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Artificial Transcriptional Activation Domains
Jenifer K. Lum and Anna K. Mapp*[a]


Introduction


Transcriptional regulation entails a complex series of cellular
signals and protein–protein interactions that precisely direct
sets of genes to be turned on, yielding specific phenotypic ef-
fects (Figure 1).[1] It is this process that regulates a cell’s fate,


utilizing the same genomic content to generate unique gene
expression profiles and many different cell types. Given the
critical nature of this process, it is not surprising that misregu-
lation at any step can result in aberrant cellular function.
Often, this misregulation can be traced back to a malfunction-
ing transcriptional regulator.[2] For example, in medulloblasto-
ma, one of the most malignant pediatric cancers, the concen-
tration of the transcriptional repressor REST/NRSF is abnormally
high, resulting in the suppression of genes critical for proper
differentiation of neuronal cells.[3, 4] However, up-regulation of
the REST/NRSF-controlled genes abrogates the tumorigenic
potential of treated cells.[5, 6] Thus there is growing interest in
the identification of molecules that can selectively activate the
expression of targeted genes, so-called artificial transcriptional
activators (ATAs). ATAs are outstanding tools for increasing our
understanding of the role of aberrant transcription patterns in
disease and might provide a future basis for therapeutic
intervention.[7]


Natural Transcriptional Activators


The endogenous counterparts of ATAs are proteins that are es-
sential contributors to regulated gene expression. Natural tran-
scriptional activators localize to specific sites on DNA in re-
sponse to extra- or intracellular signals. In addition to binding


to DNA, activators interact with a number of proteins associat-
ed with RNA polymerase II, recruiting them to the gene of in-
terest, and thus initiating transcription.[1] Activators are modu-
lar proteins with two key domains necessary for transcription
function: a DNA-binding domain (DBD), which localizes the ac-
tivator to DNA, and an activation domain (AD), which directly
contacts the transcriptional machinery. These two domains can
exist within the same protein or assemble into an activator
through noncovalent interactions. With these two key do-
mains, transcriptional activators are able to up-regulate select-
ed genes in particular cell types to predetermined levels with
exquisite specificity. For example, the yeast activator Gal4 is
constitutively present in the cell ; however, it binds the tran-
scriptional machinery and induces the GAL genes required for
galactose metabolism only in the presence of galactose.[1]


There are a number of factors that influence the exquisite
gene specificity and tunable functional potency of natural acti-
vators. The DBD contributes to the specificity profile by localiz-
ing the activator to a particular DNA-binding site. For example,
the leucine zipper dimerization domain and the N-terminal
basic region of the DBD of the activator Gcn4 permit the rec-
ognition of palindromic and pseudopalindromic sites on
DNA.[8] In addition, DBDs contribute to overall potency through
cooperative DNA binding that can increase the number of acti-
vators bound proximal to a gene.[9, 10] In contrast, the AD typi-
cally contributes little to the specificity of a transcriptional acti-
vator but rather dictates the levels of gene up-regulation
through binding interactions with transcriptional machinery
proteins. The specific AD features that contribute to the func-
tional potency of an activator remain poorly defined. Contribu-
ting to this uncertainty, the real protein targets of ADs are
largely unknown. For example, Gal4 interacts, at least in vitro,
with more than ten proteins in the transcriptional machinery,
but it is unclear what percentage of those interactions are
functionally relevant.[11–15] In vivo, an elaborate signaling net-
work controls the promiscuous binding behavior of natural
ADs such as Gal4 through, for example, dynamic covalent
modifications.[16] In addition, many natural ADs have associated
repressor proteins that serve to mask their function until the
activator is called into action.
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930 N University Avenue, Ann Arbor, MI 48109-1055 (USA)
Fax: (+1)734-615-8553
E-mail : amapp@umich.edu


Figure 1. Top: modular domains of a transcriptional activator. Bottom: sche-
matic of the function of a transcriptional activator.
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General Design Principles for Artificial
Transcriptional Activators


The ideal ATA would exhibit specificity and tunable functional
potency to rival that of natural transcriptional regulators. In ad-
dition, transportable ATAs that can be employed inside cells
and living organisms will be essential for the future develop-
ment of transcription-based therapeutic agents. On the sur-
face, this is a daunting process, given the functional complexi-
ty of natural transcriptional activators and the many mechanis-
tic questions regarding their function that remain. However,
the modular organization of natural activators suggests a
straightforward approach to generating artificial counterparts:
replacement of each of the two key domains with non-natural
components. By following this approach, a number of ATAs
with unique DNA-targeting properties have been developed
by the replacement of the DBD of a natural activator with arti-
ficial variants including polyamides, triplex-forming oligonu-
cleotides, peptide nucleic acids, and designer proteins.[7] How-
ever, the development of artificial ADs suitable for ATA con-
struction still remains a significant challenge, as most employ
ADs taken directly from natural activators. In fact, it was only
recently that the first examples of small-molecule ADs were re-
ported.[17, 18] In this Minireview, we outline the common ap-
proaches taken to identify artificial ADs. This is not a compre-
hensive treatment of the topic, but rather highlights key chal-
lenges in this arena.


Library Selections and Screens


Given the ease with which large libraries of biopolymers can
be generated, it is not surprising that most artificial ADs have
been discovered through screening of or selection from libra-
ries of molecules. In fact, one of the earliest artificial ADs was
isolated from a screen for activator function of random frag-
ments of the E. coli genome fused to a DBD.[19] This AD, named
B42, shares sequence similarities with the most common class
of natural ADs, the so-called acid-rich class. The name of this
activator class arises from the typical composition of such acti-
vators : hydrophobic amino acids interspersed with polar resi-
dues (serine, threonine, glutamic acid, aspartic acid). Examples
include the ADs from the viral protein VP16, the yeast activator
Gal4, and the human activator c-Myb (Table 1).[1] This seminal
experiment revealed that it is at least straightforward to gener-
ate peptide-based ADs that resemble natural ADs.


Novel RNA ADs have also been identified in screens. RNA
shares several similarities with ADs, including the presence of
hydrophobic and acidic functional groups in addition to their
ability to form a variety of secondary structures and bind pro-
tein and small-molecule targets.[20] The first report of such an
AD emerged from a yeast three-hybrid screen developed by
the Wickens group to identify novel RNA–protein interac-
tions.[21] Serendipitously, several of their RNA constructs activat-
ed transcription in the absence of a protein–AD prey. Subse-
quently, Ptashne and co-workers screened a RNA hairpin library
with a 10-nucleotide variable loop in yeast using a modified
version of the yeast three-hybrid system.[22] Their optimized


RNA ADs elicited moderate levels of activation, approximately
7–10 % of that of the natural activator Gal4. Additionally, a con-
sensus RNA motif was identified (Table 1), unlike similar pep-
tide screens; this suggested that a larger RNA with more con-
formational freedom might yield more potent activators.
Indeed, a study by Buskirk et al. used a similar system to identi-
fy longer (40 and 80 nucleotide) RNA ADs with good functional
activity.[23] Further characterization revealed a diverse set of po-
tential RNA structures. Additionally, mutagenesis of individual
nucleotides in their optimal RNA revealed a critical role of sec-
ondary structure in RNA AD function. As mentioned earlier,
strict cellular regulation of activator function is critical for
normal gene-expression levels and is an important consider-
ation in ATA design. More recently, Liu and co-workers further
developed their RNA AD by engineering a ligand-dependent
switch to temporally control the structure and, thus, the func-
tion of their RNA AD, thereby generating an ATA whose func-
tion is regulated at the level of the AD by small-molecule bind-
ing.[24]


Recently, ligands isolated in screens against particular tran-
scription protein targets have been employed as ADs (Table 1).
For instance, Frangioni et al. used phage-display selection to
isolate several peptides that bind to the KIX domain of the
mammalian co-activators p300 and CREB-binding protein (CBP)
with micromolar dissociation constants.[25] When attached to a
DBD, these peptides up-regulate transcription efficiently in
human cells (ten- to 40-fold relative to background levels). In
addition, Kodadek and co-workers have used phage-display se-
lection to identify peptide ligands for the yeast-transcriptional
repressor Gal80.[26] These peptides interact with both Gal80
and with a transcriptional machinery protein and, as a result,
they function well as ADs when attached to a DBD. In both of
these examples, the peptide ADs isolated from the phage-dis-
play selections bear a strong resemblance to natural acid-rich
ADs and, by all appearances, function in an analogous fashion.
For example, Kodadek’s Gal80-binding peptides function not
just in yeast but also in human cells, thus broadening their ap-
plicability.[27] Regardless of their origin, most natural ADs func-


Table 1. Sequences of activation domains. A) Natural proteins: Short
sequences from the viral protein VP16 and the yeast activator Gal4 that
mediate activation. B) Biomolecules (peptides or RNA) isolated by screen
or selection:[a] KBP 2.20,[25] Gal80BP-A,[26] peptides #28 and #32,[31] and
RNA #7.[22] C) Peptide designed to form an amphipathic helix (AH)[46] and
function as an artificial activation domain.


Activation domain Sequence[b]


A VP16 441DFDLDM…DFEFEQ477


Gal4 843QTAYNAFG…DDVYNYLF869


B KBP 2.20 SWAVYELLF
Gal80BP-A YDQDMQNNTFDDLFWKEGHR
Peptide #28 AHYYYPSE
Peptide #32 AYFEVPSE
RNA #7 UGCUGGAUCA


C AH ELQELQELQALLQQQ


[a] See text and references for additional information. [b] The side chains
of the acids shown in bold are polar, those in normal font are hydro-
phobic.
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tion in all eukaryotic organisms.[28–30] This probably arises from
the earlier-discussed ability of acid-rich ADs, such as Gal4, to
interact with a variety of protein partners. In addition, key
mechanistic aspects of activator function are conserved across
eukaryotic systems. Thus, the functional specificity of ATAs con-
structed with these peptides exclusively arises from the DBD.


Artificial peptidic ADs that have little sequence similarity to
natural ADs have been successfully isolated from binding
screens of synthetic peptide libraries.[31] In our laboratory, sev-
eral such ADs were isolated from a screen of two eight-residue
synthetic peptide libraries for binding to an important compo-
nent of the yeast transcriptional machinery, Med15(Gal11).[31, 32]


Unlike natural ADs, which interact with many transcriptional
machinery proteins, some of these ADs appear to function by
targeting a single protein: the original screening target Med15.
So, for example, in yeast strains in which Med15 is not ex-
pressed or in which the binding site of the AD peptides has
been removed from the protein, the ADs show no transcrip-
tion function.[33] This stands in contrast to natural ADs, which
activate transcription in both of those contexts.


The Med15-dependent function of the artificial ADs isolated
from the binding screen has an additional interesting implica-
tion for ATAs constructed from the Med15 ligands. Unlike
many transcriptional machinery proteins, Med15 has no direct
homologue in metazoan systems.[32] The closest relative identi-
fied thus far is ARC105, with which it shares sequence homolo-
gy at the amino and carboxy termini of the protein.[34] Howev-
er, the portion of Med15 that contains the artificial AD binding
sites has no homology with ARC105 or any other metazoan
protein. Thus, an ATA containing the Med15 ligand #28
(Table 1) as the AD does not activate transcription in human
cells. So, in this case, an additional level of functional specificity
is imposed by the AD, and this leads to the development of a
cell-type-specific ATA. Given the emerging role of cell-type-spe-
cific transcription factors and factors expressed only at certain
points in development (for example see refs. [35, 36]), ligands
for those proteins will be particularly valuable for functionally
specific artificial activator construction. In addition, screening
strategies such as this one can be carried out with synthetic
combinatorial libraries of small molecules and thus provide
small-molecule ADs with desirable and unique specificity
properties.


A screening approach combined with design has been used
to develop one of the two examples of a small-molecule tran-
scriptional AD. Small molecules that disrupt the binding inter-
action between ESX (epithelial-specific transcription factor), a
transcriptional activator, and Sur2, one of its protein binding
partners, were identified from a screen of a combinatorial li-
brary of molecules by Asada et al.[37] This is a particularly inter-
esting interaction to inhibit, since the ESX–Sur2 interaction is
known to mediate overexpression of Her2 in malignant breast
cancer cells.[38] The initial molecules from the library screen
were further refined based upon a solution structure of the
ESX activation domain obtained by the authors. This culminat-
ed in the identification of the molecule named “wrenchnolol”
that effectively inhibits the ESX–Sur2 interaction with an IC50 of
6.9 mm in human cells (Scheme 1).[39] This inhibitory behavior is


analogous to that exhibited by natural ADs when they are un-
attached to a DBD and thus not localized to DNA.[40] Not sur-
prisingly, wrenchnolol functions as a transcriptional AD when it
is attached to a DBD, a hairpin polyamide.[18] This entirely artifi-
cial transcriptional activator upregulates transcription 3.5-fold
relative to background in an in vitro system.


In addition to wrenchnolol, several small-molecule inhibitors
of AD–protein target interactions have been described. For ex-
ample, Vassilev and co-workers recently provided evidence
that a series of cis-imidazoline analogues, termed the Nutlins,
target the p53 activator-binding pocket of MDM2 with sub-
micromolar affinity, thus increasing cellular p53 levels and in-
ducing antiproliferative and apoptotic effects.[41] Attachment of
such molecules to DBDs might provide future interesting
classes of ATAs.


Design


As outlined in the previous section, the most common class of
natural ADs is composed of a combination of polar and hydro-
phobic amino acid residues. Several lines of evidence suggest
that ADs of this class are unstructured in solution but form am-
phipathic helices upon binding to their target protein in the
transcriptional machinery, although the importance of other
secondary structural features cannot be ruled out.[42–45] In the
late 1980s, Giniger and Ptashne proposed that a peptide de-
signed to form an amphipathic helix should also function as a
transcriptional AD. To test this idea, they designed a 20-residue
sequence containing a core repeat of glutamine, glutamic acid,
and leucine as the amphipathic sequence and fused this se-
quence to a protein DBD.[46] As predicted, the peptide (named
AH for amphipathic helix) functioned as an AD in a cellular
system. Furthermore, an ATA containing AH functioned ~20 %
as well as the potent natural activator Gal4, an impressive level
of function for a relatively small peptide. Emphasizing the
mechanistic similarities among eukaryotes, AH-containing ATAs
function well in yeast as well as in higher eukaryotes.[47] Al-
though the structure of AH when bound to a protein target
has not been determined, a peptide containing the AH se-
quence in a different order does not function as a transcrip-
tional AD; this suggests that secondary structure is an impor-
tant component of AH function.


Scheme 1. The small-molecule activation domain wrenchnolol, which has
been shown to activate transcription when attached to a polyamide.[18]
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Several lines of evidence suggest that reconstituting the
exact positioning of the polar and hydrophobic functional
groups in an amphipathic helix is not required for AD function.
For example, there is little direct sequence homology among
the acid-rich activator class ; rather, they share the general
characteristic of hydrophobic amino acids interspersed with
polar residues. Despite the lack of homology, many of the ADs
share common protein targets in the transcriptional machinery.
For example, Tra1, a member of the chromatin-modifying com-
plexes SAGA and NuA4 in yeast, has been identified as a target
of the ADs of at least three natural activators—Gcn4, Gal4, and
Hap4—in addition to the viral coactivator VP16.[48] Given that
most ADs interact with many transcriptional machinery pro-
teins, it also appears likely that there are a number of similar,
permissive binding sites for activators within the transcription-
al machinery. Further, relatively small peptides can be used to
target those binding sites since sequences as short as 6–8
amino acid residues function as transcriptional ADs.[10, 49]


Our laboratory recently took advantage of the lack of specif-
icity in AD-transcriptional machinery interactions to discover
the first example of a small-molecule transcriptional AD.[17] In
this study, five different combinations of polar and hydropho-
bic functional groups were grafted onto a five-membered het-
erocyclic scaffold that provided conformational rigidity. The re-
sulting isoxazolidines ranged from very hydrophobic (three hy-
drophobic functional groups) to very polar (two polar function-
al groups, one hydrophobic). (Scheme 2) The goal was to


create a radial array of functional groups that very generally
mimics that of natural acid-rich ADs. Attachment to a DBD and
testing in vitro revealed that three of the five molecules
showed excellent activity, with isoxazolidine 1 functioning as
well as the well-characterized natural AD ATF14; typically 5–7-
fold levels of transcriptional activation were observed with an
ATA containing 1 relative to background levels. This is remarka-
ble given the size differential (1: 290 Da, ATF14: 1674 Da) and
can be at least partially attributed to the stability of the isoxa-
zolidine ring to proteolytic degradation under the assay condi-
tions. Similarly to natural ADs, a balance of polarity and hydro-
phobicity is the key to the function; for example, isoxazolidine
2, in which the benzyl group of 1 has been replaced with a
carboxylic acid, shows little or no transcriptional activation
function. Although a detailed mechanistic study of this AD
class has not yet been carried out, the results thus far suggest


that other conformationally constrained scaffolds containing
similar functional groups should also function as ADs. This
provides a straightforward mechanism for the discovery of
future classes of small-molecule-based artificial transcriptional
activators.


Future Challenges


One of the greatest remaining challenges in ATA design is the
discovery of ADs that confer potency comparable to that of
natural ADs in cellular systems. Currently, there is only a single
example of a truly potent AD in vivo, a hydrophobic peptide
AD named P201 that functions as well as the powerful natural
activator Gal4.[50, 51] Part of the challenge might lie in the poor
cellular stability of typical biopolymer-based ADs. These mole-
cules have many of the same characteristics of natural ADs,
such as promiscuous binding, but operate outside of the en-
dogenous regulatory system that controls the binding behav-
ior of natural ADs. Thus, artificial ADs are more prone to pre-
mature degradation and unproductive binding interactions
that limit their overall effectiveness. One mechanism for in-
creasing the lifetime of ATAs is to use non-biopolymer-based
systems as both the AD and the DBD. Future studies of the
current suite of small-molecule ADs and the development of
additional classes of these molecules will certainly be invalu-
able for this effort. A second approach is to discover artificial
ADs that interface with the endogenous regulatory system in
addition to targeting the transcriptional machinery. This could
have the added advantage of conferring temporal control over
gene up-regulation mediated by an ATA. Given the exciting
challenges that lie ahead in this arena, the successful develop-
ment of fully functional artificial transcriptional activators will
require the combined efforts of the chemical, biological, and
medical communities in the coming years and will provide a
fertile ground for scientific investigation.


Keywords: artificial transcriptional activator · gene
expression · gene therapy · peptides · small-molecule
activation domain


[1] M. Ptashne, A. Gann, Genes & Signals, Cold Spring Harbor Laboratory,
New York, 2001.


[2] C. M. Perou, T. Sorlie, M. B. Eisen, M. van de Rijn, S. S. Jeffrey, C. A. Rees,
J. R. Pollack, D. T. Ross, H. Johnsen, L. A. Aksien, O. Fluge, A. Pergamen-
schikov, C. Williams, S. X. Zhu, P. E. Lonning, A. L. Borresen-Dale, P. O.
Brown, D. Botstein, Nature 2000, 406, 747.


[3] P. Lawinger, R. Venugopal, Z. S. Guo, A. Immaneni, D. Sengupta, W. Y.
Lu, L. Rastelli, A. M. D. Carneiro, V. Levin, G. N. Fuller, Y. Echelard, S.
Majumder, Nat. Med. 2000, 6, 826.


[4] C. J. Schoenherr, A. J. Paquette, D. J. Anderson, Proc. Natl. Acad. Sci. USA
1996, 93, 9881.


[5] Y. F. Huang, S. J. Myers, R. Dingledine, Nat. Neurosci. 1999, 2, 867.
[6] A. Immaneni, P. Lawinger, Z. Y. Zhao, W. Y. Lu, L. Rastelli, J. H. Morris, S.


Majumder, Nucleic Acids Res. 2000, 28, 3403.
[7] A. Z. Ansari, A. K. Mapp, Curr. Opin. Chem. Biol. 2002, 6, 765.
[8] A. I. Dragan, L. Frank, Y. Liu, E. N. Makeyeva, C. Crane-Robinson, P. L.


Privalov, J. Mol. Biol. 2004, 343, 865.
[9] S. Vashee, J. Willie, T. Kodadek, Biochem. Biophys. Res. Commun. 1998,


247, 530.
[10] M. Tanaka, Proc. Natl. Acad. Sci. USA 1996, 93, 4311.


Scheme 2. Isoxazolidine activation domains 1 and 2 were designed by
Minter et al. to mimic natural activation domains.[17] Isoxazolidine 1 was
found to activate transcription, but isoxazolidine 2 was not.


1314 D 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1311 – 1315


A. K. Mapp and J. K. Lum



www.chembiochem.org





[11] K. Melcher, J. Mol. Biol. 2000, 301, 1097.
[12] Y. B. Wu, R. J. Reece, M. Ptashne, EMBO J. 1996, 15, 3951.
[13] S. S. Koh, A. Z. Ansari, M. Ptashne, R. A. Young, Mol. Cell 1998, 1, 895.
[14] Y. C. Lee, J. M. Park, S. Min, S. J. Han, Y. J. Kim, Mol. Cell. Biol. 1999, 19,


2967.
[15] J. M. Park, H. S. Kim, S. J. Han, M. S. Hwang, Y. C. Lee, Y. J. Kim, Mol. Cell.


Biol. 2000, 20, 8709.
[16] W. W. Lamph, V. J. Dwarki, R. Ofir, M. Montminy, I. M. Verma, Proc. Natl.


Acad. Sci. USA 1990, 87, 4320.
[17] A. R. Minter, B. B. Brennan, A. K. Mapp, J. Am. Chem. Soc. 2004, 126,


10 504.
[18] Y. Kwon, H. D. Arndt, Q. Mao, Y. Choi, Y. Kawazoe, P. B. Dervan, M.


Uesugi, J. Am. Chem. Soc. 2004, 126, 15 940.
[19] J. Ma, M. Ptashne, Cell 1987, 51, 113.
[20] M. Thomas, S. Chedin, C. Carles, M. Riva, M. Famulok, A. Sentenac, J.


Biol. Chem. 1997, 272, 27 980 – 27 986; W. C. Winkler, R. R. Breaker, Chem-
BioChem 2003, 4, 1024 – 1032.


[21] D. J. SenGupta, M. Wickens, S. Fields, RNA 1999, 5, 596 – 601.
[22] S. Saha, A. Z. Ansari, K. A. Jarell, M. Ptashne, Nucleic Acids Res. 2003, 31,


1565 – 1570.
[23] A. R. Buskirk, P. D. Kehaova, A. Landrigan, D. R. Liu, Chem. Biol. 2003, 10,


533 – 540.
[24] A. R. Buskirk, A. Landrigan, D. R. Liu, Chem. Biol. 2004, 11, 1157 – 1163.
[25] J. V. Frangioni, L. M. LaRiccia, L. C. Cantley, M. R. Montminy, Nat. Biotech-


nol. 2000, 18, 1080.
[26] Y. Han, T. Kodadek, J. Biol. Chem. 2000, 275, 14 979.
[27] B. Liu, Y. Han, A. Ferdous, D. R. Corey, T. Kodadek, Chem. Biol. 2003, 10,


909.
[28] J. A. Fischer, E. Giniger, T. Maniatis, M. Ptashne, Nature 1988, 332, 853.
[29] H. Kakidani, M. Ptashne, Cell 1988, 52, 161.
[30] J. Ma, E. Przibilla, J. Hu, L. Bogorad, M. Ptashne, Nature 1988, 334, 631.
[31] Z. Q. Wu, G. Belanger, B. B. Brennan, J. K. Lum, A. R. Minter, S. P. Rowe,


A. Plachetka, C. Y. Majmudar, A. K. Mapp, J. Am. Chem. Soc. 2003, 125,
12 390.


[32] L. C. Myers, R. D. Kornberg, Annu. Rev. Biochem. 2000, 69, 729.


[33] C. Y. Majmudar, J. K. Lum, L. Prasov, A. K. Mapp, Chem. Biol. 2005, 12,
313.


[34] M. Novatchkova, F. Eisenhaber, Curr. Biol. 2004, 14, R54.
[35] U. Kim, X. F. Qin, S. C. Gong, S. Stevens, Y. Luo, M. Nussenzweig, R. G.


Roeder, Nature 1996, 383, 542.
[36] M. A. Hiller, T. Y. Lin, C. Wood, M. T. Fuller, Genes Dev. 2001, 15, 1021.
[37] S. Asada, Y. M. Choi, M. Uesugi, J. Am. Chem. Soc. 2003, 125, 4992.
[38] S. Asada, Y. Choi, M. Yamada, S. C. Wang, M. C. Hung, J. Qin, M. Uesugi,


Proc. Natl. Acad. Sci. USA 2002, 99, 12 747.
[39] H. Shimogawa, Y. Kwon, Q. Mao, Y. Kawazoe, Y. Choi, S. Asada, H. Ki-


goshi, M. Uesugi, J. Am. Chem. Soc. 2004, 126, 3461.
[40] G. Gill, M. Ptashne, Nature 1988, 334, 721.
[41] L. T. Vassilev, B. T. Vu, B. Graves, D. Carvajal, F. Podlaski, Z. Filipovic, N.


Kong, U. Kammlott, C. Lukacs, C. Klein, N. Fotouhi, E. A. Liu, Science
2004, 303, 844.


[42] P. H. Kussie, S. Gorina, V. Marechal, B. Elenbaas, J. Moreau, A. J. Levine,
N. P. Pavletich, Science 1996, 274, 948.


[43] T. Zor, R. N. De Guzman, H. J. Dyson, P. E. Wright, J. Mol. Biol. 2004, 337,
521.


[44] M. Uesugi, G. L. Verdine, Proc. Natl. Acad. Sci. USA 1999, 96, 14 801.
[45] D. Parker, U. S. Jhala, I. Radhakrishnan, M. B. Yaffe, C. Reyes, A. I. Shul-


man, L. C. Cantley, P. E. Wright, M. Montminy, Mol. Cell 1998, 2, 353.
[46] E. Giniger, M. Ptashne, Nature 1987, 330, 670.
[47] Y. S. Lin, M. F. Carey, M. Ptashne, M. R. Green, Cell 1988, 54, 659.
[48] C. E. Brown, L. Howe, K. Sousa, S. C. Alley, M. J. Carrozza, S. Tan, J. L.


Workman, Science 2001, 292, 2333.
[49] K. Seipel, O. Georgiev, W. Schaffner, Biol. Chem. Hoppe-Seyler 1994, 375,


463.
[50] X. Y. Lu, A. Z. Ansari, M. Ptashne, Proc. Natl. Acad. Sci. USA 2000, 97,


1988.
[51] Z. Lu, A. Z. Ansari, X. Y. Lu, A. Ogirala, M. Ptashne, Proc. Natl. Acad. Sci.


USA 2002, 99, 8591.


Received: January 27, 2005
Published online on June 23, 2005


ChemBioChem 2005, 6, 1311 – 1315 www.chembiochem.org D 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1315


Artificial Transcriptional Activation Domains



www.chembiochem.org






DNA Catalysis: Potential, Limitations, Open
Questions
Alessio Peracchi*[a]


Introduction


The “RNA world” hypothesis, initially formulated in the 1960s,
states that life evolved from some protobiotic system in which
RNA molecules were capable of self-replication and of a rudi-
mentary form of metabolism.[1] The hypothesis is consistent
with circumstantial evidence, and it was strongly supported by
the discovery, in the early 1980s, of catalytic RNA molecules (ri-
bozymes). In fact, it is now known that catalytic RNAs play key
roles even in extant organisms, where several crucial process-
es—including RNA splicing and protein synthesis—are carried
out by ribozymes.[1,2] RNA appears to be a plausible candidate
as the progenitor biopolymer, since it can both carry genetic
information and assume a great variety of tertiary structures
and, hence, of functions.
However, other RNA-like polymers could, in principle, play


the same dual role, most notably DNA, which also is a funda-
mental component of modern living organisms. Is it then pos-
sible to hypothesize that a “DNA world” existed or that it
could exist? Or, if RNA (and not DNA) is really at the origin of
life, does this mirror simply an accident of evolution or does it
hint at some more profound, inherent differences between the
two polynucleotides? These kinds of questions have begun to
be addressed experimentally in recent years, during which
time a large amount of research has shown that single-strand-
ed DNA, much like single-stranded RNA, can fold into struc-
tures capable of molecular recognition and catalysis.[3–6]


This Minireview summarizes our current understanding of
the catalytic capabilities of DNA, highlighting the theoretical
and practical implications of this topic and stressing some of
the questions that remain open in the field.


Known Catalytic DNAs Come from in vitro
Selection


The catalytic potential of DNA has been revealed and explored
through use of a combinatorial technique known as “in vitro
selection”, which has allowed the isolation of many DNA en-
zymes (deoxyribozymes) that carry out a variety of chemical
transformations.[3–9] In vitro selection is an approach that
mimics natural selection in a chemical setting.[10,11] It exploits
the creation of large libraries of DNA sequences, together with
the possibility of amplifying a tiny subset of selected molecules
through the polymerase chain reaction (PCR). An example of in
vitro selection strategy is sketched in Figure 1.
The first step of an in vitro selection experiment is the syn-


thesis of a pool of semirandomized DNA molecules. Such mol-
ecules typically contain two fixed sequences at the 5’ and 3’


ends (required for amplification) bracketing a random stretch
of 20 to >200 nucleotides. Initial libraries containing up to
1016 individual DNA molecules can be synthesized; this large
size should offer a reasonable chance that sequences possess-
ing the ability to catalyze a given reaction will be represented
in the pool.


[a] Prof. A. Peracchi
Department of Biochemistry and Molecular Biology
University of Parma
43100 Parma (Italy)
Fax: (+39) 052-190-5151
E-mail : peracchi@unipr.it


Figure 1. A schematic example of an in vitro selection experiment, designed
to search for RNA-cleaving DNA motifs.[16] An initial population of single-
stranded oligonucleotides is produced by solid-phase synthesis. The oligo-
nucleotides contain DNA (in black; the sequence of the DNA region is
mostly random) and a short stretch of ribonucleotides (in gray) near to the
5’ end, which bears a biotin tag (white pentagon). This population is loaded
onto a streptavidin-coated matrix, to which the oligonucleotides become
stably attached. The matrix is incubated under specific ionic conditions, and
the rare molecules that can cleave the RNA region detach themselves from
the matrix and can be eluted. These molecules are amplified by PCR and
subjected to a new round of selection. The cycle is repeated until catalytic
activity can be detected through biochemical assay in the pool of selected
molecules. Many of these molecules can then be cloned, sequenced, individ-
ually tested for function, and further optimized.
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Subsequently, the library is challenged to select those mole-
cules that perform the desired reaction. This selection step
must be very carefully devised, as it requires effective means
for the physical separation of functional molecules from the
overwhelming majority of nonfunctional ones. Once such sepa-
ration is achieved, the selected molecules are amplified by
PCR, and the product DNAs can be subjected to a new round
of selection–amplification. The cycle is repeated a number of
times, while often making the selection conditions more and
more demanding. In a successful experiment, the final popula-
tion is composed of oligonucleotides that are particularly profi-
cient in the desired catalytic function.
The strategy shown in Figure 1 is designed to select for de-


oxyribozymes with RNA-cleavage activity. Indeed, many in vitro
selection studies have focused on the identification of DNA
motifs that cut RNA phosphodiester linkages, mainly because
RNA-cleaving catalysts are especially interesting from an appli-
cations viewpoint (see below).[6, 9] The first deoxyribozyme ever
described, in 1994, was a lead-dependent catalyst capable of
cleaving a single RNA phosphodiester linkage embedded in a
DNA molecule.[12] In the following years, further searches led to


the identification of deoxyribozymes that cleave RNA phospho-
diester bonds in the presence of Mg2+ or Ca2+ [13–19] or even in
the absence of divalent metal ions.[20,21] Some of these catalytic
DNAs are shown in Scheme 1.
In addition to RNA-cleaving DNAs, many other types of de-


oxyribozymes have been isolated and described. A representa-
tive list is provided in Table 1.[22–32] All this research has clearly
shown that DNA can be a versatile catalyst, in spite of its limit-
ed chemical arsenal (for example DNA, like RNA but in contrast
to proteins, does not contain thiolic groups or side chains with
an unperturbed pKa�7). In turn, the ability of DNA to carry
out many mechanistically diverse reaction types suggests that
deoxyribozymes have access to a variety of effective catalytic
strategies.


Limits of Known Catalytic DNAs and Structural
Differences between DNA and RNA


Even though the catalytic versatility of DNA is well established,
no deoxyribozyme has ever been isolated from a living organ-
ism, in striking contrast to the widespread occurrence of ribo-


zymes in nature. Furthermore, the catalytic DNAs ob-
tained by in vitro selection appear generally less effi-
cient than the corresponding “natural” ribozymes.
Perhaps the most pertinent example is provided by
the “10–23” deoxyribozyme (Scheme 1), which cata-
lyzes an RNA-cleavage reaction analogous to those
performed by several natural ribozymes, including
the so-called hammerhead. 10–23 is considered the
most efficient RNA-cleaving deoxyribozyme and was
purposely selected to function under “physiological”
conditions (pH 7.5, 37 8C, Mg2+ concentration in the
low millimolar range).[16] Nevertheless, when assayed
under such conditions, the deoxyribozyme shows a
kcat�0.1 min�1, whereas natural hammerhead isolates
exhibit turnover numbers about 100 times
larger.[22,33,34]


Are these observations simply accidental, or do
they imply that DNA is intrinsically less apt than RNA
for catalysis? One possibility is that the small chem-
ical differences between the two polynucleotides
might disfavor DNA enzymes with respect to RNA
enzymes. These differences are universally known: in
DNA, 2-deoxyribose replaces ribose, and the thymine
base replaces uracil. While the latter feature is not ex-
pected to have any momentous functional implica-
tion, the absence of the 2’-OH groups seems much
more consequential. It has an impact on reactivity,
since the hydroxyl could act directly (e.g. , as an in-
trinsic nucleophile) in specific reaction mechanisms.
Moreover, the lack of 2’-OH group affects the confor-
mation of DNA helices (Figure 2) and could limit their
assemblage into functional structures.
The ability of RNA to catalyze chemical reactions


relies on its capacity to fold into three-dimensional
structures, in which helical segments assemble
through tertiary interactions usually provided by


Scheme 1. Some representative deoxyribozymes with RNA-cleavage activity.[12, 13,16–18]


These enzymes catalyze a transesterification reaction in which a specific 2’-hydroxyl of
the substrate attacks the adjacent phosphodiester bond; this leads to formation of two
products, one of which contains a 2’,3’ cyclic phosphate. The DNA enzymes are depicted
in bold letters, and their substrates are in thin letters ; ribonucleotides are underlined. N
represents any nucleotide, while R indicates a purine and Y a pyrimidine. The arrows
show the sites of cleavage.
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loops or unpaired nucleotides,[35,36] so as to create well-defined
binding and active sites. For DNA, the lack of a 2’-OH group
will affect the formation of such tertiary structures in at least
two ways. First, DNA cannot employ this group to form stabi-
lizing interactions, such as in the so-called “ribose zippers”,


that are recurring motifs in RNA
tertiary structures.[37] Second, the
reduced accessibility of the B-
DNA minor groove (Figure 2)
could impede the formation of
other specific interactions
common in folded RNAs, such
as the docking into the minor
groove of unpaired adenine
bases.[38]


Yet these differences simply
mean that the tertiary structures
accessible to DNA (and the un-
derlying interconnecting motifs)
must be different from those
observed in RNA. Although our
knowledge of tertiary DNA struc-
tures is currently very limited
compared to our knowledge of
RNA structures, there is no com-
pelling reason to assume that
the two polynucleotides differ
significantly in terms of structur-
al versatility.[39] For example the


major groove of B-DNA is more accessible to ligands than the
major groove of A-RNA and might thus represent a preferred
environment for tertiary interactions. Note also that DNA can
assume, in addition to the canonical B-helix, a variety of other
regular and irregular secondary conformations, including
triple-stranded and quadruple-stranded forms.[40] Indeed, some
deoxyribozymes appear to contain triple-stranded regions and
stacked G quartets.[25,26,29,31]


Size Matters: Limits of the in vitro Selection
Technique


While the catalytic efficiency of known deoxyribozymes seems
significantly lower than that of natural ribozymes, it is general-
ly comparable to the efficiency of other catalytic RNAs discov-
ered by in vitro selection.[18] This raises the possibility that in
vitro selection is not as effective as natural selection in identi-
fying good catalysts. The technique has several limits: for ex-
ample, during selection the allowed reaction time cannot usu-
ally be shortened below a few seconds; furthermore, selected
catalysts are optimized for single-turnover (rather than multi-
ple-turnover) performance.[9] One limit that might be even
more relevant, however, is the practical difficulty in selecting
catalytic DNAs of large size.
It is commonly assumed that the more efficient or more dif-


ficult catalytic tasks demand extended catalytic domains. Large
structures, held together by extensive networks of stabilizing
interconnections, might help to form highly refined active
sites, allowing an optimal positioning of reacting groups and
cofactors. While the most efficient natural ribozymes (e.g. , the
self-splicing group I introns) comprise hundreds of nucleotides,
nearly all catalytic DNAs isolated to date are much smaller


Table 1. Examples of reactions catalyzed by in vitro-selected deoxyribozymes.


Reaction type Deoxyribozyme
name[a]


Size
[nt]


Reaction conditions kcat or kobs


[min�1]
Ref.


RNA cleavage (intramolecular trans-
esterification)


10–23 31 2 mm Mg2+ , pH 7.5, 37 8C 0.1 [22]


RNA ligation (5’-triphosphate sub-
strate)


8AY13 50 160 mm Mg2+ , pH 9.0, 37 8C 0.027 [23]


2’,5’ RNA branch formation (5’-tri-
phosphate substrate)


7S11 47 40 mm Mg2+ , pH 9.0, 37 8C 0.54 [24]


Porphyrin metallation (Cu2+ and
protoporphyrin IX substrates)


PS5.M[b] 24 40 mm K+ , 50 mm Tris, pH 6.2,
15 8C


1.3 [25]


Oxidative DNA cleavage class II DNAzyme 28 30 mm Cu2+ , pH 7.0, 23 8C 0.2 [26]


DNA phosphorylation DK1 69 30 mm Mn2+ , pH 7.0, 23 8C 2.8 [27]


DNA ligation (3’-phosphoimidazole
substrate)


E47 47 4 mm Zn2+ , pH 7.2, 25 8C 0.07 [28]


DNA adenylation (capping) class I adenylat-
ing DNAzyme


41 10 mm Mg2+ , 10 mm Cu2+ ,
400 mm Na+ , pH 7.0, 23 8C


0.005 [29]


DNA deglycosylation (depurination) 10–28 93 2 mm Ca2+ , pH 5.2, 25 8C 0.018 [30]


thymine dimer photoreversion UV1C 42 240 mm Na+ , pH 7.0, RT[c] 4.5 [31]


[a] The list includes only deoxyribozymes that do not use organic cofactors or contain “unnatural” nucleotides.
For each reaction, only one well-characterized motif is cited. [b] The same deoxyribozyme, complexed with a
FeIII-protoporphyrin derivative, was shown to possess a modest but significant peroxidase activity.[32] [c] The
reaction is a photochemical process and was measured under 305 nm light (3.4N10�9 einsteinsmin�1).


