtained from S. fradiae DurdM–pUWLoriT and S. fradiae DurdM–
pUlanV (l=254 nm).


Figure 2. Ion chromatograms (m/z 451 amu (negative mode)) of extracts obtained from S. fradiae A0–pUWLoriT
and S. fradiae A0–pU3705. The retention time and UV spectrum of the compound produced by S. fradiae A0–
pU3705 are identical to those of landomycin H. The landomycin H peaks are indicated with arrows.
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duction. Thiostrepton (50 mgmL�1) was added to the cultures to
maintain the expression plasmid. Digestion with restriction endo-
nucleases (Promega) and isolation of plasmid DNA (Wizard Plus,
Promega) were carried out according to the manufacturer’s in-
structions.


Construction of expression plasmids : The 3.7 kb BglII fragment
from cosmid H2-26[17] that contained lanV and lanGT2 was ligated
into the BamHI site of pBluescript SK- (Stratagene). The right orien-
tation of the fragment was checked by restriction mapping. The
HindIII–SpeI fragment was cloned into pUWL201oriT to generate
pU3705. In order to generate the expression plasmid pUlanV, lanV
was amplified by PCR by using cosmid H2-26 as template. Suitable
restriction sites (MunI and BglII) were introduced up- and down-
stream of lanV by using oligonucleotide primers lanVMfe (5’-
CATGTCCAATTGCGGTTCGCTGAAAGTCAATTCC-3’) and lanVBglII
(5’-CTTCGGAGATCTGCTGCATCCGGCGCTCAGC-3’) ; restriction
sites are underlined. The PCR product was digested with MunI and
BglII and ligated into plasmid pMUN2[9] to create pMlanU. In order
to produce the expression plasmid pUlanV, pMlanV was digested
with HindIII and XbaI and ligated into UWL201oriT.


Analysis of secondary metabolites from S. fradiae DurdM trans-
formants : Transformants were cultured in production medium for
4 days at 28 8C in a rotary shaker (180 rpm) as described.[2] Samples
(0.9 mL) were extracted with an equal volume of ethyl acetate. The
solvent was removed from the organic phase and the remaining
residue was dissolved in methanol (30 mL). This solution was used
for TLC and HPLC-MS analyses.


Analysis of secondary metabolites by TLC and HPLC-MS : TLC
was performed on silica-gel plates (Merck) with CH2Cl2/CH3OH
(8.5:1.5, v/v) as solvent. HPLC-UV/HPLC-MS analysis was carried out
on an Agilent 1100 series LC/MS system by ESI in the positive and
negative modes. The LC system was equipped with a Hewlett–
Packard ZORBAX SB C18 column (5 mm particle size, 4.6O12.5 mm)
and a ZORBAX Eclipse XDB-C8 (5 mm particle size, 4.6O150 mm)
and was maintained at 30 8C. A nonlinear gradient over 30 min at a
flow rate of 0.7 mLmin�1 was conducted with acetic acid (0.5%) in
H2O (solvent A) and CH3CN (solvent B). The gradient started with
20% and ended with 95% CH3CN; the detection wavelength was
254 nm. 9-C-D-Olivosyltetrangulol,[11] tetrangulol[11] and landomy-
cin H[15] were used as references.


Purification of urdamycinon B and urdamycin B : S. fradiae DurdM
were transformed with pU3705 and grown in NL111 medium with
thiostrepton (50 mgmL�1) for 4 days on a rotary shaker (180 rpm).
The culture broth was extracted twice with an equal volume of
ethylacetate. The extract was subjected to repeated RP18 gel-
column chromatography in methanol/water (65:35–100:0). Finally
the products were extracted with ethylacetate and evaporation of
the solvent gave a yellow powder. High-resolution mass spectros-
copy and one- and two-dimensional NMR spectroscopy showed
the existence of urdamycinon B and urdamycin B.[25]


High resolution ESI-MS and NMR measurements : High resolution
ESI-MS was measured by using a Micromass QTOF2 mass spec-
trometer. NMR measurements were obtained with a Bruker
AMX 500 spectrometer.
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Acyl Transfer in Clorobiocin Biosynthesis:
Involvement of Several Proteins in the Transfer
of the Pyrrole-2-carboxyl Moiety to the
Deoxysugar
Anja Freitag, Emmanuel Wemakor, Shu-Ming Li,* and Lutz Heide*[a]


Introduction


The structurally related aminocoumarin antibiotics novobiocin,
clorobiocin and coumermycin A1 are potent inhibitors of bacte-
rial gyrase[1] and represent interesting starting compounds for
the development of new antibacterial agents. X-ray crystallo-
graphic analysis has shown that the acyl moieties at the 3’’-hy-
droxy groups of the deoxysugars of these antibiotics—the
carbamoyl group in novobiocin and the 5-methylpyrrole-2-
carboxyl moiety in clorobiocin and coumermycin A1—are par-
ticularly important for the binding of these antibiotics to the
biological target: the B subunit of gyrase.[2,3]


In the last few years we have cloned, sequenced and ana-
lysed the biosynthetic gene clusters of novobiocin,[4] clorobio-
cin[5] and coumermycin A1.


[6] Orthologous genes in these three
clusters show high sequence similarity to each other (70–90%
identity at the amino acid level), and the genes in all three
clusters are organized in a remarkably similar order.[7] Heterolo-
gous expression experiments[8] confirmed that the DNA regions
from novE to gyrBR or from cloE to parYR (Figures 1 and 2) con-
tain the entire biosynthetic information for the formation of
novobiocin or clorobiocin, respectively.


The clorobiocin cluster (Figures 1 and 2) contains a total of
29 open reading frames. Experimental investigations, carried
out mostly with genes of the clorobiocin cluster and in some
cases with the orthologous genes of the novobiocin or cou-
mermycin cluster, have established the functions of most of
these genes (Scheme 1): cloSTUVW are involved in the forma-
tion of the deoxysugar moiety of the antibiotic,[4, 9] cloHI [10,11]


and probably cloJK [12] are involved in the formation of the ami-


nocoumarin ring, while clo-hal codes for a halogenase that at-
taches the chlorine atom to the aminocoumarin moiety,[13] and
cloQR, and probably cloF, are responsible for the formation of
the 3-dimethylallyl-4-hydroxybenzoic acid moiety,[11,14] which is
subsequently attached to the aminocoumarin ring in a process
catalysed by the amide synthethase encoded by cloL.[15,16] The
glycosyl transferase encoded by cloM transfers the deoxysugar
to the 7-OH group of the aminocoumarin ring,[17,18] the pyr-
role-2-carboxyl moiety is formed from proline in a process cat-
alysed by the gene products of cloN3, cloN4 and cloN5,[19,20]


and the gene product of cloN2 is involved in the transfer of
this moiety to the deoxysugar.[21] The 5-position in the pyrrole
moiety is subsequently methylated with involvement of the
gene product of cloN6.[22] The cloP gene codes for a methyl-
transferase responsible for the methylation of the 4-OH group
of the deoxysugar,[23] cloG[24] and probably cloE[25] are regula-
tory genes, while gyrBR and parYR provide resistance to the
producing organism against the antibiotic.[26] An inactivation
experiment showed that cloZ, which has no orthologue in the
novobiocin or coumermycin clusters, is not required for cloro-
biocin biosynthesis.[13]


[a] Dipl. Biochem. A. Freitag, E. Wemakor, Priv. Doz. Dr. S.-M. Li, Prof. L. Heide
Pharmazeutische Biologie, Pharmazeutisches Institut
Eberhard-Karls-Universit6t T7bingen
Auf der Morgenstelle 8, 72076 T7bingen (Germany)
Fax: (+49)7071-295-250
E-mail : shuming.li@uni-tuebingen.de


heide@uni-tuebingen.de


Clorobiocin is an aminocoumarin antibiotic containing a pyrrole-
2-carboxyl moiety, attached through an ester bond to a deoxy-
sugar. The pyrrole moiety is important for the binding of the anti-
biotic to its biological target, gyrase. The complete biosynthetic
gene cluster for clorobiocin has been cloned and sequenced from
the natural producer, Streptomyces roseochromogenes
DS 12.976. In this study, the genes cloN1 and cloN7 were deleted
separately from a cosmid containing the complete clorobiocin
cluster. The modified cosmids were introduced into the genome
of the heterologous host Streptomyces coelicolor M512 by using
the integration functions of the FC31 phage. While a heterolo-


gous producer strain harbouring the intact clorobiocin biosyn-
thetic gene cluster accumulated clorobiocin, the cloN1- and
cloN7-defective integration mutants accumulated a clorobiocin
derivative that lacked the pyrrole-2-carboxyl moiety, while also
producing free pyrrole-2-carboxylic acid. The structures of these
metabolites were confirmed by NMR and MS analysis. These re-
sults showed that CloN1 and CloN7, together with the previously
investigated CloN2, are involved in the transfer of the pyrrole-2-
carboxyl moiety to the deoxysugar of clorobiocin. A possible
mechanism for the role of these three proteins in the acyl-transfer
process is suggested.
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Figure 1. A) Cosmid constructs clo-BG1 (intact) and clo-AF6 (cloN1�) containing the FC31 integration functions and the clorobiocin biosynthetic gene cluster.
B) Schematic representation of site-specific integration of clo-AF6 into the S. coelicolor chromosome. E=EcoRI restriction site. T3, T7=T3 and T7 promoters of
the SuperCos1 vector. Fragment sizes resulting from digestion with EcoRI are indicated. Cosmid backbone out of scale. See ref. [44] for details of the integra-
tion mechanism. C) Detail of the replacement of cloN1 by an apramycin resistance gene, flanked by XbaI and SpeI recognition sites. D) Southern blot analysis
of S. coelicolor M512 integration mutant harbouring clo-AF6. M=DIG-labelled DNA Molecular Weight Marker VII (Roche). Genomic and cosmid DNA were di-
gested with EcoRI. The DIG-labelled cosmid clo-BG1 was used as probe.
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Figure 2. A) Cosmid constructs clo-BG1 (intact) and clo-AF3 (cloN7�) containing the FC31 integration functions and the clorobiocin biosynthetic gene cluster.
B) Schematic representation of site-specific integration of clo-AF3 into the S. coelicolor chromosome. B=BamHI restriction site. T3, T7=T3 and T7 promoters
of the SuperCos1 vector. Fragment sizes resulting from digestion with BamHI are indicated. Cosmid backbone out of scale. C) Deletion of the cloN7 gene by
use of an apramycin resistance cassette containing flanking XbaI and SpeI recognition sites. D) Southern blot analysis of S. coelicolor M512 integration mutant
harbouring clo-AF3. M=DIG-labelled DNA Molecular Weight Marker VII (Roche). Genomic and cosmid DNA were digested with BamHI. The DIG-labelled
cosmid clo-BG1 was used as probe.
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Scheme 1. Biosynthetic pathway of clorobiocin.
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This leaves only three ORFs for which no function has so far
been suggested in the clorobiocin cluster: cloY, cloN1 and
cloN7. The aim of this study was the investigation of the func-
tions of cloN1 and cloN7. For this purpose we carried out gene
inactivation experiments by deleting these genes from a
cosmid containing, besides the complete biosynthetic gene
cluster of clorobiocin, the integrase gene and the attP site of
the bacteriophage MC31. The modified cosmids were intro-
duced into the genome of the heterologous host Streptomyces
coelicolor.[8] The secondary metabolites of the resulting cloN1�


and cloN7� integration mutants were isolated and their struc-
tures were elucidated by spectroscopic methods. The result
showed that cloN1 and cloN7—in addition to cloN2—are also
required for the transfer of the pyrrole-2-carboxylic acid moiety
from the acyl carrier protein CloN5 to the deoxysugar moiety
of clorobiocin.


Results


Sequence analysis of cloN1 and cloN7


The cloN1 gene is a small ORF coding for a protein of 95
amino acids. This protein shows 86% identity to CouN1 from
the coumermycin cluster, but no similarity to other proteins in
the database are revealed by BLAST searches. Closer inspection
of the sequence, however, shows an Asp-Ser-Leu motif at posi-
tions 44–46 in both CloN1 and CouN1. Secondary structure
prediction suggests that this motif is located at the N terminus
of the second of four a-helices in the protein, suggestive of a
4’-phosphopantetheinyl (=4’-PP) cofactor attachment site, typ-
ically contained in the acyl carrier proteins (ACPs) involved in
fatty acid biosynthesis[27] and in peptide and polyketide antibi-
otic biosynthesis.[28] Stachelhaus et al. have defined the consen-
sus sequence of ACPs as (L/I)GxDS(L/I), which is perfectly
matched by the LGVDSL motif contained both in CloN1 and in
CouN1. An alignment of CloN1 and CouN1 with the ACPs
CloN5 and CouN5,[20,29] which comprise 89 amino acids each,
as well as with the similarly small acyl carrier proteins
SCO2389, SCO5089, SCO5316 and SCO5877 from S. coelicolor,
shows a nearly identical position of the Asp-Ser-Leu motif in all
the proteins (the motif in CloN5 and CouN5 is Asn-Ser-Leu).


CloN1 may therefore represent an acyl carrier protein and
be involved in an acyl transfer reaction. In clorobiocin biosyn-
thesis, acyl transfer processes are expected to take part in the
biosynthesis of the aminocoumarin ring via a b-hydroxytyrosyl-
ACP,[10] in the amide bond formation,[16] in the formation of the
pyrrole-2-carboxylic acid moiety[20] and in the transfer of this
moiety to the deoxysugar moiety of clorobiocin.[21]


The cloN7 gene, the second gene addressed in this study,
codes for a protein of 278 amino acids and shows 82% identity
(AA level) to couN7 of the coumermycin cluster. A BLAST
search shows similarity to many other entries in the database,
mainly from bacterial genome sequencing projects. A search
for conserved domains reveals a typical a/b-hydrolase fold in
CloN7. The a/b-hydrolase superfamily[30] comprises a wide vari-
ety of enzymes, acting as hydrolases or acyltransferases. This
family also includes thioesterases involved in the cleavage of


peptidyl or b-ketoacyl residues from the 4’-PP cofactors of acyl
carrier proteins during peptide antibiotic or polyketide antibi-
otic biosynthesis. Notably, CloN7 shows some similarity to the
thioesterase genes bhp and PCZA361.30 of balhimycin and
vancomycin biosynthesis, respectively.[31,32] These glycopeptide
antibiotics contain b-hydroxytyrosyl moieties, formed in a reac-
tion sequence similar to that involved in the formation of the
b-hydroxy-tyrosyl-ACP intermediate in clorobiocin and novo-
biocin biosynthesis.[10, 31,33]


Sequence analysis of cloN1 and cloN7 therefore indicated dif-
ferent possible ways in which these genes might be involved
in clorobiocin biosynthesis. In order to establish their true
functions, we decided to carry out inactivation experiments
with both genes.


Construction of the cloN1 and cloN7 inactivation cosmids
clo-AF6 and clo-AF3


Cosmid clo-BG1, containing the complete biosynthetic gene
cluster of clorobiocin, the attachment site attP and the inte-
grase gene of bacteriophage MC31, had been constructed pre-
viously.[8] Site-specific integration of this cosmid into the attB
site of the S. coelicolor M512 genome had resulted in the pro-
duction of clorobiocin by the integration mutant, in amounts
comparable to the production in the wild-type producer
strain.[8] Gene inactivation in cosmid clo-BG1, carried out in
E. coli by PCR targeting, and heterologous expression of the
modified cosmids in S. coelicolor has been successfully used to
study gene function.[23,34] We decided to use this method for
inactivation of the genes cloN1 and cloN7.


The apramycin resistance gene aac(3)IV was amplified from
plasmid pUG019[8] by PCR, with use of primers with 39 bp ex-
tensions homologous to the regions upstream and down-
stream of cloN1 and cloN7. The PCR products were used to
replace the entire open reading frames of cloN1 and cloN7,
respectively, in cosmid clo-BG1, leaving only the start and the
stop codons intact. This gave the modified cosmids clo-AF5
(cloN1� , aprR) and clo-AF3 (cloN7� , aprR), respectively.


In these constructs, the aac(3)IV gene is placed between
XbaI and SpeI restriction sites, which are rare in Streptomyces
DNA. To avoid possible polar effects of the cloN1 inactivation
cassette on downstream genes, the apramycin resistance cas-
sette was removed by digestion of clo-AF5 with XbaI and SpeI
and religation of the compatible overhangs (see Figure 1C),
leaving only an 18 bp in-frame “scar” sequence in place of the
gene cloN1.[8] The resulting cosmid was termed clo-AF6
(cloN1� , aprS).


Since the cloN7 inactivation construct was introduced at the
end of a putative transcription unit, removal of this cassette
for avoidance of polar effects was considered unnecessary. This
was later confirmed by the secondary metabolite accumulation
in the cloN7� integration mutant harbouring clo-AF3 (see
below).
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Integration of cosmids clo-AF6 and clo-AF3 into the genome
of S. coelicolor M512


The cosmids clo-AF6 and clo-AF3 were introduced into S. coeli-
color M512 by PEG-mediated protoplast transformation as de-
scribed in ref. [35] . Five mutants resulting from integration of
cosmid clo-AF6 into the host genome were selected by kana-
mycin resistance, and ten clo-AF3 integration mutants were
selected by apramycin and kanamycin resistance.


The correct genotype of the cloN1� and cloN7� mutants was
confirmed by Southern blotting, with use of the entire cosmid
clo-BG1 as probe (Figures 1 and 2).


The deletion of cloN1 in cloN1� integration mutants was
verified by the absence of the 2.4 kb and 4.6 kb EcoRI bands
and the presence of the expected 6.8 kb band in the mutant
(Figure 1). The replacement of cloN7 by the apramycin resist-
ance cassette in cloN7� mutants was shown by the presence
of a 9.8 kb BamHI band, instead of the original 7.2 and 2.4 kb
bands on clo-BG1 (Figure 2).


Analysis of secondary metabolite production in the cloN1�


and cloN7� mutants


For analysis of secondary metabolites, the S. coelicolor M512
integration mutants, harbouring either the intact cluster (clo-
BG1) or the cloN1� (clo-AF6) or cloN7� (clo-AF3) defective clus-
ters, were cultured in production medium as described previ-
ously.[5, 36] The ethyl acetate extracts of the cultures were ana-
lysed by HPLC and the structures of the metabolites were sub-
sequently elucidated by mass spectroscopy and 1H NMR after
preparative isolation.


HPLC analysis showed that the integration mutants of S. coe-
licolor M512, carrying the unmodified cosmid clo-BG1, formed
clorobiocin as the dominant product, accompanied by its
structural isomer isoclorobiocin and its non-chlorinated deriva-
tive novclobiocin 101 (Figure 3A). The same compounds have
been observed in previous studies.[8] In contrast, both the
cloN1� mutants and the cloN7� mutants produced no clorobio-
cin, but instead a compound with the retention time of 19 min
as main product (Figure 3B and C). This compound was subse-
quently identified as novclobiocin 104 (see Figure 3B and C for
structure).


For structural elucidation, a cloN1� mutant and a cloN7�


mutant were cultured in 200 mL production medium. The cul-
tures were extracted with ethyl acetate and the extracts were
subjected to column chromatography on Sephadex LH 20, fol-
lowed by purification by reversed-phase HPLC. The negative
FAB-MS of the isolated compound showed a negative ion at
588 [M�H]� , 107 mass units smaller than that of clorobiocin,
corresponding to the lack of the 5-methylpyrrole-2-carboxyl
moiety. The 1H NMR spectrum showed the same signals as
clorobiocin for the protons of the aminocoumarin moiety, the
prenylated 4-hydroxybenzoate moiety and the deoxysugar
moiety, but the signals for the protons of the methylated pyr-
role unit were absent. This spectrum corresponded to that of
novclobiocin 104 obtained from a cloN2-defective mutant in a
previous study.[21]


The cloN1� mutant also produced an additional product (re-
tention time 18 min), which was isolated in the same way. Neg-
ative FAB MS showed an ion at m/z 554 [M�H]� , 35 mass units
smaller than that of novclobiocin 104, corresponding to a lack
of the chlorine atom. This substance was therefore identified
as novclobiocin 107 (see Figure 3B for structure) by compari-
son of its MS and 1H NMR data with data obtained in a pre-
vious study.[37] HPLC analysis (Figure 3C) suggested that this
compound was also formed by the cloN7� mutant, albeit in
lower amounts.