Figure 2. The structures of two double-stranded nucleic acids with identical
sequences: A-RNA and B-DNA. The picture shows the water-accessible sur-
face of the two helices; atoms contained in the surface are colored accord-
ing to their partial charges. The typical B-form double helix of DNA is thinner
than the A-form helix seen in RNA, it shows a much wider major groove, a
narrower and deeper minor groove, and a reduced distance between adja-
cent phosphates.
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(Table 1) and may lack the structural robustness required to
achieve a compact and fully catalytic structure.[41,42]


Unfortunately, when it comes to long molecules, in vitro
selection experiments cannot exhaustively explore sequence
space (i.e. , the set of all possible sequences of a given length).
For example, there are ~1060 possible variants of a random
100-nucleotide-long DNA sequence. To include all these var-
iants, the starting library for an in vitro selection experiment
would have a total mass approaching that of a galaxy. Instead,
within the practically achievable size of a starting pool (�1016


molecules), and even when such pool is formed by relatively
long molecules, sequence space will be explored to a signifi-
cant extent only for short sequences and only small catalytic
domains will have a high probability of being selected and am-
plified.[7,11] This phenomenon is sometimes termed the “tyranny
of the small motif”.[11]


A case in point is provided by the RNA-cleaving 8–17 deoxy-
ribozyme (Scheme 1). This motif is small (the catalytic “core” is
constituted by just 14 or 15 residues) and relatively tolerant to
mutations, so that a high number of copies of this motif are
likely to exist in a starting population. Moreover, 8–17 activity
can be supported by a variety of different divalent metal ion
cofactors. All these factors explain why this motif has been
fished out several times in independent in vitro selection pro-
cedures.[14,16,43–45]


In contrast to 8–17 stands a DNA enzyme termed 10–28 that
catalyzes the depurination of a DNA substrate (Table 1). This is
the largest deoxyribozyme identified to date, being composed
of 93 nucleotides, and characterized by a complex predicted
secondary structure.[30] The discovery of such an extended
catalytic motif is surprising especially considering that the
random sequence contained in the initial pool was just 85
nucleotides long,[30] but indicates that large catalytic DNAs do
exist and that they can be identified in the laboratory.
Are there practical ways of specifically searching for such


large deoxyribozymes, which, similar to the naturally occurring
large ribozymes, might possess more efficient or more com-
plex activities? One possible approach would be to design an
initial library in which a preexisting catalytic motif is linked to a
random-sequence region, thereby searching for auxiliary do-
mains or elements that support an improved performance. A
similar strategy has already been exploited for the in vitro evo-
lution of novel catalytic RNAs.[46]


If compatibility of the catalysts with physiological systems is
not a constraint, there are other shortcuts that researchers can
use to identify more active DNA enzymes. One of them is pro-
viding the DNA with cofactors that expand its chemical func-
tionalities and favor its structural stability. Since deoxyribo-
zymes are often active only in the presence of metal ions, a
simple option is performing selection in the presence of ap-
propriate metal ion cofactors. This point is illustrated by a
study conducted to analyze the effect of different divalent
metal ions on the selection of deoxyribozymes with a DNA
kinase activity.[27] The authors found that motifs selected in the
presence of transition metal ions (Mn2+ , Cu2+) were more di-
verse and more catalytically proficient than motifs selected in
the presence of alkali metal ions (Mg2+ , Ca2+).[27] This observa-


tion could partially reflect the inherent ability of transition
metals to coordinate strongly with DNA and stabilize tertiary
interactions.


The Basis of DNA Catalysis: Open Questions


The two previous sections took their start from a parallel be-
tween catalytic DNAs and catalytic RNAs. Such a comparative
approach might offer insights into nucleic acid catalysis by il-
lustrating the functional similarities and differences between
the two polynucleotides. The similarities are likely to represent
fundamental features of catalytic nucleic acids (and possibly of
biocatalysts in general) while the differences might provide
better comprehension of the nature of DNA and RNA as mac-
romolecules. However, drawing a meaningful comparison be-
tween catalytic DNAs and RNAs will require a more complete
picture of the structural and mechanistic basis of DNA cataly-
sis, since, in these respects, the deoxyribozyme field lags sub-
stantially behind the field of ribozyme studies.[9]


In fact, no three-dimensional structure of an active catalytic
DNA is currently known. Only one X-ray structure of a RNA-
cleaving deoxyribozyme has been reported,[47] but the complex
formed in the crystal (a tetramer containing two molecules of
deoxyribozyme and two molecules of its RNA substrate) did
not reflect the active structure of the catalyst.[47] In another in-
stance, deoxyribozyme crystals were described,[48] but these
crystals, too, did not yield any three-dimensional structure, pre-
sumably because they failed to diffract to good resolution.
These frustrating results might be correlated to the flexibility
of these small catalysts and their propensity to adopt alterna-
tive structures.
With respect to catalytic mechanisms, most questions also


remain unanswered. The best-characterized deoxyribozyme is
arguably the small PS5.M motif, which carries out the insertion
of a Cu2+ ion into the ring of protoporphyrin IX (Table 1). This
motif had been selected to bind a transition-state analogue for
the metalation reaction, that is, a porphyrin derivative with dis-
torted ring geometry. A series of experiments indicated that
PS5.M would also bind protoporphyrin IX in a distorted form,
so as to change its basicity and favor copper insertion.[25,49, 50]


This supported the notion that PS5.M can employ part of the
interaction energy available from substrate binding to activate
the substrate itself and enhance its reactivity.[50]


Our understanding of the catalytic mechanisms adopted by
other DNAs is very poor. For example, Breaker and co-workers
have outlined schematically four strategies that RNA-cleaving
deoxyribozymes could employ for catalysis (including position-
ing and activation of the 2’-OH nucleophile and stabilization of
the leaving group) and convincingly argued that two or more
of these strategies must be operative in the reactions catalyzed
by several representative RNA-cleaving motifs.[18,51] However,
it remains to be established which combinations of catalytic
strategies are actually exploited by individual deoxyribozymes,
and by which means such strategies are enforced.
As noted above, most RNA-cleaving motifs require metal ion


cofactors for activity, and might employ such metals in their
catalytic mechanisms.[17,22, 52] Yet distinguishing between chemi-
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cal and structural roles is problematic, for example because
transition metal ions, which are expected to function more effi-
ciently in the activation of nucleophiles or in the stabilization
of leaving groups, are also better suited to stabilizing DNA ter-
tiary structures.[53] These uncertainties are compounded by our
current ignorance of the binding sites and binding modes of
these activating ions in deoxyribozyme cores.
Another catalytic strategy that RNA-cleaving ribozymes (as


well as other deoxyribozyme classes) might adopt is general
acid–base catalysis, operated by amino groups on specific
base rings. Several natural ribozymes have been proposed to
employ this type of mechanism, even though the standard
RNA bases, due to their pKa values being far from neutral, do
not seem well suited to catalytic proton exchanges.[54] In deoxy-
ribozyme studies, the possibility of general acid–base catalysis
has been only marginally touched upon[52] and might deserve
to be further investigated, for example in those RNA-cleaving
motifs that do not require divalent metal ions for function.[20,21]


The questions about the mechanisms accessible to deoxyri-
bozymes are tightly linked to the more general issue of defin-
ing the boundaries of DNA catalysis. There are myriad catalytic
tasks for which DNA has yet to show competence, such as the
formation of carbon–carbon bonds or the direct hydrolysis of
DNA or peptides. Reactions involving small, anionic substrates
might be particularly difficult to perform, as they entail the for-
mation of active sites that efficiently bind and position these
reactants. Some other chemical processes could be simply too
challenging for plain DNA, but might be tackled by deoxyribo-
zymes that (not unlike many protein enzymes) recruit organic
cofactors. The use of organic cofactors was illustrated by an
RNA-cleaving deoxyribozyme that needs histidine in order to
function,[55] although it remains to be shown that such cofac-
tors can broaden the scope of DNA catalysis beyond that seen
with metal ions.


Catalytic DNAs as a Biomolecular Tools


The interest in deoxyribozymes’ structures and mechanisms is
not just academic, as these molecules are being used as tools
in various applicative disciplines. Catalytic DNAs are chemically
stable, easy to produce, biocompatible, and amenable to ra-
tional design—a series of advantageous features that make
them particularly suited for many biotechnological and phar-
maceutical tasks. The applications of deoxyribozymes have
been reviewed in detail in a number of recent publica-
tions.[6,8, 9, 56] The examples below give a sense of the continu-
ing research in this area, while further underscoring the func-
tional versatility of DNA.
RNA-cleaving deoxyribozymes (in particular, the 10–23 de-


oxyribozyme) can be designed to cleave RNA substrates in a
sequence-specific manner, and have been largely studied as
potential chemotherapeutics to target the disruption of patho-
genic mRNAs.[8,57] Meanwhile, these deoxyribozymes have also
found use in laboratory applications that range from the analy-
sis and quantification of nucleic acids[58,59] to the preparation
of homogeneous RNA transcripts[60,61] and from the develop-


ment of molecular-scale computational devices[62] to the bio-
sensing of metal ions.[63,64]


The use of DNA catalysts as advanced biosensors seems
especially promising, due in particular to the introduction of
allosteric deoxyribozymes (aptazymes).[65,66] These molecules
have been produced through rational design, by fusing a cata-
lytic domain with a DNA motif (aptamer) capable of specifically
interacting with an exogenous ligand.[65,66] Analogous to allo-
steric protein enzymes, aptazymes possess catalytic activities
that are modulated by effector molecules, and can be used to
detect analytes in kinetic assays.
For example, one recently described biosensor exploits an


ATP-activated deoxyribozyme ligase that is able to circularize a
linear DNA substrate.[67] The circular substrate, in turn, can be
amplified by DNA polymerase through a rolling-circle mecha-
nism and this amplification can be revealed by using fluores-
cent probes. The system, adapted to a chip format, responded
to ATP concentrations in the 10–100 mm range and showed a
signal-to-background ratio of ~100.[67] Another study described
a colorimetric adenosine biosensor based on an RNA-cleaving
deoxyribozyme, whose substrate acts as a linker between
DNA-functionalized gold nanoparticles.[68] In the absence of ad-
enosine, the allosteric deoxyribozyme is inactive and the nano-
particles aggregate, yielding a blue color. In the presence of
adenosine, the aptazyme cleaves its substrate and prevents
the formation of aggregates; the dispersed gold nanoparticles
result in a red color.[68]


An RNA-cleaving deoxyribozyme has also been used to engi-
neer an autonomous nanomotor, that is, a nanodevice capable
of continuous mechanical motions without intervention by the
experimenter.[69] The design and operation principle of the
nanomotor are shown in Figure 3. The device contains the 10–
23 motif and, in the absence of the deoxyribozyme substrate,
sits in a closed (compact) state. Upon binding of the 10–23
substrate, the device opens. When the substrate is cleaved, the
cleavage products dissociate from the device and the device
closes. Another molecule of the substrate (present in solution)
can then bind, and the system can go through another
round.[69] The system represents a crude but effective function-
al homologue of cellular protein motors, in that it exploits
chemical energy (stored in the RNA phosphodiester linkages,
rather than in ATP) to conduct iterative movements.


Conclusion


There are convincing arguments suggesting that DNA
emerged as a biopolymer much later than RNA during evolu-
tion and that an all-DNA world never occurred during the
history of our form of life.[70] According to this view, DNA
represents an evolutionary improvement on RNA solely as a
medium for storing genetic information, since the lack of the
2’-OH group strongly reduces the chemical instability of the
nucleic acid.[7]


Such a late start of DNA might explain why deoxyribozymes
have not been found in living systems (although their exis-
tence remains possible), but it does not imply a reduced func-
tional versatility of DNA itself. Contrary to earlier preconcep-
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tions, catalytic DNAs and RNAs show similar ranges of activities
and efficiencies, while the limits of the presently known deoxy-
ribozymes might simply reflect the inherent limits of the strat-
egies that have led to their identification. Thus a “DNA world”,
albeit unlikely in terms of natural history, does not appear a
practical impossibility. Some researchers today are considering
the creation of sophisticated molecular systems in which all
major functional roles are played by DNA, de facto mimicking
the complexity of the hypothetical RNA world for engineering
purposes.[71]


On a more immediate perspective, deoxyribozymes repre-
sent convenient model systems in which the structural and
chemical principles of nucleic acid catalysis can be explored.
Moreover, the discovery of an increasing number of these mol-
ecules, with novel activities and improved functions, is offering
many uses for catalytic DNAs as reagents for molecular biol-
ogy, biotechnology, and nanotechnology.
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fluorescence resonance energy transfer (FRET) by exploiting the dyes bound
at the ends of the F strand (white and gray circles).
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Multiparameter Imaging for the Analysis of
Intracellular Signaling
Carsten Schultz,*[a] Andreas Schleifenbaum,[a] Joachim Goedhart,[b] and
Theodorus W. J. Gadella Jr.*[b]


Introduction


Most of our knowledge in cell biology is based on results ob-
tained from in vitro experiments. The commonly used enzyme
and binding assays can be performed with good accuracy and
reproducibility. Among other parameters, it is crucial that the
protein preparations are sufficiently pure. Then the determina-
tion of thermodynamic and kinetic parameters permits direct
comparison of results from related proteins or among different
laboratories. Nevertheless, monitoring protein performance in
the natural environment of living cells could provide a much
more realistic look at protein activity. Especially, kinetic param-
eters might differ largely among different living cells and in
particular in different cell lines. Therefore, single-cell analysis
allows cellular diversity to be addressed, which is not possible
in experiments with larger cell ensembles or under in vitro
conditions. Following two parameters in more than one cell or
even in two separate experiments ignores cell heterogeneity.
For instance, the synchronized oscillation of intracellular calci-
um levels and protein kinase C (PKC) activity could only be
demonstrated by simultaneous measurements in the same
cell.[1] Cell-to-cell variability also prevents superposition of tran-
sient translocation events due to the individual shape of cells.
Therefore, in order to reach temporal and spatial resolution of
more than one event simultaneously, experiments within the
same cell are mandatory. Other techniques, like flow cytometry,
deal with large cell populations and produce little temporal
and no spatial resolution.
Fluorescence-based methods are definitely among those


most widely used to monitor cellular events.[2, 3] The combina-
tion of two or more fluorescent methods employed in one
single-cell experiment is called a multiparameter or multiplex-
ing experiment.
Early applications of fluorescent probes had to rely on ex


vivo labeled proteins that were then microinjected into the
cells of interest.[4] However, these days, most detection mole-


cules are genetically encoded fusion proteins based on green
fluorescent protein (GFP) or one of its many relatives.[5, 6] The
diversity of these coral- or jellyfish-derived proteins enables
the use of most of the visible spectrum (Figure 1); this is an
important prerequisite for multiparameter imaging (see
below). Ideally, these proteins should be inert with respect to
intracellular events. Intrinsically, however, GFPs tend to form
dimers and some of the novel red fluorescent proteins are as-
sociated in tetramers. In addition, some varieties are sensitive
to pH and anions (e.g. , the yellow fluorescent protein (YFP)). A
tremendous amount of work has gone into the optimization of
fluorescent proteins, resulting in almost neutral constructs
with respect to the above-mentioned caveats.[7] The longer
end of the spectrum, namely above 600 nm, is still difficult to
use with fluorescent proteins, although significant steps have
been taken to convert chromoproteins to fluorescent proteins
by introducing mutations.[8,9] A disadvantage of GFPs is their
size of about 28 kDa, which makes fusions problematic in ap-
plications in which steric factors need to be considered.[10]


In biological experimentation and especially in drug discovery
there is a trend towards more complex test systems. Cell-based
assays are replacing conventional binding or enzyme assays
more and more. This development is strongly driven by novel flu-
orescent probes that give insight into cellular processes. Target
proteins are studied in their natural environment ; this gives
much more realistic test results, especially with respect to
enzyme location and kinetics. However, in the complex environ-


ment of cells, many parameters contribute to the performance of
the protein of interest. Therefore, it would be desirable to monitor
simultaneously as many of the relevant cellular processes as pos-
sible. Here, we discuss the possibilities and limitations provided
by multiparameter monitoring of cellular events with fluorescent
probes. Some novel examples of the use of fluorescent probes
and multiparameter imaging are shown.
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FRET Probes


The enormous advantage of most fluorescent probes used in
living cells is the high degree of spatial and temporal dynamics
that the readout provides. One of the favored designs is based
on the relative conformational change of two fluorophores
that exhibit fluorescence resonance energy transfer (FRET), for
instance, induced by an enzymatic reaction (Figure 2).
Since FRET is very sensitive to changes in distance and orien-


tation, relatively small alterations in the part of the molecule
where fluorophores are attached will result in a more or less
substantial FRET change, usually in the range of 10 to 100%, in
some cases significantly higher (up to 600%).[17,18] Due to the
ratiometric nature of the measurement, probe performance
should be independent of probe concentration, provided that
the two fluorophores are in a fixed stoichiometry, as is the
case when two fluorescent proteins are attached to one sensor
unit. This ensures that measurements can be performed relia-
bly and that results are comparable between laboratories.


Dynamic probes based on FRET (Figure 2) have been
developed for phosphorylation/dephosphorylation events
(Figure 3),[1, 19–25] methylation,[26] heterotrimeric G protein activi-
ty,[27,28] receptor occupation,[29] changes in lipid concentra-
tions,[30] ion concentrations,[31,32] second messengers such as
inositol 1,4,5-trisphosphate,[33] calcium ions,[34] cAMP,[4,22, 35]


cGMP,[36] and nitric oxide,[37] as well as protein interaction[38]


and oncogene activity,[39] just to name some of the most prom-
inent examples. It is conceivable that there will be FRET
probes for most biochemical events in living cells in the future.
What are the limitations? Despite its broad range of applica-


tions, standard FRET probes are somewhat limiting when it
comes to multiparameter imaging. The regular CFP/YFP FRET
pair requires excitation at 440 nm and emission data collection
from 470 to 530 nm. This covers roughly 100 nm of the visible
spectrum. There is certainly the possibility to add another FRET
pair with excitation at 543 nm and emission in the red range,
but this would leave us with only two parameters available. At
this point, it should be mentioned that the emission spectrum
of CFP has a large and undesired overlap with the emission
spectrum of YFP.[11] This prohibits easy visual discrimination be-
tween direct donor excitation and sensitized emission due to
FRET. Furthermore, both CFP and YFP are relatively sensitive to
photobleaching. Novel fluorescent proteins with slimmer exci-
tation/emission spectra and higher photostability would be
highly desirable. Another solution to cellular imaging might be
quantum dots, which have exceptionally slim emission bands
and vast photostability.[40] However, due to the preparation of
quantum-dot conjugates, microinjection of the structures for
intracellular live-cell imaging has up to now been unavoidable.
Lower wavelengths in the UV region require fairly expensive
lasers and radiation generates substantial cell toxicity. Measure-
ments below 360 nm are usually limited by the lack of light
transmittance of the optical equipment. New laser diodes and
two-photon excitation are currently replacing old-fashioned UV


Figure 1. A) Excitation and B) emission spectra of some commonly used fluo-
rescent proteins including the blue fluorescent protein (BFP), cyan fluores-
cent protein (CFP), GFP, and YFP derived from the jellyfish Aequorea victoria
GFP,[11] the (tetrameric) red fluorescent protein from the coral Discosoma sp.
(DsRed),[12] the far red fluorescent protein from the sea anemone Entacmaea
quadricolora (eqFP611),[13] the monomeric red fluorescent protein derived
from DsRed (mRFP1),[7] and the (dimeric) far red fluorescent protein derived
from the purple chromoprotein of Heteractis crispa (HcRed1).[8] Very recently,
the number of available fluorescent proteins has vastly increased.[14–16]


Figure adapted from ref. [3] with permission.


Figure 2. Models of three widely used designs of FRET probes based on con-
formational changes of the sensor unit. Cyan and yellow barrels depict the
FRET donor and acceptor dyes, respectively. A) A substrate unit is attached
to a sensor unit. Upon modification of the substrate region, the substrate–
sensor interaction is altered; this leads to increased or decreased FRET.
B) Two interacting domains change their relative conformations when a sub-
strate loop is modified. C) Bimolecular FRET probes based on two labeled
interacting partners. The latter could be employed for protein–protein and
protein–ligand interactions. Note that all three designs permit the monitor-
ing of biochemical reactions or binding events in both directions.
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lasers. A larger reservoir that could extend the usable spectrum
is available above 600 nm. In this respect, the recent develop-
ments providing a second generation of red fluorescent pro-
teins with emission maxima extending to 648 nm is of great
interest, although further red shifts are desirable.
One option for attaching fluorophores to proteins in living


cells without bulky additions are biarsenical-tetracysteine label-
ing systems, which were recently also employed for FRET
probes.[41,42] Additional labeling techniques that work in living
cells will soon be generally available and will allow for the in-
troduction of small-molecule fluorophores, including those
that fluoresce above 600 nm. Again fusion proteins are essen-
tial for this technology. One of the best-studied examples in-
volves fusing the 28 kDa alkylguanine transferase (AGT) to the
protein of interest.[43–45] When expressed in cells and provided
with a suitable substrate, usually 6-O-alkylated guanine, AGT al-
kylates itself by transferring the alkyl group to its own cysteine.
When used in FRET experiments with enhanced GFP (EGFP),
several acceptor fluorophores were introduced and tested suc-
cessfully.[46] For FRET applications, it would be particularly inter-
esting to have two independent enzyme-fusion techniques


available that enable orthogonal labeling of proteins in living
cells. The AGT technology requires significant chemical work
for the preparation of guanine-linked fluorophores. Especially
linker type and length could vary significantly between fluoro-
phores. Furthermore, the compounds need to be sufficiently
permeant to cell membranes so that it is possible to apply the
reagents extracellularly and wash away excess dye after the in-
tracellular labeling event. Accordingly, negatively charged dyes
often need to be masked by enzymatically removable groups
like acetates or other esters.
This technology provides a multitude of applications. For in-


stance, a genetically encoded protein unit could serve as a
spatially targeted and defined anchor. Covalent binding of flu-
orescent probes that monitor intracellular events, such as pH
changes or ion fluctuations, would give indicators that perform
with largely improved spatial resolution. However, chemistry is
required to provide the technical solutions.


Adding Parameters by Including Other
Spectroscopic Modalities


One way of establishing multicomponent readouts is to further
exploit spectroscopic axes in fluorescence microscopy. One
can, for instance, look at multimerization of components by
using homo-FRET approaches that require only one detection
channel. The contrast for multimerization is then provided by
recording the reduction in polarization of the fluorescence
emission due to homo-FRET.[47] Also, energy transfer between a
fluorescent donor and a nonfluorescing, absorbing acceptor
(or quencher) can be used. This approach has found wide-
spread application in molecular-beacon technology, for exam-
ple, for measuring transcriptional activation or in situ hybridi-
zation.[48] Nonfluorescent acceptor dyes for FRET are dabcyl[49]


and QSY[50] quenchers, and both have been chemically intro-
duced into proteins. For live-cell experiments, genetically en-
coded chromoproteins[9] with high absorption but no fluores-
cence would be similarly useful. Donor quenching due to FRET
can be imaged independently from donor concentration or
donor/acceptor ratios by using fluorescence lifetime imaging
microscopy (FLIM, for reviews on FRET-FLIM see refs. [51–53]).
Excited-state decay dynamics in FRET can also be used to dis-
criminate between sensitized emission and direct acceptor ex-
citation. For instance, if a donor is used with delayed fluores-
cence or phosphorescence (lifetime 100 ns–100 ms) in com-
bination with a short-lived acceptor (lifetime 1–5 ns), FRET
induces a sensitized acceptor lifetime of several orders of
magnitude higher than the regular acceptor fluorescence life-
time.[54–56] Hence, by using the spectroscopic time axis or polar-
ization axis it is possible to generate contrast within one spec-
troscopic channel. A third, but not spectroscopically deter-
mined option for monitoring stable interactions and using
only one spectroscopic signal is the bimolecular fluorescent-
complementation approach. This method employs split GFP
molecules that have one half fused to one interacting partner
and the other half to the other partner. Only interacting spe-
cies will produce single-channel fluorescence.[57] Even multiple
interactions can be visualized with this method by employing


Figure 3. A) Spectra of the recombinant PKC-FRET probe, KCP-1, before and
after phosphorylation by a soluble catalytic subunit of PKC (PKM).[19] KCP-1 is
constructed as shown in Figure 2B. Specific phosphorylation of the substrate
loop by PKC leads to an increase in FRET. The donor is GFP2; the acceptor is
enhanced YFP (EYFP). B) PKC activity monitored over time in N1E-115 cells
that are transiently transfected with KCP-1 and stimulated with bradykinin
and phorbol ester (TPA).
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split cyan, green, or yellow proteins.[58] Furthermore, the color
of the complemented fluorescent protein reports which inter-
action is occurring. However, complementation requires a spe-
cific orientation of the split GFPs in the complex; this limits the
number of interactions that can be monitored. Furthermore, if
a fluorophore is formed from the split GFPs, its maturation can
take several hours, and after complementation the partners
can no longer dissociate. These factors limit the applicability of
the complementation technique in monitoring dynamic pro-
tein interactions and signaling events.
Full exploitation of the spectroscopic modalities of micro-


scopes in conjunction with the above-mentioned genetically
encoded chemical cell labeling together with the arsenal of
fluorescent proteins, will further enhance the possibilities for
multiparameter imaging. In principle, the design of single-live-
cell assays for imaging three or four interaction pairs with little
spectroscopic bleed-through, should be possible.


Translocation-Based Probes


Translocation of enzymes is often a crucial part of intracellular
signaling. A simple approach to measuring enzyme activity or
concentration changes of a particular compound is, therefore,
based on fluorescent-protein fusion with proteins that translo-
cate, for instance, from the plasma membrane to the cytosol
or vice versa. Similarly, translocation from and to the nucleus
can easily be studied with such proteins. Events that have
been investigated include phosphatidylinositol 4,5-bisphos-
phate (PtdIns(4,5)P2) breakdown,[59,60] diacylglycerol (DAG)
build-up in the plasma membrane (Figure 4),[61] phosphatidyl-
inositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3) formation,


[62] and
changes in intracellular calcium levels.[63] The advantage of this
approach for multiparameter imaging is that only a single fluo-
rophore is used per probe. On the other hand, the amount of
probe in a given cell might differ significantly from that in an-
other cell. For instance, in cases of high expression levels, the
cytosol might not be cleared of a membrane-binding probe
because all binding sites are occupied.


Multiparameter Measurements


As soon as the many variants of GFP became available,[64] pro-
tein-expression experiments of two (or more) orthogonally la-
beled proteins were successfully performed.[65,66] More recently,
the color palette of fluorescent proteins has been significantly
expanded[14–16] thus allowing larger ensembles of different pro-
teins to be monitored simultaneously.
In signal transduction, the advantage of multiparameter


measurements would be the immediate recognition of cross-
talk within a single or between several signaling pathways. Up
to now, there have been few examples of multiparameter
experiments in the same cell. An elegant way of combining
measurements of PtdIns(3,4,5)P3 formation at the plasma
membrane, with insertion of the GLUT4 glucose transporter
into the plasma membrane, was achieved by using dual wave-
length evanescent wave microscopy.[67] Very recently, two Ras
isoforms were monitored simultaneously by Philippe Bastiaens’


laboratory.[68] Three intracellular parameters have also been
visualized simultaneously by Sawano and co-workers.[69] Using
a novel epifluorescence microscope, Ca2+–calmodulin (Ca2+–
CaM), PKC, and their common target, the myristoylated ala-
nine-rich PKC substrate (MARCKS), were observed in single live
HeLa cells. In addition, evidence for the interaction of MARCKS
and Ca2+–CaM was obtained by FRET measurements.[69] Probes
included Fura-2 for calcium measurements and MARCKS–GFP
and PKCg–DsRed fusion proteins for monitoring translocation
to and from the plasma membrane. In another study, the con-
nection between epidermal growth factor (EGF) signaling and
its effector Ras and tyrosine phosphorylation was investigat-
ed.[70] EGF receptor (EGFR) occupation and EGF–EGFR internali-
zation was followed with the help of rhodamine-tagged EGF.
Membrane-bound Ras activation was monitored in COS cells
that express Raichu–Ras, a reporter that distinguishes between
the GDP- and GTP-bound forms of Ras.[39] Alternatively, protein
phosphorylation was followed in the same cells by using
Picchu-X, a FRET sensor for tyrosine phosphorylation.[71] Both
fusion-protein FRET probes function through an altered inter-
action between a substrate unit and a recognition domain
(Figure 2A).
The question arises: how many parameters need to be


monitored in order to increase our understanding of intracellu-
lar signaling? Surely, we will not be able to monitor all the
events that we would like to observe. Therefore, we should in-
vestigate certain closely intertwined signaling modules as they


Figure 4. Translocation probes permit monitoring of concentration changes
of molecules of interest in different subcellular compartments. Commonly
used probes attach to the plasma membrane by recognizing a lipid species,
in this case diacylglycerol (DAG), by using the C1a domain of PKCg (a gener-
ous gift from Tobias Meyer). HeLa cells were transfected with YFP–C1a and
the bradykinin receptor (BK2), and were stimulated with 1 mm bradykinin.
This activated phospholipase C (PLC) as indicated by the translocation of the
DAG-binding domain from the cytosol (t=0 s) to the plasma membrane
(t=63 s). The formation of DAG by PLC was analyzed over time by quantify-
ing cytosolic fluorescence (see graph). A fast increase in DAG was followed
by a slow turnover of the DAG signal.
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were mentioned by Tobias Meyer.[72,73] An example would be
receptor-mediated PtdIns(4,5)P2 breakdown and its immediate
consequences, such as, DAG formation, calcium release, and
protein kinase activation.[61] Two examples where two or three
of these parameters are measured simultaneously are shown
in Figure 5 and Figure 6. For the first time, translocation sen-


sors are used in combination with a cytosolic FRET probe for
PKC. This could serve as a demonstration of how a signaling
module can be analyzed in real time. The number of events
that can be viewed will be crucial to the effectiveness of the
approach. Up to now, we have been able to transiently express
a maximum of four fluorescent indicators at about even levels
(data not shown). Of course, stably transfected cell lines would
help in this respect.


Formulation of Modules and Picking of
Markers


The definition of a module largely depends on the questions
asked. Usually, a module should be a cluster of events which
are closely intertwined, predominantly in the form of tightly
coupled reactions.[73, 74] For a given signaling pathway, a
number of modules will be involved. For instance, receptor oc-
cupation and signaling across the plasma membrane will be
followed by modules that describe the generation and perfor-
mance of the primary diffusible components. These include
second messengers generated at the plasma membrane and
proteins translocating from the cytosol that recognize substitu-
ents at the plasma membrane (e.g. , phosphorylated receptors
or certain lipid species). Subsequently, modules describing the
respective effectors, such as kinase or phosphatase cascades or
other posttranslational modifiers, small GTPases and their regu-
lators, translocation and activation of transcription factors etc. ,
have to be constituted. Finally, modules are formulated that in-
clude cellular responses. Examples for these modules are gene
transcription, cytoskeleton remodeling (morphogenesis), cell


division, apoptosis, secretion, or cell differentiation. Due to the
limited number of parameters that can be followed simultane-
ously, ideally it would suffice to monitor the performance of a
single dominant component within each module. In order to
determine this dominant component, each module needs to
be scrutinized by fluorescent probes in a multiparameter


setup. This includes the determi-
nation of kinetic parameters and
detailed subcellular localization.
Events that are too transient,
such as the formation/removal
of an intermediate, are usually
less suitable for reflecting the
performance of a module. On
the other hand, components
which exhibit low resting levels
are particularly suitable as mark-
ers because the dynamic range
would be sufficiently large to
monitor even subtle changes.
After picking markers for each


relevant module, their multipara-
meter imaging should then
permit the analysis of entire sig-
naling pathways, ideally from
the receptor to the final physio-
logical response in real-time and


in one cell. We expect that this kind of biochemical analysis
will vastly improve our understanding of complex cellular pro-
cesses. At the same time, the number of descriptors will
remain small enough to easily handle the results. We also
expect that this technique will be used in drug discovery
processes in the future.


Physiological Readouts


As can be deducted from the above, it is crucial to combine
the investigation of signaling networks with studies that ad-
dress physiological questions. Therefore, relevant readouts
need to be provided for physiological responses. Several ap-
proaches that have been developed for measuring secretion,[75]


changes in membrane potential,[76, 77] transcription,[48,78] translo-
cation and trafficking of gene products,[67, 79] apoptosis,[80, 81]


and other events are available. The combination of intracellular
monitoring with physiological setups that allow work with
patient tissue will be even more challenging.


Quantitative Aspects


Besides generating multiparameter images that provide con-
trast reports on physiological activities, the challenge will be to
generate quantitative readouts of molecular states from these
images. For instance, for a translocating biosensor reporting
on the presence of a signaling lipid in the membrane, one
should be able to quantitatively relate the extent of transloca-
tion to the surface concentration of this lipid. Similarly, when
using FRET assays the extent of protein phosphorylation


Figure 5. Activation of PKC, measured with the KCP-1 sensor, was combined with the use of a translocation probe
that monitors DAG accumulation in the plasma membrane of HeLa cells. Addition of histamine led to a change in
the emission ratio of KCP-1, which is depicted by false color (upper panel). A fusion construct of the C1 domain
of PKC with monomeric RFP,[7] translocated from the cytosol to the plasma membrane when histamine was
added. Subsequent addition of di-O-octanoyl glycerol (DiOG), a soluble DAG derivative, resulted in a maximum
response of PKC activity and mRFP translocation.
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should be quantified in a way that the FRET or ratio image can
be converted to reflect the degree of protein phosphorylation
in live cells. Besides the obvious demands for simultaneous ac-
quisition of fluorescent signals in multiple spectroscopic chan-
nels, the quantitative approach needs calibration of the read-
outs. For a number of ratiometric sensors such calibrations
have been successfully reported (e.g. , the calcium sensor cam-
eleon,[34] cAMP sensor,[22] etc.). For nonratiometric sensors like


translocating molecules or bimolecular (interaction) FRET sen-
sors, the calibration is much more difficult. Such calibrations
will turn out to be especially complicated in multiparameter
setups. Yet, we think this multiparameter quantitative data
analysis (in 3D: xy plus time, or 4D: xyz plus time) will enable
novel ways to fully understand signaling events or physiologi-
cal modules in living cells. The data can be used as an input
for spatiotemporal in silico models that describe these mod-
ules.[82,83] If indeed four or five parameters are imaged simulta-
neously, whole-cell measurements of spatiotemporal dynamics,
which consist of millions of data-points in space and time, will
put enormous constraints on the models. We anticipate that
these constraints will be instrumental in identifying missing or
superfluous components in the models for each of the mod-
ules. Systematic experimental perturbation of the modules
(e.g. , by inhibitors, modulators, RNAi, or photoactivation
approaches) could further enhance the constraints on the
models.[84]


Conclusions and Outlook


Although a large number of fluorescent probes have been pre-
pared up to now, we are still in the early phase of visualizing
intracellular events. However, we can imagine now what could
be achieved with upcoming developments. It will, for instance,
be possible to look at many more probes and the set of fluoro-
phores in use will be largely extended. The various probes will
inevitably be used in combination and it would be advanta-
geous if future probe design could make room for multipara-
meter imaging.
Will this be suitable for imaging in living animals? As for any


imaging that involves “thicker” specimens, longer-wavelength
dyes are essential for overcoming limitations by absorbance,
light scattering, and tissue autofluorescence. Up to now, large
structures like tumors stained with fluorescent proteins or
quantum dots have been imaged.[85–89] It will be interesting to
see how much of this technology can be adapted to single-cell
detection in tissue. Effective measurements will also require
improved hardware. In particular, improvements in speed, par-
allel acquisition, flexibility in usable excitation/emission wave-
lengths, multimodal acquisition (wavelengths, polarization, and
lifetime), automation, standardization of protocols, and ease of
programming of complex measurements are very important.
Promising developments include imaging devices that provide
spectrally resolved data collection and deconvolution of the
output.[90,91] At the same time novel visualization tools and
data processing tools will be required in order to quantitatively
analyze the complex multidimensional image data. It will be in-
teresting to see, how signaling modules will be defined and
analyzed. To describe and predict the performance of the mul-
titude of cellular events computational modeling approaches
will be essential.[82,83] Multiparameter experiments could vali-
date the resulting models. One challenge in this respect will
be the integration of cell heterogeneity and the acquisition of
quantitative data. There will probably be scientific dispute
about which marker best reflects the performance of a subset
of signaling events. Finally, it will be very important to supple-


Figure 6. Activation of PLC measured by three parameters in a single living
cell. N1E-115 cells were transfected with CFP–C1a, the calcium-sensitive C2
domain of PKC fused to YFP (C2–YFP), and the pleckstrin homology domain
of PLCd1 fused to mRFP (mRFP–PH); DAG, calcium, and PtdIns(4,5)P2 were
then measured. The response of these domains to PLC activation, which was
achieved by the addition of 1 mm bradykinin (marked by the arrow), was
quantified over time by plotting the cytosolic fluorescence. Clearly, the hy-
drolysis of PtdIns(4,5)P2 is paralleled by the formation of DAG. However, the
increase of intracellular free calcium released by Ins(1,4,5)P3 is terminated
much faster than the DAG response.
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ment multiparameter imaging with a quantitative readout of
the final cellular and physiological response. When the physio-
logical parameters cannot be monitored by using fluorescent
probes, new hybrid technology will be required which is cur-
rently only partially available. On the other hand, such hybrid
technology will even further increase the overall number of
monitored events. Patch-clamp rigs attached to fluorescence
microscopes are certainly good examples. Other equipment
will be needed to measure intracellular and physiological
events from patient tissue.
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Rapid progress in genomics and proteomics has inspired many
scientists to develop techniques for efficient screening of spe-
cific biological interactions, such as DNA hybridization, anti-
gen–antibody recognition, and potential drug molecule–pro-
tein interactions.[1] Microarray technology combined with fluo-
rescence detection is one of the most popular tools for the
high-throughput analysis of biological events and has been
the cornerstone of many scientific advances.[2–7] In contrast to
the success of DNA microarray chip applications,[8] protein
chips have suffered from several critical issues, including loss
of molecular conformation and, therefore, protein activity after
immobilization on substrates. Another issue of concern is ori-
entation control of proteins during immobilization, which is
believed to have a significant influence on their biological ac-
tivities. A great many improvements have been made by intro-
ducing site-specific linker molecules to the terminal groups of
proteins, which preferentially adsorb onto a chemically modi-
fied substrate while the active sites of the proteins are directed
towards the incoming targets.[4c,9–10] The suppression of non-
specific binding (NSB) during the assay is also one of the most
important issues.[4e,11] Among the possible approaches to pro-
hibiting NSB, the addition of bovine serum albumin (BSA) has
been most popularly used. Conventionally, BSA is introduced
after the immobilization of probe proteins in order to fill the
unreacted areas of the substrate, which are potential sites for
the NSB of target proteins. However, this space-filling concept
is difficult to apply when the size of probe protein (or peptide)
is very small because BSA treatment will significantly shield the
immobilized small proteins (or peptides) and result in ineffi-
cient specific binding with the target proteins. In order to
overcome this problem, Schreiber et al. have suggested an ap-
proach in which small proteins are immobilized on a pre-
formed monolayer of BSA activated with linker molecules, such
as N-hydroxysuccinimide (NHS) groups.[6] In this case, however,
another technically important chemical treatment step is re-
quired to quench the unreacted NHS-activated BSA. BSA treat-
ments also frequently lead to ambiguous results, mostly arising
from the size and intrinsic NSB characteristics of BSA itself.


Therefore, the development of a BSA-free system is a necessary
and a challenging subject for the realization of highly efficient
protein chips.


Herein, we report the successful demonstration of a BSA-
free protein chip with a 1,1’-carbonyldiimidazole-activated
Tween20-functionalized (CDI–Tween20) high-yield single-
walled carbon nanotube (SWNT) film: CDI–Tween20/SWCN.
Tween20 has a similar chemical structure to poly(ethylene
glycol) (PEG), except for a long alkyl chain moiety. Tween20
and its derivatized forms have been reported to be good “in-
terfacing molecules” between carbon nanotubes and proteins
in terms of efficiently preventing NSB and simultaneously facili-
tating the immobilization of proteins onto carbon nano-
tubes.[12–13] Our strategy is to passivate CDI–Tween20 on both
SWNT and bare hydroxy-terminated SiO2/Si surfaces such that
no further treatment is required for NSB prevention. After the
passivation, SWNTs are ready to accommodate probe proteins
by covalent coupling through the CDI groups. At the same
time, the reaction of CDI with hydroxyl groups of the SiO2/Si
surface covalently attaches Tween20 to the surfaces where no
SWNTs are present, thus effectively preventing NSB in all areas.
Furthermore, SWNT substrates might help preserve protein
conformation. Due to its high aspect ratio and pseudo 3D net-
work structure, SWNT film could significantly reduce the con-
tact area for protein immobilization, leading to minimal shape
deformation of protein molecules.


A schematic representation of SWNT film-based microarray
protein chip preparation is shown in Figure 1a. A successful
growth of the high yield of pure SWNTs was confirmed by a
simple resistance measurement (5–40 kW) as well as by atomic
force microscope (AFM, Digital Instruments, Nanoscope III, Fig-
ure 1b).


As a new platform for protein chip application, it was neces-
sary to confirm that the formation of protein microspots on
the CDI–Tween20/SWNT substrate was reproducible and homo-
geneous. The spotting conditions were optimized from several
test spottings (4E4 array) with Cy3–IgG (20 mgmL�1) with re-
spect to several variables such as concentration, incubation
time, and washing conditions. Successful immobilization and
reproducible formation of protein spots were confirmed by
observing fluorescent dots with a laser scanner after 3 hours’
incubation (Figure 1c). Protein immobilization on the CDI–
Tween20/SWNT surface was also investigated by AFM, which
clearly showed IgG molecules (60 mgmL�1) immobilized on the
SWNT sidewalls (Figure 1d). Note that SWNTs grown in low
yield were used for visual clarity.


The optimal concentration for the immobilization of probe
protein was determined from the fluorescence versus concen-
tration curve (Figure 2 and Figure S1 in the Supporting Infor-
mation). The change in fluorescence intensity was monitored
from the specific bindings of Cy3–IgG (20 mgmL�1) to the SpA
spotted at various concentrations. Figure 2 shows that satura-
tion occurs at around 250 mgmL�1. This concentration was
used for the probe protein immobilizations in future experi-
ments.


For the study of specific and nonspecific interactions on
BSA-free SWNT film substrates, biotin–BSA + Cy5–SA and SpA
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+ Cy3–IgG pairs were investigated. Biotin–BSA was first spot-
ted as a 4E4 array onto the top region of the CDI–Tween20/
SWNT substrate, followed by SpA spotting onto the bottom
region. The sample was then incubated for 3 h before being
transferred to react with Cy5–SA (20 mgmL�1) for 1 h. As
shown in Figure 3a, only biotin–BSA spots (top region) show


red fluorescence owing to their specific binding to Cy5–SA,
while the SpA spots remain dark (bottom). The opposite is ob-
served when the substrate is treated with Cy3–IgG solution
(20 mgmL�1). Only SpA spots show green fluorescence, which
originates from specific binding to Cy3–IgG (Figure 3b,
bottom) while the biotin–BSA spots remain dark (top). The re-
sults show that the specific/nonspecific binding-discrimination
efficiencies are very high. For instance, the fluorescence inten-
sity count for the specific binding of SpA and Cy3–IgG is about
60000, but lower than about 100 for the nonspecific binding
of biotin–BSA and Cy3–IgG.[14] Note that there is no significant
improvement of specific/nonspecific binding discrimination
even when these experiments are performed in the presence
of BSA (2% in PBS).


Cross reactivity was also investigated by immersing a sub-
strate containing the same arrays of probe proteins, that is,
biotin–BSA at the top region and SpA at the bottom region,
into a solution of Cy5–SA and Cy3–IgG (1:1) at final concentra-
tions of 20 mgmL�1 each. As shown in Figure 3c, both the red
spots from Cy5–SA/biotin–BSA and the green spots from Cy3–
IgG/SpA specific bindings are well resolved. All these results
suggest that the immobilized proteins on CDI–Tween20/SWNT
substrate specifically bind to their counterparts.


To test the limits of our BSA-free SWNT film, specific recogni-
tion of small biomolecules was also examined. For this demon-
stration, we used 3EFLAG/Cy3–antiFLAG and biotin/Cy5–SA
pairs. In a similar manner to the previous experiments, 3E
FLAG and biotin were spotted onto the top and bottom re-
gions of the substrate, respectively. After treatment with Cy5–
SA (Figure 4a), Cy3–antiFLAG (Figure 4b), and a mixture of the
two (20 mgmL�1 each; Figure 4c), it can be clearly seen that
the target proteins recognize their probe biomolecules selec-
tively.


Figure 1. Immobilization of proteins on CDI–Tween20/SWNT substrates. a) A
schematic view of protein microarray formation on a CDI–Tween20/SWNT
substrate. b) AFM image of the high yield of SWNT film grown by the CVD
method. c) Fluorescence image of Cy3–IgG spotted on a CDI–Tween20/
SWNT substrate. Three 4E4 spot arrays are shown for the confirmation of re-
liable spot formation; scale bar=500 mm. d) AFM image of IgG immobilized
on a single SWNT.


Figure 2. Fluorescence intensity-concentration curve obtained from specific
binding of Cy3–IgG (20 mgmL�1) and SpA immobilized at various concentra-
tions. This graph indicates that SpA immobilization reaches saturation at ap-
proximately 250 mgmL�1.


Figure 3. Fluorescence images after reaction of substrates containing biotin–
BSA (top region) and SpA (bottom region) with Cy5–SA, Cy3–IgG, and a
mixed solution of Cy5–SA and Cy3–IgG.
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The probe proteins and small biomolecules immobilized on
the CDI–Tween20/SWNT substrate show high specificity for the
target proteins with negligible NSB. These results suggest that
the SWNT/CDI–Tween20 combination is highly effective in cou-
pling proteins as well as in NSB prevention in the absence of
BSA. In order to investigate the critical effects of SWNT and
CDI–Tween20 on the successful fabrication of SWNT film-based
protein chips, we performed several control experiments. The
results show that 1) a high yield of SWNT is critical for the relia-
ble formation of protein spots. No well-defined fluorescent
spots were observed on a bare SiO2/Si substrate or on a low-
density SWNTs functionalized with CDI–Tween20 (200–500 kW,
Figure S2 in the Supporting Information) and 2) efficient func-
tionalization of CDI–Tween20 on SWNTs plays another impor-
tant role because high-yield SWNT films without CDI–Tween20
show large increases in background signals with high cross re-
activity from NSB (Figure S3 in the Supporting Information).


Our BSA-free SWNT-based protein chip was also directly
compared to a state-of-the-art protein chip substrate, Super-
Amine (ArrayIt). When small peptide FLAG molecules were im-
mobilized on SuperAmine slides then treated with Cy3–anti-
FLAG in the absence of BSA, the spot/background fluorescence
intensity ratio was substantially decreased, more than twice
that of when BSA was applied (Figure S4 in the Supporting In-
formation). While BSA indeed provides efficient NSB prohibi-
tion, it also diminishes fluorescent spot sizes (>75% in area);
this is one of the previously discussed drawbacks of using BSA,
the shielding of small biomolecules.


We propose the following mechanism for the successful sup-
pression of NSB achieved by simple treatment with CDI–
Tween20. CDI–Tween20 on SWNTs readily reacts with incoming
proteins by covalent coupling. Any unreacted CDI–Tween20
molecules adsorbed on SWNTs are simultaneously quenched
by water during the 3 h incubation period under 80% humidi-
ty. Hence, the NSB of proteins on SWNTs is sufficiently prohibit-
ed (Figure 5). Although the portion is very small, there are still
bare SiO2/Si regions prone to NSB, since SWNTs do not fully
cover the substrate. As shown in Figure 5, the bare SiO2/Si sur-
face is also protected by covalent coupling of the imidazolyl
carbamate group of CDI–Tween20 to the hydroxyl groups on
the SiO2/Si surface during the CDI–Tween20 coating period.


Therefore, it finally forms a NSB-repelling Tween20 layer. Note
that the hydrophobic chain of the CDI–Tween20 molecule is
much smaller than the hydrophilic branches.


In summary, high-yield CVD-grown SWNT films have been
successfully demonstrated as efficient substrates for microarray
protein chip applications. A simple one-step treatment with
CDI–Tween20 on SWNT films allows both the immobilization
of probe proteins and suppression of NSB very efficiently with-
out the need for additional BSA. A high specific/nonspecific
protein-binding discrimination ratio has been obtained not
only from the conventional probe–target protein interactions
but also from the small probe biomolecule–target protein in-
teractions. With its simple preparation and BSA-free prevention
of NSB, the CDI–Tween20/SWNT protein chips could provide
opportunities for extensive and detailed studies of diverse bio-
molecular interactions.


Experimental Section


High-yield SWNT growth on SiO2/Si substrate : The growth of
SWNTs on the SiO2/Si substrate containing iron oxide nanoparticles
was performed by chemical vapor deposition (CVD) at 950 8C for
5 min under a controlled gas flow rate of 1000/500/20 sccm of
CH4, H2, and C2H4, respectively. For the preparation of iron oxide
catalyst nanoparticles, FeIII hydroxylamine nanoclusters were spon-
taneously formed on a SiO2/Si substrate by immersion in deionized
water (10 mL) to which FeCl3·6H2O (10 mL, 10 mm) and NH2OH·HCl
(100 mL, 40 mm) were sequentially added.[15] This reaction was per-
formed at room temperature for 3 min. The iron oxide nanoparti-
cles were then prepared by calcining FeIII hydroxylamine nanoclus-
ters at 800 8C in air.


Preparation of CDI–Tween20/SWNT substrate : 1,1’-Carbonyldi-
imidazole-activated Tween20 (CDI–Tween20) was prepared by the
reaction of Tween20 (2.25 mL; Bio Basic Inc. , USA) and 1,1’-carbon-


Figure 4. Fluorescence images after reaction of substrates containing
3EFLAG (top region) and biotin (bottom region) with Cy5–SA, Cy3-antiFLAG,
and a mixed solution of Cy5–SA and Cy3-antiFLAG.


Figure 5. Functionalization of SWNT on SiO2/Si substrates with CDI–Tween20.
1) Covalent coupling of probe proteins to SWNTs (left). 2) Nonspecific bind-
ing (NSB) prohibition on SWNT (middle). 3) NSB prohibition on bare SiO2/Si
containing hydroxyl groups (right).
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yldiimidazole (1.09 g; Aldrich) in DMSO (6.08 mL) at 40 8C for 2 h.[16]


In order to remove excess CDI and DMSO, the product solution
was extracted with diethyl ether (Aldrich) to result in yellow precip-
itate. Diethyl ether and residual DMSO were removed by evapora-
tion in vacuo overnight. CDI–Tween20 was then functionalized on
the side walls of SWNTs (CDI–Tween20/SWNT) through van der
Waals interaction by simply soaking a SWNT film substrate into the
diluted CDI–Tween20 solution (1 wt% in water) for 1 h.


Preparation of biotinylated BSA : Biotinylated BSA (biotin–BSA)
was prepared by the reaction of BSA (40 mg; Sigma) with EZ-LinkP
Sulfo-NHS-LC-Biotin (1 mg; Pierce, USA) in phosphate buffered
saline (PBS; 0.5 mL) at 25 8C for 1 h, then dialyzed against N-2-hy-
droxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; 20 mm)/
NaOH at 4 8C.


Concentration control of proteins : Probe proteins including pro-
tein A (SpA, derived from Staphylococcus aureus, ZymedP), biotiny-
lated BSA(biotin–BSA), EZ-Link Biotin-LC-PEO-Amine (biotin, Pierce)
and 3EFLAGP peptide (N-Met-Asp-Tyr-Lys-Asp-His-Asp-Gly-Asp-
Tyr-Lys-Asp-His-Asp-Ile-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C, Sigma)
were diluted to 250 mgmL�1 in PBS (10 mm, pH 7.4). Target pro-
teins, Cy3-labeled rabbit anti-mouse immunoglobulin G (Cy3–IgG,
ZymedP), Cy5-labeled streptavidin (Cy5–SA, ZymedP), and ANTI-
FLAG M2 monoclonal antibody-Cy3 conjugate (Cy3-antiFLAG,
Sigma) were diluted to 20 mgmL�1 in PBS buffer (10 mm).


Spotting and detecting proteins : Probe proteins were spotted
onto CDI–Tween20/SWNT substrates in a 4E4 spot array by using
a protein microarray dispenser (Cartesian). The samples were then
incubated for 3 h and washed with PBS buffer (10 mm, pH 7.4) for
1 min, then with deionized water. After being dried under N2, the
substrates were treated with target protein (20 mgmL�1) for 1 h fol-
lowed by washing with PBS buffer and deionized water for 9 min.
Protein spot arrays were characterized by monitoring the fluores-
cence intensities and the spot shapes with a laser scanner (array-
WoRxP). During the experiments, humidity and temperature were
controlled at 80% and 20–25 8C, respectively.
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Fluorescent Multiplex Analysis of
Carrier Protein Post-Translational
Modification
Andrew C. Mercer, James J. La Clair, and
Michael D. Burkart*[a]


Multiplex analysis has proven to
be a powerful tool for dissecting
genetic identities within com-
plex biological mixtures, as illus-
trated by applications in in situ
hybridization,[1] polymorphic
PCR,[2] and gene-expression
profiling.[3] Given the progres-
sion of proteomic analyses,[4,5]


comparable systems will be a
valuable asset for protein-based
applications.[6] An ideal system
for the application of multiplex
analysis to proteins is the
promiscuous post-translational
modification of carrier-protein
domains from thioester-mediat-
ed biosyntheses. This transfor-
mation, catalyzed by 4’-phos-
phopantetheinyltransferases
(PPTases), can be modified with
a variety of reporter-labeled
prosthetic groups to yield la-
beled proteins,[7] wherein each
chemical species transfers with a
unique kinetic profile. Here we
introduce a three-color fluores-
cent multiplex analysis of carri-
er-protein domains that may be
applied to the discovery of pri-
mary and secondary biosynthetic pathways and as functional
markers for fusion-protein systems involving multiple species.


Carrier-protein domains comprise a small yet diverse group
of proteins essential to primary and secondary biosynthetic
pathways, including fatty acid, polyketide, and non-ribosomal
peptide synthesis.[8] The carrier proteins involved in these path-
ways function as scaffolds to mediate modular synthesis
through a domain bearing a 4’-phosphopantetheine arm.[9]


This prosthetic group is incorporated through transfer of 4’-
phosphopantetheine from coenzyme A (CoA) to a conserved
serine residue by a PPTase (Figure 1). The three-component re-


action between CoA, carrier protein, and PPTase has been
shown to accept a variety of CoA–thioester substrates.[10] Re-
cently, we further investigated this tolerance by covalently
modifying carrier-protein domains with reporter molecules, as
illustrated by the conversion of apo-carrier protein to crypto-
carrier protein (Figure 1).[7] This modification has been subse-
quently utilized in fusion-protein labeling with in vivo applica-
tions.[11]


Early in our investigations, we noticed that the kinetics of
carrier-protein modification was dependent on the CoA deriva-
tive used.[7] Based on this evidence, a multiplex assay was con-
structed by using orthogonal sets of fluorescent CoA ana-
logues 1–5 (Figure 2).[12] As illustrated in Figure 1, the incuba-
tion of a carrier protein with sets of dyes (red, green, and blue)
and PPTase creates three different fluorescently modified pro-
teins. The relative population of each state was determined
spectrophotometrically and conveniently displayed by using a
pie graph.


The application of this method to vibriobactin synthase car-
rier protein from Vibrio cholerae, VibB, is depicted in Figure 3a.
Purified VibB was labeled individually with surfactin PPTase
(Sfp)[13] and CoA analogues 1–3 to provide a red, green, and
blue carrier protein. Treatment of VibB with Sfp and an equi-
molar mixture of 1–3 (dye set A) produced VibB with 29%,
41%, and 30% of the tags from 1, 2, and 3, respectively. Com-
parable analyses in other carrier-protein domains (fatty acid
synthase acyl carrier protein from E. coli, ACP; oxytetracycline


Figure 1. Multiplexed post-translational modification of carrier proteins. In natural systems, a PPTase transfers a
4’-phosphopantetheine residue from CoA to a conserved serine residue on each apo-carrier protein domain to
create the holo-carrier protein and 3’-phosphoadenosine-5’-phosphate (PAP). When exposed to reporter-modified
CoA, the PPTase diverts the natural pathway to yield the reporter-modified crypto-carrier protein. The crypto- no-
menclature indicates that the carrier protein is now blocked from further reaction at the thiol terminus and can
be coded with a fluorescent tag.


[a] A. C. Mercer, Dr. J. J. La Clair, Prof. Dr. M. D. Burkart
Department of Chemistry and Biochemistry
University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093–0358 (USA)
Fax: (+1)858-822-2182
E-mail : mburkart@ucsd.edu
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synthase carrier protein from
Streptomyces rimosus, Otc; and
frenolicin synthase carrier pro-
tein from Streptomyces roseoful-
vus, Fren) verified that the reac-
tion between CP, PPTase, and
CoA could differentiate be-
tween the carrier proteins as-
sayed, as illustrated by the rela-
tive populations of tags 1–3
(Figure 3b).


The utility of this method is
highlighted by its ability to
selectively identify carrier pro-
teins within mixtures (lane 5,
Figure 3). Here an equimolar
mixture of ACP, VibB, and Fren
was treated with dye set A and
Sfp. The three carrier proteins
were separated by molecular
weight by SDS-PAGE, and the
uptake of reporter-labeled CoA
analogues 1–3 was determined
spectrophotometrically. Interest-
ingly, the uptake of 1–3 within
each carrier protein remained
within �1.6% of that found
when labeling each carrier pro-
tein individually.


In a final set of experiments,
we asked how different PPTases
or CoA derivatives would
change the profile of dye label-
ing. Having shown this new
assay to be effective in identify-
ing carrier proteins either alone
or in mixtures, we wanted to
demonstrate that the observa-
tions were not restricted to the
use of dye set A. We altered the
reaction conditions by prepar-
ing a second dye set (B) by
mixing equimolar aliquots of 1,
4, and 5 (Figure 4a). At the
same time, we introduced two
additional PPTases to the assay.
Acyl carrier-protein synthase
(ACPS) from B. subtilis and pseu-
domonas carrier-protein syn-
thase (PCPS) from P. aeruginosa
were cloned and expressed,[13,14]


and the influence of both dye
sets and PPTase was screened
simultaneously against four car-
rier-protein domains (Fig-
ure 4b–c). For ACP, the multi-
plex reaction with ACPS induces


Figure 2. Sets of fluorescent analogues. a) Two sets of analogues, dye sets A and B, were prepared by selecting
combinations of CoA analogues 1–5 such that each set provided orthogonal absorption and fluorescence spectra.
a) Absorption and b) fluorescence maxima were standardized to 1.0 and 100, respectively, by adjustment of con-
centration. Extinction coefficients and fluorescent data for each dye are provided in the Supporting Information.


Figure 3. Three-color carrier protein labeling. a) Carrier protein VibB underwent tagging when treated with dye
set A containing CoA analogues 1–3. SDS-PAGE gel depicting the emission from the dye-labeled crypto-carrier
protein state upon excitation at l=380 nm. b) SDS-PAGE analysis of ACP, Otc, VibB, Fren, and a mixture of multi-
ple carrier proteins after treatment with Sfp and dye set A. The relative dye labeling of carrier proteins is repre-
sented by pie charts.
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a modest shift relative to Sfp (Figure 4a vs. b). For VibB, the
effect of changing the PPTase is more pronounced, as shown
by comparison of Figure 4a and c. The characteristic labeling
pattern is further varied by the choice of dye set, as demon-
strated by comparison of pie graphs within Figure 4b and c.


This assay provides initial insight into molecular-level inter-
actions between proteins from different natural-product sys-
tems. Carrier proteins found in metabolic pathways can be
functionally visualized and classified, even in the absence of
genetic information. We have expanded on earlier work that
identified reactivity in recombinant proteins from different sys-
tems[8] by investigating this reactivity on the molecular level.
Recent publications have also demonstrated the use of carrier
proteins as fusion partners for functional labeling in vitro and
in cellular systems.[10] By combining the techniques presented
here, such fusion systems could be adapted to track multiple
proteins simultaneously. This multiple analysis of the three-
component reaction between carrier protein, modifying
enzyme (PPTase), and label (fluorescent CoA analogue) pro-
vides a robust system for the selective coding of these pro-
teins. In addition, the extension of this assay to secondary met-
abolic systems, fusion systems, and truncated or modified car-
rier-protein domains might provide a robust tool to selectively
decipher complex biological networks.
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Figure 4. Labeling of carrier proteins with three PPTases (Sfp, ACPS, and PCPS) and two dye sets (A and B). Rela-
tive dye labeling with a) Sfp (B. subtilis), b) ACPS (B. subtilis), and c) PCPS (P. aeruginosa). Relative dye labeling of
carrier proteins is represented by pie charts. * indicates no reaction, as given by a lack of crypto-state formation.
Assignments of dye sets are given in Figure 2a.
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Increased Thermal Stability of
Site-Selectively Glycosylated
Dihydrofolate Reductase
Richard S. Swanwick,[a, b] Alison M. Daines,[c]


Lai-Hock Tey,[a] Sabine L. Flitsch,[c] and
Rudolf K. Allemann*[a, b]


Glycosylation is important for many molecular processes such
as molecular recognition, degradation and stability. While it
has long been established that the native conformation of
many proteins can be stabilised against thermal denaturation
through glycosylation,[1–3] the mechanism of such stabilisation
is less clear. The removal of carbohydrates from naturally gly-
cosylated proteins through the use of glycosidases[4] or by mu-
tagenesis of glycosylation sites[5,6] can lead to decreased ther-
mal stability of the protein. This is often accompanied by an in-
creased tendency towards protein aggregation. Due to the
heterogeneous nature of protein glycosylation both in vivo
and in vitro, a comprehensive study of its effect on thermal
stability has been elusive. However, studies of the stability of
several unglycosylated proteins in the presence of high con-
centrations of saccharides such as glycerol, glucose, sucrose,
galactose and a,a-trehalose have led to the conclusion that
these glycans stabilise the folded protein due to preferential
binding of the native state.[7–10] Such observations suggest that
glycosylation of natural proteins could establish a microenvir-
onment that resembles that of unglycosylated proteins in solu-
tions of high carbohydrate content.


The scope of studies into specific in vitro glycosylation of
proteins has until recently been limited. The use of natural en-
zymes allows the site-selective introduction of sugars but is
limited to natural glycans and by often relatively poor yields.
Chemical glycosylation reactions, however, which are more
flexible with respect to the choice of glycan, suffer from limit-
ed site-selectivity. Such shortcomings have been overcome
through a combination of the introduction of unique cysteine
residues at required sites and a highly flexible but selective
chemical derivatisation strategy (Scheme 1).[11–16] This method-
ology allowed us to study the effect of site-specific glycosyla-
tion on the thermal stability of the naturally nonglycosylated
enzyme, dihydrofolate reductase (DHFR), systematically.


DHFR is a major target for antibacterial and anticancer drugs
and has long served as a paradigm for the study of enzyme ki-
netics, protein dynamics and stability. DHFR has a compact


folded form (Figure 1), which is comprised of two domains, the
adenosine binding and loop domains. These domains are con-
nected by a short polypeptide stretch centred around amino


acid residues 86 and 87, known as the hinge region. Large-
scale movements of external loops control access of the cofac-
tor to the active site and propagation through the catalytic
cycle.[17–19] Here we report dramatic increases in the thermal
stability of E. coli DHFR as a result of site-selective glycosylation
of individual surface residues.


Loop residues 87 and 120, located on opposite sides of the
protein (Figure 1), were chosen for selective glycosylation.
Glu120 is positioned on the water-exposed face of a surface
loop next to Gly121, which appears to be crucial for the activi-
ty of the enzyme. Mutation of residue 121 significantly reduces
the catalytic performance of DHFR through local conformation-
al changes that affect the properties of the enzyme global-
ly.[20–26] Asp87 is a solvent exposed residue within the hinge
region that connects the adenosine binding and loop domains.
The hinge region appears to lose its native structure relatively
early in the temperature-induced unfolding process.[20,27] Site-
selective glycosylation of positions 120 and 87 of DHFR was
achieved through the replacement of Glu120 and Asp87 with
cysteine by site-directed mutagenesis of the cysteine free
double mutant DHFR-C85A/C152S (DM), which has folding, sta-
bility and kinetic properties very similar to those of the wild-
type protein.[28] DM-E120C and DM-D87C were derivatised by


Scheme 1. Alkylation of site-selectively introduced cysteine mutants of DHFR;[12,16] n=0–3.


Figure 1. Diagram of the structure of E. coli DHFR indicating the positions
of the two loop residues Asp87 and Glu120. The positions of dihydrofolate


(H2F) and cofactor (NADP+) are shown in the space-filling models.[17]
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treatment with the iodoacetamides of N-acetyl glucosamine,
glucose, maltose, lactose and maltotriose (O-a-d-glucopyrano-
syl-(1!4)-O-a-d-glucopyranosyl-(1!4)-d-glucose) and purified
as described previously.[16]


CD-spectroscopy indicated no significant differences be-
tween the structures of wild-type DHFR, DM-E120C and DM-
D87C and their glycosylated forms (Figure 2). However, when


the thermal stabilities of the proteins were investigated by
measuring their CD-spectra as a function of temperature, the
presence of the glycans led to significant stabilisation of the
protein folds (Table 1). Glycosylation of Cys120 led to a small
but significant increase in the melting temperature of the pro-
tein. Interestingly, the extent of stabilisation observed for dis-
accharides was about twice that seen for monosaccharides.


Glycosylation of Cys120 with lactose or maltose stabilised the
protein by approximately 3 8C.


The steady-state kinetic parameters measured for DM-E120C
and its glycosylated forms were similar to those measured for
DM and indeed the wild-type enzyme[29] (Table 2). This sug-


gests that the structures were essentially unaltered. The sur-
face FG loop, which contains Glu120, is connected through hy-
drogen bonds and van der Waals interactions to the M20 loop,
which exists in two conformations depending on the state of
the catalytic cycle.[17,30] Movements of the M20 loop, which dis-
play rates similar to that of the steady-state turnover, regulate
ligand binding.[23] The similar reaction rates of DM-E120C and
its glycosylated forms suggest that these conformational
changes are not significantly affected by the presence of gly-
cans in the FG loop. This could indicate a coordinated move-
ment of the FG and M20 loops and is in agreement with re-
sults obtained by molecular mechanics simulations.[23,24, 31]


While replacing Glu120 with Cys had no effect on the stabili-
ty of the protein, DM-D87C displayed significantly reduced sta-
bility compared to DM (Table 1). The melting temperature of
DM-D87C was lowered by almost 10 8C and the thermally in-
duced unfolding reaction displayed somewhat reduced coop-
erativity (Figure 3). However, the CD-spectrum of DM-D87C at
25 8C was comparable to that of DM (Figure 2); this suggests
that no major conformational changes had occurred as a con-
sequence of the amino acid change. Derivatisation of DM-
D87C with glycosyl iodoacetamides dramatically increased the
stability of the protein. Alkylation with N-acetyl glucosamine
completely reversed the destabilising effect of Cys87, and the
glycosylated protein displayed thermal stability that was identi-
cal to that of the parent protein (Table 1). The shape of the
melting curve observed for glycosylated forms of DM-D87C
was comparable to that of DM (Figure 3). As had been ob-
served for glycosylated DM-E120C, the steady-state kinetic
properties of the DM-D87C and its glycosylated forms at 25 8C,
were similar to those observed for DM (Table 2). Together with
the unaltered CD-spectra of the glycosylated proteins, the re-
sults suggested that the altered thermal stabilities of the pro-
teins were not a consequence of global conformational
changes, but due to the site-specific presence of glycans. Alky-
lation of DM-E120C and DM-D87C with nonglycosylated iodo-
acetamide alone did not lead to a significant increase of the


Figure 2. Representative CD-spectra for DHFR, DHFR mutants and their gly-
cosylated forms. CD-spectra of DHFR (brown dots), DM (black dots), DM-
D87C (red squares), DM-E120C (blue squares) and DM-D87C-lactose-acet-
amide (green triangles). All other glycan-carrying proteins described in the
text exhibited CD-spectra that were essentially identical to the ones shown
here. All protein concentrations were 10 mm and the spectra were recorded
by using a JASCO-810 spectrometer at 25 8C with a path length of 1 mm in
10 mm KPi, pH 7.0. Mean residue ellipticities [V]r are reported in units of
103 degcm2 dmol�1.


Table 1. Melting temperatures [8C] of DM, DM-E120C and DM-D87C and
their glycosylated forms. The thermal stabilities of nonglycosylated DM
and DM-D87C in the presence of 0.5m maltose are also indicated. The
melting temperatures were determined from the denaturation curves ob-
tained from the dependence of the mean residue ellipticity at 222 nm
[V]r,222 on temperature. All protein concentrations were 10 mm and the
spectra were recorded on a JASCO-810 spectrometer with a path length
of 1 mm in 10 mm KPi, pH 7.0.[20] The melting temperature for wild-type
DHFR is 50.7�0.2 8C.


Glycan DM DM-E120C DM-D87C


none 50.8�0.3 50.8�0.4 40.9�0.3
glucose 51.8�0.2 47.1�0.3
GlcNAc 52.5�0.1 49.6�1.1
lactose 54.1�0.1 46.8�2.1
maltose 54.2�0.3 n.d.
maltotriose n.d. 47.5[a]


acetamide 51.3[a] 39.6�1.2
+0.5m maltose 52.9�0.4 n.d. 43.4�0.4


[a] Single measurement.


Table 2. Steady state kinetic parameters of DHFR mutants and their gly-
cosylated forms. Kinetic measurements were carried out at 25 8C as previ-
ously described.[29] The kinetic parameters for DHFR are KNADPH


M =2.8�
0.3 mm and kcat=8.8�0.2 s�1.


DM DM-E120C DM-D87C
Glycan kcat [s�1] KNADPH


M


[mm]
kcat [s�1] KNADPH


M


[mm]
kcat [s�1] KNADPH


M


[mm]


None 7.0�0.4 2.7�0.5 6.4�1.4 2.3�1.0 9.1�0.1 4.9�1.7
Glucose 7.8�1.1 3.7�1.4 7.3�0.9 10.5�1.5
GlcNAc 5.3�1.7 3.9�2.1 7.4�0.1 6.3�1.3
Lactose 7.1�2.0 1.9�1.7 6.1�2.4 7.0�1.8
Maltose 7.7�1.9 6.8�1.6 n.d. n.d.


ChemBioChem 2005, 6, 1338 –1340 www.chembiochem.org @ 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1339



www.chembiochem.org





proteins’ melting temperatures (Table 1). This indicated that
the glycans were responsible for the increased stability of the
glycoproteins. The unnatural linkage between the proteins and
the glycans was clearly not the cause of their enhanced stabili-
ty.


Asp87, which is located in the hinge region between the ad-
enosine binding and loop domain of DHFR, contains one of
the most solvent exposed side chains of the protein. Replace-
ment of the polar carboxylate group of Asp87 with the hydro-
phobic side chain of cysteine might generate a local conforma-
tional change that affects the thermal stability of the protein.
Glycosylation of residue 87 on the other hand reversed this
effect most likely through increased solvation. However, the
stability increase gained through glycosylation was significantly
higher than that observed for the unglycosylated protein in
the presence of high concentrations of maltose. The presence
of 0.5m maltose increased the melting temperature of all pro-
teins examined by only approximately 3 8C (Table 1). The in-
creased stability frequently observed with naturally glycosylat-
ed proteins, might therefore not simply be a nonspecific effect
arising from changes in the solvation properties of the en-
zymes.[10] Site-specific effects can clearly also contribute to the
overall thermal stabilisation of proteins, at least in the case of
DHFR.


Our results show that site-selective glycosylation of DHFR
can dramatically increase the resistance of the protein against
thermal denaturation. The protein’s melting temperature could
be increased significantly through the site-selective attachment
of simple glycans. It should be noted that the increase in ther-
mal stability observed in our studies is of the same order of
magnitude as the decreases observed upon deglycosylation of
naturally glycosylated proteins, which were 3.4, 4.0 and 1.9 8C
for yeast external invertase, bovin serum fetuin and glucoamy-
lase, respectively.[4] Our data suggest that significant increases
in the thermal stability of proteins can be achieved even with


the small carbohydrates used in this study, rather than with
the often much larger oligosaccharides found in naturally gly-
cosylated proteins.
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Figure 3. Representative melting curves for DHFR mutants and their glycosy-
lated forms. The mean residue ellipticity at 222 nm was measured as a func-
tion of temperature for DM-D87C (black squares), DM-D87C carrying glucose
(green squares) and N-acetylglucosamine (blue dots), DM-E120C carrying N-
acetylglucosamine (purple squares) and lactose (red squares) by using a gra-
dient of 20 8Ch�1. Conditions are as in Figure 2. Mean residue ellipticities at
222 nm [V]r,222 are reported in units of 103 degcm2 dmol�1.
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Cellular entry is important for the delivery of potential drugs,
small-molecule modulators and sensors. Recently attention has
focused on the development of a diverse range of specific de-
livery systems in order to enhance transport and uptake at the
cellular level. Contemporary examples of delivery vectors in-
clude peptides, such as those based on fragments derived
from the Tat protein, peptidomimetic carriers, such as those
based on polymers and dendrimers, and various physical
methods, such as micro-injection.[1–7]


Polymer-mediated delivery offers many advantages; for in-
stance, polymeric materials can allow the controlled delivery
and release of their cargo at controllable local concentrations,
and there are many examples of drugs and sensors being en-
capsulated within polymer microparticles. However, their intro-
duction into cells is often complex.[7] One type of polymeric
material that has been shown to be engulfed and actively
transported throughout cells is latex beads; however, surpris-
ingly little work has been carried out on exploiting this phe-
nomenon.[8] One reason for this is that commercially available
materials are often unfunctionalized chemically or, if they are
functionalized, this is only achievable under mild aqueous con-
ditions, whereas modification for the attachment of a range of
more interesting chemical probes requires compatibility with
organic solvents.
The aim of this study was the generation of robust biocom-


patible polymeric particles of defined sizes that could be em-
ployed in solid-phase multistep syntheses yet be taken up rap-
idly by cells and exploited in a variety of applications. Here the
application of a range of functionalized, cross-linked, multi-
labelled polymer microspheres as a mode of traversing the
membrane of living cells is described. It allows general cellular
labelling, sorting and the potential monitoring of dynamic in-
tracellular processes.
Uniform, monodisperse amino-functionalized microspheres


(0.2 and 0.5 mm) with 2% divinylbenzene (DVB) cross-linking
were prepared by an emulsifier-free emulsion polymerization,
while 2.0 mm microspheres were synthesized by dispersion
polymerization (Scheme 1).[9, 10] By selecting the relevant poly-
merization conditions, it was possible to generate functional-


ized microspheres of any desired size and loading (0.02–
0.20 mmolg�1). As expected, the cross-linking component was
found to be vital to enhance the robust nature of the micro-
spheres during routine chemical manipulations.
The microspheres were labelled with fluorescein, rhodamine,


Texas Red or dansyl dyes as necessary (synthesis details are
given in the Supporting Information), and a number of cell
studies were conducted. Mouse melanoma (B16F10), HeLa,
human embryonic kidney (HEK-293T) and neuronal ND7 cells
were treated in triplicate with the polymeric microspheres
(0.2–2.0 mm) at a range of concentrations (0.2–0.8 mgmL�1)
over four different time periods (3, 6, 12 and 24 h). Following
incubation, the excess microspheres were removed, and analy-
sis by flow cytometry and fluorescence microscopy showed
that cellular uptake of the microspheres was effective in all
cases. All sizes of bead could be delivered into the cells,
though with varying degrees of success depending on the cell
type investigated. Taking B16F10 cells as a representative ex-
ample, Table 1 shows the rate of uptake of fluorescein-labelled


microspheres, while Figure 1 depicts the cellular incorporation
of 0.2 mm fluorescein-labelled microspheres after 12 h and
2.0 mm dansyl-, rhodamine- and fluorescein-labelled micro-
spheres after 3 h, as analyzed by fluorescence microscopy.
Cellular uptake was also found to be bead-size, concentra-


tion and time dependent (Table 1 and Figure 2). As a general
trend, there was a greater percentage uptake of beads in cells
incubated with either the 0.2 or 0.5 mm microspheres than in
those incubated with the larger 2.0 mm beads (see Table 1).
In terms of cell type, uptake was found to be relatively easy


with the HEK-293T and ND7 cell lines; the B16F10 cells were in-
termediary, whilst uptake with the HeLa cells was found to be
the most difficult (see Supporting Information). Investigation
of temperature variation on cellular uptake revealed that no


Scheme 1. Preparation of amino-functionalized polystyrene microspheres.
i) Emulsifier-free emulsion polymerization:[9] styrene, DVB, p-vinylbenzylamine
hydrochloride (VBAH), 2,2’-azobis(2-methylpropionamidine) dihydrochloride
(AIBN·2HCl; V5O initiator), water, MgSO4, 80 8C, 350 rpm, 2–5 h; ii) Dispersion
polymerization:[10] styrene, DVB, VBAH, AIBN, ethanol, poly(vinylpyrrolidone),
65 8C, 250 rpm, 12 h.


Table 1. Cellular uptake of fluorescently labelled microspheres into
B16F10 cells over time (0.4 mgmL�1) at 37 8C and under 5% CO2.


% Cellular incorporation
Bead size [mm] 3 h 6 h 12 h 24 h


0.2 24 62 93 95
0.5 27 58 81 85
2.0 6 14 38 51


[a] Dr. R. M. Sanchez-Martin, Prof. M. Bradley
School of Chemistry, University of Edinburgh, Joseph Black Building
West Mains Road, EH9 3JJ Edinburgh (UK)
Fax: (+44)131-650-6453
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uptake was detected at 4 8C and provides evidence that the
microspheres do not simply bind to the cell surface, a fact ad-
ditionally supported by confocal microscopy studies, as the
images explicitly showed internalization of the beads.
Modification of the 6-aminohexanoic acid (Ahx) spacer unit


to a more biocompatible hydrophilic poly(ethylene glycol)-


based spacer improved cellular uptake (see Table 2), while in-
cubation of cells with microspheres in complete or serum-free
medium indicated that uptake was not significantly affected
by medium composition.[11] This opens up possibilities for
these beads to be used with a variety of cell types and culture
conditions. Finally, the cell viability was assayed at any of the
concentrations and times tested, as verified by an methylthi-


Figure 1. Microscopy images for B16F10 cells after incubation at 37 8C under 5% CO2 for 12 h with 0.2 mm fluorescein microspheres : A) normal light; B) fluo-
rescein filter. Controlled bead cellular uptake (3 h) with 2.0 mm dansyl, fluorescein and rhodamine microspheres: C) normal light ; D) superimposed image of
dansyl, fluorescein and rhodamine filters (concentration of microspheres is 0.4 mgmL�1).


Figure 2. Comparison of cellular uptake (% of labelled cells from total pop-
ulation) of 0.2 mm fluorescently labelled Ahx microspheres on B16F10 cells
at different concentrations and incubation times (37 8C and 5% CO2 atmo-
sphere).