S. coelicolor harbouring clo-BG1 produced 26 mgL�1 cloro-
biocin. The cloN1� and the cloN7� mutants produced
35 mgmL�1 and 10 mgL�1 novclobiocin 104, respectively.


Identification of pyrrole-2-carboxylic acid by MS and
1H NMR


The culture extracts of both the cloN1� and the cloN7� mu-
tants were further analysed for the presence of free pyrrole-2-
carboxylic acid by HPLC with detection at 262 nm. Pyrrole-2-
carboxylic acid was unequivocally detected in both mutants.
This was confirmed not only by HPLC but also by 1H NMR and
MS analysis after preparative isolation. The 1H NMR spectrum
showed three doublet of doublets signals at 6.91, 6.81 and
6.15 ppm, which were identical to those of authentic pyrrole-2-
carboxylic acid and consistent with the literature data.[21,38]


Discussion


In this study we inactivated the cloN1 and cloN7 genes of the
clorobiocin biosynthetic gene cluster. Both mutations resulted
in the accumulation of the same secondary metabolites : nov-
clobiocin 104 (Figure 3B and C) and pyrrole-2-carboxylic acid.
These findings show that neither cloN1 nor cloN7 has an essen-
tial role in any of the biosynthetic reactions producing novclo-
biocin 104, including the acyl transfer process involved in the
aminocoumarin ring formation from L-tyrosine[10] and the
amide bond formation between aminocoumarin and substitut-
ed benzoic acid.[16] At the same time, our findings have also
demonstrated that neither cloN1 nor cloN7 is required for the
biosynthesis of the pyrrole-2-carboxyl moiety. This is consistent
with recent evidence from in vitro studies that CloN3, CloN4
and CloN5 are sufficient for the conversion of L-proline into
pyrrole-2-carboxyl-S-CloN5.[20]


Unlike the wild type, however, the cloN1� and cloN7� mu-
tants were unable to connect the pyrrole-2-carboxyl moiety to
the 3’’-OH group of novclobiocin 104. In the wild type, this re-
action produces novclobiocin 109 (=5’’’-desmethyl-clorobio-
cin), which is subsequently methylated by CloN6 at position 5
of the pyrrole unit to give clorobiocin.[21,22] Since the inactiva-
tion of cloN2[21] had likewise resulted in the accumulation of
pyrrole-2-carboxylic acid and novclobiocin 104, it has to be
concluded that each of the three genes cloN1, cloN2 and cloN7
is essential for the acyl transfer process that transfers the pyr-
role-2-carboxyl moiety from the acyl carrier protein CloN5[20] to
the deoxysugar moiety of novclobiocin 104.
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Though this finding appeared surprising at first, sequence
analysis of the three genes suggested a possible mechanism
consistent with our experimental results (Scheme 2). CloN1
shows the typical structure of an acyl carrier protein (ACP), and
after 4’-phosphopantetheinylation of the Asp44-Ser45-Leu46
cofactor attachment site, it may be acylated with the pyrrole-
2-carboxyl moiety supplied by pyrrole-2-carboxyl-S-CloN5. The
transfer of this acyl moiety from CloN5 to CloN1 might be cata-


lysed by CloN2, which displays sequence similarity to
many acyl-ACP-synthases, but especially to DpsC
from S. peuceticus. This enzyme has been shown to
catalyse the transfer of a propionyl moiety from pro-
pionyl-S-CoA to the 4’-PP cofactor of an ACP,[39] which
is similar to the reaction we propose here for CloN2.


CloN7 is a member of the large and diverse family
of a/b-hydrolases, which also include thioesterases
involved in the biosynthesis of peptide and polyke-
tide antibiotics. These thioesterases transfer acyl moi-
eties from the 4’-PP cofactor of ACPs either to water
(resulting in the free acid) or to hydroxy or amino
groups, resulting in esters, lactones, amides or lac-
tams. Correspondingly, CloN7 may transfer the pyr-
role-2-carboxyl moiety from the 4’-PP cofactor of
CloN1 to the 3’’-OH group of novclobiocin 104
(Scheme 2).


Consistently with this hypothesis, orthologues of
cloN1 and cloN7 are found in the biosynthetic gene
cluster of coumermycin A1 (i.e. , couN1 and couN7).
This antibiotic also contains a pyrrole-2-carboxyl
moiety attached to the deoxysugar. However, no sim-
ilar genes are found in the gene cluster for novobio-
cin, which lacks this moiety.


While the suggested reaction mechanism is specu-
lative at present (biochemical confirmation would re-
quire the active expression and purification of 4’-PP-
CloN1, CloN2, CloN3, CloN4, 4’-PP-CloN5 and CloN7),
our experiments clearly show that transfer of the pyr-
role-2-carboxyl moiety from the acyl carrier protein
CloN5 to novclobiocin 104 requires, besides the puta-
tive transferases CloN2 and CloN7, an additional pu-
tative acyl carrier protein: CloN1. Since there is no
obvious chemical reason why two ACPs should be re-
quired for this reaction, it is tempting to speculate
that the complete CloN3/CloN4/CloN5 pathway for
pyrrole-2-carboxylic acid biosynthesis (see Scheme 2),
which is catalysed by a highly similar three-enzyme
system in pyoluteorin biosynthesis in Pseudomonas
fluorescens and in undecylprodigine biosynthesis in
S. coelicolor,[29] may have been acquired by the ances-
tor of the clorobiocin producer in the form of the
cloN3/cloN4/cloN5 gene fragment (Figures 1 and 2).
The three enzymes encoded in this fragment may
then have interacted with an existing ACP/acyl-ACP-
synthase/thioesterase system, encoded by cloN1,
cloN2 and cloN7, to give the pathway to cloro-
biocin.


Methylation of position 5 of the pyrrole-2-carboxyl
moiety by CloN6[22] takes place after transfer of this moiety to
novclobiocin 104.[21] Correspondingly, the cloN1� , cloN2� and
cloN7� mutants accumulated pyrrole-2-carboxylic acid (proba-
bly released from the thioester with 4’-PP-CloN5 by hydrolysis),
but no 5-methylpyrrole-2-carboxylic acid was detected. Also in
correspondence with this hypothesis, a cloN6� mutant was
found to produce novclobiocin 109 (=5’’’-desmethyl-clorobio-
cin) as the main product.[22]


Figure 3. HPLC analysis of clorobiocin derivatives from heterologous production strains:
A) S. coelicolor M512 harbouring cosmid clo-BG1 with the intact clorobiocin biosynthetic
gene cluster. B) S. coelicolor M512 harbouring cosmid clo-AF6 with the cloN1� clorobiocin
biosynthetic gene cluster. C) S. coelicolor M512 harbouring cosmid clo-AF3 with the
cloN7� clorobiocin biosynthetic gene cluster.
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The fact that the cloN1� , cloN2� and cloN7� mutants accu-
mulated novclobiocin 104, in which the 4-hydroxy group of
the deoxysugar is methylated, confirms our earlier conclusion
that 4’’-O-methylation precedes 3’’-O-acylation in clorobiocin
biosynthesis.[23]


In this study we inactivated cloN1 and cloN7 in cosmids by
use of the PCR targeting method, followed by heterologous
expression of the modified cosmids in S. coelicolor M512. This
provides a further example of the usefulness of this tech-
nique[8] for the study of gene functions.


Experimental Section


Bacterial strains, cosmids and culture conditions : S. coelicolor
M512 (DredD DactII-ORF4 SCP1� SCP2�)[40] was kindly provided by
E. Takano (TMbingen, Germany) and Janet White (Norwich, UK). The
strains were cultured as described previously.[34,35] E. coli strains
ET12567[41] and XL1 Blue MRF’ (Stratagene, Heidelberg, Germany)
were used for DNA propagation and grown as described.[42] The
REDIRECT@ technology kit for PCR targeting[43] was obtained from
Plant Bioscience Limited (Norwich, UK). Kanamycin (50 mgmL�1),
chloramphenicol (25–50 mgmL�1) and apramycin (50 mgmL�1) were
used for selection of recombinant strains. Cosmid clo-BG1 and
plasmid pUG019 have been described previously.[8]


DNA isolation, manipulation and cloning : Standard procedures
for DNA isolation and manipulation were performed as described
by Sambrook et al.[42] and Kieser et al.[35] Isolation of cosmids and
plasmids was carried out with ion-exchange columns (Nucleobond
AX kits, Macherey–Nagel, DMren, Germany) according to the manu-
facturer’s protocol. Genomic DNA was isolated from Streptomyces
strains by lysozyme treatment and phenol/chloroform extraction.[35]


Southern blot analysis was performed on Hybond-N nylon mem-
brane (Amersham Biosciences, Freiburg, Germany) with a digoxige-
nin-labelled probe with use of the DIG high prime DNA labelling
and detection starter kit II (Roche Applied Science, Mannheim,
Germany).


Inactivation of cloN1 and cloN7 in cosmid clo-BG1: In cosmid
clo-BG1, cloN1 or cloN7 were replaced, through l-RED-mediated re-
combination,[8] with the apramycin resistance (aac(3)IV) cassette,
which was excised from pUG019 by digestion with EcoRI and HindIII
and is flanked by XbaI and SpeI recognition sites. The apramy-
cin resistance cassette for replacement of cloN1 was generated by
PCR amplification with use of the excised template and the primer
pair cloN1-f (5’-CACAGTGGAACACAATCGATGGGGGAATTACGC-
GAGATGATTCCGGGGATCTCTAGATC-3’) and cloN1-r (5’-GGCCAC-
GTATATACCTGATGTCCGCATCTGTTGCGCCTAACTAGTCTGGAG-
CTGCTTC-3’). Bold letters represent the homologous extensions to
the DNA regions immediately upstream and downstream of cloN1,
including the putative start and stop codons of cloN1. The italic let-
ters indicate the XbaI and SpeI restriction sites.


Scheme 2. Hypothetical scheme for the late steps of clorobiocin biosynthesis and the possible roles of CloN1, CloN2 and CloN7.
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Similarly, the apramycin resistance cassette for replacement of
cloN7 was obtained by PCR amplification by use of the primer pair
cloN7-f (5’-GGCAGACTCCCCAACAGCAGAGAGGACCAACTG-AG-
CATGATTCCGGGGATCTCTAGATC-3’) and cloN7-r (5’-AGTGTG-
CGTGGTGCGCCAGCACTCCGACAAGCACCGTTAACTAGTCTGG-
AGCTGCTTC-3’). Bold letters represent the homologous extensions
to the DNA regions immediately upstream and downstream of
cloN7, including the putative start and stop codons of cloN7. The
italic letters indicate the XbaI and SpeI restriction sites. PCR amplifi-
cation was performed in 50 mL volume with template (50 ng),
dNTPs (0.2 mM), each primer (50 pmol) and DMSO (5% v/v), with
use of the Expand High Fidelity PCR system (Roche Molecular Bio-
chemicals): denaturation at 94 8C for 2 min, then 10 cycles with de-
naturation at 94 8C for 45 s, annealing at 45 8C for 45 s and exten-
sion at 72 8C for 90 s , followed by 15 cycles with annealing at
48 8C, and the last elongation step at 72 8C for 5 min. The PCR
products were introduced by electroporation into E. coli BW25113/
pIJ790 harbouring cosmid clo-BG1.[43] The modified cosmids were
isolated and analysed by restriction enyzme digestion. The cosmid
resulting from the replacement of cloN7 was termed clo-AF3 and
the cosmid resulting from the replacement of cloN1 was termed
clo-AF5. For the excision of the apramycin resistance cassette from
clo-AF5, cosmid DNA was isolated from E. coli ET12567, digested
with XbaI and SpeI, and religated overnight at 16 8C to give
cosmid clo-AF6.


Heterologous expression of clo-AF3 and clo-AF6 in S. coelicolor
M512 : Because of the potent methylation restriction system of
S. coelicolor, cosmid DNA had to be passed through a non-methyl-
ating host. We used E. coli ET12567 for this purpose.[8] The modi-
fied cosmids clo-AF3 and cloAF-6, still carrying the kanamycin re-
sistance gene neo, were then introduced into S. coelicolor M512 by
PEG-mediated protoplast transformation.[35] Clones resistant to ka-
namycin and apramycin (clo-AF3), as well as only to kanamycin
(clo-AF6), were selected, and checked for site-specific integration
into the genome by Southern blot analysis.


Production and analysis of secondary metabolites : Transformants
of S. coelicolor, harbouring clo-BG1, clo-AF6 and clo-AF3, respec-
tively, were cultured and assayed for the production of clorobiocin
derivatives by HPLC as described previously,[34] with use of a Multo-
sphere RP18–5 column (250P4 mm, 5 mm, C+S Chromatographie
Service, DMren, Germany) at a flow rate of 1 mLmin�1, with use of
a linear gradient from 60 to 100% of solvent B in 28 min (sol-
vent A=MeOH/H2O/HCOOH 20:79:1; solvent B=MeOH/HCOOH
99:1) with detection at 340 nm. The column was then washed with
100% B for 3 min and equilibrated with 40% A in B for 6 min. Au-
thentic clorobiocin (Aventis) was used as standard. For analysis of
the pyrrole-2-carboxylic acid, a linear gradient from 0 to 100% of
solvent B in 15 min (solvent A=H2O/HCOOH 99:1; solvent B=
MeOH/HCOOH 99:1) was used with the same HPLC equipment
and the same column. The column was then washed with 100% B
for 5 min and equilibrated with 100% A for 15 min. UV detection
was carried out at 262 nm. Pyrrole-2-carboxylic acid was used as
standard.


For preparative isolation, cultivation was carried out in 500 mL baf-
fled flasks containing production medium (50 mL) as described
above. The bacterial cultures of cloN1� and cloN7� mutants (a total
of 200 mL each) were pooled, acidified with HCl to pH 4 and ex-
tracted with ethyl acetate after removal of the lipophilic compo-
nents by treatment with petroleum ether. The residue from the
ethyl acetate extract after evaporation of the solvent was dissolved
in methanol (2–5 mL) and passed through a glass column (2.6 cmP
65 cm) filled with Sephadex LH 20 (Amersham Biosciences, Frei-


burg, Germany) and eluted with methanol. The fractions obtained
after separation on Sephadex LH 20 were analysed by HPLC under
the conditions described above. Fractions containing aminocou-
marin derivatives and pyrrole-2-carboxylic acid were pooled and
further purified on a preparative HPLC column (Multosphere
120 RP18–5, 5 mm, 250P10 mm, C&S Chromatographie Service,
DMren, Germany) with use of the same solvents and gradient as for
the analytical column, but with a flow of 2.5 mLmin�1. From the
cloN1� mutant, two clorobiocin derivatives could be isolated, and
these were identified as novclobiocin 104 and 107. Novclobio-
cin 104 was also isolated from the cloN7� mutant. Pyrrole-2-carbox-
ylic acid was isolated from both cloN1� and cloN7� mutants. The
structures of the purified compounds were confirmed by 1H NMR
and MS analysis.


Negative-ion FAB mass spectra were recorded on a TSQ70 spec-
trometer (Finnigan, Bremen, Germany) with diethanolamine as
matrix. 1H NMR spectra were measured on an AMX 400 spectrome-
ter (Bruker, Karlsruhe, Germany), in CD3OD as solvent.


Novclobiocin 104 : 1H NMR (CDO3D): d=1.10 (s, 3H; 3H-6’’), 1.30
(s, 3H; 3H-7’’), 1.73 (s, 6H; 3H-10, 3H-11), 3.33 (d, overlapping with
the solvent signals, 2H; 2H-7), 3.40 (d, J=9.7 Hz; H-4’’), 3.59 (s, 3H;
3H-8’’), 4.11 (dd, J1=1.8 Hz, J2=3.3 Hz; H-2’’), 4.18 (dd, J1=3.3 Hz,
J2=9.8 Hz; H-3’’), 5.35 (t, J=7.5 Hz; H-8), 5.63 (d, J=1.8 Hz; H-1’’),
6.81 (d, J=8.3 Hz; H-5), 7.23 (d, J=9.0 Hz; H-6’), 7.71 (dd, J1=
2.0 Hz, J2=8.2 Hz; H-6), 7.75 (d, J=2.5 Hz; H-2), 7.87 ppm (d, J=
8.9 Hz; H-5’) ; negative FAB-MS characterized by ion peaks at m/z
588 ([M�H]�), 554, 400 and 209. These data are consistent with
those reported for novclobiocin 104.[21,22]


Novclobiocin 107: 1H NMR (CDO3D): d= 1.12 (s, 3H; 3H-6’’), 1.32
(s, 3H; 3H-7’’), 1.73 (s, 6H; 3H-10, 3H-11), 3.30 (d, overlapping with
the solvent signals; 2H-7), 3.36 (d, J=9.4 Hz; H-4’’), 3.58 (s, 3H;
3H-8’’), 4.01 (dd, J1=2.3 Hz, J2=3.3 Hz; H-2’’), 4.09 (dd, J1=3.3 Hz,
J2=9.3 Hz; H-3’’), 5.35 (t, J=7.6 Hz; H-8), 5.52 (d, J=2.3 Hz; H-1’’),
6.80 (d, J=8.4 Hz; H-5), 6.94 (overlapping signals; H-6’), 6.94 (over-
lapping signals; H-8’), 7.75 (br s; H-2), 7.74 (d, J=8.4 Hz; H-6),
7.89 ppm (d, J=7.8 Hz; H-5’) ; negative FAB-MS characterized by
ion peaks at m/z 554 ([M�H]�), 400 and 209. These data are consis-
tent with those reported previously.[37]


Pyrrole-2-carboxylic acid : 1H NMR (CDO3D): d= 6.15 (dd, J1=
2.5 Hz, J2=3.6 Hz; H-4), 6.81 (dd, J1=1.4 Hz, J2=3.7 Hz; H-3),
6.91 ppm (dd, J1=1.5 Hz, J2=2.4 Hz; H-5); negative FAB-MS charac-
terized by the molecular ion at m/z 111 ([M�H]� .
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Introduction


Oxidative DNA damage can be due to small and diffusing oxi-
dative species, like hydroxyl radical or singlet oxygen species,
generated by a reagent.[1–3] In these cases no special interac-
tion of these reagents with DNA is necessary. The most striking
example is Fe-ethylenediaminetetraacetate (Fe-EDTA), a hy-
droxyl-radical-generating system, which is a negatively charged
complex and is used to damage DNA although it cannot ap-
proach the biological target due to the repulsion of the nega-
tive charges.[4] Even if the covalent attachment of this reagent
onto a DNA binding moiety affords a more efficient oxidative
entity,[5] the reactive moiety of the conjugated molecule still
does not directly interact with DNA. The mechanism of DNA
damage is identical, only its efficiency increased.
On the other hand, when the DNA-damaging agent is a


DNA-binding molecule, the oxidative DNA damage depends
on the interaction of the reagent with DNA itself. Reagents
that can attack deoxyribose moieties of DNA must be mole-
cules endowed with high-affinity binding sites with a well-de-
fined interaction of the cleaver within DNA in order to locate
the reactive center of the molecule in the vicinity of the deoxy-
ribose groups. The efficiency, as well as the mechanism of oxi-
dative DNA damage, depends on the interaction between the
reactive entity of the reagent and DNA. This is the key point
for the efficiency of the chemical nuclease Cu(1,10-phenanthro-
line)2


[6–8] or antitumor agents like Fe-bleomycin[9–11] and com-
pounds of the enediynes family.[12–14] These DNA cleavers medi-
ate DNA damage with different chemistries because they inter-
act in different ways with DNA. When they are activated, Fe-
bleomycin and Cu(1,10-phenanthroline)2 are able to attack the


C4’ or C1’ atoms of the deoxyribose moieties of DNA, respec-
tively. One reagent may also interact in different ways depend-
ing on the sequence of DNA. Enediynes mediate oxidation of
deoxyriboses at different carbon atoms when positioned at dif-
ferent sites of interaction.[14]


Oxidative DNA damage can also be due to electron abstrac-
tion from a guanine base.[2,3,15] In this case the oxidizing re-
agents must approach or contact DNA in such a way that the
reaction is possible. Electron transfer between the oxidant and
guanine bases may not require such a close interaction of the
oxidative agent as deoxyribose oxidation.
In the present work we describe the case of a chemical nu-


clease able to perform deoxyribose and guanine oxidation and
we compare the relative importance that these reaction path-
ways may play in DNA degradation. Three types of chemistry
have been reported for this reagent: deoxyribose oxidation by
hydroxylation at the C5’ or C1’ carbon atoms and guanine oxi-
dation by electron transfer. Hydroxylation at the C5’ atom is
due to a very precise and strong interaction of the chemical
nuclease with a particular DNA sequence, whereas the interac-