Table 2. Results of cellular uptake (% of labelled cells from total popula-
tion) of 0.2 mm Ahx and PEG-based microspheres at varying concentra-
tions on B16F10 cells after 12 h (at 37 8C and 5% CO2 atmosphere).


% Cellular incorporation
Spacer 0.1 mgmL�1 0.2 mgmL�1 0.3 mgmL�1


Ahx 49 64 90


PEG-based 95 97 98
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azolyldiphenyl tetrazolium bromide toxicity and a trypan blue
assay.[12,13]


To assess the potential use of these microspheres as bio-
markers, a time-course study followed by confocal microscopy
revealed that, 72 h after uptake, all cell types retained the fluo-
rescently labelled microspheres (of all sizes) without loss of the
microspheres. This makes these excellent candidates as cellular
markers and opens up possibilities in the area of cellular multi-
plexing. To demonstrate the potential of these labelled micro-
spheres in a cellular multiplexing assay, HeLa, B16F10 and HEK-
293T cell lines were individually encoded with unique fluores-
cent identifiers (single rhodamine-, Texas Red- or dansyl-conju-
gated beads per cell), and then the cells were combined. After
incubation of the mixed population of cells, flow cytometric
analysis distinctly revealed all three labelled mixed cell popula-
tions, which could be sorted at will. These mixed cells were
then used in a multiplexing transfection study with a plasmid
(pEFGP-N1) that encodes green fluorescent protein (GFP).


Transfection efficiency was evaluated by subjecting the three
mixed cellular populations (HeLa, B16F10 and HEK-293T) in a
single well to a standard transfection protocol (Superfect as
the transfecting agent complexed with pEGFP-N1). After over-
night incubation, fluorescence-activated cell sorting (FACS)
analysis showed the intensity of GFP expression along with the
specific bead-based tag that was the unique identifier for the
specific cell line. It was observed that, after 24 h, transfection
of HEK-293T cells was much greater than for B16F10 and HeLa
cells (Figure 3). Importantly, the results obtained on the mixed
“tagged” population were identical to the transfection efficien-
cies obtained in the absence of the beads. These result open
up the possibility of simultaneous biological analyses of a
number of cell lines specifically encoded with either single or
combinations of fluorescent microspheres.
To explore the possibility of using these microspheres as an


internal cellular-delivery system, switchable within a cellular
environment, a simple nonfluorescent-to-fluorescent model


Figure 3. FACS analysis of the level of GFP expression in a mixed cell population. B16F10, HeLa and HEK-293T cells were labelled with rhodamine, dansyl and
Texas Red microspheres, respectively. Decoding was achieved by analysis of the individual histograms by using the relevant filters: 530/30 nm filter for GFP
expression and 450/50 nm, 576/26 nm and 610/20 nm filters for HeLa cells, B16F10 and HEK-293T cells were encoded with dansyl, rhodamine and Texas Red
microspheres, respectively.
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was chosen.[14] Microspheres (0.5 and 2 mm, 1a and 1b, respec-
tively) were dual labelled with fluorescein and resorufin
through an amide and an ester linkage, respectively, as shown
in Scheme 2 (details in Supporting Information). Free resorufin


is highly fluorescent (lex=585 nm) but cell impermeable. On
the other hand, the ester form of resorufin, such as in 1a, b, is
not fluorescent. Thus, on cellular entry, intracellular fluores-
cence would be due to the liberation of free resorufin (2) by
endogenous esterases and/or background hydrolysis. After 6 h
incubation, the resorufin fluorescence increased 11-fold com-
pared with the control parent resorufin (Figure 4). This estab-
lishes these materials as effective delivery devices of exoge-
nous cellular cargo. In addition, the ability to doubly label the
microspheres allows trafficking of the loaded beads and re-
lease to be continuously monitored within the cells.
In order for this strategy to be successful as a means of cell


delivery, the microparticles must not interfere with the normal
functioning of the cell, such as metabolism and DNA transla-
tion. The influence of the microspheres on cellular metabolism
following cellular uptake was examined by immunostaining to
study the activity of glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH), an enzyme important in the essential metabolism
process of glycolysis. This enzyme is also involved in a great
number of intracellular processes.[15] Thus, various sizes of fluo-
rescently labelled beads were incubated with HeLa, HEK-293T
and B16F10 cell lines for 24 h, following which the cells were
fixed, and GAPDH was analysed by immunostaining (for details
see the Supporting Information). Control experiments with un-
labelled cells demonstrated that the intensity of fluorescence
was the same in the presence or absence of microspheres; this
suggests that, in this regard at least, the metabolic activity of
the cells was not affected by internalization of the micro-
spheres. Additionally, the above transfection studies showed
that the uptake of the microspheres did not inhibit GFP ex-
pression; this implies that the DNA machinery of the cells was
not affected.
Commercially available microsphere particles lack the physi-


cal properties necessary for multistep functionalization with
small organic molecules. We have described the multifunction-


alization of cross-linked polymeric microsphere particles and
their analysis as potential cell delivery vehicles. Varying sizes of
amino-functionalized cross-linked polystyrene microspheres
were generated, fluorescently labelled and used as cellular
tags and probes. They allowed the effective delivery of foreign
materials into cells, without the need for delicate micro-injec-
tion procedures, and were found not to disrupt normal cell
physiology. Importantly cellular uptake was shown to be repro-
ducible, nontoxic and general, the microbeads being able to
successfully penetrate different cell types independent of the
media used, a factor of utmost importance when compared to
many traditional cell-penetrating agents. Their ability to inter-
nalize was dependant on bead size, concentration and temper-
ature, as well as time of incubation and cell type. Thus, by se-
lecting the appropriate beads/conditions, it becomes possible
to fine-tune the cellular uptake of these beads and analyse the
beads within the cells—a step towards bead-based internal
cellular sensors and allowing the controlled release of bead-
based compounds for direct cellular delivery at the single-bead
level.


Scheme 2. Intracellular cleavage of ester-bound resorufin leading to the re-
lease of fluorogenic resorufin (2) from fluorescein-labelled PEG microspheres
(0.5 mm 1a and 2.0 mm 1b).


Figure 4. A) FACS results of B16F10 cells following 6 h or 12 h incubation
(37 8C and 5% CO2 atmosphere) with 0.5 mm (1a) and 2.0 mm (1b) PEG mi-
crospheres loaded with resorufin (0.4 mgmL�1), untreated cells and cells in-
cubated with free resorufin. B) Fluorescence images of B16F10 cells incubat-
ed with 0.5 mm resorufin-loaded PEG microspheres at 37 8C and under 5%
CO2 for 6h.
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Design In Silico, Synthesis and
Binding Evaluation of a
Carbohydrate-Based Scaffold for
Structurally Novel Inhibitors of
Matrix Metalloproteinases


Marco Fragai,[c] Cristina Nativi,*[a, b] Barbara Richichi,[d]


and Chiara Venturi[a]


The matrix metalloproteinases (MMPs) are members of a con-
tinuously growing family of Zn-dependent endopeptidases
that function extracellularly. This clan of enzymes, specialized
in endopeptidase activity, is involved in both normal and
pathological tissue remodeling. Activation and over-expression
of MMPs seem to be connected with pathological conditions
such as arthritis, cardiovascular diseases, multiple sclerosis, and
cancer-cell metastasis.[1–3] Since preclinical studies clearly
showed that the inhibition of MMPs would be therapeutic for
such diseases, the generation of effective and selective inhibi-
tors has become an extremely attractive goal.


Early approaches to the identification of potential MMP in-
hibitors (i.e. substrate-based design of peptidomimetics and
random screening of natural product or compound libraries)
have recently been replaced by structure–activity relationship
(SAR) studies. Deeper insights into enzyme–ligand interactions
have been possible from SAR studies, and structure elucidation
through X-ray and NMR spectroscopy of MMP catalytic
domain/inhibitor complexes showed that the interaction of the
inhibitor with zinc in the active site is very important in deter-
mining biological potency.[4–6]


Beside the active-site zinc(ii) ion, all MMPs are characterized
by a hydrophobic cavity, conventionally designated the S1’
pocket, which offers the greatest opportunity for selective-in-
hibitor design because there is considerable variation between
the MMPs in its dimensions and the residues that line the
pocket. Thus peptidomimetics that incorporate a zinc ligand
and S1’ side chain represent one of the most common classes
of MMP inhibitors (i.e. Marimastat,[7] Batimastat[8]), while anoth-
er class of zinc ligand compounds are sulfonamide-based in-
hibitors such as NNGH[9,10] or AG3340.[11]
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Generally, the structures of MMP inhibitors are related to
very few molecular scaffolds, the vast majority of which con-
tain hydroxamic acids as the zinc-binding group (ZBG), fol-
lowed by carboxylic acid inhibitors.


As a matter of fact, the most common strategy for designing
new potential inhibitors is based on the superimposition of
new structures onto those of known inhibitors.[12] Although
successful in terms of inhibitory activity, this strategy generates
molecules that tend to exhibit the same shortcomings of the
model compounds. For example, the low selectivity exhibited
by known MMP inhibitors (MMPIs), which makes them poorly
discriminating towards the active sites of the enzymes and is
one of the main reasons for their failure in clinical trials,[13,14] is
related to their structural similarity.


The design of new scaffolds that are structurally diverse
from known compounds is therefore necessary, and in this re-
spect the availability of the 3D structure of MMP with its active
site represents a great advantage. A virtual screening of new
molecules, performed before undertaking their synthesis, can
markedly reduce time and costs, thus giving a better chance
of success. In addition, docking analyses can provide informa-
tion on the conformation of the ligand within the binding
pocket, directing suitable modifications of the inhibitor struc-
ture.


The results provided by in silico studies need to be con-
firmed and integrated by experimental data on ligand–protein
interaction. NMR is a powerful tool for monitoring ligand–pro-
tein interaction, especially in the presence of relatively weak
binding ligands.


The integrated analysis of ligand–protein interactions and in
silico studies provides a convenient strategy for choosing start-
ing molecular leads and checking the lead-optimization pro-
cess in order to solve the two main problems of the search for
a “new generation” of efficient inhibitors namely 1) good selec-
tivity and 2) oral bioavailability. Approaches to the design of in-
hibitors in which the available space in the MMPs’ S1’-specific
pocket is filled with large hydrophobic groups are currently
generating compounds that are insoluble in physiological
media. Therefore a balanced contribution from the hydrophilic


and lipophilic portions should be pursued to assure a good
bioavailability.


The development of novel carbohydrate-based bioactive
molecules was recently reported and suggested that carbohy-
drate-containing compounds that can overcome bioavailability
problems could provide a source of new drug candidates.[15]


In an effort to improve our comprehension of the bioactive
conformation of new potential inhibitors, we focused our at-
tention on sulfur-containing constrained structures.[16,17] Bicy-
clic O-glycoamino acidic scaffolds such as A (Scheme 1) are


constrained versatile structures that can be prepared as dia-
stereomerically pure a-O-glyco derivatives through a totally
chemo-, regio-, and stereoselective Diels–Alder reaction under
very mild conditions. Despite the naphthyl- and biphenyl- resi-
dues, scaffolds A are soluble in water due to their carbohy-
drate portion. A further advantage offered by bicyclic scaffolds
A is a reduced degree of conformational freedom, which can
improve the reliability of predictions in virtual screening. More-
over, the orthogonally protected functional groups of 1 and 2,
will allow further manipulation of the architecture to generate
a family of functionally related inhibitors.


For many MMPs, the shape and structure of the S1’ pocket
have been extensively investigated in order to design selective
inhibitors.[18–20] In the case of macrophage metalloelastase
(MMP-12), the wide S1’ pocket is able to accommodate relative-
ly large hydrophobic groups and to provide an appreciable in-
teraction with the protein.


In order to identify new selective and water-soluble MMP-12
ligands, we designed 240 a-O-glycodipeptide mimetic deriva-
tives with different lipophilic groups. The bicyclic O-glycopep-
tide scaffold A has three different positions that can be easily
functionalized, and 80 different lipophilic moieties were con-
sidered. These lipophilic molecules had been previously select-
ed from among the moieties already known to be accommo-
dated into the S1’ pocket.


Scheme 1.
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A virtual screening of all molecules has been performed by
using the Lamarckian Genetic Algorithm (LGA) of the Auto-
Dock 3.0.5 program.[21] The PDB file of the MMP12 catalytic
domain (PDB code 1RMZ) corresponding to Gly106–Gly263,
solved by X-ray crystallography at 1.3 H resolution, was used,
and the protein charges were assigned by using the AMBER
force field.[22] A box of 19.75I19.75I19.75 H3 with a grid spac-
ing of 0.275 H and centered near to the catalytic zinc was de-
fined as docking space. The structures of the glycopeptide de-
rivatives were generated by using Chem3D pro, and their ge-
ometry was minimized by semiempirical methods. The correct
charges were then assigned according to the Gasteiger–Marsili
method. A total of 50 docking runs were performed for each
ligand, and the results were ranked according to docking ener-
gies. One of the main problems related to virtual screening is
the assessment of the binding constant. It can be directly de-
rived from the AutoDock binding energy, but this should be
considered as a scoring function useful for selecting results[23]


that need to be experimentally validated. With this in mind, a
set of ten commercial molecules that exhibit in silico, weak,
medium, and high affinity for the S1’ cavity of MMP-12 were se-
lected, and the binding constant was determined by NMR
spectroscopy. Among the molecules analyzed, compounds 1
and 2 (Scheme 1), which are characterized by a side chain fea-
turing a biphenyl group (1) or a
naphthyl group (2) linked to the
homoglutamic nitrogen and by
a carboxylic residue as binding
group for zinc, provided the
best results in terms of docking
energy and cluster population.
For both compounds, the value
of the docking energy was of
the same order of magnitude as
that of ligands with micromolar
affinity.


Inspection of the models
(Figure 1) indicated that, as ex-
pected, binding is due to hydro-
phobic interactions of 1 and 2
with the S1’ pocket through the
aromatic moieties. The mono-
saccharidic residue located out-
side the protein does not appear to contribute to binding. In-
terestingly, AutoDock also revealed that the non-amino acidic
carboxylic residue of compound 2 (Figure 1B) is oriented
toward the catalytic zinc ion, whereas it sticks out from the
protein surface in the case of the biphenyl derivative 1 (Fig-
ure 1A).


Carboxylic acid-based inhibitors 1 and 2 (Scheme 1) were
prepared as enantiomerically pure compounds from O-glyco
derivative 3, obtained by cycloaddition of the electron-rich di-
enophile 4 with the electron-poor diene 5, which, in turn, was
synthesized according to a literature procedure (Scheme 2).[24]


Diene 5 is a highly reactive intermediate that is generated “in
situ” from the phthalimidesulfenyl derivative 6 and trapped by
the glucal 4.


Selective removal of the tert-butoxycarbonyl group (Boc)
with trimethylsilyl chloride and phenol afforded the amino de-
rivative 7, which was subsequently transformed into the corre-
sponding amides 8 and 9 by treatment of the crude with bi-
phenyl-4-yl- and naphthalene-2-yl-acetyl chlorides, respectively
(Scheme 3). Treatment of 8 and 9 with CsF in DMF at room
temperature allowed the simultaneous removal of the triiso-
propylsilyl (TIPS) group at C-3 and deprotection of the trime-
thylsilylethyl ether to afford the monoesters 10 and 11. Hydro-
genation of the last two compounds gave the water-soluble
dicarboxylic acids 1 and 2 in quantitative yield.


Binding of 1 and 2 to the 15N-enriched catalytic domain of
macrophage metalloelastase (MMP-12)[25] was monitored by
1H,15N HSQC NMR spectroscopy. The sample of MMP-12 catalyt-


Figure 1. Docking of compounds A) 1 and B) 2 into the 3D structure of the
MMP-12 catalytic domain (PDB code 1RMZ).


Scheme 2.
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ic domain consisted of 0.1 mm protein in 10 mm Tris-HCl
buffer, 10 mm CaCl2, 0.1 mm ZnCl2, 0.3m NaCl, 200 mm aceto-
hydroxamic acid at pH 7.2, and 10% D2O. 2D NMR spectra
were recorded at 298 K on a Bruker DRX700 spectrometer
equipped with a TXI probe. Amide NH resonances were detect-
ed through 1H,15N HSQC experiments[26,27] implemented with
the sensitivity enhancement scheme.[28,29] 1H,15N HSQC spectra
of the MMP-12 catalytic domain were acquired before and
after the addition of a solution of compounds 1 and 2 in
[D6]DMSO to protein samples. The final concentration of com-
pounds 1 and 2 was 1 mm with 1% of [D6]DMSO.


The presence of compound 1 or 2 induced relevant changes
in the HSQC spectra, thus unequivocally revealing the interac-
tion with the protein (Figure 2). The variation induced in the
spectra of the free MMP-12 domain by 1 and 2 are similar but
not identical, according to their different structures and to the
models provided by docking studies. Indeed, in the presence
of glyco derivative 1 or 2, many correlation peaks of the MMP-
12 catalytic domain were shifted or broadened beyond detec-
tion.


The residues involved in the interaction were identified by
using the 3D structure of the protein and the 2D 1H,15N HSQC
correlation peaks. Binding of compounds 1 and 2 mainly af-
fects amino acids that form the active site of the enzyme
(Phe213, Ala216, His218, Glu219, His222, Ser229); this corrobo-
rates the docking analysis.


To assess the binding properties of compounds 1 and 2,
their abilities to inhibit the hydrolysis of fluorescence-
quenched peptide substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-
NH2 (Biomol, Inc.)[30] were tested. The assay provided an IC50


value of 490 mm for compound 1 and of 720 mm for compound
2.


Compounds 1 and 2 represent the first two examples of car-
bohydrate-based inhibitors of MMP12.[31] The presence of free
hydroxyl and carboxylic groups makes these two molecules
soluble in water even in the presence of large lipophilic
groups. An appreciable interaction of 1 and 2 with the protein
proved that the monosaccharidic fragment did not affect the
affinity of biphenyl- or naphthyl-containing derivatives.[32] Bind-
ing is mainly due to hydrophobic interactions of the aromatic
rings with the S1’ pocket, whereas monosaccharidic portions
do not appear to contribute. Docking studies and 1H,15N HSQC
experiments matched in pointing to a lack of real interaction
of the carboxylic residues of 1 and 2 with the active site of the
protein and in confirming the correctness of the lipophilic por-
tions selected. In conclusion, the presence of an inhibitory ac-
tivity of 1 and 2 probably suggests that the carbohydrate-con-
taining skeleton we propose represents a veritable scaffold
suitable for designing more powerful inhibitors.


Scheme 3.


Figure 2. A) 1H,15N HSQC spectrum of the MMP-12 catalytic domain without
(black) and in the presence of (red) 1 mm of compound 1. B) 1H,15N HSQC
spectrum of MMP-12 catalytic domain without (black) and in the presence
of (red) 1 mm of compound 2.
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Luminescent Saccharide Biosensor
by Using Lanthanide-Bound Lectin
Labeled with Fluorescein


Yoichiro Koshi,[a] Eiji Nakata,[b] and Itaru Hamachi*[a, b, c]


In biosensing, it is considered that metal-based luminescence
has advantages over fluorescence on several points, such as
the unique longer lifetime of emission, a lower scattering of
excited light, the lack of disturbance with fluorescent impuri-
ties, and the absence of analogues properties in the biological
sample.[1] Thanks to these benefits, a luminescence mode sens-
ing system is anticipated to be promising particularly for appli-
cation to complicated mixtures of biological samples. Unfortu-
nately, the high sensitivity of luminescence to dissolved
oxygen frequently prevents precise and reproductive lumines-
cent analysis.[2] Although ratiometric sensing might overcome
such a problem,[3] it requires two distinct luminophores within
one chemosensor molecule, which is generally difficult from a
synthetic point of view.
Here we describe a new luminescent biosensor for compli-


cated glycoconjugates basis on a lanthanide-complexed sugar-
binding protein (lectin) modified with a fluorophore. By using
luminescence resonance energy transfer (LRET)[4] within the en-
gineered protein, ratiometric luminescent sensing can be car-
ried out. Furthermore, it can be successfully applied to a lumi-
nescent assay for enzymatic trimming of a glycoprotein.
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Site-specific introduction of Fluorescein (Fl) to Concanavalin
A (Con A), a mannose-binding protein,[5] was conducted by
post-photoaffinity labeling modification (P-PALM), as we re-
ported recently (Scheme 1).[6] That is, the benzylthiol group
newly incorporated into the Tyr100 site of the Con A surface
was labeled with fluorescein-5-maleimide to yield fluorescein-
modified Con A (Fl-Con A).[7] It is reported that there is a bind-
ing site for metal ions such as MnII or TbIII in proximity to the
sugar-binding pocket of Con A.[8] In fact, when TbIII chloride
(TbCl3) was added to native Con A, three main luminescence
peaks (490, 544 and 583 nm) appeared under the phosphores-
cence mode of experimental conditions (excitation 280 nm
and delay time 0.1 ms, Figure 1A). These peaks, due to the TbIII


emission sensitized by fluorescent amino acids (Trp, Tyr, etc) of
Con A, are direct evidence of the TbIII complexation with Con A
(Con A/Tb), because of the close distance (within 3 D) required
for the sensitization.[9] Interestingly, as shown in Figure 1A, an
additional peak at 513 nm was observed in the case of TbCl3 ti-
tration of Fl-Con A. Figure 1B shows that the Fl-Con A fluores-
cence-mode excitation spectrum overlaps significantly with
one of the TbIII emission peaks (490 nm) and that the emission
fluorescent peak is coincident with the new peak (513 nm). In
addition, the excitation maximum of the phosphorescence of
Fl-Con A monitored at the Fl emission peak (513 nm) appeared
at 280 nm in the presence of TbIII ; this value is identical to the
excitation spectrum monitored at the TbIII emission peak
(544 nm, see Figure S3 in the Supporting Information). Thus, it
is clear that a TbIII complex was formed with Fl-Con A (Fl-
Con A/Tb) and that the Fl emission appeared in the rather
long time range by a LRET from TbIII. Such a long-lived lumi-
nescence of Fl-Con A/Tb is advantageous over short-lived fluo-
rescence. For example, fluorescent impurities—such as another


contaminated fluorophore (DMACA[10]), a protein
emission, and the scattered light due to the excita-
tion, all of which were observed in the fluorescence
spectra—can be cancelled in luminescence spectra
so as to obtain a simplified spectrum (see Figure S4
in the Supporting Information).
Thanks to the LRET emission of Fl, two distinct lu-


minescent fluorophores (i.e. , TbIII and Fl), essential
for ratiometric luminescence analysis, are found
within one protein scaffold (Fl-Con A/Tb). Thus, we
conducted luminescent titration experiments of Fl-
Con A/Tb with several saccharide derivatives, such as
monosaccharides, oligosaccharides, and glycopro-
teins. Figure 2A shows a typical luminescent spectral
change of Fl-Con A/Tb upon addition of a branched
mannopentaose (Man-5), an essential fragment of
glycoprotein surfaces. Clearly, the LRET peak at
513 nm decreases relative to the Tb luminescence at
544 nm with increasing Man-5 concentration.[11] This
implies that a ratiometric value of the intensity of
the LRET peak over the TbIII peak is successfully utiliz-
ed, whereas a varied content of the dissolved
oxygen seriously disturbs the reproductive analysis
when using a single luminescent peak during the ti-


Scheme 1. A) Molecular structure of a P-PALM reagent and fluorescein-maleimide.
B) P-PALM scheme for semisynthesis of the luminescent biosensor and the mechanism
of LRET on Con A.


Figure 1. A) Emission spectra of 3 mm native Con A with 50 mm TbCl3 (light
line) and 1 mm Fl-Con A in the absence (dashed line) and presence (heavy
line) of 50 mm TbCl3. B) Excitation (dotted line) and emission (dashed line)
spectra of 1 mm Fl-Con A in the fluorescence mode, and the emission spec-
trum of 3 mm native Con A with 50 mm TbCl3 (solid line) in the phosphores-
cence mode. All experiments were conducted under the conditions of
10 mm HEPES buffer (pH 7.5), 5 mm CaCl2, 0.1m NaCl, T=20�1 8C.
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tration measurements. The titration curve for Man-5 obeys a
typical saturation, as shown in Figure 2, and gives us a binding
constant of 1.0H105m�1. The value is comparable to that of
native Con A. Figure 2B also shows other titration curves with
different saccharide derivatives monitored by ratiometric lumi-
nescence. The ratio change occurs for all mannose derivatives
with corresponding sensitivity, whereas Me-a-galactose (Gal)
and a b-linked glucose derivative, cellobiose (Cel), are not
sensed luminescently.[12] The selectivity and binding affinity
thus evaluated—Man-5�Man-4�Man-3>Man-2�Man-1>
Cel@Gal (Table 1)—are almost identical to literature values of
native Con A determined by isothermal titration calorimetry
(ITC).[5b] This indicates that Fl-Con A/Tb is a luminescent biosen-
sor that retains a natural selectivity in spite of the double mod-
ification. We also noticed that the saturated values of the LRET
intensity roughly parallel the bulkiness of the oligomannoside
family, that is, in the order of Man-5=Man-4=Man-3>Man-2
and Man 1, similar to the case of Fl-Con A. In addition, no re-
sponse is observed either for a randomly modified Fl-Con A/Tb
or for native Con A/Tb.[13] Therefore, it is assumed that the at-
tached Fl senses a microenvironmental change, such as micro-
polarity or micro-pH, caused by saccharide binding. The bulkier
saccharide pushed Fl further out of the binding cavity of
Con A, thus inducing the luminescence change.[14]


In addition to sugars, glycoprotein sensing can be carried
out by LRET of Fl-Con A/Tb with a microM sensitivity (K=1.8H
105m�1 for ribonuclease B (Ribo B),[15] an enzyme modified
with a Man-5 derivative), while mannose and the nonglycosy-
lated protein (Ribo A) were less sensitively detected. By using
this selectivity, a luminescent assay for an enzymatic trimming
reaction on a glycoprotein surface can be designed. In a proof-
of-principle experiment, a-mannosidase, an exoglycosidase,[16]


and Ribo B were employed as a model enzyme and substrate,
respectively. Figure 3A shows a typical luminescence change
of Fl-Con A/Tb depending on the reaction time. The time
course monitored by the ratiometric intensity is plotted in Fig-


Figure 2. A) Luminescent spectral changes of Fl-Con A/Tb (1 mm Fl-Con A
and 50 mm TbCl3) upon addition of Man-5 (0!500 mm). B) Luminescent titra-
tion plots of the ratiometric intensity (I513/I544) versus saccharide concentra-
tion (log [saccharide]): Man-1 (*), Man-2 (*), Man-3 (^), Man-4 (&), Man-5 (&),
Gal (H ), Cel (+). Conditions: 10 mm HEPES buffer (pH 7.5), 5 mm CaCl2, 0.1m
NaCl, T=20�1 8C, lex=280 nm.


Table 1. Comparison of the association constants of Fl-Con A/Tb and
native Con A to various saccharide and glycoproteins.


Saccharide K [m�1]
Fl-Con A/Tb native Con A[b]


Man-1 1.6H104 1.1H104


Man-2 4.3H103 1.3H104


Man-3 2.4H105 2.5H105


Man-4 2.2H105 2.0H105


Man-5 1.0H105 2.0H105


Gal –[a] –[a]


Cel –[a] –[a]


Ribo B (Man-5 derivative) 1.8H105 –[c]


Ribo A (Man-5 nonderivative) –[a] –[c]


[a] Precise values cannot be determined because of the low affinity.
[b] Determined by ITC.[5b] [c] No data were reported in the previous litera-
ture.


Figure 3. A) Time dependent spectral change of the emission of Fl-Con A/Tb
(1 mm Fl-Con A and 50 mm TbCl3) in the presence of Ribo B by addition of a-
mannosidase (0!5 h). B) Time profile of the ratiometric intensity (I513/I544).
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ure 3B. The LRET peak increases upon a-mannosidase injec-
tion, then the change gradually levels off. The observed
change is reasonably explained as follows: initially, the LRET
peak intensity was suppressed due to the complexation of
Ribo B with Fl-Con A/Tb, it recovered following the decrease in
the concentration of the complexed species due to the hydro-
lytic cleavage of the Man-5 moiety of Ribo B (Scheme 2),[17] be-
cause the mannose produced has a much lower affinity to Fl-
Con A/Tb. It should be noted that this simple method needs
neither a tedious labeling process of saccharides nor fully
equipped mass spectrometers.


In conclusion, we have successfully demonstrated that ratio-
metric sensing of complicated saccharide derivatives and lumi-
nescent monitoring of the glycoprotein trimming process are
possible using LRET of the engineered lectin biosensor. This
result is expected to extend the validity of luminescent sensing
in biological systems. The sensing method might be applicable
to other enzymatic processes of glycoconjugates; investigation
of which is now under way in our laboratory.


Experimental Section


Con A was labeled by our previous method and separated.[6c] The
second fraction was collected and mainly used in the following
study. Preparation of Fl-Con A can be found in the Supporting In-
formation. In luminescence titration of saccharides, saccharide solu-
tion was added dropwise to Fl-Con A (1 mm) and TbCl3 (50 mm) in
HEPES buffer (10 mm, pH 7.5; 5 mm CaCl2, 0.1m NaCl) at 20 8C, and
the luminescence spectrum was measured. Titration curves thus
obtained were analyzed by the nonlinear least-squares curve-fitting
method or the Benesi–Hildebrandt plot to give the association
constants for various saccharides. In the a-mannosidase assay,
Ribo B (0.05 mmol) in MES buffer (pH 6.5, 0.5 mL, 50 mm) was
mixed with 1 unit of a-mannosidase in distilled water. The reaction
mixture was incubated at 20 8C for a reaction time of 0, 0.25, 0.5, 1,
1.5, 2, 3, 4 or 5 h, then aliquots (25 mL) were added dropwise to Fl-
Con A (1 mm) and TbCl3 (50 mm) in HEPES buffer (10 mm, pH 7.5;
5 mm CaCl2, 0.1m NaCl) at 20 8C. The luminescence spectrum was
measured to determined the luminescence ratio (513/544 nm). The
hydrolytic process of the branched mannoside attached to Ribo B
was also monitored by MALDI-TOF MS.
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First Insight into the Symmetry and
Flexibility of Membrane Efflux Pump
P-Glycoprotein by Novel
Bifunctional Modulators


Jçrg Wollmann,[a] Martin Richter,[a] J�sef Moln�r,[b] and
Andreas Hilgeroth*[a]


Multidrug resistance (MDR) is an increasingly common prob-
lem in the treatment of infectious diseases and cancer.[1–3]


Transmembrane efflux pumps play a role in the MDR of bacte-
ria, viruses, fungi and cancer. The MDR efflux pumps mainly
found in cancer cells belong to the ABC-transporter family. P-
glycoprotein (P-gp) causes the highest incidence of resistance,
followed by multidrug resistance-associated protein (MRP) sub-
types, such as MRP1 and MRP2.[3,4] P-gp was also discovered to
be causative agent for viral resistance to AIDS treatment, be-
cause peptidic inhibitors of HIV protease as a therapeutic
target in AIDS treatment were found to be P-gp substrates.[2]


While recent results of the X-ray crystal-structure analysis of
the bacterial efflux transporter AcrB have given insight into the
functional aspects of substrate transport,[5] there are, currently,
only models for the structure and function of P-gp. While bac-
terial efflux systems are thought to collect all substrates in a
central cavity from which they are actively transported through
a pore tunnel,[5] P-gp is assumed to bind substrates first.[6, 7]


This binding can cause conformational changes in neighboring
transmembrane a-helical subunits, and then lead to the en-
trance of the substrate into the transporter channel.[6]


The binding affinities of various P-gp substrates have been
determined in a radioligand-binding assay.[8] These results cor-
relate well with the P-gp-inhibitory properties of the com-
pounds and proved that verapamil was one of the best inhibi-
tors of P-gp function. So far, nothing certain is known about
the P-gp-substrate-binding region. We present here structure–
activity studies of symmetric and asymmetric modulators of P-
gp function that strongly support a C2-symmetric structure for
the P-gp binding region. Activity data suggest, however, that
this binding region has a conserved conformational structure
than the more flexible one of the second enzymatic target of
the molecules, HIV-1 protease, which likewise has a C2-symmet-
ric structure. Such a conserved binding region might come as
a surprise, considering that the P-gp transporter is a model of
high flexibility acting as flippase[9] or “vacuum cleaner”.[7]


A series of exclusively C2-symmetric cage compounds 3
(Scheme 1) has been prepared by a primary solution dimeriza-


tion reaction of monomeric 1,4-dihydropyridines 1 (see Experi-
mental Section). They have been evaluated in a fluorescence-
uptake assay in mouse T-lymphoma parental cells and the
MDR-1-transfected resistant subline by using rhodamine-123 as
a fluorescent P-gp substrate with two inhibitor concentrations
(Table 1). As is evident from the calculated inhibitory activity
ratios R by directly comparing fluorescence-uptake data in rela-
tion to an untreated control, an increase in fluorescence
uptake unequivocally corresponds to P-gp inhibition. The activ-
ity data of all compounds prove that almost all of them are
active at a low concentration (1 mm) ; the exceptions being
3a[10] and b, both of which show activity at 10 mm. Compared
to the standard concentration of verapamil (4), the other deriv-
atives show up to 50-fold higher activity, with linearity of con-
centration and biological effect in the lower concentration
ranges. With respect to structure–activity relationships (SAR),


Scheme 1. Synthesis of C2-symmetric homodimers 3. a) hn, l>270 nm,
MeOH/THF, 4 weeks, 27 8C; b) LiAlH4 (1 equiv), THF, 2 h, �8 8C. Molecular
structures of verapamil (4) and dactinomycin (5).
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the phenoxycarbonyl substitution of 3a and b is less favorable,
the butoxycarbonyl one of 3c and d is better, and benzylic
substitution is the best; this characterizes compound 3 f as
one of the strongest P-gp inhibitors so far.
As recent studies have suggested that hydrogen-bond-


donor as well as -acceptor functions play an important role in
the binding possibilities of P-gp substrates,[11] functional
groups for hydrogen bonding (HB) have also been considered
in compounds 3a–f. The decrease in biological activity from
3c to d can be correlated to an increasing number of such
functional groups (methoxy functions). However, from com-
pound 3e to f the introduction of the same methoxy functions
increases biological activity. Trying to correlate the biologically
favorable substitutions of butoxycarbonyl, benzylic, and me-
thoxyphenylic groups with the number of HB functions within
the new class of highly potent P-gp modulators (Table 1), it
was found that six of these functions in compounds 3c and f
could be the limit for excellent biological activity as far as eval-
uated. Fewer HB functions—such as four in compound 3e—
are relatively unfavorable compared to the six in compound
3 f, although the biological activity of 3e is still impressive. The
biological activity of compound 3d, with eight HB functions, is
substantially reduced compared to that of compound 3c,
which has six.
Such a limited number of HB functions as recently suggest-


ed for compounds of a differently substituted scaffold contra-
dicts the previous assumption that a high number of HB possi-
bilities ensures good biological activity in known P-gp modula-
tors, which all share a common feature: they are all asymmet-
ric.[10,11] Within our novel class of C2-symmetric compounds, the
highest P-gp inhibitory activities are reached; therefore, we
wondered whether their binding region might also have a C2-
symmetric structure. This would suggest that P-gp itself also
has a C2-symmetric structure—in agreement with one early P-
gp model.[12] Hints of such a symmetry of the P-gp substrate-
binding region could have been seen from the early P-gp in-
hibitors verapamil (4) and dactinomycin (5), both of which
have an almost symmetrical molecular framework substituted
with asymmetrical elements (Scheme 1). However, closer inves-


tigations of these compounds as MDR modulators were
strongly limited by their toxicity in concentration ranges effec-
tive for the reversal of MDR. Thus, we now had the chance to
investigate changes in biological activity upon loss of symmet-
rical elements within our new class of MDR modulators at non-
toxic concentrations, as had been evaluated in MTT-cytotoxici-
ty assays in the MDR cell model (MTT=3-(4,5-dimethylthiazol)-
2-yl-2,5-diphenyltetraazolium bromide; data not shown).
We first prepared “mixed” dimers 8 and 9 using a threefold


excess of each compound 1c and 1d for the solution reaction
with 1e (Scheme 2). Relative to 3c or e, “mixed” compound 8
has lost one pair of symmetric elements, as the butoxycarbonyl
substituent has been replaced by a benzylic one. The evaluat-
ed P-gp inhibitory activity is found to be significantly reduced
at 1 mm compared to that with the double benzylic substitu-
tion in 3e and slightly reduced compared with the bisbutoxy-
carbonyl substitution in 3c. As we observed an increase in ac-


Table 1. MDR-modulating properties of cage dimers and verapamil (4).


P-gp-inhibitory activity ratios (R)[a]


Compound 1 mm 10 mm HB functions


3a 0.97 1.81 6
3b 0.38 1.44 8
3c 2.84 33 6
3d 1.13 14.64 8
3e 34.28 50.20 4
3 f 34.40 87.01 6
3g 17.50 26.50 6
4 0.66 7.27
8 2 33 5
9 1.2 12 6
12 1.2 12 6
13 3.7 25.60 6


[a] Mean of two determinations.


Scheme 2. Synthesis of mixed dimers 8, 9, 12 and 13. a) hn, l>300 nm,
MeOH/THF, 4 weeks, 27 8C; b) LiAlH4 (1 equiv), THF, 2 h, �8 8C.
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tivity from four to six HB functions in benzylic-substituted
compounds 3e and f, the number of five HB functions might
suggest improved activity for compound 8. This degree of ac-
tivity is not plausible given our present knowledge about the
structural requirements for obtaining biological activity within
this class of compounds, as we have a C2-symmetric binding
region that hardly tolerates deviations from symmetric substi-
tution patterns without a loss of biological activity.
In the “mixed” chiral compound 9, we have lost another pair


of symmetric elements. Although it combines all the structural
elements that we found ensure excellent biological activity in
the homodimers 3a–f, such as benzylic, butoxycarbonyl, and
methoxyphenyl functions as well as six HB functions, the activi-
ty of 9 is reduced relative to that of compound 8, which has
higher symmetry. So we have to conclude that a subsequent
loss of C2-symmetric elements might not be tolerated by the
P-gp binding region; this proves that this region is itself C2-
symmetric and has several binding sites for the discussed aro-
matic substituents. This C2-symmetric region ensures optimized
activity only for compounds of corresponding symmetric struc-
ture.
This conclusion was additionally supported by comparing


the biological activity of 3g and “mixed” dimers 12 and 13,
which have a decreasing number of symmetric elements, while
maintaining the same number of HB functions. The double 4’-
methoxybenzylic substitution in 3g results in reduced activity
compared to the benzylic as well as the butoxycarbonyl substi-
tution of the related symmetric compounds 3e and 3c. The
exchange of one 4’-methoxybenzyl substituent for the more
favorable butoxycarbonyl substituent leads to a decrease in ac-
tivity in compound 13 at low concentration.
Comparing the most favorable substitution patterns of the


completely “mixed” dimer 12 to those of the symmetric deriva-
tive 3g, the more favorable benzyl, 4-methoxyphenyl, and bu-
toxycarbonyl functions in 12 lead to a subsequent decrease in
activity, thus supporting the C2-symmetric character of the P-
gp binding region.
Another target that was found to be inhibited by such sym-


metric cage dimers is the HIV-1 protease, which itself was
found to have a C2-symmetric cavity as binding region with
several binding sites for potentially inhibiting compounds.[13,14]


Evaluation of HIV-1 protease-inhibiting properties, as deter-
mined by the Ki values of our C2-symmetric cage dimers 3c–f,


showed a slight de-
crease in biological ac-
tivity on going from bis-
benzyl to bisbutoxycar-
bonyl (presently best in-
hibitor from a series of
N-alkoxycarbonyl-substi-
tuted compounds[13])
substitution and, finally,
methoxyphenyl substi-
tution as least favorable
substituent (Table 2).
The exchange of one
(most favorable) benzyl


function for one (less favorable) butoxycarbonyl function in
compound 3e leads to an increased activity for the resulting
asymmetric derivative 8 compared with all related C2-symmet-
ric compounds. The complete loss of symmetric elements in
compound 9, with the introduction of the less favorable me-
thoxyphenyl substituent, leads to the highest biological activi-
ty and reveals a more favorable asymmetric binding of the
four aromatic substituents to the originally C2-symmetric
enzyme in the substrate-unbound conformation. Comparing
the activity of the C2-symmetric compound 3g, which was
found to be similar to that of the bisbenzyl-substituted deriva-
tive 3e, to that of the “mixed” derivative 13, the less favorable
butoxycarbonyl substituent leads to a significant increase in
activity.
While HIV-1 protease is evidently able to change its symme-


try for a better binding of substrates, the C2-symmetric binding
region of P-gp remains unchanged even if more favorable
groups are bound, thus proving a highly conserved character.
We have demonstrated the C2-symmetric character of the P-


gp binding region by analyzing complex features of substrate-
binding possibilities for novel modulators. We have proved
that symmetric benzylic as well as methoxyphenyl substitution
leads to compounds with the highest P-gp-modulating activi-
ties known so far. A loss of symmetry leads to a major decrease
in P-gp inhibition, while the enzyme-inhibition properties of
HIV-1 protease increase to the highest degree within this class
of inhibitors. So the suggested C2-symmetric binding region of
P-gp proves to have a conserved character with respect to the
binding of substrates. This is a very surprising fact given the
discussed high degree of flexibility of the membrane transport-
er in the models of P-gp function.


Experimental Section


Cage-dimer formation : Monomers 1e and f were given by cyclo-
condensation reactions of aromatic aldehyde, alkyl propiolate, and
amine in acetic acid, as described in ref. [15] , or by acylation of N-
unsubstituted monomers to form 1a–d in dimethylpropylene urea
(DMPU) according to literature methods.[16] Irradiation of solutions
of monomers 1 in methanol/tetrahydrofuran (THF) carried out at
wavelengths >270 nm with Ultra Vitalux lamps led to crystallizing
cage compounds 2, as well as irradiation side products, with isolat-
ed yields of about 50–75%. “Mixed” dimers 6 and 7 resulted, with
yields of about 80%, from irradiation of mixtures of 1,4-dihydropyr-
idine precursors 1e plus 1c or 1d with relative concentrations of
1:3, so that homodimer formation from the excited compound 1e
with lmax=360 nm was strongly repressed by the excess of com-
peting reactant 1c or 1d. The preparation of “mixed” dimers 10
and 11 followed the same procedure. Subsequent reduction of the
ester groups to give the alcoholic target molecules 3a–f, 8, 9, 12,
and 13 was carried out by one equivalent of lithium aluminium hy-
dride in THF hydrolysis, and then final recrystallization from chloro-
form/methanol/petroleum ether.


MDR modulation : The MDR-resistant mouse T-lymphoma cell line
L5178YvMDR was produced by primary infection of the NCI-
L5178Y parental cell line with the pHa MDR/A retrovirus and sub-
sequent selection by culturing the infected cells with colchicine
(60 ngmL�1—a concentration that does not allow growth of the
parental cell line). This L5178YvMDR cell uniformly expresses


Table 2. HIV-protease-inhibitory prop-
erties of selected cage dimers.[a]


Compound Ki [mm]


3c 10
3d 13
3e 7.8
3 f 23
3g 5.7
8 3.4
9 0.7
13 0.2


[a] Mean of two determinations.
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Pgp170, as indicated by staining of the cells with MRK-16-FITC
monoclonal antibody and detection by flow cytometry. For the
fluorescence-uptake assay, 0.5 mL aliquots of cells from both cell
lines adjusted to a concentration of 2R106mL�1, were preincubat-
ed with varying inhibitor concentrations taken from stock solutions
in DMSO. Competition experiments with the fluorescent P-gp sub-
strate rhodamine 123 were carried out as described in ref. [17] . Fi-
nally, fluorescence uptake was determined for 1R104 cells by flow
cytometry by comparing each treasted parental and MDR-resistant
cell line to each untreated control. Inhibitory activity ratios (R)
were calculated by using Equation (1). Inhibitors with ratios >1.1
were found to be active, and those with ratios >10 were very
active.


R ¼ ðMDR-treated=MDR-untreated controlÞ
ðparental treated=parental untreated controlÞ ð1Þ


Protease inhibition : Preincubation of HIV-1 protease and varying
inhibitor concentrations taken from stock solutions in DMSO was
carried out in a buffer solution (0.37m NaCl, 0.1m MES, 4 mm


EDTA, pH 6.25) and followed by addition of fluorogenic hexapep-
tide Abz (2-aminobenzoic acid)-Thr-Ile-Nle-Nle-pNph (4-nitrophen-
yl)-Gln-Arg-NH2.


[18] Concentration-dependant substrate cleavage
was measured by determining the increased fluorescence of
cleaved substrate at 410 nm as reported. Determination of Ki fol-
lowed ref. [19] .
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Converting Cytochrome b5 into
Cytochrome c-Like Protein
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Zhong-Xian Huang,*[a] and Hou-Ming Wu*[b]


Cytochrome b5 (cyt b5) is a well-studied b-type cytochrome
with heme bound noncovalently.[1] Its heme-binding ability de-
pends mostly on the strong axial ligation provided by residues
His63 and His39 (Figure 1). Mutation studies on the axial li-
gands, aimed at creating new proteins with novel catalytic re-
activity,[2] have been limited by the fact that such alteration
would lead to a substantial decrease in the heme-binding sta-
bility.[3] Therefore, it would be of great interest to construct co-
valent linkages between heme and polypeptides so as to stabi-
lize the heme prosthetic group, as found in c-type cyto-
chromes,[4] in which heme is covalently attached to a polypep-
tide chain via two thioether bonds between the heme vinyl
groups and the cysteine residues of a classic Cys-Xaa-Xaa-Cys-
His (CXXCH) heme-binding peptide motif in the protein. By
converting cyt b5 into a cyt c-like protein, it will be much
easier to fulfill the functional conversion of cyt b5 mentioned
above.
Based on the wealth of molecular information obtained


from X-ray crystallography studies of cyt b5 (PDB entry 1CYO),[5]


we found out that residues Asn57 and Ser71 are close to the
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heme 4-vinyl and 2-vinyl groups with separations of 3.86 and
4.32 C, respectively (Figure 1). These positions might be suita-
ble for covalent-bond formation if the two residues were re-
placed with cysteine. Previous study has shown that in cyt b5 a
cysteine residue introduced at position 57 could form a thio-
ether bond with the heme 4-vinyl group.[6] In order to further
study the possibility of forming a covalent linkage between
heme and the protein matrix, we replaced residues Ser71 and
Asn57 in the native cyt b5 with cysteine by site-directed muta-
genesis.[7] Two major components with different colors (red
and green) were obtained from the double-site mutation and
were named rb5 N57C/S71C (red) and gb5 N57C/S71C (green).[8]


The heme prosthetic group was shown to be covalently at-
tached to the protein matrix in the double-site mutated cyt b5,
since the heme could not be extracted with acidified butan-2-
one.[6]


The hemochrome spectrum of rb5 N57C/S71C in pyridine ex-
hibits an a-band at 550 nm, typical of a heme without double
bonds conjugated to the porphyrin p-system, as in c-type cyto-
chromes.[4] This demonstrates that two vinyl groups of heme in
rb5 N57C/S71C were saturated and that the heme group was
attached through two covalent linkages, since one covalent at-
tachment gives the a-band at 553 nm and when heme is free
from covalent attachment the a-band is at 556 nm.[6] Further-
more, blue shifts in the visible spectra of rb5 N57C/S71C in
both oxidation states (ferric : 409 nm; ferrous: 416, 524, and
553 nm) were observed relative to those of native cyt b5


(ferric : 413 nm; ferrous: 423, 527, and 556 nm). Ishida et al.
have illustrated that these blue shifts of absorption bands
agree with the differences between natural b- and c-type cyto-
chromes and also with the mutational conversion of cyto-
chrome b to c.[9]


The formation of covalent linkages in rb5 N57C/S71C was
also confirmed by its 1H NMR spectrum (Figure 2). The resonan-
ces at 27.71, �7.19 and �6.86 ppm assigned to the heme 2-
vinyl group in the spectrum of native ferric cyt b5 were absent
in the ferric rb5 N57C/S71C, as in the case of ferric cyt b5 recon-
stituted with deuterohemin or 2,4-dimethyl-deuterohemin.[10]


At the same time, the different shifts of the heme methyl


groups with respect to those of native protein reflect not only
the different orientation of the two axial ligands,[11] but also
the effects of covalent-bond formation at positions 2 and 4 of
the heme.[12] Further evidence comes from the resonance of
the heme meso-Ha, which shifted from �2.75 ppm in native
cyt b5 to 8.14 ppm in the double mutant. This shift is similar to
those observed in many c-type cytochromes.[13]


Electrospray mass spectrometry provides further detailed in-
formation about the covalent linkages in rb5 N57C/S71C. It re-
veals that the mass of rb5 N57C/S71C is 11269.8�1 Da, instead
of the expected mass of 11254.8 Da (rb5 N57C/S71C with cova-
lently attached heme-thioether). The unexpected, additional
mass of ~15�1 Da implies that an extra oxygen atom was
added in rb5 N57C/S71C. This observation coincides well with
the crystal structure reported recently for cytochrome rC552


(PDB entry 1QYZ), which contains one extra oxygen atom since
the 2-vinyl group of heme forms an unusual [heme-CO-CH2-S-
CH2-Ca] linkage with cysteine residue.[14]


To identify the location of the additional oxygen atom (at
the 4- or 2- vinyl group) in the double-site mutated cyt b5, two
single-site mutants, the cyt b5 N57C and S71C variants, were
prepared by the same procedure as used for the double-site
mutants. The red components of each single-site mutant ob-
tained, named rb5 N57C and rb5 S71C, respectively, were sub-
jected to mass spectral analysis. The mass analysis of rb5 N57C
gave a value of 11238.8�1 Da, identical to rb5 N57C with
heme thioether covalently attached. The mass of rb5 S71C with
heme thioether covalently attached should be 11266.8 Da,
however the mass was determined to be 11281.9�1 Da, that
is, ~15�1 Da higher. These data suggest that the additional
oxygen atom is at amino acid position 71 (heme 2-vinyl group)
rather than at position 57 (heme 4-vinyl group) in the double-
site mutated cyt b5. This illustrates the two different cysteine–
heme covalent linkages formed in rb5 N57C/S71C: cysteine-57
forms the typical thioether linkage with the heme 4-vinyl
group, while cysteine-71 forms an unusual [heme�CO�CH2�S�
CH2�Ca] linkage with the heme 2-vinyl group.
Turning to the characterization of gb5 N57C/S71C, in its visi-


ble spectra, the dramatically red-shifted Soret and a-, b-bands
(ferric : 420 nm; ferrous: 434, 553 and 579 nm) indicate a


Figure 1. View of the heme-binding pocket of bovine liver microsomal
cyt b5. The residues close to the heme vinyl groups (Asn57 and Ser71) and
the two axial residues (His39 and His63) are highlighted, as are the distances
between the b carbons of Asn57 and Ser71 and the a carbons of the heme
vinyl groups.


Figure 2. 1H NMR spectra (600 MHz) of solutions of oxidized A) native cyt b5


and B) rb5 N57C/S71C in D2O at 293 K; pD=7.2 in 25 mm phosphate buffer.
The protein concentrations were 2 mm. The most-shifted heme proton sig-
nals are labeled.
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change of electron-density distribution in the porphyrin ring
resulting from a structural disturbance.[6] In the pyridine hemo-
chrome spectrum, there is an a-band at 581 nm identical to
that of 2(4)-formyldeuterohemin;[14,15] this provides evidence
for the presence of a formyl group in gb5 N57C/S71C. Further
evidence comes from the resonance Raman spectra of gb5


N57C/S71C, which contain new, high-frequency bands at
1666 cm�1 for the oxidized and at 1643 cm�1 for the reduced
sample, which are not present in the spectra of rb5 N57C/S71C,
corresponding to the characteristic resonances of a formyl
stretch.[14]


Similarly, the mass spectrum of gb5 N57C/S71C reveals that it
also contains an additional oxygen atom (the measured mass
is 11270.5�1 Da). Actually, gb5 N57C/S71C is the transforma-
tive product of rb5 N57C/S71C, in which the oxidized heme 2-
vinyl group has been converted to a formyl group, while the
thioether linkage between cysteine-57 and the heme 4-vinyl
group is maintained, as shown in the reported crystal structure
of cytochrome p572 (PDB entry: 1ROQ).[14] It was found that
heating can accelerate the conversion of rb5 N57C/S71C to gb5


N57C/S71C, as shown by the two additional peaks in the visi-
ble spectrum at 432 and 577 nm, which are characteristic of re-
duced gb5 N57C/S71C (Figure 3). This behavior has also been
observed in the conversion of cytochrome rC552 to cytochrome
p572.[14]


It has been reported that unfolding induces peroxidase ac-
tivity in c-type cytochromes,[16] this prompted us to evaluate
the peroxidase activity of the cyt c-like cyt b5 (rb5 N57C/S71C)
upon guanidine hydrochloride-induced unfolding.[17] The initial
rates of product formation catalyzed by unfolded rb5 N57C/
S71C and unfolded wild-type cyt b5 were found to be 3.5M
105m s�1 and 9.4M103m s�1, respectively. Meanwhile, control
experiments showed initial rates of 1.0M103m s�1 and 1.9M
102m s�1 for the folded native rb5 N57C/S71C and cyt b5, re-
spectively. The considerably enhanced activity of unfolded rb5


N57C/S71C could be attributed to an open crevice created at


the heme upon unfolding by removal of the strong axial
ligand and release of the rigid protein matrix, while maintain-
ing the covalent heme–peptide attachment, as in the architec-
ture of microperoxidases;[18] this would facilitate the formation
of the catalytic oxo-ferryl intermediate and the access of the
peroxide substrate to the heme iron center.[19] The story is not
the same as for the wild-type cyt b5; here the heme will disso-
ciate from the protein matrix upon unfolding in the absence of
covalent linkages.
In summary, we found that a cyt c-like cyt b5 can be ob-


tained by introducing a cysteine residue close to the heme
vinyl groups without constructing the classic CXXCH heme-
binding motif of cyt c.[20] The cysteine–heme covalent linkage
could be either in the form of a thioether or [heme�CO�CH2�
S�CH2�Ca] depending on their distance and spatial position-
ing. This study demonstrates that the classic heme-binding
peptide motif “CXXCH” is not essential for the covalent attach-
ment of heme to protein matrices in cytochromes. It will pro-
vide us with more information for understanding the in vivo
and in vitro formation of a cyt c-like protein and for delineat-
ing the “structure–property–reactivity–function” relationship of
hemoproteins. In addition, with heme covalently linked, the
constructed cyt c-like cyt b5 displays peroxidase activity in its
unfolded form, transforming from an electron-transfer protein
to a catalytic species. This study has also laid down a base for
functional conversion of cyt b5 by further structural modifica-
tion based on the scaffold of cyt c-like cyt b5.
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Mechanism-Based Fluorescent Reporter for
Protein Kinase A Detection
Benedict Law, Ralph Weissleder, and Ching-Hsuan Tung*[a]


Introduction


Protein kinase A (PKA), a cyclic adenosine monophosphate-de-
pendent enzyme, was the first protein kinase to be identified
and has been the subject of intensive investigation.[1] The acti-
vation of PKA is known to regulate various cellular functions,
such as metabolism, secretion, cell proliferation, differentiation,
and gene induction. Normally, PKA is an intracellular enzyme;
however, exogenous PKA (exo-PKA) has been reported in the
growth media of cultured prostate cancer cells.[2] The sera of
more than 90% of melanoma patients tested positive for
kinase activity.[3] Means of measuring PKA quantity and activity
would be valuable for biomedical research and the potential
use of PKA as a clinical biomarker.


Radiometric methods[4] with 32P are commonly used for pro-
tein kinase activity determination, and antibody-based ELISA
for protein kinase quantitation.[5–7] There is widespread interest
in developing fluorescent reporters for protein kinases that
could provide a visual readout of both when and where intra-
cellular kinases are activated in response to a stimulus. Recent-
ly, various genetically encoded fluorescence protein reporters
were successfully designed to probe phosphorylation in living
cells.[8–10] Several fluorescent dye-labeled substrate peptides
have been developed to sense PKA activity based on phos-
phorylation-induced fluorescence changes.[11,12] However, fluo-
rescence changes induced by phosporylation are generally
modest. Phosphorylation-responsive fluorescent probes from
combinatorial strategies have been reported.[13–15] This ap-
proach is promising for the detection of PKC activity in both
cell lysates and living cells. In the present study, we describe a
novel mechanism-based fluorescent probe for the detection of
kinases. The probe shows a significant increase in the fluores-
cence signal after binding to PKA. We further demonstrate the
crosslinking properties and the specificity of this design.


Results and Discussion


Probe design and synthesis


The core peptide sequence, LRRRRFAFC, was previously shown
to bind to the groove of the enzyme’s active site.[16] When con-
jugated to an electrophilic 3-nitropyridine-2-thiol (Npys) at the
C-terminal cysteine residue, an inhibitory effect (Ki=25.4 mm)
was achieved through covalent modification of the Cys199
sulfhydryl group on PKA.[17] In our design, the Npys moiety was
replaced with a synthetic sulfhydryl-reactive fluorescein deri-
vative (FAMS). 5-(or 6-)carboxytetramethylrhodamine (TAMRA)
was anchored at the N terminus to yield intramolecular
ground-state dimers, resulting in fluorescence quenching
(Figure 1). Upon binding to PKA, the conjugated FAMS is in
close proximity to Cys199, which in turns facilitates the release
of the FAMS molecule through a disulfide exchange, and this
results in recovery of the quenched fluorescence.


The core peptide was synthesized by using Fmoc-chemistry.
After the peptide elongation, TAMRA activated by 2(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) and N-hydroxybenzotriazole (HOBt) was coupled to the
N terminus in the solid phase. Under trifluoroacetic acid (TFA)
cleavage conditions, the dye was stable and the reaction was
clean. The fluorescein derivative was synthesized by treatment
of the activated fluorescein succinimidyl ester 1 (FAM) with 2-
aminoethanthiol to form FAMS (2) with a sulfhydryl function-
ality (Scheme 1). Prior to purification, dithiothreitol (DTT) was
added to prevent disulfide-bond formation. The HPLC-purified
FAMS (2) was then attached to the TAMRA-labeled peptide 4
in ammonium bicarbonate solution. DMSO was added as a co-


[a] Dr. B. Law, Prof. Dr. R. Weissleder, Prof. Dr. C.-H. Tung
Center for Molecular Imaging Research
Massachusetts General Hospital, Harvard Medical School
Charlestown, MA 02129 (USA)
Fax: (+1)617-726-5708
E-mail : tung@helix.mgh.harvard.edu


A novel mechanism-based fluorescent reporter was designed for
the detection of protein kinase A (PKA), which is known to medi-
ate a variety of cellular responses in most eukaryotic cells. The
probe consists of a specific binding peptide sequence, LRRRRFAFC,
conjugated with 2’-thioethyl-5-(or -6)-carboxyfluoresceinamide
(FAMS; 2) and 5-(or 6-)carboxytetramethylrhodamine (TAMRA) at
the cysteine and leucine residues, respectively. In the absence of
PKA, the two fluorophores associate by hydrophobic interactions,
forming an intramolecular ground-state dimer; this results in


fluorescein quenching (>93%). Upon PKA addition, the reporter
reacts with the sulfhydryl functionality at Cys199 through a disul-
fide-exchange mechanism. FAMS is subsequently released, result-
ing in significant fluorescence amplification. The remaining pep-
tide sequence, which acts as an inhibitor, is attached covalently
to the enzyme. Our results suggest that this type of sensors could
have far-reaching applications in the molecular sensing of en-
zymes.
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solvent to increase the solubility of the fluorophore. Under
slightly alkaline conditions (pH 9), the intramolecular hetero-
dimer 4R was formed through the disulfide reaction. By
adding a fourfold excess of FAMS to the reaction mixture, the
formation of side products was minimized and the yield could
be increased to 62%. The MALDI/TOF mass ion of 4R was
2069.75 Da ([M+H]+ ; Figure 2a), which is in good agreement
with the calculated value of 2069.46 Da.


Quenching mechanism


The probe showed two major absorption peaks at 496 and
561 nm (Figure 2b); this indicates the presence of FAMS and
TAMRA, respectively. The fluorescence intensities of 4R were
~70-fold and ~10-fold lower than those for free FAMS and


the TAMRA-labeled peptide 4,
respectively (Figure 2c and d).
Similar observations were report-
ed when the same xanthene de-
rivatives were attached to a 13-
residue peptide of human cho-
rionic gonadotrophin.[18] The in-
trinsic fluorescence of fluores-
cein and rhodamine in this con-
jugate was 64-fold and tenfold
lower than that of the monola-
beled peptide, respectively. This
higher quenching of fluorescein
was explained as the result of
both dimer formation (static pro-
cess) and the excited-state
energy transfer to rhodamine
(dynamic process).[18] However,
the significant decrease in fluo-
rescence emission of TAMRA
suggests that Fçrster fluores-
cence resonance energy transfer
(FRET) is not the predominant
mechanism in 4R.


Similar fluorescence-quench-
ing effects between certain xan-
thene derivatives such as fluo-
rescein, TAMRA and rhodamine-
X have been documented in the
past to form intramolecular
hetero- or homodimers when a
pair of selected dyes was used
for peptide labeling.[19] The opti-
cal properties of these probes
do not follow the FRET model,
since the fluorescence emissions
from both the donor and ac-
ceptor fluorescence are
quenched.[20] In fact, the hydro-
phobic nature of these dyes
governs the formation of a
ground-state complex and the


intramolecular dipole–dipole interactions within these dye-
pairs have been interpreted in terms of exciton theory.[21,22]


From a mechanistic point of view, it is crucial to understand
the actual quenching mechanism. To confirm that fluorescence
emission of the PKA probe is an intramolecular process, 4R
was treated with DTT to reduce the disulfide bond of the pep-
tide. This process could be monitored by the increased fluores-
cence emission in both the fluorescein and rhodamine chan-
nels. After addition of DTT (1 mm), fluorescence at 535 nm in-
creased in 4R over time until a constant intensity was reached
after 120 min (Figure 3a). A tenfold lower concentration of DTT
(100 mm) decreased fluorescence recovery by half (Figure 3b).
The nonreducible probe 4-amide was also synthesized as a
control (Scheme 1). In this case, the cysteine residue at the C-
terminal position was replaced with a lysine residue, which


Figure 1. Proposed mechanism for the PKA probe. As a result of hydrophobic interactions in the unbound probe,
the two conjugated dyes form an intramolecular dimer that quenches the fluorescence. Upon binding to PKA, di-
sulfide exchange between the cysteine residue of the binding site and the FAMS linkage of the probe initiate the
release of the free dye, which results in increased fluorescence emission.
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was then labeled with a fluorescein analogue (FAM) through a
nonreducible amide bond. As expected, the DTT treatment
had no effect on 4-amide, and fluorescence remained
quenched (Figure 3a). When comparing the difference in mag-
nitude of fluorescence activation, an approximate threefold
fluorescence increase was observed at the rhodamine wave-
length (590 nm) whereas an approximate 49-fold increase at
the fluorescein wavelength (535 nm) was observed. In both
cases, fluorescence activation was DTT-dependent (Figure 3c).


Fluorescence recovery at a particular wavelength and
fluorochrome concentration was calculated by divid-
ing the fluorescence intensities of the DTT-cleaved
PKA probe with the intensities of the corresponding
concentrations of FAMS or the TAMRA-labeled pep-
tide 4 (Figure 3d). A 72% recovery of fluorescein
emission at 120 min after DTT addition was observed.
In contrast, only 45% recovery was found for rhod-
amine. Thus, together with its superior level of
quenching and larger percent recovery of fluores-
cence signal, fluorescein emission was chosen to
monitor PKA binding.


PKA binding and specificity


Adding PKA to 4R results in a time-dependent in-
crease in fluorescence intensity that reaches a pla-
teau after 3 h (Figure 4a). This phenomenon was sim-


ilar to our results obtained with
DTT activation (Figure 3a). Probe
4R was further tested with dif-
ferent concentrations of PKA.
When the PKA concentration
was increased, a corresponding
dose-dependent increase in fluo-
rescence signal was observed
(Figure 4b). To further demon-
strate the active-site disulfide
cross-linking ability of 4R, a
kinase assay based on a com-
mercial ELISA kit was performed.
In this assay, the phosphotrans-
ferase activity of PKA is propor-
tional to the observed optical
density (OD) at 490 nm. 4R in
various concentrations was incu-
bated with PKA for 2 h. When
the OD490 was plotted (r2=
0.9894) against log [4R] a sig-
moid dose–response curve (Fig-
ure 4c), with an IC50 value of
10 mm, was obtained under
these assay conditions. The plot
demonstrates that 4R inhibits
the enzyme activity through the
covalent disulfide linkage. Similar
to the fluorescence emission,
this inhibitory effect was shown


to be time-dependent (Figure 4d). After incubation for 3 h, the
decrease in enzyme activity leveled off.


The crystal structure of a binary complex of the PKA catalytic
subunit and a 20-residue inhibitor peptide has been resolved
by X-ray crystallography.[23–25] There are two cysteine residues
at positions 199 and 343.[26] Cys199 is located near the en-
zyme’s active site and interacts with the P+1 hydrophobic site
of PKA substrates. Studies have shown that the modification of
Cys199 with sulfhydryl-modifying agents inhibits the enzyme


Scheme 1. Synthesis of the PKA-binding and control probes. a) TEA, DTT, 3 h, RT, MeOH/
CH2Cl2 (57%); b) 1, TEA, 3 h, RT, DMSO (73%); c) 2, NH4


+HCO3
� , 24 h, RT, (62%).


Figure 2. Characterization of the PKA probe. a) MALDI-TOF and b) UV absorbance (A) spectra of 4R. Comparison
of the fluorescence intensities (F.A.U.) of 4R (1 mm) at different wavelengths (l) with c) fluorescein alone and
d) compound 4 in PBS buffer.
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activity.[27] On the other hand, Cys343 lies outside the con-
served catalytic core and has no effect on the kinase activity
even after modification. Presumably, after the probe 4R reacts
with the enzyme, the remaining peptide sequence is attached
covalently to the substrate-binding site (Figure 1). The TAMRA
fluorescence can be used as an optical tracer to monitor this
binding event. To demonstrate this, probe 4R was incubated
with the enzyme for 2 h, followed by separation on a nonre-
ducing SDS-PAGE gel. A fluorescent band about 40 kDa was
seen in the gel (Figure 5a, lane 2); this indicates that the pep-
tide was covalently attached to PKA. The band was excised
from the gel and confirmed as the corresponding catalytic sub-
unit of PKA by proteomic mass spectrometry ([M+H]+ =
40.594 kDa, protein coverage=48.1% amino acid count). As
expected, no fluorescence signal was found in a sample con-
taining DTT (Figure 5a, lane 3); this supports the conclusion
that the peptide was conjugated with PKA through a disulfide
linkage. The PKA binding was specific; a supplementary addi-
tion of the PKA-inhibitor fragment (5–24), TTYADFIASGRTGRR-
NAIHD-NH2,


[28] which competes with 4R for the same binding
site, resulted in no detectable fluorescent band (Figure 5a,
lane 4).


To demonstrate the specificity
of our design, two additional
controls, 4G and 4D, were syn-
thesized by following the same
developed procedure for 4R.
The former control has the argi-
nine residues from 4R replaced
with neutral glycine residues,
while the latter contains nega-
tively charged aspartic acid resi-
dues (Scheme 1). The signal in-
crease in 4R upon PKA addition
was found to be more than
twice as high as with the two
control probes (Figure 5b). This
indicates that the fluorescence
changes are relatively sequence-
selective. The fluorescence in-
creases with 4G and 4D were
most likely nonspecific, as no co-
valent binding to PKA was found
in the gel imaging experiment
(Figure 5c). The finding is consis-
tent with a recent report that ar-
ginine residues at positions �5
to �2 are the preferred sub-
strates for PKA.[29] Furthermore,
4-amide showed no increase in
fluorescence, supporting again
the evidence that disulfide ex-
change between 4R and PKA is
the predominant mechanism for
the release of FAMS.


We next evaluated the poten-
tial applications of 4R in biologi-


cal samples. PKA catalytic subunits were added to fetal bovine
sera (FBS) to simulate different kinase levels in cancer patients.
Low fluorescence backgrounds were observed in samples
containing FBS and with buffer only. The fluorescence signal
increased proportionally to PKA concentration. As low as nm
ranges of PKA can be detected in these conditioned sera
(Figure 6). About 15, 170, and 830% changes in fluorescence
intensity were obtained with 2, 20, and 200 nm of PKA, respec-
tively. This suggests that other serum proteins have little or no
effect on the fluorescence intensity, and, potentially, different
levels of PKA in sera could be determined by using this assay
method.


Conclusion


In conclusion, we have synthesized a peptide-based active-site
binding probe to detect protein kinase A. In vitro studies have
shown that binding of the probe to PKA causes a fluorescence
response in a time- and dose-dependent manner. We have fur-
ther demonstrated that the probe is selective for PKA by vari-
ous assays. The probe detects the amount of PKA rather than


Figure 3. Chemical activation of the PKA probe. a) Fluorescence intensity (F.A.U.) versus time for reduction of 4R
(1 mm) and 4-Amide (1 mm) with DTT (1 mm) in PBS buffer. b) Fluorescence intensity of 4R versus time for reduc-
tion with various concentrations of DTT; ^: 1 mm, &: 100 mm, ~: 10 mm, M : control. c) Comparison of the fold in-
creased in fluorescence (F1/F0�1) at fluorescein (535 nm) and rhodamine (590 nm) channels of 4R at 2 h after the
addition of different DTT concentrations in PBS buffer; white: control, pale gray: 10 mm, dark gray: 100 mm, black:
1 mm. d) Percent of fluorescence recovery (FaM100%) of 4R at 2 h after the addition of DTT (1 mm) in PBS buffer
at room temperature. Note that fluorescence recovery was calculated by using the following formula ([Fluores-
cence Intensity4R at 535 or 590 nn/Fluorescence IntensityFluorescein at 535 nm/4 at 590 nm]M100%).
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the enzyme activity. The developed reporter could therefore
be useful to detect the presence of PKA in biological samples.


Experimental Section


Materials : All solvents were purchased from Fisher Scientific (Fair
Lawn, NJ). All chemicals for peptide synthesis were supplied by No-
vabiochem (San Diego, CA). TAMRA and FAM were purchased from
Molecular Probes (Eugene, OR). Anisole, DTT, ethandithiol, PKA cat-
alytic subunit (from porcine heart, 37 unitsmg�1), PKA inhibitor
fragment (5–24 amide) and all other chemical reagents were pur-
chased from Sigma–Aldrich (St. Louis, MO).


Synthesis of TAMRA-labeled peptides : Peptide synthesis was per-
formed on an automated peptide synthesizer (ABI 433A, Applied
Biosystems, Foster City, CA) employing the traditional Na-Fmoc
methodology using Rink amide resin (162 mg, 0.1 mmol). The side-
chain protection groups for arginine and cystein were 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) and trityl (Trt), re-
spectively. All amino acids (10 equiv) were attached to the resin by
stepwise elongation with HOBt (10 equiv), HBTU (10 equiv), and
N,N-diisopropylethylethylamine (DIPEA, 20 equiv) as coupling re-
agents in the presence of N-methylpyrrolidone (NMP; 15 mL). The
Na-Fmoc protecting groups were removed by 20% (v/v) of piperi-
dine in NMP (15 mL). After peptide synthesis, TAMRA (100 mg,
0.23 mmol), HBTU (87 mg, 0.23 mmol) and HOBt (31 mg,


0.23 mmol) dissolved in DMSO
(4 mL) were added to the resin.
The reaction was initiated by the
addition of DIPEA (1 mL) and was
allowed to gently shake overnight
at room temperature. Cleavage of
the peptides from the resin and
side-chain deprotection employed
a mixture of TFA/thioanisole/eth-
anedithiol/anisole (90:5:3:2, 5 mL)
for 3 h at room temperature. Pep-
tides were then precipitated by
methyl-tert-butyl ether at 4 8C and
purified by reversed-phase HPLC
(Ranin, Worburn, MA) to 95% ho-
mogeneity. MALDI-TOF mass spec-
trometry (Tufts Protein Chemistry
Facility, Boston, MA) confirmed the
expected mass ions for all synthet-
ic peptides.


Synthesis of 2’-thioethyl-5-(or 6-)-
carboxyfluoresceinamide (FAMS,
2): 5-(or 6-)-carboxyfluorescein suc-
cinimidyl ester (100 mg,
0.21 mmol) dissolved in a mixture
of methanol (50 mL) and DCM
(50 mL) was allowed to react
with 2-aminoethanthiol (32.3 mg,
0.42 mmol) in the presence of tri-
ethylamine (TEA, 100 mL). The reac-
tion mixture was stirred for 3 h at
room temperature, when analytical
HPLC indicated that the reaction
was completed. DTT (64.7 mg,
0.42 mmol) was added to reduce
any dimerized product. All solvents


were then removed in vacuo, and the residue was purified by re-
versed-phase HPLC. The product fraction was freeze-dried to give
FAMS (2) as a yellow powder (50 mg, 57%). MALDI-TOF MS m/z :
calcd for C23H18NO6S: 436.45 ([M+H]+) ; found: 436.50.


Synthesis of 4R, 4G, and 4D : FAMS (2 ; 5 mg, 12.5 mmol) and
TAMRA-labeled peptide 4 ((TAMRA)-LRRRRFAFC-NH2; 5 mg,
3.1 mmol) dissolved in a mixture of ammonium bicarbonate (3 mL,
10 mm) and DMSO (1 mL) was stirred for 24 h at room tempera-
ture. The reaction progress was monitored frequently by analytical
HPLC. Upon completion, acetic acid (2 mL) was added to the
reaction mixture and the product was purified by reversedphase
HPLC. The collected fractions were freeze-dried to give a
purple product (4 mg, 62%). MALDI-TOF MS m/z : calcd for
C103H129N25O18S2: 2069.46 ([M+H]+) ; found: 2069.75.


Other probes were synthesized by using the same protocol. 4G
((TAMRA)-LGGGGFAFC(FAMS)-NH2): MALDI-TOF MS m/z : calcd for
C87H93N13O18S2: 1674.61 ([M+H]+) ; found 1674.78. 4D ((TAMRA)-
LDDDDFAFC(FAMS)-NH2): MALDI-TOF MS m/z : calcd for
C97H101N13O26S2: 1905.06 ([M+H]+) ; found 1908.89.


Synthesis of 4-Amide : TAMRA-labeled peptide 3 ((TAMRA)-
LRRRRFAFK-NH2; 5 mg, 4.1 mmol) and FAM (1.9 mg, 4.0 mmol) were
dissolved in DMSO (2 mL). The reaction was initiated by addition of
TEA (200 mL), and the mixture was stirred for 3 h at room tempera-
ture. Acetic acid (2 mL) was added to neutralize the reaction mix-
ture prior to HPLC purification. The collected fractions were freeze-


Figure 4. Activation of the probe with PKA. a) Fluorescence (F.A.U.) emission (at 535 nm) of 4R (250 nm) versus
time (^), with the addition of PKA (160 UmL�1) in PBS buffer at 25 8C (&). b) Fluorescence intensity (at 535 nm)
versus time in the presence of different amounts of PKA (UmL�1) at 2 h after incubation. c) Inhibition of PKA ac-
tivity by 4R, as indicated by the kinase assay. Different concentrations of inhibitor [nm] were incubated with PKA
(500 UmL�1) for 2 h at room temperature prior to the assay. d) The inhibitory effect of 4R (250 nm) to PKA
(160 UmL�1) is time dependent.
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dried to give a purple foam (5 mg, 73%). MALDI-TOF MS m/z :
calcd for C87H93N13O18S2: 2019.03 ([M+H]+) ; found 2021.48.


Fluorescence measurements : Fluorescence-intensity measure-
ments were recorded on a computer-controlled fluorescence plate
reader (GENios Pro, TECAN, Durham, NC, USA). Probe activation


was assayed in a 96-well clear-bottom plate (Costar, Corning, NY)
at 25 8C. All probe concentrations were determined according to
the extinction coefficient of the conjugated fluorescein (e485=75M
10�3


m
�1 cm�1) in Tris-HCl buffer (50 mm, pH 9). Solutions of various


probes (1 mm or 250 nm) in PBS buffer (200 mL) were prepared and
transferred to the wells. Appropriate amounts of DTT (mm) or PKA
catalytic subunits (UmL�1) were added to the samples and the
plate was allowed to shake for 10 s prior to the measurements.
The samples were excited at 485 nm (FAMS) and 540 nm (TAMRA),
and the emission was monitored at 535 and 590 nm, respectively.
The fluorescent signals were recorded every 15 min for 3 h.


Inhibition assay : Inhibition of 4R was determined by using a com-
mercial available nonradioactive assay kit (Calbiochem, San Diego,
CA). Prior to the experiments, conditions such as incubation times
(min), PKA concentrations (UmL�1) and sample volume (mL) were
optimized. For the inhibition assays, different concentrations of 4R
were incubated with PKA (500 UmL�1) for 2 h at room tempera-
ture. Sample mixtures (10 mL) were then transferred to a precoated
well in Tris-HCl buffer (25 mm, 120 mL, pH 7.0) containing MgCl2
(3 mm), EDTA (500 mm) and ethylene glycol-bis(b-aminoethyl ether)-
tetraacetate (EGTA; 1 mm) and were allowed to incubate for
10 min at room temperature. Primary and secondary antibodies
were subsequently added according to the manufacture’s instruc-
tions. The obtained IC50 values were based on the specific condi-
tions of this assay. Reduced amounts of PKA (160 UmL�1) and 4R
(250 nm) were used in the time-dependent inhibition assays to
compare with the same concentrations used in the fluorescence
measurements.


Measuring PKA in serum. To simulate PKA-containing sera of
cancer patients, different concentrations of PKA catalytic subunits
were spiked with fetal bovine serum (100 mL) to have a final con-
centration of 2, 20, and 200 nm (200 mL), respectively. All samples
were then centrifuged through a 50 kDa-cutoff filter (Microcon YM-
50). An aliquot of filtrate (100 mL) was added to a solution of 4R
(7 mm, 100 mL) in Tris-HCl buffer (25 mm, pH 7.0) containing MgCl2
(3 mm), EDTA (500 mm) and EGTA (1 mm). The solution mixtures
were allowed to incubate for 3 h at 37 8C. The relative fluorescence
intensities were then measured at 535 nm as described above.