A manganese porphyrin, manganese(III)-bis(aqua)-meso-tetra-
kis(4-N-methylpyridiniumyl)porphyrin, in the presence of KHSO5 is
able to perform deoxyribose or guanine oxidation depending on
its mode of interaction with DNA. These two reactions involve an
oxygen-atom transfer or an electron transfer, respectively. The ox-
idative reactivity of the manganese-oxo porphyrin was compared
on short oligonucleotide duplexes of different sequences. The
major mechanism of DNA damage is due to deoxyribose hydrox-
ylation at a site of strong interaction, an (A·T)3 sequence. Gua-
nine oxidation by electron transfer was found not to be competi-


tive with this major mechanism. It was found that a single intra-
strand guanine was three orders of magnitude less reactive than
an (A·T)3 sequence. The reactivity of a 5’-GG sequence was found
to be intermediate and was estimated to be two orders of magni-
tude less than that of an (A·T)3 site. Short oligonucleotide duplex-
es, as double-stranded-DNA models, proved to be convenient
tools for the study of the comparative reactivity of this reagent
toward different sequences of DNA. However, they showed a par-
ticular reactivity at their terminal base pairs (the “end effect”)
that biased their modeling capacity for double-helix-DNA models.
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tion of the chemical nuclease responsible for oxidation of C1’
atoms and guanine bases is not known.
The cationic manganese porphyrin, manganese(III)-bis(aqua)-


meso-tetrakis(4-N-methylpyridiniumyl)porphyrin (Mn-TMPyP,
Scheme 1), activated by KHSO5 is able to oxidize DNA[16]


through a high-valency manganese-oxo species (Scheme 2).[17]


The formally written MnV=O species is able to perform oxygen-
atom transfer when the metal-oxo center is near to a carbon–
hydrogen bond of a substrate (deoxyribose moiety in the case


of DNA; Scheme 3B) or to perform abstraction of electrons
from an electron-rich substrate (guanine base; Scheme 3A).
The first reaction, hydroxylation at the C5’ carbon atom, occurs
in A/T-rich regions when the porphyrin is located in the minor
groove of DNA, at a strong binding site consisting of a tri-


nucleotide sequence containing only A·T base pairs, an (A·T)3
site.[18–22] The binding of the manganese porphyrin in the
minor groove of an (A·T)3 site puts the Mn


V=O center in the
right position to perform hydroxylation at the C5’ carbon atom
of the deoxyribose unit located on the 3’ side of the (A·T)3 se-
quence. This reaction is extremely efficient due to the high af-
finity of the manganese porphyrin for that site[23,24] and to the
perfect match between the MnV=O position and the target C�
H bond. The interaction of Mn-TMPyP in the minor groove is
no longer possible when the trinucleotide sequence contains
two G·C base pairs, namely, in G/C-rich sequences. The pres-
ence of axial ligands on the manganese, that is, two water
molecules for Mn-TMPyP[25] or the metal-oxo group for the
MnV=O species, precludes the intercalation of the manganese
porphyrin between base pairs of DNA. In G/C-rich sequences,
the second reactivity is observed, that is, oxygen-atom transfer
at the C1’ carbon atom of the deoxyribose unit.[26,27] The way
that the MnV=O species reaches a C1’�H bond of a deoxy-
ribose moiety is not clear since this bond does not seem to be
directly accessible due to its deep location in the minor
groove. The hydroxylation mechanisms at the C1’ and C5’
atoms of the deoxyribose units are shown in Scheme 4. The
third type of chemistry mediated by Mn-TMPyP/KHSO5 consists
of electron abstraction from a guanine base[28–30] and the
mechanism of guanine oxidation has been studied in de-
tail.[31–36] The resulting guanine oxidation products are shown
in Scheme 5.


The three different DNA damage mechanisms of
Mn-TMPyP/KHSO5 were previously studied in a sepa-
rate fashion without evaluation of the different reac-
tion pathways. The quantitative comparison be-
tween these different reaction pathways is the aim
of the present study. For this purpose, we used
short oligonucleotide DNA duplexes of various se-
quences as DNA substrates and compared their sen-
sitivity toward oxidation by Mn-TMPyP/KHSO5. We
showed that guanine oxidation was not competitive


with deoxyribose oxidation at the C5’ atom. Guanine oxidation
was only found to be significant in cases with accessible gua-
nine residues, such as terminal guanine residues on short oli-
gonucleotides.


Results and Discussion


DNA damage by the cationic manganese porphyrin Mn-TMPyP
in the presence of KHSO5 was investigated on short oligonucle-
otide duplexes in order to compare the relative efficiency of
oxygen-atom transfer at deoxyribose units with that of elec-
tron abstraction from guanine bases with relation to the se-
quence of DNA (Schemes 3–5). Different single- and double-
stranded DNA sequences were included in the series of experi-
ments.
The activation of the MnIII porphyrin into a MnV=O species is


due to the added oxidant, KHSO5 (Scheme 2). In the compara-
tive assays, the concentrations of the Mn-TMPyP and DNA
were kept constant whereas the concentration of KHSO5 was
varied. The KHSO5 concentration necessary to observe oxida-


Scheme 1. Structure of the cationic manganese porphyrin Mn-TMPyP.


Scheme 2. Activation of Mn-TMPyP into a metal-oxo species with KHSO5. The porphyrin
macrocycle is simplified for clarity.


Scheme 3. The two types of chemistry performed by the manganese-oxo
species, namely, electron transfer (A) and oxygen atom transfer (B).
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tive DNA damage was compared with the different DNA sub-
strates. It was correlated with the affinity of the metallopor-
phyrin for the DNA target and the accessibility of the oxidation
site on DNA. Activation of the manganese porphyrin in the
absence of DNA resulted in bleaching of the complex (not
shown). When the manganese porphyrin interacted strongly


with the DNA target and was activated in the vicinity of the
target, oxidation of DNA occurred before bleaching of the cat-
alyst. When DNA oxidation could be observed at low concen-
trations of KHSO5, the probability of the proper location of the
manganese porphyrin in the vicinity of the DNA was high and
the activation was efficient. Thus, the relative concentration of
KHSO5 necessary to observe oxidative DNA damage by the
metalloporphyrin correlated with the efficiency of the oxida-
tion of DNA by the reagent at that sequence. Furthermore,
one could also compare the mechanisms of oxidative damage
depending on the sequence.
Due to the small size of the DNA duplexes (6- or 8-mers),


the reactions were performed at 0 8C so that the two strands
were annealed. At the end of the reaction time, the reaction
media were analyzed directly by liquid chromatography cou-
pled to electrospray mass analysis (negative ionization; HPLC/
ESI-MS). Under the chromatographic conditions, the DNA
strands eluted separately. The cleaved or chemically modified
strands were eluted at different retention times (tR) compared
to the undamaged oligonucleotides. UV detection (260 nm)
gave the relative amount of each DNA species. We considered
that the area of the HPLC peaks of an oligonucleotide carrying
one modified guanine residue was not significantly different
from the area of the initial oligonucleotide strand. The loss of
absorbance due to one modified guanine residue per oligonu-
cleotide was considered as being below 10%. In the case of
cleaved DNA strands, the extinction coefficient (e) values of
the shorter oligonucleotides were calculated as for the initial
full-length strand. This allowed us to calculate the yield of the
chemical reactions. The products of the reaction were identi-
fied by their mass compared to the mass of the initial material,
with the latter being referred to as M. The major signal on the
mass spectra corresponded to the doubly charged species
[M�2H]2�.
From previous work it was known that guanine was the only


base damaged with Mn-TMPyP/KHSO5
[32] and the masses of


the oligonucleotides carrying one guanine lesion are reported


Scheme 4. Oxygen-atom transfer mediated by Mn-TMPyP/KHSO5 results in the hydroxylation of C5’ and C1’ carbon atoms of the deoxyribose units. D refers
to a heating step at 90 8C for 15 min at pH 8. B=base, 5-MF=5-methylene-2-furanone.


Scheme 5. Guanine oxidation products by electron transfer observed with
Mn-TMPyP/KHSO5. The numbering of carbon atoms refers to that of the
initial guanine residue. The mass of each product is indicated with respect
to that of the initial guanine-containing oligonucleotide, referred to as M.
dR=deoxyribose included in a DNA strand.
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in Scheme 5. Direct DNA cleavage due to a C5’ hydroxylation
mechanism can be unambiguously identified by the mass of
the corresponding DNA fragments.[19,20,37,38] A C1’ hydroxylation
mechanism would generate an oligonucleotide carrying an oxi-
dized abasic site with a ribonolactone structure (1, Scheme 4),
corresponding to a mass of M�119, M�110, M�95, and
M�135 amu for the reactions occurring at the A, T, C, and G
residues, respectively. With this method of analysis it is possi-
ble to monitor the formation of all products of the reaction in
one sample.
The degradation of DNA was dependent on the presence of


both reactants, Mn-TMPyP and KHSO5. Control experiments in
the absence of one of them did not show any reaction under
comparable reaction conditions.


Comparison of oxidative damage of short duplexes of
different sequences


Double-stranded oligonucleotides containing an (A·T)3 site : The
strong interaction of the manganese porphyrin in the minor
groove in the so-called (A·T)3 site is known to give rise to high
reactivity and high selectivity for the DNA-degradation reac-
tion. The oxidation chemistry consists of the selective oxida-
tion of the C5’ carbon atom of the deoxyribose unit located on
the 3’ side of each (A·T)3 site on both strands of DNA.


[19,38] The
oligonucleotide 5’-GCAAAAGC/3’-CGTTTTCG, containing two
(A·T)3 sites, was tested in a previous work. It was found that a
10 mM concentration of KHSO5 induced selective cleavage of
the duplex at 20% of the (A·T)3 sites.


[38] However, since the ex-
perimental conditions were not exactly the same as those of
the present work (the duplex was at a concentration of 5 mM),
we included a new duplex in the series of experiments. This
duplex, 5’-CCAAAGG/3’-GGTTTCC, was designed to contain
only one (A·T)3 site. Incubation of Mn-TMPyP (10 mM) with this
DNA substrate (10 mM of each strand) showed that the MnV=O
species was able to perform the cleavage of the duplex by the
C5’ hydroxylation mechanism in the (A·T)3 site in the presence
of a 10 mM concentration of KHSO5. The analysis of the reaction
is shown in Table1 and Figure S1A in the Supporting Informa-
tion. Figure S1A shows the chromatogram of the reaction with
a KHSO5 concentration of 100 mM instead of 10 mM for clarity.
The cleavage of the A strand led to the 5’-CCAAA-3’-phos-


phate (5’-CCAAA-3’-p) (tR=29.5 min, m/z=767.0 amu, z=2)
and 5’-CHOGG (2, Scheme 4; tR=22.7 min) fragments, whereas
the same 5’-CHOGG dinucleotide derivative and the 5’-CCTTT-
3’-p (tR=39.3, m/z=753.6 amu, z=2) fragments were formed
from the cleavage of the T strand. Products of guanine oxida-
tion were also observed (40 and 40.7 min for the T strand and
30.9 and 31.6 min for the A strand) and accounted for �2–3%
of the products of the reaction, whereas the products of the
direct cleavage of the oligonucleotide at the (A·T)3 site ac-
counted for �5%. The peak areas corresponding to the un-
damaged oligonucleotides at the end of the reaction showed
a decreased value of �10% as compared to the initial area.
The yield of the reaction, under these experimental conditions,
was �10% of DNA degradation (Table 1).


Guanine oxidation accounted for one third of the reaction.
This was surprisingly high compared to previously tested se-
quences containing (A·T)3 sites,


[19,20,38] for which guanine oxida-
tion was absent. This point will be interpreted as the “end
effect” (see below).
The very low concentration of KHSO5 (10 mM) that triggered


the reaction confirmed that the porphyrin was activated within
the minor groove of the (A·T)3 site and reacted immediately
with DNA.


Double-stranded oligonucleotides containing no (A·T)3 site


In comparison with the previous duplex, the oxidation of the
self-complementary oligonucleotide, 5’-ATCGCGAT proved to
be very difficult. A 100 mM concentration of KHSO5 did not give
rise to DNA damage. The concentration had to be increased to
10 mM to observe some DNA oxidation (Table 2, Figure S1B in
the Supporting Information). The yield of the reaction, even at
this very high concentration of KHSO5, was low (�10%). The
major product of degradation (�5%) was an oligonucleotide
with a mass corresponding to the loss of 119 amu as com-
pared to the starting oligonucleotide (M�119; tR=36.5 min,
m/z=1143.95 amu, z=2). The m/z signal of the initial oligonu-
cleotide was observed at tR=44.1 min with m/z=1203.35 amu
and z=2. The mass of the M�119 modified oligonucleotide
may be attributed to deoxyribose oxidation with the formation
of a ribonolactone derivative, 1, due to the C1’ oxidation
mechanism described in Scheme 4 and associated with the
loss of one adenine base. However, no other product corre-
sponding to deoxyribose oxidation at C, T, or G nucleotide
units was detected. Since one deoxyadenosine nucleoside was
located at the 5’ end of the sequence, this position was postu-
lated to be more reactive than the intrastrand adenosine nu-


Table 1. HPLC/ESI-MS data on the oxidation of 5’-CCAAAGG/3’-GGTTTCC
by Mn-TMPyP/KHSO5. [KHSO5]=10 mM.


m/z (z=2) DM[a] tR [min] Area of Proposed
[M�2H]2� HPLC peaks structure[c]


observed [%][b]


1056.2 43.5 85 undamaged
A strand


1042.7 45 90 undamaged
T strand


1044.9 +4 40.7 1 Gox (T strand)
1059.9 +34 40 Gox (T strand)
753.6 39.3 1 5’-CCTTT-p
1057.7 +4 31.6 1.5 Gox (A strand)
1073.7 +34 30.9 Gox (A strand)
767.0 29.5 3.5 5’-CCAAA-p


22.7 4.5 3’-CHOGG


[a] DM : Mass of the modified oligonucleotide minus the mass of the ini-
tial oligonucleotide. M is the molecular mass of the neutral form. [b] Area
of the HPLC peak as compared to the area of the starting oligonucleotide
(taken as 100%). The total is less than 100% due to the lower absorbance
of oxidized products at 260 nm as compared to the absorbance of gua-
nine and to the loss of some material. In this particular case the area%
was corrected by an e ratio to estimate the yield of products. [c] Gox=oxi-
dation of guanine residue.
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cleoside unit. Alternatively, deoxyribose oxidation at the 5’-nu-
cleoside unit may also be due to an unprecedented chemistry
for Mn-TMPyP/KHSO5, namely, C4’ oxidation as shown in
Scheme 6; this would lead to a product of the same molecular
mass, M�119. The C1’ or C4’ oxidation mechanism at the 5’
ends of the short duplexes would result in the formation of
products 7 or 8, respectively
(Scheme 6). The other smaller
peaks on the chromatogram
(Figure S1B in the Supporting
Information) probably corre-
sponded to the formation of
guanine oxidation products. We
did find a DNA strand with a
mass compatible with one gua-
nine base transformed into
imidazolone (3, Scheme 5; tR=
42.5 min, m/z=1183.4 amu).[39,40]


However, most of the other
products were not analyzed due
to their low abundance. From
this data, we concluded that the
manganese porphyrin was not
reactive toward this sequence of
DNA and that the oxidation of


an isolated intrastrand guanine was 1000 times less reactive
than the (A·T)3 site with Mn-TMPyP/KHSO5. The ratio of the
two concentrations of KHSO5 necessary to observe a reaction
under identical experimental conditions was 1000.
Since the redox potential of a 5’-G in a 5’-GG sequence is


known to be lower than that of a single guanine residue,[41] a
GG-containing duplex oligonucleotide should be more sensi-
tive to oxidation. Indeed, the 5’-TTGGTA/3’-AAACCATA duplex
was more easily degradated than the previous 5’-ATCGCGAT
duplex. It was still less reactive than an (A·T)3 site. A KHSO5


concentration of 100 mM did not give rise to observable DNA
damage whereas 50% of conversion for the GG strand was ob-
served with a KHSO5 concentration of 1 mM. The results are
shown in Table 3 and Figure S1C in the Supporting Informa-
tion. The initial GG strand eluted at a retention time of tR=
40 min with a m/z=909.75 amu and z=2 (Table 3). The prod-
ucts of guanine oxidation were the imidazolone (3, Scheme 5;
tR=38 min, m/z=890.35 amu),[39,40] the dehydroguanidino-
hydantoin (4 ; tR=38 min, m/z=911.75 amu),


[36,42, 43] and a pro-
posed N-formylamido-iminohydantoin (5 ; tR=32.8 min, m/z=
926.55 amu)[32,33] derivative. On this sequence, which was se-
lected to present an oxidation-sensitive GG site, the guanine


Table 2. HPLC/ESI-MS data on the oxidation of 5’-ATCGCGAT by Mn-
TMPyP/KHSO5. [KHSO5]=10 mM.


m/z (z=2) DM[a] tR [min] Area of Proposed
[M�2H]2� HPLC peaks structure[c]


observed [%][b]


1203.35 44.1 90 undamaged strand
1183.8 �39 42.5 3
1143.95 �119 36.5 5 7 or 8


[a] DM : Mass of the modified oligonucleotide minus the mass of the ini-
tial oligonucleotide. M is the molecular mass of the neutral form. [b] Area
of the HPLC peak as compared to the area of the starting strand (taken
as 100%). Percentage estimated on the integration of the UV-detected
HPLC peaks at 260 nm. The total is less than 100% due to the lower ab-
sorbance of oxidized products at 260 nm as compared to the absorbance
of guanine and to the loss of some material.


Scheme 6. The “end effect”. Formation of an oxidized abasic site by hydroxylation of C�H bonds of deoxyribose (C1’�H or C4’�H) at the 5’ end of an oligo-
nucleotide mediated by Mn-TMPyP/KHSO5. This scheme should be compared with Scheme 4.


Table 3. HPLC/ESI-MS data on the oxidation of 5’-TTGGTA/3’AAACCATA by Mn-TMPyP/KHSO5. [KHSO5]=1 mM.


m/z (z=2)
[M�2H]2� observed


DM[a] tR [min] Area of HPLC
peaks [%][b]


Proposed structure


1192.33 (calcd)[c] 40 80 undamaged CC strand
909.75 39.2 50 undamaged GG strand
890.35 �39 38 5 3
911.75 +4 38 4
892.25 �35 (�39+4) 36.9 5 Two lesions (3+4)
892.25 �35 (�39+4) 36.5 10 Two lesions (3+4)
913.75 8 (4+4) 36.5 or (2M4)
854.75 �110 35.8 5 7 or 8 at 5’-T of the GG strand
926.55 +34 32.8 1 5


[a] DM : Mass of the modified oligonucleotide minus the mass of the initial oligonucleotide. M is the molecular
mass of the neutral form. [b] Area of the HPLC peak as compared to the area of the starting strand (taken as
100%). Percentage estimated on the integration of the UV-detected HPLC peaks at 260 nm. The total is less
than 100% due to the lower absorbance of oxidized products at 260 nm as compared to the absorbance of
guanine and to the loss of some material. [c] The selected mass range for analysis did not allow the analysis
the C strand.
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oxidation chemistry was observed. Deoxyribose oxidation at
the 5’ end of the GG-strand was also detected in a minor
product. The observed M�110 species (tR=35.8 min, m/z=
854.75 amu) corresponding to the loss of a thymine base asso-
ciated with the formation of an oxidized abasic site (7 or 8)
was again indicative of the fact that this chemistry probably
took place at the end of the duplex because of the accessibili-
ty of the C1’�H or C4’�H bonds. No oxidation of deoxyribose
corresponding to the loss of bases other than thymine was
detected on the GG strand.
From this data we concluded that a GG sequence inside a


duplex was 100 times less reactive than a (A·T)3 site for Mn-
TMPyp/KHSO5 degradation and 10 times more reactive than a
single guanine base in double-stranded DNA. This result is
compatible with the relative affinity of Mn-TMPyP for A/T re-
gions of DNA compared to G/C regions, with affinity constants
of 12M104 and 0.2M104M�1, respectively[23] , and with the fact
that guanine oxidation was not observed on long DNA se-
quences; only the reaction at (A·T)3 sites was observed.