Electrophoresis : Samples were analyzed by SDS-PAGE on 4–15%
Tris-HCl precast gradient gels (Bio-Rad, Hercules, CA). Precision Plus
Protein Standards (Bio-Rad) were used as marker. Electrophoresis
was carried out at 100 V in Tris-HCl buffer (25 mm, pH 8.3) contain-
ing glycine (250 mm) and SDS (0.1%, w/v). The reflectance-imaging
system contains an excitation photon source that emits a broad-
band white light from a 150 W halogen bulb. Band-pass filters
(Omega Optical, Brattleboro, VT, USA) were employed to adjust the
corresponding excitation (520–550 nm) and emission (560–600 nm)
wave bands. A 12-bit monochrome CCD camera (Kodak, Rochester,
NY) equipped with a 12.5–75 mm zoom lens was used to detect
the fluorescence images. The exposure time was 1 min per image
for four images. Images were analyzed by using computer software
(Kodak Digital Science 1D software, Rochester, NY).
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Figure 5. PKA-binding studies. a) Fluorescence image of an SDS-PAGE gel
indicating the covalent binding of 4R (1 mm) to the PKA catalytic subunit
(0.5 UmL�1). Lane 1: PKA only; lane 2: probe+PKA; lane 3: probe+PKA+


DTT; lane 4: probe+PKA+PKA-inhibitor fragment (5–24); lane 5: probe
only. b) Comparison of fluorescence-intensity changes (DF) with different
probe derivatives (4-Amide, 4G, 4D, and 4R) at 2 h after PKA addition.
c) Fluorescence image of a SDS-PAGE gel to confirm the specific binding
to PKA.


Figure 6. Probe activation in conditioned fetal bovine serum. 4R was incu-
bated with PKA-containing serum at 37 8C for 3 h, then the fluorescence
intensity (F.A.U.) was measured at 535 nm.
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Synthesis and Degradation of Nucleic Acid
Components by Formamide and Cosmic Dust
Analogues
Raffaele Saladino,*[a] Claudia Crestini,[b] Veronica Neri,[a] John R. Brucato,[c]


Luigi Colangeli,[c] Fabiana Ciciriello,[d] Ernesto Di Mauro,*[e] and
Giovanna Costanzo[d]


Introduction


All strategies for the prebiotic synthesis of nucleobases assume
the adequate availability[1] of the presumptive precursors, such
as hydrogen cyanide, formaldehyde, ammonium cyanide, and
cyanoacetylene. The step-up from these precursors or from
mixtures of simple gases to more complex compounds was
shown to occur under a variety of conditions: electric dis-
charge, UV irradiation, ion-irradiation heating, marine vents,
carbon dioxide chemistry on pyrite clusters.[2–6] However, no re-
liable single physicochemical scenario[7] for the prebiotic Earth
or for plausible pristine synthesis of these bases is yet avail-
able. No physicochemical consensus exists for the necessary
simultaneous availability[8–10] of all or a large number of the
nucleic acid precursors, particularly for pyrimidines[11] and
sugars.[12] Thus, we have explored the possibility that forma-
mide might provide the chemical frame for such a general uni-
tary picture.
Formamide (NH2COH) is active both in the synthesis of nu-


cleobases[13,14] and in the selective degradation of DNA.[15] The
condensation of formamide is catalyzed and modulated by
several inorganic compounds and results in the production of
purine and pyrimidine nucleobases, and purine acyclonucleo-
sides (Table 1).[16,17] The role of these catalysts is not limited to
the increase of reaction yields, but also provides selectivi-
ty.[16–18] Since formamide degrades DNA,[15] we have studied
both the formamide-based synthesis and degradative path-
ways of nucleic acid components under comparable condi-
tions. This coupled approach is necessary because in any phys-
icochemical scenario that deals with the origin of life, the sta-
bility of the precursor molecules is a major concern.[19,20]


Here we describe the role of a wide range of olivines (from
fayalite to forsterite) in i) the synthesis of purine and pyrimi-
dine derivatives from formamide and ii) the formamide in-
duced degradation of nucleic acid components. Since form-
amide[21,22] and olivines[23] are sizeable components of cosmic


dust, the effect of olivines prepared in the form of cosmic-dust
analogues (CDAs) was analyzed.[24]


Results


Based on results from space missions, space and ground-based
observations, and laboratory analyses of interplanetary dust
particles (IDPs)[23] “fluffy” grains of amorphous olivines were
synthesized in the laboratory (see Experimental Section). They
were synthesized as CDAs in order to reproduce the chemical
composition and morphology of silicate dusts expected in
different astronomical environments.[24]
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We show the unprecedented one-pot synthesis of a large suite of
pyrimidines (including cytosine and uracil) and purines from for-
mamide in the presence of cosmic-dust analogues (CDAs) of
olivines. Since the major problem in the origin of informational


macromolecules is the instability of their precursors, we also in-
vestigate the stabilizing effect of CDAs on the intrinsic instability
of oligonucleotides in formamide.
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CDAs were produced by fast condensation of target vapor-
ized materials by high-energy Nd:YAG laser ablation. Laser tar-
gets were oxide mixtures (SiO2, MgO, FeO). Each component
was weighed in order to give the exact stoichiometric compo-
sition of olivines with different magnesium and iron content:
fayalite Fe2SiO4 (sample A), Mg0.5Fe1.5SiO4 (sample B), olivine
MgFeSiO4 (sample C), Mg1.5Fe0.5SiO4 (sample D), and forsterite
Mg2SiO4 (sample E). Preparation, morphology, elemental chemi-
cal composition, and spectroscopy characterization of the sam-
ples are given in the Experimental Section and ref. [24].


Synthetic catalysis with CDAs


To evaluate the catalytic effects of CDAs on the prebiotic syn-
thesis of nucleobases, several experiments were performed by
heating neat formamide (1; Scheme 1) in the presence of the
appropriate compound. Reference reactions in the presence of
parent olivines were also performed. Products were character-
ized by gas-chromatography mass-spectrometry (GC-MS) anal-
ysis, after derivatization with bis(trimethylsilyl)acetamide, and
by 1H and 13C NMR analysis (Scheme 1 and Table 2). Irrespective
of the CDA used in the formamide condensation, a suite of
pyrimidine derivatives, namely 4-(3H)-pyrimidinone (or 4-hy-


droxypyrimidine; 2), cytosine (3), and uracil (4) were obtained
in acceptable yield. 4-(3H)-Pyrimidinone was the most abun-
dant product (Table 2, entries 2–5). 4-(3H)-Pyrimidinone was
among the most abundant pyrimidines recovered from the
Murchison meteorite.[25,26] Low amounts of purine 5, urea (6),
and 5,6-dihydrouracil (7) were also detected. Compound 7 was
only obtained with olivine Mg0.5Fe1.5SiO4 (Table 2, entry 9). Urea
is a well known prebiotic precursor for both purine and pyrimi-
dine nucleobases, and might be formed by formamide degra-
dation of pyrimidine nucleobases, even though its direct for-
mation from formamide cannot be ruled out.[14]


The products described above accounted for about 90% of
the total yield. The additional components were not identified
due to their small quantities, with the exception of one com-
pound whose mass spectrum can be interpreted as being that
of a deoxyribose derivative. (This compound is currently under-
going further analysis.)
The condensation of formamide performed in the absence


of olivine derivatives yielded purine as the only recovered
product (Table 2, entry 1). Purine derivatives, adenine in partic-
ular, are usually obtained as the most abundant products
during prebiotic syntheses from simple one-carbon-atom pre-
cursors, such as, HCN and formamide. Furthermore, we ob-
serve that CDAs are specific and selective microenvironments
for the formation of pyrimidine derivatives, including cytosine
and uracil ; uracil could be formed by cytosine hydrolysis. CDAs
were found to be more efficient catalysts than their parent
compounds (e.g. , Table 2 entry 3 vs. 8 and entry 5 vs. 10).
These data suggest that IDPs might be favorable microenviron-
ments for the prebiotic synthesis of pyrimidine nucleobases
that are not easily obtained under terrestrial conditions. More-
over, the elemental composition of CDAs was found to be an
important parameter for the selectivity of the reaction. For ex-
ample: fayalite (sample A) and Mg0.5Fe1.5SiO4 (sample B) CDAs,
characterized by the absence or presence of low amounts of
magnesium ions, yielded high amounts of 4-(3H)-pyrimidinone,
cytosine, and uracil (Table 2, entries 5 and 4). However, forster-


Table 1. Catalyzed synthesis of nucleic acid components from formamide.


Catalyst
Product Silica Alumina Kaolin Zeolite CaCO3 KP-10[b] K-30[b] KSF[b] Al-PILC[b] TiO2


purine + [a] +++++ +++++ +++++ +++++ ++++ + ++++ +++ +++


adenine + + 0 + 0 ++ ++++ +++ + ++


hypoxanthine 0 0 0 0 0 + 0 + + 0
N9-formylpurine 0 0 0 0 0 +++ ++++ + + +++


N,N-diformyladenine 0 0 0 0 0 0 0 0 0 +


acyclonucleosides 0 0 0 0 0 0 0 0 0 ++


cytosine + + 0 + 0 +++ +++ +++ +++ +


hydroxypyrimidine + + + + 0 0 0 0 0 0
uracil 0 0 0 0 0 + + + + 0
thymine 0 0 0 0 0 0 0 0 0 +


hydroxymethyluracil 0 0 0 0 0 0 0 0 0 +


AICA 0 0 0 0 0 0 0 ++++ +++ 0
FAICA 0 0 0 0 0 ++ ++++ +++ + 0


[a] mg of product per gram of formamide. + : 0.1–5.0 mg; ++ : 5–10 mg; +++ : 10–20 mg; ++++ : 20–40 mg; +++++ : >40 mg. [b] Activated
montmorillonites. AICA: 5-aminoimidazole-4-carboxamide; FAICA: 5-formamidoimidazole-4-carboxamide. Data from ref. [16] (Silica, Alumina, Kaolin, Zeolite,
CaCO3), [18] (KP10, K30, KSF, Al-PILC), [17] (TiO2).


Scheme 1. Condensation of formamide in the presence of CDAs.
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ite CDA, which is devoid of iron, did not yield pyrimidines
(Table 2, entry 6).


Degradative catalysis by cosmic dust analogues


The decomposition of DNA and the degradation pathway of
oligonucleotide-embedded purine and pyrimidine bases by
formamide have been described.[13–15] The decreasing order of
sensitivity to degradation is: purine, inosine, guanine>ade-
nine>cytosine@ thymine, and the chemical mechanisms that
are involved have been determined.[13,14] For purines, degrada-
tion occurs by nucleophilic attack in the C8 position, which
leads to degradative opening of the imidazole ring.[13] For pyri-
midines degradation occurs by nucleophilic attack in the C6 or
in both the C4 and C6 positions.[14] Following degradation and
removal of the heterocyclic base, the two reactive protons Ha
and Hg (Figure 1A) are available for b-elimination reactions,
which lead to 3’- and 5’-phosphodiester bond cleavage, re-
spectively. The strength of Ha is higher than that of Hg,[15] so
that in a weak base such as formamide, the cleavage of the
3’-phosphodiester bond occurs preferentially to that at the 5’
end.[14,15] On 3’-labeled DNA molecules, the cleavage at the 5’
end is label-distal and is masked by the robust band generated
at the 3’ label-proximal side.
This behavior provides an assay for the study of the effects


of the DNA-backbone interaction with CDA olivines. An altera-
tion of the standard cleavage reaction, caused by the interac-
tion of the oligonucleotide backbone with the catalyst surface,
is manifested as an intensity variation of the 3’ and/or 5’
bonds. This reveals the relative strength of the pentose Ha/Hg
protons (Figure 1A).
The effect of CDA olivines on formamide degradation of


polynucleotides was studied on homogeneous polymers that
were embedded in mixed-sequence stretches. The complete
analysis is described in the Supporting Information. Figure 1B


shows the degradation pattern of a 3’-labeled poly-
A oligonucleotide with mixed-sequence terminal
segments. The polynucleotide was treated with for-
mamide in the absence or presence of the indicated
amounts of untreated (lanes 1–6) or UV-laser ablat-
ed (lanes 7–12) CDA olivine. The effects of untreat-
ed olivine were alteration of the base selectivity of
the formamide attack (i.e. , cleavage at A’s is much
less inhibited than of the C’s—see the mixed-
sequence in the upper part of the gel) ; moderate
alteration of the 3’/5’ cleavage ratio; overall pro-
tection as a function of increased concentration;
sequestering of oligonucleotide at higher concen-
trations (lanes 5 and 6).
The olivines prepared as CDAs produce quite dif-


ferent effects (lanes 7–12): marked loss of base-
cleavage selectivity even at low concentration
(lane 8); strong alteration of the 3’/5’ cleavage ratio
with marked increase of 5’ cleavage; weak protec-
tion effect. Figure 2 compares five different com-
pounds (A–E) as a function of concentration. They
were tested as untreated mixture of oxides (left


panel) or as CDA compounds (right panel).
In summary, the effect of CDA olivines on DNA attack by for-


mamide consists of the alteration of base selectivity (G>A>
C@T), and modification of the rate of b-elimination of Ha/Hg
protons.


Conclusion


Since prebiotic self-replicating molecules were a priori not sup-
ported by complex enzymatic systems, emergence of life must
have been a robust phenomenon. We consider that the more
common the precursors were, the simpler and more unitary
must have been the chemistry involved; the more widespread
the catalysts that provided selectivity and improvement in
yields, the higher must have been the chances that informa-
tion-bearing oligomers would form and replicate. This im-
plies—among other polymerization-related requirements[12]—
at least the simultaneous presence of purines and pyrimidines
in comparable concentrations.
Such coexistence would obviously be favored by a single


chemical frame for their synthesis and also by equilibrated syn-
thesis/degradation rates. If a compound (i.e. , adenine) were
synthesized in higher amounts, its excessive concentration
could have been compensated for by a higher degradation
rate. Correspondingly, the scarce synthesis of thymine could
have been compensated for by its higher resistance to deg-
radation.[14–16] Taken together, the formamide-based unitary
chemical frame for the synthesis of a complete suite of precur-
sor bases (Tables 1 and 2) and their differential stabilities in
formamide,[14–16] prevent a strong imbalance of precursor con-
centrations.[41] The availability of an equilibrated pool of pre-
cursors would have facilitated the initial synthetic processes.
We thus propose that the initial unitary chemical frame was
based on formamide chemistry.


Table 2. Quantitative profile of the products obtained by formamide condensation in
the presence of olivines and CDAs.


Yield[b]


Catalyst Sample Pyrimidinone
(2)


Uracil
(3)


Cytosine
(4)


Purine
(5)


Urea
(6)


Dihydrouracil
(7)


1 No catalyst 0 0 0 34.1 0 0
2 MgFeSiO4


*[a] C 19b 2.4 19.6 0.3 0.1 0
3 Mg1.5Fe0.5SiO4


*[a] D 19.5 0 32.3 0 0.1 0
4 Mg0.5Fe1.5SiO4


*[a] B 72.6 2.1 22.5 0 0 0
5 Fe2SiO4


*[a] A 241 4.5 68.6 1.2 3.2 0
6 Mg2SiO4


*[a] E 0 0 0 0.7 1.0 0
7 MgFeSiO4 C 5.2 0.8 4.7 0 0.2 0
8 Mg1.5Fe0.5SiO4 D 9.9 0 0 0 0 0
9 Mg0.5Fe1.5SiO4 B 3.7 2.2 7.0 0.2 0 4.2
10 Fe2SiOA A 5.4 0 0 0 0 0
11 Mg2SiO4 E 0.13 0 0 0 0 0


[a] Cosmic dust analogues (CDAs). [b] Quantitative evaluations were performed by ca-
pillary gas-chromatography analysis as described in the Experimental Section. Because
of the uncertainty of the number of formamide molecules involved in the synthesis of
the recovered products the yields were calculated as mg of product formed per gram
of formamide.
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Formamide, which is a product of HCN hydrolysis, is stable
in liquid even above 200 8C and shows limited azeotropic
effects.[27] Its role as an imidazole and oxazole precursor has
been described.[28] Formamide-based reactions that yield nucle-
obases result in different populations of products that mostly
consists of purines but also pyrimidines and acyclonucleo-
sides.[16–18] The composition of these depends on the catalyst
present. CaCO3, silica, alumina, kaolin, zeolites, TiO2, and mont-
morillonite clays[16–18] all favor the formation of purines.


Here we show that CDA olivines favor formamide condensa-
tion into pyrimidines and actively decrease formamide-based
oligonucleotide instability.
Formamide is among the organic molecules present in the


interstellar medium,[21,22] as are olivines.[23] The detection of
purines and pyrimidines in meteorites (of which Murchison is
only one instance)[25,26] provides a clear example of extraterres-
trial syntheses and poses the question of their origin. Given
that large amounts of organic molecules were deposited on
the primitive Earth by asteroids, comets, meteorites, and
IDPs,[7,21] the formamide/olivines substrate/catalyst combina-
tion described here provides a plausible example of the chemi-
cal forces and possibilities in action that could kick-start the
phenomenon of primordial polymerizations. This process had
to be robust enough to allow neo-Darwinian selection, and
was certainly not based on elaborate precursors and rare
catalysts.
The experiments reported do not allow firm conclusions on


the possible early-Earth environment(s) in which the described
catalyses could have taken place. However, the fact that ex-
plored active synthetic processes do take place at high tem-
perature (110–160 8C) and under dry conditions suggests vol-
canic environments. This is in agreement with the results of
the analysis of catalytic property of montmorillonites on prebi-
otic syntheses. Given that there is no a priori reason to assume
morphological and chemical instability of cosmic dust particles
after arriving on early Earth, the observed catalytic properties
of CDAs and volcanic environments are not in contrast. The
properties of CDAs at low temperatures and in a photochemis-
try frame (or in general under space-like conditions) deserve
further studies.


Figure 1. CDA olivines modify the degradative reactions of formamide on
DNA. Degradation of a 3’-labeled 46-base long oligonucleotide containing a
30 bp poly-A stretch and mixed sequence termini (see Supporting Informa-
tion for details). A) Cleavage of 3’ and 5’ phosphodiester bonds by amides.
Schematic representation of the degradation of the sugar moiety that indi-
cates the two different b-eliminations (see text). B) The reaction with forma-
mide (110 8C, 20 min) was performed in the absence (control lane) or in the
presence of untreated (lane 1–6) or of UV-LA (lanes 7–12) CDA olivine. The
concentration of olivines in the reactions (mgmL�1) are indicated at the top
of each lane. The 3’ and 5’ b-elimination bands are shown schematically.


Figure 2. CDA olivines modify the degradative reactions of formamide on
DNA. The effect of the range of chemically different olivines is described.
A) Fayalite Fe2SiO4; B) Mg0.5Fe1.5SiO4; C) olivine MgFeSiO4; D) Mg1.5Fe0.5SiO4;
E) forsterite Mg2SiO4; see text for details. Experimental procedures were car-
ried out as described for Figure 1. The bands correspond to positions 15
(upper band) and 16 (lower band) of the poly-A region.
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Experimental Section


Preparation of UV-laser ablated (UV-LA) olivines : Principal sites
of cosmic dust formation are envelopes of giant stars that belong
to the asymptotic branch (AGB) and supernovae (SN).[29–30] Once
formed, grains are injected in the interstellar medium (ISM) and
collected during planetary system formation as building blocks of
large bodies. Based on results from space missions,[31] space and
ground-based observations,[23, 32,33] and laboratory analyses of
IDPs[34–37] “fluffy” grains of amorphous olivines were synthesized in
the laboratory as CDAs with the aim of reflecting the chemical
composition and morphology of silicate dust expected in different
astronomical environments.[24]


CDAs were produced by fast condensation of vaporized target by
high energy Nd:YAG laser ablation. Laser targets were oxide mix-
tures (SiO2, MgO, FeO). Each component was weighed in order to
obtain the exact stoichiometric composition of olivines with differ-
ent magnesium and iron content: pure fayalite Fe2SiO4 (sample A),
Mg0.5Fe1.5SiO4 (sample B), MgFeSiO4 (sample C), Mg1.5Fe0.5SiO4 (sam-
ple D), and pure forsterite Mg2SiO4 (sample E). The targets were
prepared by pressing the oxide mixtures at 15 tons to produce pel-
lets 13 mm in diameter and few millimeters in thickness. Surelite II
laser (fundamental wavelength at 1064 nm) equipped with two
crystals was used to obtain forth harmonics at UV wavelength of
266 nm. An optical set-up selects and focuses the UV laser beam
on the target to give a power density of 109 Wcm�2 on a spot
2 mm in diameter. The target is mounted inside a vaporization
chamber designed to work at different gas pressures. In this ex-
periment, the O2 atmosphere was 10 mbar. The oxidative atmos-
phere prevents iron segregation that could form grains of pure
iron metal during condensation. Moreover, the presence of an at-
mosphere inside the evaporation chamber causes hot atoms of
laser plume to lose their energy by collision with the cold O2


atoms. The high expansion velocity (104–105 cms�1) of the hot gas
in the laser plume and the collision-cooling mechanism (collision
mean free path of 10�4 cm for O2 gas at 10 mbar) favor the super-
saturation of the vapor. These are the appropriate conditions to
induce condensation. The particles produced have a size distribu-
tion and average size that depend on the pressure and molecular
weight of the cooling gas and the laser power density.[38] Due to
the faster expansion of the laser-produced vapor plume in a lower
pressure atmosphere, the particle sizes decrease as the gas pres-
sure inside the evaporation chamber is reduced. The solid samples
are then collected on appropriate substrates at a distance of about
3 cm from the target.


The morphological characterization of the samples was performed
with a field emission scanning electron microscope (FESEM; Stereo-
scan FE360) with a spatial resolution of 2 nm. To prepare samples
for FESEM analysis, laser-produced grains were collected on silicon
substrate that was exposed to the dust flux during laser ablation.


The samples were coated with a Cr film in order to avoid charge
build up under the electron beam of the microscope and obtain
the best space resolution. Images at different magnifications were
acquired from different regions of each sample.


The chemical composition of the samples was studied by means of
an energy dispersive X-ray (EDX) detection system that was linked
to the FESEM. For this kind of analysis grains were uniformly de-
posited on a carbon stub. The EDX spectra were acquired from five
different regions and the average elemental content was mea-
sured. Appropriate software was used to evaluate the mass con-
centration of the elements by comparing X-ray spectra with those
of standard samples.


Spectroscopic measurements were performed in the mid-infrared
region in transmission. Dust samples were embedded in KBr and
pressed into pellets. Spectra were acquired at a resolution of
2 cm�1 by means of a FTIR interferometer (Bruker Equinox55) and
absorbance, A, was calculated in terms of transmittance, T, with the
equation: A=�lnT.


Characterization of UV-LA CDA olivines : The scanning electron
micrographs showed that CDAs are very “fluffy” samples that are
characterized by the presence of two morphological classes:
1) chain-like agglomerates of small spheroidal grains; and 2) iso-
lated spheres (Figure 3). The shape and sizes observed were typical
of fast vapor condensation and liquid coalescence processes.[39,40]


The spheroidal shape of small grains (class 1) is the result of the
Gibbs–Wulff criterion,[41] which predicts that the grain shape is
achieved when


P


i


xiAi is at a minimum; xi is the specific surface


free energy of the ith grain face, and Ai is the area. Under our ex-
perimental conditions, the surface migration time, ts, of the im-
pinged atoms is greater than the time interval, ti, between two
consecutive arrivals of atoms from the vapor phase onto the grain
surface. Thus, atoms do not have sufficient time to gain a crystal-
line structure and amorphous spherical grains are formed
(Figure 3).


A fraction of the UV-LA particles can behave like a liquid and co-
alesce, thereby combining their volumes. This postcondensation
process is responsible for the presence of isolated spheres (class 2).
Further evidence for active postcondensation-coalescence process
can be obtained by the analysis of CDA grain-size distribution. The
good agreement with the log–normal distribution function, which
was derived with the statistical theory of coalescence of spherical
grains,[40] indicates that coalescence is also an active process in the
laser-ablation technique used in this work.


The concentrations of CDA elements show a systematic decrease
between the target and the condensed samples. This is observed
when samples with fluffy textures are measured, because the elec-
tron beam crosses a smaller volume fraction of material and de-
tects a lower X-ray signal. Even if this can affect the evaluation of
the amount of oxides, the stoichiometry of the samples remains
unchanged within error.


Absorbance of CDA sample E (Mg2SiO4), prepared as laser target
and after laser ablation, is reported in Figure 4. The spectrum of
the laser target shows the presence of all the bands of the oxides


Figure 3. FESEM micrograph of CDA sample E (Mg2SiO4) deposited onto sili-
con wafer. Two morphological classes are visible: 1) chain-like agglomerates
of small spheroidal grains; and 2) isolated spheres.
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that were used for target preparation. In particular the bands at
8.5, 9.2, 12.5, and 21.3 mm of SiO2 and 12.5, 12.8, 14.5, 15.0, and
21.8 mm of MgO are presented. After laser ablation, two broad and
smooth bands at 10.1 and 19.1 mm of amorphous olivine are ob-
served; these bands are due to stretching and bending of silicon–
oxygen bonds, respectively. The presence of weak target oxide
bands observed in the laser-ablated spectrum, imply that small
fractions of particles are ejected from the target as pure oxides
without being involved in silicate-formation reactions.


Formamide-based synthesis : Formamide (>99%; Fluka) and 6-
methoxypurine (Aldrich) were used without further purification. GC
analysis and mass spectra were performed on an Hewlett–Packard
5890 II gas chromatograph and a Shimadzu GC-MS QP5050A
equipped with an AlltechR AT-20 column (0.25 mm, 30 m). 1H and
13C NMR spectra were recorded on a Bruker (200 MHz) spectrome-
ter and are reported in d=value. Microanalyses were performed
with a C. Erba 1106 analyzer. Chromatographic purifications were
performed on columns packed with Merck silica gel, 230–400
mesh for flash technique.


Formamide condensation : Formamide (5.7 g, 5 mL, 0.12 mmol)
was heated at 160 8C for 48 h in the presence of CDAs of olivines:
fayalite Fe2SiO4 (sample A), Mg0.5Fe1.5SiO4 (sample B), olivine MgFe-
SiO4 (sample C), Mg1.5Fe0.5SiO4 (sample D), and forsterite Mg2SiO4


(sample E; 2% w/w). Reference experiments were performed with
the parent olivines under similar experimental conditions.


The reaction mixture was allowed to cool, filtered to remove the
catalyst, and evaporated under high vacuum. GC-MS of a portion
of the crude reaction was performed after derivatization with N,N-
bis(trimethylsilyl)acetamide by using an isothermal temperature
profile of 100 8C for the first 2 min, followed by a 10 8Cmin�1 tem-
perature gradient to 280 8C, and finally an isothermal period at
280 8C for 40 min. The injector temperature was 280 8C. Chroma-
tography grade helium was used as the carrier gas. The fragmenta-
tion patterns were compared with those of authentic samples. 6-
Methoxypurine was used as internal standard. The crude reaction
mixture was also purified by flash chromatography (CHCl3/CH3OH
9:1). The structure of isolated products was confirmed with spec-
troscopic techniques and by comparison with commercial samples.
Selected mass spectrometric data of compounds 2–7 are reported
in Table 3.


Selected spectroscopic data for 4(3H)-pyrimidinone (2): m.p. 166–
169 8C (EtOH); 1H NMR ([D6]DMSO) d=6.35 (d, J=5.0 Hz, 1H; CH),
7.95 (d, J=5.0 Hz, 1H; CH), 8.20 (s, 1H; CH), 12.8 (br s, 1H; NH);
13C NMR ([D6]DMSO) d=118.45 (CH), 145.10 (CH), 147.02 (CH),
163.33 (C); FTIR (Nujol) ñmax=3460, 3300, 2890, 1680, 1600,
1475 cm�1.


Preparation of oligonucleotides : The differential effects of metal
oxides and olivines on the degradation of polynucleotides by form-
amide was studied on homogeneous polymers embedded in
mixed-sequence stretches. The overall approach consisted of the
analysis of the degradation products of two synthetic 2’-deoxy-
oligonucleotides. These were made of two short mixed-sequence
ends (ten and six bases long at the 5’- and 3’-ends, respectively)
and of a central 30-base-long homogeneous stretch of Gs, As, Cs,
or Ts. The oligonucleotides used were:


Oli1: 5’-ACCTAACCGG[G]30CCGGTT-3’
Oli2: 5’-ACCTAACCGG[A]30CCGGTT-3’
Oli3: 5’-CCCGAACCGG[C]30CCGGTT-3’
Oli4: 5’-CCCGAACCGG[T]30CCGGTT-3’


These oligonucleotides were designed so as to be pair-wise com-
plementary (i.e. , Oli1 with Oli3, and Oli2 with Oli4). After annealing,
the uncomplementary overhangs at the 5’ ends, each four nucleo-
tides long, was used for selective labeling as described.[17] The deg-
radation conditions used in this assay cause less than one hit per
molecule, as shown by the regularity of the cleavage patterns and
by the presence of a substantial amount of unreacted molecules.


Degradations of oligonucleotides by formamide in the presence
of olivines : Each oligonucleotide (2 mg) was annealed with the
same amount of its complementary oligo and labeled with
[a32P]dCTP (Oli2) or with [a32P]dATP (Oli3). Labeling was performed
by using T7 Sequenase (USBC-Amersham Biosciences), and the la-
beled oligo was purified on a 10% denaturing acrylamide gel (ac-
rylamide/bisacrylamide 19:1). The polyacrylamide was removed by
a NuncTrap probe purification column (Stratagene), and DNA
(2 pmol; typically 300000 cpm) was processed for each sample.
The DNA was ethanol precipitated, resuspended in formamide
(5 mL; Fluka) and added to formamide (97%, 10 mL) that contained
the indicated amounts of the appropriate olivine compound. After
20 min at 110 8C, a solution of tetrasodium pyrophosphate (final
concentration 5S10�4m ; Sigma) was dissolved in water and made
up to a final volume of 40 mL. The samples were vortexed for
1 min, then centrifuged at 13000 rpm for 20 min. The washed sam-
ples were combined, ethanol precipitated, resuspended in forma-


Figure 4. Absorbance in arbitrary units of CDA sample E (Mg2SiO4) prepared
as laser target (dashed line) and after laser ablation (solid line). The presence
of two broad and smooth bands at 10.1 and 19.1 indicate the chemical
transformation of SiO2 and MgO oxides in amorphous olivine.


Table 3. Selected mass spectrometric data of compounds 2–7.


Products m/z (%)


pyrimidinone (2) 96 (100) [M] , 69 (31) [M�HCN], 53 (28) [M�NHCO]
cytosine (3) 111 (100) [M] , 95 (20) [M�NH2], 83 (28) [M�CO],


69 (45) [M�NCO], 41 (58) [M�HNCO�HCN]
uracil (4) 112 (100) [M] , 69 (74) [M�HNCO], 42 (21)


[M�HNCO�HCN]
purine (5) 120 (100) [M] , 93 (37) [M�HCN], 86 (19) [M�2HCN]
urea (6) 60 (100) [M] , 44 (32) [M�NH2]
dihydrouracil (7) 114 (100) [M] , 71 (64) [M�HNCO], 43 (21)


[M�HNCO�HCN]


[a] Mass spectroscopy was performed with Hewlett–Packard 5971 mass-
selective detector on a Hewlett–Packard 5890 III gas chromatograph with
an FID detector. Samples were analyzed after treatment with N,N-bis-tri-
methylsilylacetamide and pyridine.
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mide (5 mL) buffer, heated for 2 min at 95 8C, and loaded on a 16%
denaturing polyacrylamide gel (19:1 acrylamide/bisacrylamide). For
these methods see also refs. [16, 17] .
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Partial Protection against Botulinum B
Neurotoxin-Induced Blocking of Exocytosis by a
Potent Inhibitor of Its Metallopeptidase Activity
Christine Anne,[a] Serge Turcaud,[a] Armand G. S. Blommaert,[a]


FranÅois Darchen,[b] Eric A. Johnson,[c] and Bernard P. Roques*[a]


Introduction


The different strains of the anaerobic bacterium Clostridium
botulinum produce seven immunologically distinct types (A–G)
of neurotoxins, which are considered to be the most poison-
ous substances known for humans.[1] Each botulinum neuro-
toxin consists of a 50 kDa light chain (LC) linked by a disulfide
bond to a 100 kDa heavy chain (HC).[2] The latter subunit binds
with high selectivity to protein acceptors at the surface of
neuron terminals and triggers internalization of the neurotox-
in.[3] The light chain, which belongs to the group of zinc metal-
lopeptidases, selectively cleaves one of the three proteins (syn-
aptobrevin, syntaxin, SNAP-25) involved in the fusion of small
vesicles to the external membrane of neurons.[4] Botulinum
neurotoxin B (BoNT/B) selectively cleaves synaptobrevin (Sb),[5]


a small protein embedded in the membrane of neurotransmit-
ter-containing vesicles, preventing it from fusing with the two
protein counterparts (syntaxin and SNAP-25) present in the cy-
tosolic domain of the synaptic membrane.[6] This results in in-
hibition of neurotransmitter exocytosis and leads to botulism.[7]


The clinical symptoms of botulism (blurred or double vision,
difficulty swallowing and speaking, gastrointestinal problems,
and, as botulism progresses, weakness or paralysis, starting
with head muscles and progressing down the body, breathing
difficulty) can easily be confused with different kinds of neuro-
muscular or brain diseases; this accounts for the necessity of a
rapid and reliable diagnosis of the disease.[8]


BoNT/B is now currently used to induce locally a partial in-
hibition of the transmission of nerve impulse and thus to treat
some skeletal muscle-related disorders and hyperfunctions of
autonomic terminals, and to reduce wrinkles.[9] In spite of the
relative safety of treatments with BoNTs, severe adverse reac-
tions arising from local or sometimes large-scale diffusion of
the toxin from the injection site have been reported.[10] Mean-


while, botulinum neurotoxins and, more precisely, the very
stable BoNT/B, which is easily produced and purified, could be
used in biological warfare.[11]


To date there is no potent and specific compound able to
counteract the severe adverse effects of BoNT/B, and treat-
ments consist of administering antibodies or symptomatic
measures, such as intubation, when the botulism is in prog-
ress. Another possible way could be to inhibit the zinc metallo-
peptidase activity of the BoNT/B LC that is responsible for the
neurotoxicity.[12]


Tetanus toxin and BoNT/B are two closely related toxins
whose light chains cleave the same substrate at the same
site.[4–5] In the case of the TeTx LC, several inhibitors have been
designed, yet all these compounds have inhibitory potencies
in the micromolar range.[13] In contrast, it has been possible to
design highly potent inhibitors of the BoNT/B LC with nano-
molar inhibitory potencies.[14–16] This could be due to differen-
ces in the mechanism of action of the two neurotoxins, as teta-


Clostridium botulinum neurotoxins (BoNTs) cause botulism,
which is characterized by a flaccid paralysis, through inhibition
of acetylcholine release by peripheral cholinergic nerve terminals.
This is due to the zinc metallopeptidase activity of the neuro-
toxin, cleaving one component (synaptobrevin for BoNT/B) of the
exocytosis machinery. Yet, there are no specific agents able to
control the peptidase-related effects of BoNT/B. We recently de-
veloped the first compounds to inhibit this enzymatic activity in
the nanomolar range. Here we report that two of our best inhibi-


tors prevent the BoNT/B-induced cleavage of native synaptobre-
vin on synaptic vesicles, and partially inhibit the suppression of
[3H]noradrenaline release from synaptosomes that is caused by
BoNT/B. These results were obtained at micromolar concentra-
tions, consistent with the measured inhibitory potency of these
inhibitors on the native toxin. These compounds provide a new
way to possibly prevent and/or to control the neurotoxin effects
of botulinum.
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nus toxin has been demonstrated to behave as an allosteric
enzyme.[17]


In this study, we report the first demonstration that two
highly potent BoNT/B inhibitors selected for their solubility in
the buffer used for the given biochemical assay, counteract in
vitro the adverse affect of this neurotoxin on the exocytosis
process. These inhibitors of BoNT/B are able to protect native
synaptobrevin present on synaptic vesicles from cleavage by
BoNT/B and to prevent the blocking of neurotransmitter re-
lease from rat-brain synaptosomes induced by the neurotoxin.
Several clinical applications could be expected from such selec-
tive BoNT/B inhibitors.


Results


Compounds 1 and 2 block BoNT/B LC-induced
synaptobrevin cleavage


We have previously designed a new family of compounds
inhibiting the metallopeptidase activity of the BoNT/B light
chain in a biochemical in vitro assay using a synthetic fluores-
cent substrate.[18] The best compounds block this enzymatic
activity at low nanomolar concentrations.[14–16] To evaluate the
potency of these inhibitors under more physiological condi-
tions, we have chosen the two most potent compounds 1 and
2, the former with a zinc-coordinating thiol group in the free
form and the latter with this group involved in a symmetric di-
sulfide dimer-forming linkage (Scheme 1). The need for two in-
hibitors endowed with similar inhibitory potencies was caused
by their different solubility in the medium used in the two bio-
chemical experiments.
The secretion of neurotransmitters, such as acetylcholine, at


the neuromuscular junction is achieved by the formation of a
ternary fusion complex between synaptobrevin anchored in
neurotransmitter-containing small vesicles and two proteins,
SNAP 25 and syntaxin, embedded in the external membrane of
the cell.[6] These proteins are the targets of botulinum neuro-
toxin light chains, which are released into the cytosol following
reduction of the disulfide bond linking the small subunit to
the heavy chain.[4] The cleavage of one component of the
fusion complex, such as Sb by BoNT/B, interrupts neurotrans-
mitter release. Inhibition of this cleavage can be studied by
measuring the amounts of Sb protected from hydrolysis by
BoNT/B LC.
At 15 mm, compound 2 reduces this degradation process by


62�3% (data not shown). As it was not possible to increase
the concentration of 2 under the experimental conditions
used, a dose-dependent study was performed with the most
recently synthesized potent and more soluble inhibitor, 1.[16]


Compared to heat-inactivated BoNT/B LC taken as control
(Figure 1, lane A) 4.4 nm of BoNT/B LC cleave Sb almost com-
pletely (Figure 1, lane E), with 14% of Sb remaining intact. In
the presence of 100, 10, and 1 mm of 1 (Figure 1, lanes F, G, H),
the hydrolysis of Sb by 4.4 nm BoNT/B LC is reduced dose-
dependently by 100%, 40%, and 13%, respectively. This was
calculated by a comparison of the immunoblots with those ob-
tained with a mixture of the corresponding concentrations of


Scheme 1. Structures of the highly potent inhibitors of BoNT/B LC 1 and 2.
S1, S1’ and S2’ are schematic representations of subsites present in the BoNT/
B LC active site. The asymmetric carbons in the three molecules have the (S)
configuration.


Figure 1. Analysis by immunoblot of the inhibitory effect of inhibitor 1 on
the BoNT/B light chain-induced cleavage of synaptobrevin (Sb) present on
synaptic vesicles. A) Sb and Rab3A from synaptic vesicles in the presence of
heat-inactivated BoNT/B LC (control). B) Sb and Rab3A from synaptic vesicles
in the presence of heat-inactivated BoNT/B LC and 100 mm of inhibitor (con-
trol with 100 mm inhibitor). C) Sb and Rab3A from synaptic vesicles in the
presence of heat-inactivated BoNT/B LC and 10 mm of inhibitor (control with
10 mm inhibitor). D) Sb and Rab3A from synaptic vesicles BoNT/B LC in the
presence of 1 mm of inhibitor (control with 1 mm inhibitor). E) Sb and Rab3A
from synaptic vesicles incubated with 4.4 nm of BoNT/B LC (14% of intact
Sb as compared to control column A). F) Sb and Rab3A from synaptic vesi-
cles incubated with BoNT/B LC in the presence of 100 mm of inhibitor (100%
of control in Sb). G) Sb and Rab3A from synaptic vesicles incubated with
BoNT/B LC in the presence of 10 mm of inhibitor (54% of control in Sb)
H) Sb and Rab3A from synaptic vesicles incubated with BoNT/B LC in the
presence of 1 mm of inhibitor (25% of control in Sb). The percentages are
calculated by using quantifications of Rab3A to normalize that of Sb, and
the results of three different experiments are within �5%.
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1 and 4.4 nm of heat-inactivated BoNT/B LC (Figure 1, lanes B,
C, D). No change in the levels of Rab3A, taken as internal pro-
tein standard noncleavable by BoNT/B, was observed. A IC50 of
18�2 mm was evaluated for 1 from these experiments.