[44] Con-
sequently, guanine oxidation is concluded not to be competi-
tive with C5’ oxidation at the (A·T)3 site with Mn-TMPyP/KHSO5


in long DNA substrates. The guanine oxidation observed in the
case of the first tested duplex, 5’-CCAAAGG/3’-GGTTTCC, is in-
terpreted in terms of a particular reactivity of the ends of these
small duplexes and this is developed in the next paragraph.


Oxidation at the last base pair of the duplexes: the “end
effect”


In the use of short oligonucleotides for comparing the sensitiv-
ity of different DNA sequences toward one reagent, an in-
creased reactivity of the last base pairs of the duplex was ob-
served. This reactivity at the end of the duplex is no longer
representative of double-stranded DNA. The “end effect” is
illustrated with the oxidation of double-stranded oligonucleo-
tides with a terminal guanine residue.
Oxidation of the self-complementary oligonucleotide, 5’-


GTCGAC, with Mn-TMPyP/KHSO5 under the same experimental
conditions showed an unexpectedly high yield in comparison
to the other sequences with no (A·T)3 site. With a KHSO5 con-
centration of 100 mM, 75% conversion could be observed
(Table 4, Figure S1D in the Supporting Information). With a
KHSO5 concentration of 10 mM, 10% degradation was also ob-
served. This efficiency was in the same range as that of the
manganese porphyrin within an (A·T)3 site. The high sensitivity
of the external guanine residue at the end of the duplex was
the origin of this high reactivity. The yield of DNA damage
reached that of a single-stranded DNA, 5’-TACGAC, which was
also tested as a control, since the oxidized guanine bases can
be considered as equally accessible in both cases (not shown).
The single-stranded DNA at a concentration of 10 mM was 50%
oxidized by 10 mM Mn-TMPyP and 100 mM KHSO5 under the
same experimental conditions as those used for the double-
stranded DNA.
All the oxidation products proved to be alkali-labile le-


sions.[32, 40,45] Piperidine treatment of the oligonucleotide, after
the oxidation reaction, confirmed that the terminal guanine


residue was the major site of oxidative damage (80%, not
shown). The “end effect” was not only observable in the quan-
tification of the oxidation products but also in the nature of
the oxidation products.
The products of guanine oxidation for the 5’-GTCGAC


duplex were 3 (tR=29.1 min, m/z=875.3 amu), 4 (tR=25.9 min,
m/z=896.75 amu), 6 (tR=24.8 min, m/z=910.7 amu),


[45–50] and
a product whose mass corresponded to an increase of 16 amu
as compared to the mass of the initial oligonucleotide (M+16;
tR=22.5–23.5 min, m/z=902.85 amu; Table 4). After having
studied a series of short duplex sequences, we noted that the
requirement for the formation of 6 and the M+16 derivative
was the presence of a guanine at the 5’ end of the short
duplex. Clearly, 6 and the M+16 product were due to the “end
effect”.
Although compound 6 is a common product of guanine oxi-


dation,[45–50] it was observed for the first time with Mn-TMPyP/
KHSO5 in this work. Due to the absence of 5 under the experi-
mental conditions of this work, 6 could be easily observed as a
single HPLC peak (Figure S1D in the Supporting Information).
Under the experimental conditions of previous work (tested
oligonucleotides with no 5’-G residue, different pH value), 6
coeluted with derivative 5 and, since 6 occurred in a minor
amount compared to 5, it was not detected. The mass analysis
shown in Figure S2 in the Supporting Information illustrates
the difficulty in discriminating between these two compounds
with very close molecular masses and retention times when
both of them are formed in the reaction medium. Oxidation of
5’-GTCGAC at pH 8 led to the formation of the two modified
oligonucleotides 5 (tR=23–25 min) and 6 (tR=25 min). The
two compounds were observed, under the same HPLC peak at
25 min, with m/z signals at 910. 6 and 911.6 amu, respectively,
for doubly charged species. Only a high-resolution mass analy-
sis allowed us to detect the two species (Figure S2 in the Sup-
porting Information). Under the experimental conditions of
this work, it seemed that 5 was replaced by the M+16 product.
We noted that the M+16 derivative was the major product at


Table 4. HPLC/ESI-MS data on the oxidation of the self-complementary
oligonucleotide 5’-GTCGAC by Mn-TMPyP/KHSO5. [KHSO5]=100 mM.


m/z (z=2) DM[a] tR [min] Area of Proposed
[M�2H]2� HPLC peaks structure[c]


observed [%][b]


894.85 34.4 25 undamaged strand
827.2 �135 29.7 5 7 or 8
875.25 �39 29.2 1 3
896.75 +4 25.9 15 4
910.85 +32 24.9 2 6
902.85 +16 22.5–24 10 M+16[c]


[a] DM : Mass of the modified oligonucleotide minus the mass of the ini-
tial oligonucleotide. M is the molecular mass of the neutral form. [b] Area
of the HPLC peak as compared to the area of the initial oligonucleotide
before reaction (taken as 100%). Percentage estimated on the integration
of the UV-detected HPLC peaks at 260 nm. The total is less than 100%
due to the lower absorbance of oxidized products at 260 nm as com-
pared to the absorbance of guanine and to the loss of some material.
[c] M+16 is observed at pH 7 but 5 is mainly observed at pH 8 (tR=
23–25 min, m/z=911.75).
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pH 7 and 5 was the major one at pH 8. The partitioning be-
tween the reaction pathways leading to the M+16 derivative
and 5 depends on the pH value of the reaction medium.
Unlike 6, the guanine oxidation product with an increase of


16 amu is not a common product of guanine oxidation. An in-
crease of mass of 16 amu might be attributed to the formation
of 8-oxo-7,8-dihydroguanine derivative (8-oxoG). However, we
excluded this hypothesis on the basis of its alkali-labile charac-
ter. The M+16 modified oligonucleotides were sensitive to pi-
peridine treatment whereas the 8-oxoG lesion is not.[51] Fur-
thermore, the M+16 product eluted as a broad peak, which is
indicative of several isomers, at a retention time in the same
range as that of the spiro derivatives (5 and 6). Oligonucleoti-
des carrying lesion 5, which is in the form of four diaster-
eoisomers, also appear as a broad peak on the chromato-
grams. A mechanism for the formation of the new M+16 oligo-
nucleotide may be proposed. It is reminiscent of the one de-
scribed for the formation of 5 and 6 (Scheme 7). It is based on
the nucleophilic attack of the 5’-OH group at the 5’ end of the
oligonucleotide on the C8 atom of guanine. The new M+16
product was stable upon incubation during 30 min at 0 8C;
consequently, it did not correspond to compound 9, an unsta-
ble common precursor of 5 and 6, that would also have a
mass corresponding to an increase of 16 amu compared to the
mass of guanine (Scheme 7).[52] Reaction of the 5’-OH group as
a nucleophile on the C8 carbon atom of guanine after oxida-
tion of the latter has been reported previously for the guanine


oxidation pathway leading to cyclic analogues of 4.[53,54] Fur-
thermore, this reaction is favored by the anti conformation of
the base in the double-stranded duplex. To test this hypothe-
sis, we incubated a duplex with two 5’-phosphorylated strands
with Mn-TMPyP/KHSO5. Surprisingly, a M+16 derivative also
formed during the oxidation of the self-complementary 5’-p-
GTCGAC. The HPLC/ESI-MS analysis showed a signal at m/z=
934.75 amu (z=2) for 5’-p-GTCGAC at tR=32 min and a M+16
compound with m/z=942.75 amu (z=2) together with the
corresponding derivative 5 at m/z=951.75 amu for z=2 at
tR=29 min (not shown). The structure of this other M+16 de-
rivative could be 10 (Scheme 8). However, since the phosphate
group is a good leaving group, 10 should not be stable. The
release of the phosphate group, after the formation of the
spiro structure at the former C4 atom of guanine, would give
compound 11. We propose that the former C8 atom of gua-
nine is not as electrophilic in structure 11 as it was in structure
9. Consequently, structure 11 may be stable and may not
transform into structure 5. Another possibility would be that
the presence of a negatively charged and bulky 5’-phosphate
group at the 5’ end of the duplex precluded the attack of a
water molecule at the C8 atom of the oxidized guanine, so
that the oxidized guanine derivative remained as 11 (the spiro
rearrangement of 9) instead of transforming into the more
classically observed derivative 5.
The “end effect” also included the formation of another new


product of oxidation, whose mass corresponded to a decrease


Scheme 7. Proposed mechanism of formation of 5, 6, and the M+16 derivatives from the oxidation of guanine by electron transfer with Mn-TMPyP/KHSO5.
The C5 carbon atom of the guanine residue is marked.
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of 135 amu compared with the initial oligonucleotide (M�135;
Figure S1D in the Supporting Information). On 5’-GTCGAC the
M�135 product was one of the major oxidation products. Its
mass could be interpreted by deoxyribose oxidation occurring
at the last 5’-end deoxyribose unit, associated with the loss of
the guanine base and the concomitant formation of the 1’- or
4’-oxidized abasic site (7 or 8 in Scheme 6). These C1’�H and
C4’�H bonds are accessible from the outside of the duplex by
the MnV=O porphyrin whereas this is not the case for those of
the 3’-end nucleotide unit.
We tried to characterize the M�135 compound. We per-


formed a heating step (incubation at 90 8C for 15 min, pH 8)
that led to the release of the 5’-p-TCGAC oligonucleotide as
expected for 7 or 8 (Scheme 6). The HPLC/ESI-MS analysis of
the reaction medium, after this heating step, showed the trans-
formation of the peak corresponding to 7 or 8 at tR=29.7 min
into a peak at tR=21 min and m/z=770.8 amu for the 5’-phos-
phate 5-mer. We also performed a labeling experiment. The re-
action was carried out in H2


18O labeled water. The oxygen
atom incorporated in M�135 contained 50% 18O and 50% 16O,
in accordance with a mechanism of direct sugar hydroxylation
by Mn-TMPyP/KHSO5.