Reduction by inhibitor 2 of the BoNT/B-induced inhibition
of [3H]noradrenaline-evoked release from rat cortical
synaptosomes


Given its inhibitory potency obtained with synaptobrevin (62%
of BoNT/B LC at 15 mm), the ability of 2 to counteract the
blocking of neurotransmitter release by the native BoNT/B
two-chain protein was evaluated. In spite of its rather inferior
solubility compared to 1, compound 2 was selected because
the presence of the disulfide bond enhances the bioavailability
of the compound and thus its potency to cross cell–plasma
membranes.[19] Although synaptosomes from rat cortex neu-
rons have few neurotoxin acceptors at the surface,[20] they
were chosen because, unlike peripheral-nerve preparation, bio-
chemical experiments can be carried out with this preparation.
[3H]noradrenaline ([3H]NA) was used instead of acetylcholine
for technical reasons and was loaded into small vesicles of syn-
aptosomes as described.[21] As shown in Figure 2, compound 2
alone is unable to modify the K+-evoked release of [3H]NA
(compare lanes 1 and 2). As expected, preincubation for
120 min of the synaptosomes with BoNT/B (100 nm) led to a
large reduction in the K+-evoked release of [3H]NA (compare
lanes 1 and 3). Preincubated with the toxin under the same
conditions, 15 mm of compound 2, a concentration shown to
be active in the previous experiment with synaptic vesicles,
produced a 41.0�2.8% reduction in the inhibitory effects of
BoNT/B (compare lanes 3 and 4). This suggests that the
designed inhibitors could have interesting protective effects
against BoNT/B infection. The cell penetration of the inhibitor
was also illustrated in another experiment, in which 15 mm of 2
was coincubated for 30 min with [3H]NA-loaded synaptosomes


(data not shown). After centrifugation, the pelleted synapto-
somes were rapidly washed and then treated for 90 min with
100 nm BoNT/B. Even under these severe conditions, 2 was
shown to reduce the inhibitory effect of BoNT/B on the
evoked release of [3H]NA by 26�3% (means of three inde-
pendent experiments).


Inhibitory properties of 2 on BoNT/B LC and native BoNT/B


The large differences (ca. a factor of 1000) observed in the in-
hibitory potency of 2 for BoNT/B LC in an enzymatic study[26]


and its efficiency to counteract the inhibition of [3H]NA release
in a cellular assay performed with the native neurotoxin
prompted us to determine its IC50 values towards BoNT/B LC
and the whole-protein BoNT/B. This was done strictly under
the same experimental conditions with Syb60–94 [Pya74-
Nop77][35] as fluorescent substrate. Figure 3 shows that the IC50


values of 2 are 2�0.3 nm and 16�2 mm for BoNT/B LC and
BoNT/B, respectively. These results account for the larger con-
centration required in the cellular assay and strongly suggest
the occurrence of constraints to reaching the site of substrate
hydrolysis for this type of molecules. Nevertheless, even at this
micromolar concentration, they remain the most potent inhibi-
tors of BoNT/B reported to date.


Discussion


At this time, there is no specific compound available for an
efficient protection or treatment of botulism. Immunotherapy


Figure 2. Reduction by 2 of the BoNT/B-induced inhibition of K+-evoked re-
lease of [3H]noradrenaline from rat cortical synaptosomes. R= radioactivity.
1) Evoked release of [3H]NA in the presence of 100 nm of heat-inactivated
BoNT/B. 2) Evoked release of [3H]NA in the presence of 100 nm of heat-inac-
tivated BoNT/B and compound 2 at 15 mm final concentration. 3) Inhibition
of [3H]NA-evoked release by 100 nm active BoNT/B. 4) Reduction by 2 at
15 mm final concentration of inhibition of [3H]NA-evoked release induced by
100 nm BoNT/B. The results are the means � SEM or four different experi-
ments. ** p<0.01; * p<0.05 (Dunett’s test).


Figure 3. Determination of inhibitory potency (IC50 values) of 2 on BoNT/B
LC (*) and native BoNT/B (&). BoNT/B LC (0.35 ng) or BoNT (5.25 ng) was
preincubated for 30 min at 37 8C in 90 mL of 20 mm Hepes, pH 7.4 with in-
creasing concentrations of 2 (from 10�10 to 10�4m). The percentage of deg-
radation of 18 mm Syb60–94 [Pya74-Nop77] incubated for 30 min after the pre-
vious step was calculated from the fluorescence increase as described.[34]


SD= substrate degradation. The IC50 values of 2 are: 2�0.3 nm for BoNT/B
LC and 16�2 mm for native BoNT.
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and drugs such as 4-aminopyridine, which are used to try to
minimize the incapacitated peripheral motricity, are associated
with significant side effects.[11,22] The goal of this study was to
develop a new strategy aimed at inhibiting the neurotoxicity
of BoNT/B. Several strategies could be theoretically used to
block the action of the toxin. One way would be to prevent
either the binding of the toxin to the cell by antibodies or the
translocation of its light chain into the cytosol, but the mecha-
nisms of the latter step remain unclear.[12] Moreover, there are
a large number of isotypes for each botulinum neurotoxin; this
limits the expected ubiquitous recognition and inhibition of
cell penetration of botulinum toxins by using antibodies direct-
ed towards a single isotype.[37] Another approach could be to
inhibit the zinc metallopeptidase activity of the toxin. Indeed,
it has been clearly demonstrated that the light chain of BoNT/
B released in the cytosol cleaves Sb, a protein essential for exo-
cytosis.[5] Consistent with the relationship between this catalyt-
ic activity and the intrinsic toxicity of the toxin on exocytosis,[5]


compounds with high inhibitory potencies were expected to
prevent the BoNT/B blocking of neurotransmitter release. This
approach was selected, and highly potent BoNT/B blockers
have been designed. The best compounds of this series are
the thiol 1 and the disulfide 2,[15,16] which are the first reported
compounds with nanomolar affinities for BoNT/B LC. Strikingly,
in the case of the related tetanus toxin (TeTx), which cleaves
Sb at the same peptide bond as BoNT/B, only micromolar in-
hibitors have been obtained, although a similar approach to
that followed in this study was used.[13] This could be due to
the allosteric-like mechanism of tetanus toxin,[17] which was
not observed in the case of BoNT/B (data not shown).
Interestingly, compounds 1 and 2 have no affinity for TeTx


or for the closely related neurotoxin BoNT/A, despite a high
amino acid sequence alignment and a structural similarity with
BoNT/B;[23,24] this indicates the presence of subtle differences in
the active-site structure of all these neurotoxins. Thus, in
BoNT/A,[23–24] an alanine residue could correspond to Lys242 in
BoNT/B. The latter amino acid seems to be essential for the in-
teraction of the selective inhibitors of BoNT/B with the enzyme
active site, as shown by molecular modeling.[15]


The inhibitors designed in this study seem to have promis-
ing properties, at least as preventive agents, since they can
reduce the blocking of exocytosis machinery induced by
BoNT/B in complex bioassays at micromolar concentrations.
The concentration of inhibitors required in these in vitro assays
are more than 100 times higher than the IC50 values deter-
mined in biochemical experiments with the purified enzyme
light chain.[25,26] This is consistent with the micromolar doses
required to block the metallopeptidase activity of BoNT/B
when the protein is used in its native form. The large differen-
ces in IC50 values between the LC and this subunit inside the
whole protein is very likely due to structural constraints limit-
ing the accessibility of the peptidase’s catalytic site in native
BoNT/B. This has been recently discussed in the light of crystal-
lographic data on various clostridial toxins.[38–40]


Nevertheless, significant inhibition of the cleavage of Sb by
BoNT/B LC was obtained in the 10–100 mm range by using rat
brain synaptic vesicles. Moreover, in a more physiological


assay, this inhibition was correlated with an effect on neuro-
transmitter exocytosis. The best compound prevents blocking
of [3H]noradrenaline release induced by BoNT/B by about 40%.
It is important to observe that no compound was reported to
display such in vitro activity in a “cell-mimicking” assay. Optimi-
zations of these inhibitors to increase their bioavailability is
now requested for in vivo assays on mice. Interestingly, both
compounds remain unmodified after incubation with BoNT/B,
as expected, but, more interestingly, also following 6 h incuba-
tion with human serum (data not shown).
Botulism is best prevented and its complications efficiently


anticipated with adequate treatment at an early stage. This is
expected to avoid the costly maintenance of patients in inten-
sive care units until their affected nerve endings regenerate, a
process that occurs over 3 to 5 weeks for BoNT/B and 4 to 7
weeks for BoNT/A.[27]


This paper reports the first biochemical and pharmacological
assays of a family of molecules that might be used to control
the local effects of botulinum B neurotoxin used in therapy.
Nevertheless, with the aim of treating botulism, inhibitors
must be administered during the whole period (from several
weeks to months) over which the light chains of botulinum
neurotoxins are effective intracellularly.[28,29] This would require
enhancing the cell penetration of the systemically adminis-
tered inhibitors, which could be achieved by the classical ap-
proaches used in medicinal chemistry as nicely shown with in-
hibitors of the HIV-1 protease.[30] These latter molecules, which
have a size similar to that of the present inhibitors, are able to
block the activity of huge levels of HIV-1 protease in contami-
nated cells. Finally unsophisticated approaches by using, for
example, the isolated heavy chain of botulinum A or B neuro-
toxins to deliver the inhibitors into the cells could also be em-
ployed.[31] Peptides that target the neuromuscular junction and
facilitate intrasynaptic penetration of the inhibitors could also
be used.[32]


Experimental Section


Chemicals : Compound 1 belongs to a series of thiol inhibitors and
compound 2 to its corresponding disulfide analogue (patent Fr
01.04895). Their synthesis has been described previously.[14–16] The
entire BoNT/B protein and its derived light chain were obtained in
pure forms as previously reported.[33] Synaptobrevin was synthe-
sized by solid-phase synthesis and purified as described.[33]


Clostridial toxins : Native BoNT/B was prepared and purified in the
laboratory of E. Johnson as reported.[31,33] BoNT/B light chain was
purchased from Calbiochem (France)and its purity verified by SDS-
PAGE. BoNT/E LC was from Sigma. Pure BoNT/A was a generous
gift from Dr. Popoff (Pasteur Institute, Paris). The physiological met-
allopeptidases ACE, NEP, ECE were from our laboratory.[25,26]


Enzyme studies : The inhibitory potency of 2 was measured under
the same experimental conditions by using the light chain of
BoNT/B (from Calbiochem) or the native BoNT/B prepared as al-
ready described.[31,33] Due to its low solubility, the stock solution of
2 was made of DMF/H2O, 10:90. In each assay, the amount of DMF
was 2m after dilution, a concentration unable to modify the metal-
lopeptidase activity of BoNT, although this is the case in cellular
assays. Due to the slower rate of degradation of the fluorescent
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substrate Syb60–94[Pya74-Nop77][34] by the native toxin as com-
pared to BoNT/B LC, a tenfold higher concentration of BoNT/B was
used in the experiments. This led to a cleavage of about 3% of the
substrate in 30 mn. BoNT/B LC (0.35 ng) or native BoNT/B (5.25 ng)
was preincubated for 30 min at 37 8C in Hepes (90 mL, 20 mm,
pH 7.4) with dithiothreitol (DTT, 0.1 mm ; only in the case of BoNT/B
LC) and increasing concentrations of 2. Then the reaction was initi-
ated by addition of the fluorescent substrate (10 mL, 18 mm).[34]


Seven concentrations of 2 were used, and the fluorescence was
measured by using a Cytofluor. With the BoNT/B LC, the deter-
mined IC50, 2�0.3 nm, was similar to that obtained previously,[16]


while the IC50 of 2 for the native BoNT/B was 16�2 mm.


Animals : Rats (Sprague Dawley) were used for the various experi-
ments. They were treated and euthanized in accordance with the
NIH Guidelines for the Care and Use of Laboratory Animals (1985)
and in agreement with the local ethical committee.


Determination of the cleavage of VAMP/synaptobrevin present
on synaptic vesicles : Synaptic vesicles prepared from rat brains
were obtained as previously described.[35] Preincubation of BoNT/B
LC (4.4 nm final conc) with compound 2 (1, 10, or 100 mm) or with
compound 1 (15 mm) was performed for 30 min at 37 8C in buffer
(20 mm HEPES, 1 mm DTT, 10 mm ZnCl2, 0.1% BSA). Synaptic vesi-
cles (0.6 mgmL�1 final conc) were then added, and incubation was
continued for 1 h at 37 8C. Samples were subsequently denatured
at 95 8C for 90 min in Laemli blue and analyzed by SDS-PAGE and
immunoblotting to quantify intact synaptobrevin and intact Rab3A
by using specific antibodies (anti-Sb and anti-Rab3A from Synaptic
systemsN). Evaluation of Sb and Rab3A quantities was achieved
with a Vilber Lourmat apparatus connected to a VPN-120 video-
printer from Mitsubishi with Bio-Profil version 6.0 software.


Secretion assay from rat cortical synaptosomes : Synaptosomes
were prepared as reported.[36] Briefly, cerebral cortices (5 rats) were
homogenized in buffer (35 mL; 320 mm sucrose, 5 mm HEPES,
pH 7.4) at 4 8C and separated in a centrifuge at 3500g for 10 min
at 4 8C. The supernatant was collected and separated in a centri-
fuge for 12 min at 14000g at 4 8C. The pellet was suspended in su-
crose (6.25 mL, 320 mm), and the fraction containing the synapto-
somes was obtained by using a discontinuous Ficoll gradient that
was spun for 40 min at 9000g in a “swinging” rotor at 4 8C. The
layer enriched in synaptosomes (9%) was removed, and buffer
(12 mL; 132 mm NaCl, 4.8 mm KCl, 2.4 mm MgSO4, 10 mm glucose,
20 mm HEPES, 2 mm CaCl2, pH 7.4) was added. Finally, the Sb was
obtained as a pellet after centrifugation at 14000g for 12 min at
4 8C. It were suspended at 3 mg of protein per mL and at 25 8C in
buffer (pH 7.4, 264 mm NaCl, 9.6 mm KCl, 4.8 mm MgSO4, 20 mm


glucose, 4 mm CaCl2, 20 mm HEPES, 0.1% BSA, 0.35 mm pargyline,
1.2 mm ascorbic acid, 0.12 mm [3H]noradrenaline ([3H]NA)). This
preparation was divided into four samples. The final active or heat-
inactivated BoNT/B (100 nm), in the presence or not of compound
2 (15 mm final concentration), was preincubated in the absence of
DTT for 30 min at 37 8C, then a suspension of [3H]NA-loaded synap-
tosomes was added to each sample, and incubation was carried
out for 90 min at 37 8C. The pellet was recovered and rapidly
washed with the buffer lacking [3H]NA. The secretory activity was
then determined by stimulating the synaptosomes with K+


(50 mm) in the presence of Ca2+ (2 mm). The [3H]NA content of ali-
quots of the supernatant from each sample was determined by
liquid scintillation counting.
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An Inverse Substrate Orientation for the
Regioselective Acylation of 3’,5’-
Diaminonucleosides Catalyzed by Candida
antarctica lipase B?
Iv�n Lavandera,[a, b] Susana Fern�ndez,[a] Julia Magdalena,[a] Miguel Ferrero,[a]


Romas J. Kazlauskas,*[b, c] and Vicente Gotor*[a]


Introduction


Due to the cleanness, simplicity, and efficiency of enzymatic re-
actions, they are often the best route to complex molecules
such as nucleoside analogues,[1] which are drug candidates for
several diseases.[2] For example, pyrimidine nucleoside deriva-
tives show antiviral[3] and antitumor[4] activities. Modifications
of the sugar moiety are important sources of new compounds
with promising chemotherapeutic properties.[5] One example
for sugar modifications is the lipase-catalyzed regioselective
acylation of natural 2’-deoxy- and ribonucleosides with vinyl[6a]


and oxime esters[6b–g] or 3’,5’-diamino-2’,3’,5’-trideoxynucleo-
sides by using nonactivated esters.[7] One of the most useful
lipases, Candida antarctica lipase B (CAL-B), shows high regio-
selectivity for the functional group at the ribose 5’ position.
The molecular basis of this regioselectivity is the focus of this
paper.
Lipases, which normally catalyze hydrolysis of lipids, also cat-


alyze the acylation of alcohols and amines in organic sol-
vents.[8] Their reaction mechanism involves a Ser-His-Asp(Glu)
catalytic triad,[9] in which five or six key hydrogen bonds are
critical to catalysis. X-ray structures of transition-state ana-
logues as well as molecular modeling show that formation of


these hydrogen bonds defines the orientation of the substrate
in the active site.[10] The acyl group binds in a large hydropho-
bic pocket in lipases, while the nucleophile (usually an alcohol
or amine) binds in a smaller pocket, called a medium hydro-
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Candida antarctica lipase B (CAL-B) catalyzes the regioselective
acylation of natural thymidine with oxime esters and also the re-
gioselective acylation of an analogue, 3’,5’-diamino-3’,5’-dideoxy-
thymidine with nonactivated esters. In both cases, acylation
favors the less hindered 5’-position over the 3’-position by upto
80-fold. Computer modeling of phosphonate transition-state ana-
logues for the acylation of thymidine suggests that CAL-B favors
acylation of the 5’-position because this orientation allows the
thymine ring to bind in a hydrophobic pocket and forms stronger
key hydrogen bonds than acylation of the 3’-position. On the
other hand, computer modeling of phosphonamidate analogues
of the transition states for acylation of either the 3’- or 5’-amino
groups in 3’,5’-diamino-3’,5’-dideoxythymidine shows similar ori-
entations and hydrogen bonds and, thus, does not explain the
high regioselectivity. However, computer modeling of inverse
structures, in which the acyl chain binds in the nucleophile
pocket and vice versa, does rationalize the observed regioselectiv-
ity. The inverse structures fit the 5’-, but not the 3’-intermediate


thymine ring, into the hydrophobic pocket, and form a weak new
hydrogen bond between the O-2 carbonyl atom of the thymine
and the nucleophile amine only for the 5’-intermediate. A water
molecule might transfer a proton from the ammonium group to
the active-site histidine. As a test of this inverse orientation, we
compared the acylation of thymidine and 3’,5’-diamino-3’,5’-di-
deoxythymidine with butyryl acyl donors and with isosteric me-
thoxyacetyl acyl donors. Both acyl donors reacted at equal rates
with thymidine, but the methoxyacetyl acyl donor reacted four
times faster than the butyryl acyl donor with 3’,5’-diamino-3’,5’-
dideoxythymidine. This faster rate is consistent with an inverse
orientation for 3’,5’-diamino-3’,5’-dideoxythymidine, in which the
ether oxygen atom of the methoxyacetyl group can form a simi-
lar hydrogen bond to the nucleophilic amine. This combination
of modeling and experiments suggests that such lipase-catalyzed
reactions of apparently close substrate analogues like alcohols
and amines might follow different pathways.
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phobic pocket. Parts of a large nucleophile might extend into
the large hydrophobic pocket or point into the solvent.
However, substantial experimental evidence also suggests


that serine hydrolases can tolerate an inverse orientation, in
which the acyl group binds in the nucleophile site and the nu-
cleophile binds in the acyl-group site. One line of evidence is
the use of “inverse substrates” of proteases. For example, tryp-
sin favors the hydrolysis of peptides with Arg in the acyl por-
tion of the substrate, but also catalyzes the hydrolysis of esters
of p-amidinophenol or 4-guanidinophenol, in which the argi-
nine side-chain mimic is in the alcohol moiety (Scheme 1).[11]


Bordusa and co-workers exploit-
ed this inverse-substrate idea to
overcome the narrow substrate
specificity of trypsin.[12] Instead
of accepting only peptides with
Arg in the acyl portion, trypsin
accepted a wide range of acyl
groups when Bordusa and co-
workers used esters of 4-guani-
dinophenol. They suggest that
the broadened substrate range
stems from the inverse orientation, which places the 4-guanidi-
nophenyl group in the amidino-moiety-requiring acyl-group
site and the diverse acyl groups in the less structurally de-
manding nucleophile-binding site.[13] Recently, this group ex-
tended the same idea to clostripapain,[14] which has a similar
specificity to trypsin, and also to the Glu-specific V8 pro-
tease.[15] Another line of evidence for inverse binding of sub-
strates comes from the inhibition of acetylcholine esterase
with P-chiral methylphosphonates (nerve agents). Both enan-
tiomers inhibit this enzyme, but bind differently because of
their different configuration at the phosphorus atom. The
slow-reacting enantiomer binds in the inverse orientation.[16]


Inhibition of lipases by carbamates might also involve such re-
verse binding.[17] Finally, the X-ray crystal structure of CAL-B
containing a phosphonate transition-state analogue unexpect-
edly showed an inverse orientation.[18] Thus, there is a strong


evidence that transition-state analogues can bind in an inverse
orientation and that substrates can both bind and react in an
inverse orientation.
Although the use of enzymes in synthesis is common, the


basis of their selectivity is not well understood. The aim of this
study is to identify the molecular basis of the 5’-regioselectivity
of CAL-B toward nucleosides and their analogues by using
computer modeling. This modeling suggests that the acylation
of natural nucleosides favors the 5’-position because this orien-
tation allows the thymine base to bind in a large hydrophobic
pocket. On the other hand, modeling suggests that acylation
of diaminonucleosides proceeds via an inverted substrate ori-
entation and regioselectivity stems from better binding of the
thymine ring when the 5’-amino group reacts and from a sta-
bilizing interaction between the O-2 carbonyl group of the
base and the 5’-amine nucleophile.


Results


Regioselective CAL-B-catalyzed acylation of thymidine


We previously reported CAL-B-catalyzed acylations of nucleo-
sides with good 5’-selectivity using oxime esters as the acyl
donor and tetrahydrofuran (THF) as the solvent (Scheme 2, X=
O).[6b–g] The selectivity was similar for adenine, thymidine, gua-
nidine, and cytidine,[6] so we focused on the simplest one—
thymidine—in this study. We tested five acetonoxime esters as
acylating agents: three with an aliphatic acyl chain (R=Me, Pr,


Non) and two with acyl chains containing aromatic rings (R=
Ph, CH2Ph; Table 1). We used dry THF because previous work
showed that the regioselectivity was highest in this solvent.[19]


For the oxime esters with aliphatic acyl chains the regio-
selectivities were moderate (2.7:1 for acetyl, 6.4:1 for butanoyl
and 4:1 for decanoyl ; entries 1–3, Table 1). The acylation was
complete in 4–6.5 h for acetyl and butanoyl, respectively, but
required 53.5 h for decanoyl. For the oxime esters with an aro-
matic ring in the acyl chain, the regioselectivity was higher
(>12:1 and >45:1), but the rate was very slow at 30 8C
(12–45% conversion after 37–39 h; entries 4 and 6, Table 1). At
60 8C, the regioselectivity remained high (40:1 and >75:1) and
the conversions increased to 41 and 75% for benzoyl and phe-
nylacetyl, respectively, in shorter reaction times (6–30 h; entries
5 and 7, Table 1).


Scheme 1. Normal (top) and inverse (bottom) ester substrates for trypsin.
Normal ester substrates for trypsin contain a guanidinium or amidino group
in the acyl portion. However, trypsin also accepts esters of 4-guanidinophe-
nol, in which the guanidinium group is in the alcohol moiety. The most
likely explanation is that the ester reacts in an inverse orientation.


Scheme 2. Regioselective CAL-B-catalyzed acylation of thymidine (1) and 3’,5’-diamino-3’,5’-dideoxythymidine (2 ;
T= thymine).
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Molecular modeling of the CAL-B-catalyzed acylation of
thymidine


To explain the regioselectivities of CAL-B for the 5’-OH group
of thymidine, we used computer modeling starting from an X-
ray crystal structure of CAL-B. We modeled phosphonate ana-
logues of the transition state for butanoylation of thymidine at
both the 5’ and 3’ positions. The starting point for modeling
was a simple phosphonate, which mimics the transition state
for butanoylation of ethanol (Scheme 3, R=n-C3H7).


[18] Geome-
try optimization of this simple phosphonate formed all six es-
sential hydrogen bonds for catalysis. To model the nucleoside
substrates, we added the ribose and thymine rings and sys-
tematically searched for catalytically productive conformations
(see Supporting Information). We defined catalytically produc-
tive conformations as those that: a) contained all six key cata-
lytic hydrogen bonds, b) avoided steric clashes between the
phosphonate and the lipase, and c) avoided steric clashes
within the phosphonate.


The active site of CAL-B restricts the possible orientations for
the nucleoside (Figure 1).[20] Viewed with the catalytic triad
Asp-His-Ser oriented from left to right, it contains a large hy-


drophobic pocket above the Asp-His-Ser triad and a medium-
size pocket below it. In the normal orientation, the acyl moiety
of the substrate lies in the large hydrophobic pocket, while the
alcohol (nucleophile) moiety lies in the medium pocket, but
might extend into the solvent and/or into the large hydropho-
bic pocket. The large hydrophobic pocket in CAL-B is lined by
Ile189 and Val190 on the left, Val154 on the far right, as well as
Leu140 and Leu144 at the top. Deep in this pocket, Asp134 is
on the left and Gln157 on the right. The medium pocket is
below the catalytic Ser105 and is crowded by Trp104 below it
and the Leu278–Ala287 helix to the right. It has little room for
substituents larger than propyl; several carbon atoms of the
bound nucleoside lie in this region, but most of the nucleoside


Table 1. Regioselectivity of CAL-B-catalyzed acylation of thymidine (1) with oxime esters.[a]


Acyl group R T [8C] t [h][b] Conversion [%] 3’ [%] 5’ [%] 3’,5’ [%] 5’ Selectivity[c]


1 acetyl Me 30 4 98 17 68 13 2.7:1
2 butanoyl Pr 30 6.5 94 11 81 2 6.4:1
3 decanoyl Non 30 53.5 99 20 79 0 4:1
4 benzoyl Ph 30 39 12 0 12 0 >12:1
5 benzoyl Ph 60 30 41 1 40 0 40:1
6 phenylacetyl Bn 30 37 45 0 45 0 >45:1
7 phenylacetyl Bn 60 6 75 0 75 0 >75:1


[a] Reactions were monitored by gas chromatography, except for the acetylation reaction. In this case, peaks of the acetylation products overlapped on GC
chromatograms, so the reactions were monitored by HPLC. [b] Time refers to either the time to reach high conversions or the time after which no further
reaction was observed. [c] Selectivity was estimated from the ratio of the 3’- and 5’-monoacylated products plus the amount of double acylation added to
each.


Scheme 3. Tetrahedral intermediates for the acylation of ethanol (X=O) or
ethylamine (X=NH) in the normal orientation and the corresponding phos-
phonate (X=O) or phosphonamidate (X=NH) transition-state analogues.
A) Key hydrogen bonds between CAL-B and the tetrahedral intermediate
are: two from Ne of His224 to the oxygen atom of Ser105 (a) and the XEt
group of the tetrahedral intermediate (b; X=O, NH), and three from the
oxyanion to Gln106 (c) and to Thr40 (d, e). A sixth key hydrogen bond is
from Nd of His224 to the carboxylate of Asp187 (not shown). B) Phosphonate
(X=O) or phosphonamidate (X=NH) analogues mimick these tetrahedral in-
termediates in computer modeling. Further, the XEt groups are replaced by
either the 5’- or 3’-nucleoside in a stepwise fashion as described in the text.


Figure 1. CAL-B active-site structure from X-ray crystallography viewed with
the catalytic triad Asp-His-Ser oriented from left to right (Asp187 is hidden).
The acyl group of the substrate binds first in the large hydrophobic pocket.
This usually situates the substrate with the acyl group above the catalytic
triad and the leaving group, or the nucleophile, below the catalytic triad.
The active site contains a large hydrophobic pocket above the catalytic res-
idues and a medium-sized pocket below. There is very little room for large
substituents below the active site of CAL-B. The above image displays Ile189
in a stick representation to allow a better view of the large pocket of the
lipase.
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extends out into the solvent or the large hydrophobic pocket
(see below).


5’ butanoylation catalyzed by CAL-B (favored): The best model
of the tetrahedral intermediate of the 5’-O-butanoylation (Fig-
ure 2A),[21] orients the thymine in the right side of the large
hydrophobic pocket above Gln157, with all six key hydrogen
bonds and no intra- or intermolecular steric clashes (entry 1,
Table 2).


The hydrophobic side of the thymine ring (C-5–C-7) lies
close to other hydrophobic groups (Figure 2C): the side chains
of Val154, Ile189 and Ile285, and the propyl group of the acyl
portion. Thus, C-6 of the thymine ring is 3.94 M far away from
C-a of the acyl chain, C-5 5.42 M from C-b, and C-7 (methyl
group of thymine) 4.08 M from C-g. The hydrophilic side of the
thymine ring points toward the solvent, but also lies near the
hydrophobic methyl group of Ala282.


3’ butanoylation catalyzed by CAL-B (not favored): The trans ori-
entation of the 3’-alcohol and thymine prevents placing the
thymine ring in the large pocket and extends it beyond the
medium pocket, preventing binding there as well. The best
structure has the thymine ring lying partly on the protein sur-
face having some van der Waals contacts with the enzyme
(entry 2, Table 2; Figure 2B). In this conformation, the thymine
ring lies on the lower right edge of the large hydrophobic
pocket with the hydrophobic side of the thymine ring near the
side chains of Ile189 and Ile285. The 5’-OH group of this struc-
ture rested in the small area below the catalytic Ser105, be-
tween His224, Trp104 and Leu278. In addition to the inability
to bind the thymine ring in the hydrophobic pocket, this struc-
ture contains two destabilizing interactions. First, the hydro-
philic side of thymine lies near the hydrophobic side chains of
Ala282 and Leu278 and O-2 of thymidine is near the carbonyl
oxygen atom of Leu278. Second, it lacks a hydrophobic inter-
action between the propyl acyl chain and the hydrophobic
side of the thymine (C-6 of the thymine ring is 5.19 M away
from the C-a atom of the acyl chain, C-5 7.43 M from C-b, and
C-7 (methyl group of thymine) 6.83 M from C-g). These distan-
ces are 1.3–2.8 M longer than those for the 5’-intermediate.
Thus, binding of the thymine ring in the large pocket during
acylation at the 5’-position is the most likely molecular basis
for the high regioselectivity of CAL-B for the 5’-position.


The interaction of the thymine ring with the acyl chain
might be the origin of the altered regioselectivity with differ-
ent acylating agents. An acetyl group would show a smaller in-
teraction than a butanoyl group and indeed the regioselectivi-
ty is lower for acetylation as compared to butanoylation (2.7:1


Figure 2. The best conformations of A) 5’- and B) 3’-butyrated intermediates
of thymidine in CAL-B and C) hydrophobic and hydrophilic moieties of the
thymine ring. The tetrahedral intermediate for the favored 5’-acylation reac-
tion (A) situates the thymine ring on the right side of the large hydrophobic
pocket, making it the most productive conformation due to better enzyme–
substrate interaction. The tetrahedral intermediate for the 3’-acylation reac-
tion (B) situates the thymine ring outside the hydrophobic pocket. The bind-
ing thymine ring appears to be the key factor to explain the enzyme regio-
selectivity. Darker spheres indicate the amino acids that are the limits of the
medium and large hydrophobic size pockets around the CAL-B active site
(see Figure 1). The above image displays Glu188 and Ile189 in a line repre-
sentation to allow a better view of the large pocket of the lipase.


Table 2. Key hydrogen-bond angles and distances in the CAL-B-catalyzed
acylation of thymidine and 3’,5’-diaminothymidine.


Figure[a] H-bond distance [M] (angle)[b]


a b c d e


1 2A 3.05 (1248) 3.08 (1648) 2.92 (1578) 2.75 (1668) 2.87 (1728)
2 2B 3.17 (1318) 2.87 (1598) 3.11 (1638) 2.78 (1598) 2.74 (1648)
3 S2 2.91 (1538) 3.25 (1258) 3.27 (1608) 2.77 (1638) 2.88 (1578)
4 S3 3.23 (1418) 3.14 (1448) 3.14 (1608) 2.75 (1648) 2.74 (1598)
5 3A[c] –[d] –[d] 3.14 (1608) 2.76 (1528) 2.73 (1488)
6 S4 –[d] –[d] 3.22 (1618) 2.78 (1518) 2.77 (1128)
7 4[e] –[d] –[d] 3.11 (1598) 2.75 (1528) 2.75 (1508)
8 S5[c] –[d] –[d] 3.06 (1638) 2.79 (1528) 2.70 (1458)
9 3C[f] –[d] –[d] 3.09 (1638) 2.77 (1528) 2.71 (1478)


[a] See the text. [b] Scheme 3 defines the hydrogen bonds. Distances are
between nonhydrogen atoms (N�N, N�O, O�O), and angles refer to the
N�H�O or similar. [c] In this Figure a new short distance between the O-2
carbonyl atom of the thymine and the 5’-N nucleophile appears. Fig-
ure 3A: 3.36 M (1268) ; Figure S5 in the Supporting Information: 3.13 M
(1118). [d] Not relevant because of inverse orientation of substrate, since
distances are more than 4 M. [e] Distance between the O-2 carbonyl atom
of the thymine and the 5’-N nucleophile: 3.41 M (1278) ; distance between
the water oxygen atom and the 5’-N nucleophile: 4.13 M (1118) ; distance
between the water oxygen atom and the Ne-histidine: 5.28 M. [f] Distance
between the O-2 carbonyl atom of the thymine and the 5’-N nucleophile:
3.14 M (1188) ; distance between the methoxyacetyl oxygen atom and the
N-5’ nucleophile: 2.54 M (1008) ; distance between the methoxyacetyl
oxygen atom and the Ne-histidine: 3.21 M.
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vs. 6.4:1; entries 1 and 2, Table 1). For decanoylation the regio-
selectivity was lower than for butanoylation (4.0:1 vs. 6.4:1; en-
tries 3 and 2, Table 1), but the hydrophobic side of thymine is
much smaller than a decanoyl group and cannot interact with
the entire chain. In addition, the larger decanoyl group might
crowd the large hydrophobic pocket. The phenyl or benzyl
acyl group might make additional p-stacking interactions with
thymidine and thereby show higher regioselectivity (40:1 or
>75:1; entries 5 and 7, Table 1).


Regioselective CAL-B-catalyzed acylation of 3’,5’-diamino-
thymidine


CAL-B shows even higher regioselectivity in the acylation of
the thymidine analogue, 3’,5’-diamino-3’,5’-dideoxythymidine
(2, Scheme 2; X=NH).[7b] For example, acetylation of thymidine
showed only a 2.7:1 regioselectivity for the 5’-position (entry 1,
Table 1) compared to a 17:1 regioselectivity for the 5’-position
for acetylation of the amino analogue (entry 1, Table 3). Similar-


ly, the regioselectivity for butanoylation increased from 6.4:1
to >68:1 (compare entry 2, Table 1 and entry 3, Table 3). To
avoid chemical acylation, we used unactivated esters as acyl
donors and added molecular sieves (4 M), which accelerated
these acylations (Table 3).[22] Varying the concentration of acy-
lating agent did not change the regioselectivity. For the buta-
noyl, crotonoyl and phenyl moieties, regioselectivity remained
high for the 5’-position. For the formylation and acetylation re-
actions, we always observed mixtures between 5’-acylated and
3’,5’-diacylated compounds in ratios depending on the reac-
tion time.


Molecular modeling of the CAL-B-catalyzed acylation of
3’,5’-diaminothymidine


Molecular modeling of the normal orientation : Modeling of the
CAL-B-catalyzed acetylation of 3’,5’-diamino-3’,5’-dideoxythymi-
dine (2, Scheme 2) started with a geometry optimization of the
corresponding phosphonamidates,[23] (Scheme 3B, X=NH, R=
CH3; Figures S2 and S3 in the Supporting Information). Howev-


er, in spite of the similarity of phosphonates and phosphona-
midates, the phosphonamidate structures showed longer dis-
tances for the key hydrogen bonds a–c (entries 3 and 4,
Table 2).[24] In the 5’-intermediate, the longer hydrogen bonds
were those between the catalytic His and the nucleophile
(3.25 M) and between the oxyanion and Gln106 (3.27 M). In the
3’-intermediate, the longer hydrogen bond was between
His224 and Ser105 (3.23 M). Thus, modeling cannot explain the
experimentally observed strong preference for the 5’-position.
The origin of these differences in the phosphonate and


phosphonamidate structures is likely the lower electronegativi-
ty of NH versus O as well as subtle differences in the bond
lengths and bond angles in the two structures (P�O bond
lengths (1.62 M) vs. P�N (1.54 M)). Due to the rigidity of the
intermediates, these small differences in bond lengths and
angles can make larger differences in the orientation of the
substrate (an “arc effect”). Furthermore, the lower electronega-
tivity of the nitrogen atom weakens the hydrogen bond be-
tween His224 and the NH group of the nucleoside, and the
hydrogen atom of the nucleophile is placed close to His224,
the catalytic histidine (Scheme 4).


Two additional destabilizing interactions in the 5’-acetylation
intermediate might decrease the difference between the 5’-
and 3’-acetylation intermediates. The 5’-acetylation intermedi-
ate lacks the hydrophobic interaction between the hydropho-
bic side of the thymine and the acyl group because this ring
does not bind as deeply into the large hydrophobic pocket.
Second, the 5’-acetylation intermediate places the polar 3’-NH2


group near the hydrophobic side chains of Ala281, Leu278 and
Trp104 in the medium-size pocket.


Inverse mechanism, overall fit : Since normal orientation models
did not explain the increased regioselectivity with the same
acylating agents, we considered an inverse orientation in
which the acyl chain fits in the medium hydrophobic pocket,
and the diaminonucleoside nucleophile fits in the acyl-binding
region of the large pocket (Scheme 5). Initially, we focused on
the transition state for acylation of the aminonucleoside to
test the overall fit of the inverse orientation. This acylation
could proceed for the aminolysis reaction without assistance


Table 3. Regioselectivity of CAL-B-catalyzed acylation of 3’,5’-diamino-
thymidine (2) with nonactivated esters.[a]


Acyl group R[b] R1 [b] T t 5’ 3’, 5’ 5’ Selec-
[8C] [h][c] [%] [%] tivity[d]


1 acetyl Me Et 40 6 80 5 17:1
2 formyl H Et 40 8 55 20 3.8:1
3 butanoyl Pr Et 40 32 68 0 >68:1
4 crotonoyl MeCH=CH Me 60 31 83 0 >83:1
5 benzoyl Ph Me 60 75 67 0 >67:1


[a] See ref. [7b]. [b] See Scheme 2. [c] Time refers to either the time to
reach high conversions or the time after which no further reaction was
observed. [d] Selectivity was estimated from the ratio of the 3’ and 5’
monoacylated products plus the amount of double acylation added to
each.