[27] The m/z value for M�135 in H2O was
observed at 827.25 amu and appeared as a mixture of two m/z
signals at 827.25 and 828.22 amu when the reaction was in
H2


18O (Figure 1). The labeling experiment was compatible with
structures 7 or 8. We added the reducing agent NaBH4 to the
reaction medium and observed that the M�135 oligonucleo-
tide was reduced. Its molecular mass increased by 4 amu. Al-
though it was reported that ribonolactone 1 (or 7) was not
sensitive to NaBH4,


[55] the reduction of ribonolactones seems to
be possible.[56] The NaBH4 reduction did not allow us to dis-
criminate between structures 7 and 8 for the M�135 com-
pound. The last reagent that was tested on the M�135 oligo-
nucleotide was an oxylamine derivative, carboxymethoxyl-
amine. The M�135 product was not sensitive to this last re-
agent. This data is in favor of structure 7.[37,57,58]


When Mn-TMPyP/KHSO5 was treated with other double-
stranded DNA sequences like self-complementary 5’-CGTACG
or 5’-GTCGTA/3’-CAGCAT, the products M�95 (due to the loss
of cytosine with sugar oxidation at the 5’ end) or M�135 for
the loss of guanine and M�110 for the loss of thymine were
observed for each tested duplex, respectively. However, the 5’-
deoxyribose oxidation at a 5’-C or a 5’-T residue did not reach
the level observed with a 5’-G nucleoside unit.


The last base pair of the duplexes also included a 3’-nucleo-
side, which might be sensitive to oxidation. The C2’’�H bond
of the deoxyribose of the 3’ end could be accessible for hy-
droxylation by the MnV=O species. This reaction would have
led to an arabinose derivative of that last sugar whose mass
would have corresponded to an increase of 16 amu as com-
pared to the initial oligonucleotide. However, as discussed
above, the M+16 oligonucleotide was instead attributed to a
product derived from guanine oxidation since this M+16 prod-
uct was only observed in the case of a 5’-guanine-terminated
and not in the case of a 3’-guanine-terminated oligonucleo-
tide.
The Mn-TMPyP/KHSO5 chemical nuclease showed a particu-


lar reactivity toward the terminal base pair at the end of short
DNA duplexes. A terminal guanine was found to be about
1000 times more reactive than an intrastrand guanine. Oxida-
tion of the C1’ or C4’ atoms of the deoxyribose of the last 5’-
nucleoside unit was also observed at the end of the duplex


Scheme 8. Possible structure of an M+16 derivative formed from a 5’-phos-
phate oligonucleotide. The numbering of the carbon atoms refers to those
in the initial guanine residue.


Figure 1. HPLC/ESI-MS mass spectrum of the M�135 compound when the
reaction was performed in A) H2


16O or B) H2
18O. The observed signals corre-


spond to doubly charged species and show the incorporation of one 18O
atom in 50% of the product in (B).
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and not at intrastrand units. This end effect may be explained
by 1) a better accessibility of the target with respect to the oxi-
dative reagent or 2) a partial stacking of the manganese por-
phyrin with the last base pair of the short duplex. This partial
stacking with the last G·C base pair may be at the origin of the
guanine oxidation observed with 5’-CCAAAGG/3’-GGTTTCC. In
this particular case the end GG sequence may have been more
reactive toward oxidation than the previously tested sequen-
ces that did not contain a GG and an (A·T)3 site together. We
propose that guanine oxidation was not due to the manga-
nese porphyrin being located in the minor groove of the
duplex (and responsible for the major degradation pathway
for the duplex, namely the C5’ oxidation) but was due to a
manganese porphyrin interacting with the last base pair. This
result is consistent with the fact that when the manganese
porphyrin interacts within the minor groove of A/T-rich DNA,
no guanine oxidation was detected.[19,20, 38,44] Guanine oxidation
is clearly due to a different interaction of the MnV=O entity
with DNA. On longer DNA sequences, oxidation of intrastrand
guanine is possible but it represents a minor process.
The fact that the C1’ oxidation was not observed at intra-


strand deoxyriboses indicated that this target was not directly
accessible to the MnV=O entity in the double helix of DNA.
This is not surprising due to the hidden location of the C1’�H
bond within the minor groove. Furthermore, this mechanism
of random attack of intrastrand deoxyribose units, if it took
place, was probably below the limit of detection under the
used experimental conditions. We propose that this oxidation
mechanism, previously observed on high-molecular-weight
DNA,[26, 59] takes place only after partial melting or cleavage of
DNA due to the initial degradation events of guanine oxidation
or C5’ oxidation at (A·T)3 sites, respectively.


Conclusion


Oxidative DNA damage with the manganese porphyrin Mn-
TMPyP/KHSO5 was assayed on short DNA duplexes to compare
the reactivity of different sequences toward the chemical nu-
clease. Three oxidative degradation mechanisms were possible:
1) hydroxylation of the C5’ atom of the deoxyribose unit by
oxygen-atom transfer taking place at high-affinity binding sites
consisting of an (A·T)3 sequence, 2) hydroxylation of the C1’ or
C4’ atoms of the deoxyribose unit by oxygen-atom transfer at
the 5’ end of oligonucleotides, or 3) guanine oxidation by elec-
tron transfer.
The relative quantification of the oxidative damage of differ-


ent sequences showed that C5’ hydroxylation at three contigu-
ous A or T bases was 1000 times more efficient than guanine
oxidation by electron transfer at an isolated guanine residue.
The oxidation of an intrastrand GG sequence appeared to be
10 times more reactive than at a single guanine residue but
still 100 times less reactive than at the (A·T)3 site. However,
when a guanine residue was located at the terminal base pair
of the short duplex, its reactivity reached that of the (A·T)3 site.
The oxidation of deoxyribose units appeared to be possible
only when the C�H bond was accessible to the active MnV=O


species, that is, it was observed only at the deoxyribose unit
located at the 5’ end of the duplexes.
Deoxyribose oxidation by oxygen-atom transfer needs the


metal-oxo species to be in close vicinity to the C�H bonds of
the sugar; guanine oxidation by electron transfer is also de-
pendent on the distance between the metal-oxo entity and
the nucleobase. This tight interaction is possible within an
(A·T)3 site (C5’ hydroxylation) and this is the key to the manga-
nese porphyrin efficiency in DNA cleavage. Guanine oxidation
and intrastrand C1’ deoxyribose oxidation appear to be secon-
dary mechanisms of DNA degradation by this chemical nucle-
ase. Short oligonucleotide DNA duplexes were convenient
tools for the study of the comparative reactivity of the damag-
ing reagent with various sequences of DNA.


Experimental Section


Materials : Potassium monopersulfate, KHSO5 (triple salt 2KHSO5·K2-
SO4·KHSO4, Curox) was from Interox. Carboxymethoxylamine,
NaBH4, adenosine triphosphate (ATP), and polynucleotide kinase
were from Sigma–Aldrich. Mn-TMPyP was prepared according to a
previously reported protocol.[60] The oligonucleotides were syn-
thesized by standard solid-phase b-cyanoethyl phosphoramidite
chemistry. They were purified by HPLC with a reversed-phase
column (Nucleosil C18, 10 mm, 250M4.2 mm; Interchrom, Montlu-
Åon, France; eluents: A=0.1M triethylammonium acetate (pH 6.5),
B=CH3CN; linear gradient: 5!15% B over 60 min; flow rate:
1 mLmin�1; l=260 nm). H2


18O (95.1%) was purchased from Euriso-
top, France.


Oxidation of oligonucleotides by Mn-TMPyP/KHSO5 : Oligonucleo-
tide (duplex; 10 mM) was incubated with Mn-TMPyP (10 mM) in phos-
phate buffer (50 mM; pH 7.2) containing NaCl (100 mM) at 0 8C for
10 min. The reaction was initiated by addition of KHSO5 at a final
concentration varying from 0.01–10 mM. After 5 min at 0 8C, the re-
action was stopped by the addition of 2-[4-(2-hydroxyethyl)-1-pi-
perazinyl]ethanesulfonic acid buffer (10 mM; pH 8) and the whole
reaction medium (100 mL) was directly injected for HPLC or HPLC/
ESI-MS analysis. Concentrations given were final concentrations.


When a reduction step was performed on some samples, NaBH4
(final concentration 0.1M), was added into the reaction medium.
After 30 min at room temperature, acetone was added to quench
the reductant. The reaction medium was lyophilized before HPLC
analysis.


Piperidine treatment consisted of incubation of the sample in 1M
piperidine solution for 1 h at 90 8C followed by several successive
lyophilizations.


The reaction with carboxymethoxylamine was performed directly
on the reaction medium after 5 min of reaction. Carboxymethoxyl-
amine was added at 40 mM concentration and was allowed to
react for 1 h at room temperature.


For labeling experiments, the same reaction was also performed in
labeled water (H2


18O) after drying of the reaction medium (before
the addition of KHSO5) and dissolution in labeled water. The addi-
tion of KHSO5 corresponded to 1% of non-labeled water in the
final reaction volume.


HPLC/ESI-MS analyses : The reaction mixtures (100 mL) were ana-
lyzed by HPLC with a reversed-phase column (Nucleosil C18, 5 or
10 mm, 250M4.6 mm; Interchrom) eluted with a linear gradient
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(eluents: A=10 mM triethylammonium acetate buffer (pH 6.5), B=
acetonitrile; 5!15% B over 60 min; flow rate: 1 mLmin�1). A
diode array detector (Waters) allowed detection of the products at
l=260 nm. For HPLC/ESI-MS analysis the same column was cou-
pled to an electrospray mass spectrometer, a Perkin–Elmer SCIEX
API 365 equipped with a turbo ion-spray source. The temperature
of the gas (N2) stream was set at 450 8C. The flow eluted from the
column (50% volume) was introduced into the electrospray
source. The analyses were carried out in the negative mode. The
use of the turbo ion-spray source allowed us to perform HPLC/ESI-
MS analyses from diluted duplex oligonucleotides solutions (100 mL
corresponded to 1 nmol of injected duplex DNA). The range of
mass acquisition was varied depending on the oligonucleotide and
on the sensitivity or resolution that was necessary.


Phosphorylation of 5’-GTCGAC at the 5’-end : Single-stranded
oligonucleotide (20 nmol) was treated with 5 Units of T4 polynucle-
otide kinase in the presence of ATP for 1 h at 37 8C. Purification of
the 5’-phosphate oligonucleotide was performed by HPLC.
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