Scheme 4. Comparison of bond angles and lengths in phosphonate and
phosphonamidate transition-state analogues. A) The structure for 5’-acyla-
tion of thymidine (Figure 2A) shows a symmetrical structure while; B) the
intermediate for 5’-acetylation of 3’,5’-diaminothymidine (Figure S2) shows
longer P�O than P�N bond lengths. The lower electronegativity of nitrogen
weakens the hydrogen bond between His224 and the NH group of the nu-
cleoside (3.25 M). Furthermore, the hydrogen atom of the nucleophile is
placed close to His224, the catalytic histidine.
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of the catalytic histidine because amines are much more nucle-
ophilic than alcohols. Furthermore, the minor steric hindrance
of the diaminonucleoside in the large hydrophobic pocket
could favor these structures. Thus, for example, in the inverse
structure (Figure 3A) there are several destabilizing interactions
between the nucleoside and three amino acids (Gln157, Ile189
and Ile285) around 4 M from nucleoside; meanwhile, with the
normal orientation (Figure S2 in the Supporting Information),
seven amino acids destabilize the intermediate at that distance
(Thr40, Trp104, His224, Leu278, Ala281, Ala282, and Ile285).


5’ acetylation catalyzed by CAL-B (favored): The best model of
the tetrahedral intermediate for the 5’-N-acylation (Figure 3A)
shows the sugar and the thymine moieties in the large hydro-
phobic pocket with C-4 and N-3 pointing out to the solvent.


Four of the six key hydrogen bonds were present while avoid-
ing inter- and intramolecular steric interactions (entry 5,
Table 2). The methyl group of the acetate bound in the
medium pocket. An interaction between the O-2 carbonyl
group of the base and the 5’-amine nucleophile (3.36 M) might
also stabilize this structure (Figure 3B).
3’ acetylation catalyzed by CAL-B (not favored): In this inter-


mediate, the sugar was placed in the large hydrophobic
pocket but the thymine ring did not bind into this subsite and
pointed out to the solvent (Figure S4 in the Supporting Infor-
mation). No structures were found to fit the thymine ring in a
hydrophobic region of the catalytic site.
These models for acetylation of the nucleoside could explain


the high regioselectivity of CAL-B for acylation of the 5’-amino
group. The loss of one of the key hydrogen bonds, in the 3’-
phosphonamidate, between the oxyanion and Thr40 (angle
<1208, entry 6, bond e, Table 2), and better binding of the thy-
mine ring in the 5’-intermediate appear to be a key determi-
nant of the lipase selectivity. Also, the 3’-acylation intermediate
lacks an interaction between the O-2 carbonyl group and the
nucleophile amine because of its trans orientation.


Inverse mechanism, proton transfers : The modeling above
showed that the shape of the active site allows an inverse ori-
entation. However, these structures contained only four of the
six key hydrogen bonds for catalysis. The role of the missing
hydrogen bonds is to transfer a proton from the nucleophile
(amine) to the serine. To be plausible as catalytically productive
structures, the inverse orientation must provide an alternate
path for these proton transfers. Thus, initial attack of the


amino nucleoside on the acyl–
enzyme intermediate leads to a
protonated species, which we
mimic as a phosphonamidate
(P�NH2


+�R). In the normal
mechanism, the catalytic histi-
dine transfers the proton from
the initially protonated species
to serine, but this histidine is
too far away from the nucleo-
phile in the inverse orientation
to allow a direct proton transfer
(3.71 M to Ne of His224). Direct
transfer of the proton from the
ammonium group to the
oxygen atom of the serine is
also unlikely because of an
acute angle (N�H�O=688).[24]


Modeling suggests that a water
molecule might aid a stepwise
proton transfer.


Previously, modeling suggest-
ed that an alcohol could trans-
port a proton between the sub-
strate and the key histidine in
the CAL-B-catalyzed enantio-
selective ring opening of b-lac-


Scheme 5. Inverse orientation of the phosphonamidate transition-state ana-
logue for acylation of 3’,5’-diaminothymidine from the active site of CAL-B.
The 3’,5’-diaminothymidine (R-NH2


+ moiety) lies in the large hydrophobic
pocket and the methyl group binds in the medium pocket.


Figure 3. A) Best model of phosphonamidate for 5’-N-acetylated intermediate of 2 in the inverse conformation.
This tetrahedral intermediate situates the sugar ring and thymine in the large hydrophobic pocket. A potential
hydrogen-bond stabilization appears between the O-2 carbonyl group of thymine and the nucleophilic 5’-amino
nitrogen atom; B) Detail of the hydrogen bond between the O-2 of the thymine ring and the 5’-NH2 nucleophile;
C) Best model of the amine-protonated intermediate of 2 and the methoxymethyl group with CAL-B in the inverse
conformation. The methoxymethyl chain places the oxygen atom between the ammonium group and the Ne-his-
tidine, making the autocatalyzed transference of the proton possible; D) Possible stabilizing interaction of the
methoxymethylene acyl chain in the protonated amine intermediate for the aminolysis.
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tams.[25] In our case, water could play this role since it remains
bound to the lipase even in organic solvents. We modelled a
water molecule in several positions near the catalytic triad and
found a stable position midway between the protonated
amine and the histidine in these inverse phosphonamidate in-
termediates (Figure 4). The water molecule is about 4 M from


the ammonium group and 5 M from the Ne-histidine. This posi-
tion is still too far to hydrogen bond with either group, but
small movements of this water molecule would allow stepwise
proton transfer from the ammonium moiety to the Ne of
His224 (entry 7, Table 2).
Furthermore, the carbonyl O-2 group was close to the 5’-


amino group nitrogen atom (3.41 M), making the latter more
nucleophilic. This interaction has a potential catalytic role since
it could replace the activation effect on the amino group due
to the Ne of His224 in the serine mechanism and could be a
key reason for the excellent regioselectivity of the lipase. This
interaction might also be involved in the proton transfer from
the ammonium group to histidine or serine.
Kinetic evidence for an inverse mechanism : A key feature of


the proposed inverse mechanism is an interaction between
the 5’-NH2 group and the O-2 carbonyl group of the thymine,
which makes that position more nucleophilic. As further evi-
dence for the importance of the interaction between the 5’-
NH2 group and the O-2 carbonyl group of the thymine, we
note that diaminonucleosides containing this O-2 carbonyl
group (thymidine, 2’-deoxyuridine, (E)-5-(2-bromovinyl)-2’-de-
oxyuridine) undergo N-acylation,[7] while a compound that
lacks this O-2 carbonyl group (N-benzoyl-2’-deoxyadenosine)
does not. However, CAL-B does catalyze the acylation of the
corresponding natural purine nucleoside even though it does
not contain this O-2 carbonyl group.[6c,d] This difference further
suggests that the acylation of alcohols and amines might
follow different pathways.
The faster enzymatic aminolysis reactions with methoxyace-


tate esters as compared to the isosteric butyryl esters[26] are
one key to the successful commercialization of a lipase-cata-
lyzed kinetic resolution of amines.[27] Although the inductive


effect of the b-oxygen atom to the carbonyl group might con-
tribute to the faster reaction, this explanation is inconsistent
with the lack of a similar faster acylation of alcohols.
To the best of our knowledge, there is no explanation for


this effect based on the normal orientation of substrates in the
active site. However, we hypothesized that the b-oxygen atom
could accelerate the reaction of amines if they reacted through
an inverse mechanism (Figure 3D). To test this hypothesis, we
compared the rates of acylation of nucleoside alcohols and
amines using acyl donors with and without b-oxygen atom.
We predicted that acyl donors containing a b-oxygen atom
should react faster in the acylation of amines than those with-
out because they follow the inverse mechanism, but they
should not in the acylation of alcohols because they follow the
normal mechanism.
We first compared the initial rates of the CAL-B-catalyzed


esterification of natural nucleoside 1 (Scheme 6). We used
oximes as acyl donors because they showed the fastest rates


and best yields in previous work.[6b–g] Short reaction times
yielded only 5’- and 3’-acylated products, 3 and 4, but longer
reaction times also yielded 3’,5’-diacylated nucleosides 5. Both
initial rates were similar (slope=7.9 vs. 8.1) indicating no sig-
nificant influence by the b-oxygen atom in the acyl chain (Fig-
ure 5A). Second, we compared the initial rates of the CAL-B-
catalyzed aminolysis of 2 (Scheme 6). We used methyl esters as
acyl donors because the oximes also reacted without lipase
catalysis.[7] These acylations yielded only 5’-monoacylated nu-
cleosides 6. The initial rates differed approximately fourfold
(slope=1.4 vs. 4.9) indicated a faster reaction for the acyl
donor with a b-oxygen atom in the acyl chain (Figure 5B).[28]


This result is consistent with the amine nucleoside 2, but not
natural nucleoside 1, reacting through an inverse mechanism.
Molecular modeling supports the suggestion that the b-


oxygen atom has a catalytic role in the acylation of aminonu-
cleoside 2 through an inverse mechanism. Modeling of the
acylation of 2 with a propyl group via an inverse mechanism
following the same approach outlined above for acetylation
yielded similar structures (Figure S5 in the Supporting Informa-
tion). The diaminonucleoside fits in the large hydrophobic


Figure 4. Best model of the N-5’-inverse intermediate of 2 stabilized with a
water molecule. This molecule is placed almost equidistant from the nucleo-
phile amine and His224. In this structure the water molecule does not form
a hydrogen bond with the protonated amine, but small motions of this
water molecule would allow stepwise transfer from the amino group to the
histidine or serine. Residues Glu188 and Ile189 are shown in lines for clarity.


Scheme 6. Regioselective enzymatic acylation of 1 with oxime esters and of
2 with methyl esters.
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pocket, while the propyl group fits in the medium subsite.
However, modeling of the acylation with the methoxyacetyl
group following an inverse mechanism revealed a potential
catalytic role of the b-oxygen atom (entry 9, Table 2, Fig-
ure 3C). The oxygen atom of the acyl moiety lies close to both
the ammonium group (2.54 M), stabilizing its positive charge,
and to Ne of His224 (3.21 M). This location is ideal to act as a
proton transporter.[29]


Discussion


CAL-B shows excellent regioselectivity for the acylation of nat-
ural[6] and non-natural[7] nucleosides toward the chemically
more reactive 5’-position. The enzyme’s active-site structure in-
fluences this regioselectivity. For example, CAL-B was the only
biocatalyst that showed high regioselectivity of the 5’-position
in 3’,5’-diaminonucleosides, while the lipase from Pseudomonas
cepacia (PSL-C) favored the 3’-position.[7b] The regioselectivity
in aminolysis was much higher than in transesterification reac-
tions (Tables 1 and 3 and Results Section).
For the natural nucleosides (acylation of an alcohol moiety),


molecular modeling identified a molecular basis for the ob-
served regioselectivity. Acylation of the 5’-OH binds the thy-
mine base in a hydrophobic pocket, while acylation of the 3’-


OH does not. An interaction between the acyl chain and the
thymine ring may explain why regioselectivity varies with dif-
ferent acyl groups.
For the 3’,5’-diaminonucleosides, modeling of a normal ori-


entation did not explain the preference for the 5’-NH2 because
in the 5’-intermediate several stabilizing interactions were lost
and similar orientations and hydrogen bonds are present in
both 3’- and 5’-structures. To explain the observed regioselec-
tivity in 3’,5’-diaminonucleosides, we considered an inverse ori-
entation, which has an opposite binding of the nucleophile
and the acyl chain in the active site of the lipase. Bordusa and
co-workers proposed an inverse orientation in several pro-
tease-catalyzed reactions, but this is the first proposal of an in-
verse disposition in lipase-catalyzed reactions. Modeling this in-
verse orientation easily explained the observed regioselectivity.
First, the structure for acylation at the slower-reacting 3’-posi-
tion showed a poorer fit of the thymine ring in the hydropho-
bic pocket and lacked a key hydrogen bond. On the other
hand, the structure for acylation at the faster reacting 5’-posi-
tion showed a new stabilizing interaction between the carbon-
yl O-2 group of the thymine and the nucleophile amine, which
might have a catalytic role.
In spite of the higher nucleophilicity of amines compared to


alcohols, most hydrolase-catalyzed acylations involve alcohols
not amines. Further, reactions with amines are often slower, re-
quiring larger amounts of hydrolase or longer reaction times.
In this paper, we suggest a possible reason for this difference
for the specific case of CAL-B-catalyzed regioselective acylation
of natural nucleosides and 3’,5’-diaminonucleosides. Scheme 7
summarizes the proposed inverse mechanism for the aminoly-
sis reaction with CAL-B. Although we have no direct evidence
for the proposed mechanism, we have indirect kinetic evi-
dence together with modeling results. We also have no direct
or indirect evidence that would rule out this mechanism. The
key difference occurs in the second tetrahedral intermediate
(TI-2). The amine (nucleophile) attacks directly without histi-
dine activation, creating a zwitterionic structure in which the
ammonium group binds into the large hydrophobic pocket,
placing the ester chain in the medium subsite (inverse TI-2).
Later, a proton transfer (e.g. molecule of water), carries a
proton from the ammonium group to the histidine residue (in-
verse TI-2’), and finally, the subsequent intermediate (inverse
TI-2’’) would evolve as usual transferring the proton to the
oxygen atom of the serine yielding the corresponding amide.
This reaction through an inverse orientation is an example


of catalytic promiscuity.[30] This term means the ability of
enzyme active sites to catalyze distinct chemical transforma-
tions which may differ in the functional groups involved, that
is, the type of bond formed or cleaved during the reaction
and/or in the catalytic mechanism or path of bond making and
breaking. CAL-B has already demonstrated that it is able to cat-
alyze other types of reactions such as aldol[31] or Michael addi-
tions.[32] The inverse substrate orientation proposed in this
paper is an example of a different catalytic mechanism for
CAL-B. Bocola et al.[33] have previously described the X-ray
structure of CAL-B phosphonamidate bound to both enantio-
mers of 1-phenylethylamine showing normal orientation, but


Figure 5. Initial rates of CAL-B catalyzed processes: A) enzymatic transesteri-
fication reactions of 1 with oxime butyrate (c) and oxime methoxyacetate
(a) show similar initial rates for both acylating agents; B) enzymatic ami-
nolysis reactions of 2 with methyl butyrate (c) and methyl methoxyace-
tate (a) show an approximately fourfold faster initial rate for methyl
methoxyacetatate, consistent with a possible catalytic role of this b-oxygen
atom in the acylation of amines. AP=area of products.
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other X-ray structures for phosphonates showed an inverse
orientation.[16,18]


Other examples of an altered catalytic mechanism include:
a) reactions after removal of a catalytically essential amino acid
residue, which dramatically slows reactions, but does not elimi-
nate them. The remaining less efficient reaction must follow a
different path;[34] b) reactions that involve substrate-assisted
catalysis, in which the only substrates converted are those that
restore the missing functional group so that it can actively par-
ticipate in catalysis ;[35] and c) reactions catalyzed by binding
proteins from no bond breaking to some bond breaking. For
example, bovine serum albumin catalyzes several types of
transformations,[36] myoglobin performs slow oxidations in the
presence of hydrogen peroxide,[37] and in several cases a cata-
lytic antibody created to catalyze one reaction can also pro-
mote another reaction.[38]


Experimental Section


General : Candida antarctica lipase B (CAL-B, Novozym 435, 7300
PLUg�1) was a gift from Novo Nordisk Co. All other reagents were
purchased from commercial sources. THF was dried over sodium
metal, and pyridine was dried over potasium hydroxyde, they were
then distilled under nitrogen.


Molecular modeling : The program Insight II, version
2000.1, was used for viewing the structures. The geomet-
ric optimizations were performed by using Discover,
version 2.9.7 (Accelrys, San Diego, CA, USA), with the
AMBER[39] force field. The distance-dependent dielectric
constant was set to 4.0 to mimic the electrostatic shield-
ing of the solvent, and the one-to-four van der Waals in-
teractions were scaled to 50%. The crystal structure for
CAL-B (1Lbs[18]) was obtained from the Protein Data Bank
(www.rcsb.org/pdb/) and includes a phosphonate. Protein
structures in Figures 1–4 were generated by using PyMOL
0.97.


Initial rates of esterification reactions : A solution con-
taining the oxime ester (0.5 mmol) and 1 (48 mg,
0.2 mmol) in THF (2 mL) was prepared in an Erlenmeyer
flask. This mixture was transferred to an orbital shaker and
shaken (250 rpm) for at least 30 min at 30 8C. Finally,
CAL-B (50 mg) was added to the solution, and at regular
intervals of 1 min a sample was extracted (100 mL) from
the flask (five samples per reaction), the solvent was
evaporated, and the sample was silylated by treatment
with anhydrous pyridine (50 mL), HMDSA (4 mL), and TMSCl
(2 mL). The reaction was carried out in an Eppendorf PCR
tube. The mixture was shaken vigorously for about 2 min
and was then allowed to stand for 10 min at RT prior to
chromatography. The sample was analyzed by gas chro-
matography on a TRACSIL TRB-5A capillary column
(30 mP0.32 mmP0.50 mm) with nitrogen as carrier gas
and a flame ionization detector. Injector and detector tem-
peratures were set at 300 8C, head column pressure at
14 psi and split 90:1; initial column temperature 220 8C
(3 min), rate 5 8Cmin�1 until 260 8C, then 15 min at 260 8C,
followed by heating rate 5 8Cmin�1 until 300 8C, final
column temperature was 300 8C (10 min). 3’,5’-Di-O-TMS-
2’-deoxyuridine (as internal standard) eluted at 11.8 min;


5’-O-butyryl-3’-O-TMS-thymidine[6f] at 15.9 min; 3’-O-butyryl-5’-O-
TMS-thymidine[6g] at 16.3 min; 3’,5’-di-O-butyrylthymidine[6f] at
23.1 min; 5’-O-methoxyacetyl-3’-O-TMS-thymidine at 16.8 min; 3’-
O-methoxyacetyl-5’-O-TMS-thymidine at 17.3 min; 3’,5’-di-O-
methoxyacetylthymidine at 26.8 min. Standard curves were pro-
duced enabling the concentration of the ester product to be fol-
lowed over time. The spectroscopical data of 5’-O-, 3’-O-, and 3’,5’-di-
O-methoxyacetylthymidine are given in the Supporting Information.


Initial rates of aminolysis reactions : A solution containing the
methyl ester (0.67 mmol), 3’,5’-diamino-3’,5’-dideoxythymidine (2 ;
20 mg, 0.08 mmol) and molecular sieves (4 M, 20 mg) in THF
(4.5 mL) was prepared in an Erlenmeyer flask. This mixture was
transferred to an orbital shaker and shaken (250 rpm) for at least
30 min at 40 8C. Finally, CAL-B (10 mg) was added to the solution,
and at regular intervals of 1 min, a sample was extracted (100 mL)
from the flask (five samples per reaction) and the solvent evaporat-
ed. The samples were then analyzed by HPLC on a Kromasil 100
C18 column (150P4.6 mm, 5 mm). HPLC conditions: constant flow:
0.5 mLmin�1; temperature: 25 8C; eluent gradient: A/B 1:99 (6 min),
then polarity was changed linealy until A/B 20:80 at 15 min, and
finally was changed linealy until A/B 100:0 at 25 min, with A=
CH3CN and B=ammonium acetate (0.02m) in water with 1%
CH3CN. 3’,5’-Diamino-3’,5’-dideoxythymidine


[7b,40] elutes at 4.2 and
7.0 min; 3’-amino-5’-butyrylamino-3’,5’-dideoxythymidine[7b] at
18.7 min; 3’-amino-5’-methoxyacetylamino-3’,5’-dideoxythymidine
(spectroscopical data is given in the Supporting Information) at
16.6 min.


Scheme 7. Inverse mechanism for enzymatic aminolysis reaction with CAL-B.
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Transient Structural Ordering of the RNA-
Binding Domain of Carnation Mottle Virus p7
Movement Protein Modulates Nucleic Acid
Binding
MarÅal Vilar,[a] Ana Saur�,[a] Jose F. Marcos,[b] Ismael Mingarro,*[a] and
Enrique P rez-Pay$*[c]


Introduction


The interactions in macromolecular assemblies form unique
structures that direct/regulate biological functions. These as-
semblies can generally undergo local macromolecular folding
events that are important in the formation of intermolecular
complexes. One such complex is that of proteins with RNA,
here induced fit takes place in both macromolecules upon
binding.[1] In plants, specific RNAs can traffic between cells
through plasmodesmata (PD, plant intercellular connections)
following the formation of ribonucleoprotein (RNP) complexes
with specific proteins.[2] This knowledge was first gained from
studies on viral infection.[3,4] In these processes, plant viral MPs
actively participate in the intra- and intercellular movement of
RNAs from viruses to such an extent that MP dysfunction im-
pairs viral infection.[5,6] Plant viral MP function is probably best
illustrated by the fact that several MPs can induce transport of
different movement-defective viruses by transcomplementa-
tion. This has been exemplified in the case of an insect virus in
which cell-to-cell and systemic spread in transgenic plants that
express the MP of least two different plant viruses has been re-
ported.[7] In fact, most viral MPs appear to confiscate an endog-
enous signaling pathway that operates through the regulated
intercellular movement of so-called non-cell-autonomous pro-
teins (NCAP).[2] These proteins can be regarded as “viral” NCAP,
and are ideal tools for dissecting the functioning of this path-
way.[2,8,9]


MP properties are best described in the TMV model system.
TMV MP is a multidomain protein that names the “30 K” super-
family of MPs, which comprises proteins from a number of
virus groups.[10] TMV MP binds viral ssRNA and ssDNA in vitro
with no sequence specificity,[11] colocalizes with the cytoskele-
ton and cell wall,[12–15] is required for the association of viral
RNA with the endoplasmic reticulum,[16] increases the size-ex-
clusion limit (SEL) of PD,[17] and folds as an a-helical membrane
protein in the presence of urea and SDS.[18] It has been pro-


posed[4] that TMV MP and viral RNA form a RNP complex[19]


that is targeted to (and opens) the PD. The complex is thought
to mediate the active transport of the viral genome into the
adjacent cell, thus contributing to viral spread. Several plant
NCAPs have already been identified. Recently, the first specific
component of the plant trafficking apparatus was isolated
(NtNCAPP1) and shown to interact and regulate the function
of some plant NCAP (e.g. , CmPP16) and viral MPs (e.g. , TMV
MP).[20] CmPP16 was reported to be the first plant paralogue of
a viral MP and shares properties with them, such as nonspecif-
ic nucleic acid binding, cell-to-cell trafficking of RNA, and in-
creased PD SEL.[21]


Despite their pivotal role and the importance of their inter-
action with RNA, no plant viral MP structures have yet been
solved. This is probably due to the difficulty of obtaining high-
resolution structural information for multidomain proteins.
Unlike TMV, there are viruses that encode multiple MPs. Fur-
thermore, the MP functions map to separate proteins and act
in coordination in the cell-to-cell and long-distance movement
of the virus. The type member of Carmovirus group is CarMV
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Plant viral movement proteins bind to RNA and participate in the
intra- and intercellular movement of the RNAs from plant viruses.
However, the role and magnitude of the conformational changes
associated with the formation of RNA–protein complexes are not
yet defined. Here we describe studies on the relevance of a pre-
existing nascent a-helix at the C terminus of the RNA-binding


domain of p7, a movement protein from carnation mottle virus,
to RNA binding. Synthetic peptide analogues and single amino
acid mutation at the RNA-binding domain of recombinant p7
protein were used to correlate the transient structural order in
aqueous solution with RNA-binding potential.
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and encodes two such MPs, p7 and p9. We have previously
proposed that their small size makes these proteins suitable
models for the structural characterization of MPs and their
interaction with viral RNA. Following this rationale, CarMV p7
was characterized as a soluble protein with RNA-binding ca-
pacity,[22,23] and p9 was characterized as an integral membrane
protein.[24] Moreover, p7 was shown to present three distinct
protein regions, which include a central RNA-binding domain
that contains amino acids 17–35 (p7 sequence numbering, see
ref. [23]). Interestingly, a limited sequence homology between
CarMV p7 and CmPP16 at the RNA-binding domain has been
proposed.[23] A synthetic peptide defining such a domain
(p717–35) was structurally characterized and shown to undergo a
conformational transition towards the stabilization of an a-
helix upon RNA binding. This takes place with a concomitant
conformational change in the RNA molecule.[23] Furthermore,
NMR analysis of the RNA-free form of p717–35 suggested the
presence of a nascent a-helix conformation at the C terminus
of the peptide.[23] (In the presence of RNA, the peptide aggre-
gates at the concentration required for NMR analysis.) Al-
though, the importance of this preordered secondary structure
for the RNA-binding process was not explored. Nascent secon-
dary-structure elements can also be thought of as transiently
ordered states in solution that could facilitate the appropriate
interface between a defined protein and its cognate
ligand.[25,26] Questions remain, however, regarding the exact
nature of the different interfaces that are essential to generate
unique structures, in particular in RNA–protein interactions.


In this study, we investigated the relevance of a preexisting
nascent a-helix at the C terminus of the p7 RNA-binding
domain and studied its correlation with RNA-binding functions.
Two synthetic peptide analogues of p717–35, each containing a
proline residue that replaces specifically located alanine resi-
dues, were used to correlate the transient structural order in
aqueous solution with RNA-binding potential. Also, by using
single amino acid mutations in p7-recombinant proteins, we
showed that such structure–function relationship can also be
observed for p7 protein.


Results


In our previous study on the retrostructural characterization of
p7, the internal peptide, p717–35, was demonstrated to define
the RNA-binding domain of the protein. It was characterized
by CD spectroscopy as an a-helical inducible peptide due to
its tendency to adopt such a secondary structure in the pres-
ence of inducers or viral RNA (Table 1).[23] The NMR characteri-
zation of p717–35 in aqueous solution suggested that the C-ter-
minal segment (sequence 29AKDAIRK35) could adopt preor-
dered states in solution, mainly a nascent a-helix. This segment
is highly conserved in other MP from carmoviruses[27] and it
contains amino acids important for RNA-binding (Ile33, Arg34,
and Lys35).[23]


In order to confirm the existence and relevance of the C-ter-
minal nascent a-helix for RNA-binding properties, we designed
proline substitution analogues of p717–35. Proline is frequently
found at the N terminus but not in the middle of a-helices. It


has been suggested that proline has a dual role depending on
its position in a helix : either as an initiator at the N-cap or as
helix breaker at positions higher than N2 from the N-cap (see
values and nomenclature in ref. [28]). Thus, we separately re-
placed Ala29 and Ala32 by proline (positions N-cap and N3, re-
spectively, in the above-mentioned nascent a-helix) to obtain
the synthetic peptides p717–35A29P and p717–35A32P (Table 1).
Our rationale for the design of these peptides was as follows:
if the preexistence of a nascent helix from amino acid 29 to 35
is important for RNA binding, then the analogue, p717–35A29P,
should retain most of the RNA-binding capabilities. However,
analogue p717–35A32P should have a diminished affinity for
RNA binding because Pro32 will preclude the formation of the
nascent helix. In fact, nucleic acid binding, as evaluated by gel
shift assay, suggested that peptide p717–35A29P had a RNA
binding affinity comparable to that of the parental peptide
(Figure 1A and kD values in Table 1). However, p717–35A32P
showed a clear diminished affinity. Table 1 reports its kD value
as >10 mm because peptide solubility at higher concentrations
in the presence of RNA precluded more precise determination.
Conformational analyses of p717–35A29P and p717–35A32P were
conducted by CD spectroscopy and compared with those of
the parental peptide. In aqueous solution, all three peptides
are highly flexible without discernible secondary structure
(data not shown). However, propensity to fold into an a-helix
in the presence of 5 mm SDS and 50% TFE (not shown) relates
with the RNA-binding activity of the peptides (Figure 1B and
Table 1).


The peptides were also analyzed by NMR spectroscopy in
two solvents: H20 and 50% TFE. Peptide concentrations of
2.6 mm were used in the NMR studies and sequence-specific
assignments were made by using a combination of TOCSY,
phase sensitive double quantum filtered COSY, and ROESY
methods. The adoption of a defined preferential secondary
structure by a peptide induces significant and specific chemical
shift changes in 1H nuclei that can be used to quantify secon-
dary-structure populations. In particular, an a-helical conforma-
tion in peptides and proteins is characterized by upfield shifts
of the aH.[29,30] Figure 2 summarizes the conformational shifts
(i.e. , the deviation of the chemical shifts for each residue from
those attributed to random coil values)[31,32] for peptides
p717–35, p717–35A29P, and p717–35A32P. The data for p717–35 and
p717–35A29P in aqueous solution and in 50% TFE further con-
firm the presence of a nascent a-helical conformation at the C


Table 1. Names, sequences, and properties of the CarMV p7-derived
synthetic peptides used in this study.


Name Sequence kD [mm][a] a-helix (%)[b]


SDS/TFE


p717–35 Ac-GNRGKQKTRRSVAKDAIRK-NH2 3.4�1.2 60:40
p717–35A29P Ac-GNRGKQKTRRSVPKDAIRK-NH2 4.7�0.7 27:21
p717–35A32P Ac-GNRGKQKTRRSVAKDPIRK-NH2 >10 16:14


[a] Apparent dissociation constant (kD) of RNA-binding defined as in
ref. [23] [b] The percentage of a-helix content was calculated from the
CD spectra of the peptides in the presence of 5 mm SDS or 50% (v/v) TFE
(see Experimental Section).
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terminus of the peptides from Pro29 to Lys35. As expected,
the NMR analysis of p717–35A32P showed that the C terminus of
this peptide adopts a random conformation (Figure 2). It
should be noted that, in the presence of TFE, the amino acid
sequence of peptide p717–35 allows the propagation of the a-
helical conformation from the C to the N terminus up to resi-
due Arg25. However, the presence of proline in p717–35A29P
precludes such a helical propagation and circumscribes the
helical conformation at the C-terminal segment. This is appar-
ent from the conformational shift deviation diagrams, in which
residues preceding the prolines always exhibit strong positive
deviations from random-coil values; this is indicative of extend-
ed conformations. Interestingly, a similar pattern of conforma-
tional extension has recently been found in peptides that
harbor proline replacements. This has further demonstrated
the relevance of a helical region in molecular recognition
events.[33]


To further corroborate the importance and relevance of the
C-terminal nascent a-helix in RNA-binding properties, we pre-
pared mutant p7 proteins with the same point mutations that
were found to be relevant with synthetic peptides. All three re-
combinant proteins, p7wt (p7 wild-type), p7A29P, and p7A32P,
were purified from inclusion bodies and subjected to a refold-


Figure 1. RNA-binding and secondary-structure characterization of synthetic
peptide analogues derived from CarMV p7 RNA-binding domain. A) EMSA
for RNA binding of peptides p717–35, p717–35A29P, and p717–35A32P. Increasing
concentrations of peptides were incubated with ssRNA probe (see Experi-
mental Section). B) Far-UV CD spectra of peptides p717–35wt (c), p717–35-
A29P (a), and p717–35A32P (····) in the presence of SDS (5 mm). Peptide
concentration was 20 mm in MOPS/NaOH buffer (5 mm, pH 7.0) at 25 8C.


Figure 2. NMR analysis of peptides A) p717–35 (data from ref. [23] with permis-
sion from the American Society for Biochemistry and Molecular Biology),
B) p717–35A29P, and C) p717–35A32P in water (gray bars) and in the presence of
50% TFE (black bars). Observed conformational chemical shift increments
for 1H (Dd1Ha) relative to the chemical shifts of random-coil values.


Figure 3. Nucleic acid binding capacity of recombinant p7 derived protein
mutants. A) EMSA for RNA binding of p7wt, p7A29P, and p7A32P. Increasing
concentrations of refolded proteins (up to 10 mm) were incubated with 33P-
labeled ssRNA probe (see Experimental Section). B) Trp fluorescence quench-
ing experiments of p7-derived proteins with 16-ssDNA. Protein–nucleic acid
association was estimated from Trp fluorescence changes in the presence of
increasing concentrations of 16-ssDNA (x axis). (&) p7wt; (*) p7A29P; (!)
p7A32P. Protein concentration in all cases was 5 mm.
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ing procedure (see Experimental Section). Figure 3 shows rep-
resentative EMSA analysis of viral RNA binding to recombinant
p7wt, p7A29P, and p7A32P. Increased concentrations of p7wt
lowered the amount of free RNA and resulted in the formation
of high-molecular-weight RNA–p7 complexes that were detect-
able with 1 mm of total protein (Figure 3A). The amount of
RNA–protein complex formation was lower with p7A29P and
p7A32P than that obtained with p7wt (Figure 3A). However,
while protein p7A29P retained, in part, the RNA-binding activi-
ty (as suggested by the formation of large RNA–protein com-
plexes), this property was almost totally impaired in protein
p7A32P. The absence of detectable intermediate complexes in
EMSA (a common feature in the RNA-binding properties of
MPs) suggested an “all-or-none” mechanism that can be attrib-
uted to a highly cooperative binding process and that poses
difficulties for quantitative analysis. Furthermore, when we ti-
trated a solution of p7wt protein with viral RNA and followed
the changes in fluorescence emission of the unique Trp59 of
p7, we observed an increase in the turbidity of the solution,
which hindered quantitative spectroscopic analyses. This sug-
gested the formation of insoluble high-molecular-weight RNA–
protein complexes. Most of the MPs that bind to ssRNA also
have ssDNA-binding properties.[22,34–36] Thus, in an attempt to
bypass the problems of RNA–protein aggregation and to
obtain a more accurate quantitative description of the binding
process,[37] we used short ssDNA of different lengths. In this
way we avoided the multiple binding of proteins to a single
nucleic acid molecule that was probably the cause of the ob-
served complex insolubility. We used two unrelated ssDNA oli-
gonucleotides of 16 (16-ssDNA) and 27 nucleotides (27-ssDNA)
in length and analyzed their binding to p7wt with EMSA. 27-
ssDNA showed a binding profile similar to that obtained for
RNA (“all-or-none” mechanism). The 16-ssDNA–p7 complex
was only partially retarded in the gel and did not form high-
molecular-weight aggregates that could interfere in a quantita-
tive binding assay by fluorescence spectroscopy (results not
shown). Figure 3B shows the decrease in the intrinsic fluores-
cence of Trp59 when solutions of p7wt, p7A29P, and p7A32P
were titrated with a concentrated stock solution of 16-ssDNA.
The fluorescence-spectroscopy data analysis allowed the esti-
mation of the relative dissociation equilibrium constants for
the ssDNA–protein complexes; these were 12�1, 169�17,
and 185�22 mm for p7wt, p7A29P, and p7A32P, respectively.


Discussion


The high-resolution structure of plant viral MPs in the presence
or absence of the cognate RNA is still missing because of diffi-
culties in obtaining protein or RNA–protein complexes that are
suitable for structural analysis. To circumvent these limitations,
we have adopted a protein dissection approach to gain infor-
mation on the structural and RNA-binding properties of this
class of proteins.[23,24] This has allowed, among other features,
the identification of the RNA-binding domain of the CarMV p7
movement protein. In this study, we have examined the func-
tional role of a nascent a-helix that was previously identified at
the C terminus of the RNA-binding domain.[23]


Our data suggest that p717–35 defines the RNA-binding
domain of p7 and adopts a nascent helical structure in solu-
tion that implies the involvement of the segment 29AKDAIRK35.
This segment is almost absolutely conserved in different iso-
lates of CarMV and highly conserved in other carmo- or necro-
viruses.[22,27] The helix is further stabilized by charge neutraliza-
tion in the presence of negatively charged templates, such as
the secondary structure inducer SDS at submicellar concentra-
tions (Figure 1B), and RNA or TFE.[23] Replacement of Ala29 by
Pro at the N-cap of the helix (peptide p717–35A29P) did not sig-
nificantly alter the folding of the native peptide in aqueous so-
lution as deduced from the NMR experiments. However, this
replacement reduced the propensity to fold in the presence of
secondary structure inducers. This restricted the a-helical struc-
ture to the segment spanning Pro29 to the C terminus, instead
of the previously observed propagation of the nascent helix to
the N terminus in p717–35 (Figure 2A vs. B). This residue replace-
ment has a minor, but consistent, contribution in decreasing
the RNA-binding capability of the peptide (Figure 1A). Replace-
ment of Ala32 with Pro (p717–35A32P) precluded the adoption
of the a-helical structure at the C terminus of the domain and
had a major effect on RNA-binding affinity (peptide p717–35-
A32P has a lowered binding affinity to viral RNA compared
with p717–35A29P and p717–35). The higher efficiency in RNA
binding of the native sequence, comparable to that of the pro-
line-mutated peptides, thus seems to be governed by the C-
terminal conformation of the RNA-binding domain. This could
play an important role in promoting RNA–full-length MP
recognition.


The information obtained on RNA-binding requirements by
using synthetic peptides can, at least in part, be useful in un-
derstanding more complex systems, that is, the full-length pro-
tein. The protein p7A32P has lower affinity than the less severe
mutant p7A29P in binding nucleic acids (Figure 3). Thus, point
mutations that do not change the net charge of the protein di-
minish nucleic acid binding, most likely through a conforma-
tional alteration of the RNA-binding domain. Such alterations
could be critical for the in vivo functions of the viral protein.


In conclusion, the results suggest that not only modules but
also nascent secondary-structure units that can be stabilized
early in the protein-folding pathway could have functional and
structure-forming capabilities. It is feasible to postulate that, as
demonstrated for the synthetic RNA-binding domain and for
the full-length p7 protein, the stabilization of a nascent a-heli-
cal conformation at the C terminus of the RNA-binding domain
is important for the molecular mechanism associated with the
interaction between viral RNA and CarMV MP. Such a nascent
structure could reduce the amount of free energy that is re-
quired for the transition (“unordered to helix”) observed upon
binding to nucleic acid. A similar observation has been recently
reported on the role of helix-capping residues in peptides that
are derived from DNA-binding proteins.[38]


The rate of formation of intramolecular interactions in un-
folded proteins determines how fast conformational space can
be explored during folding and it is essential for the under-
standing of the earliest steps in protein folding. This principle
could be of wider application and could also apply to intermo-


1394 H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1391 – 1396


E. P6rez-Pay8, I. Mingarro et al.



www.chembiochem.org





lecular RNA–protein interactions. The presence of nascent sec-
ondary structure elements does not diminish the structural
freedom that these crucial proteins probably need for their
function. However, they decrease the conformational space
that needs to be explored for the formation of productive
RNA–protein interactions.


Experimental Section


Materials : N-Fmoc protected amino acids for peptide synthesis
were from SENN Chemicals (Dielsdorf, Switzerland). Site-directed
mutagenesis was performed by using the QuikChange kit from
Stratagene. RNA in vitro transcription kit was from Promega, and
digoxigenin (DIG) detection kit was from Roche. Deuterium oxide
(2H2O) and [D3]TFE were from Cambridge Isotopes Labs (Andover,
USA). [a-33P]UTP was from Hartmann Analytic (Braunschweig, Ger-
many). All other chemicals were from standard suppliers.


Peptide synthesis : Peptides were synthesized as acetylated N- and
C-terminal amides by using standard Fmoc chemistry on a 433 A
peptide synthesizer (Applied Biosystems) and purified by RP-HPLC.
Matrix-assisted laser desorption ionization-time-of-flight mass spec-
trometry was use to confirm peptide identity. Peptide concentra-
tions were determined by quantitative amino acid analysis for
RNA-binding assays and spectroscopy studies.


CD spectroscopy : All measurements were carried out on a Jasco J-
810 CD spectropolarimeter in conjunction with a Neslab RTE110
waterbath and temperature controller. CD spectra were the aver-
age of a series of ten scans made at 0.2 nm intervals. CD spectra of
the solution buffer without peptide (or in the presence of SDS as
described in the figure legends) were used as baseline in all the
experiments. The helical content was evaluated based on a theo-
retical value of 100% helix as calculated by FH=FH8(1�k/n), where
FH8 is �40000 8cm2dmol�1;[39] the wavelength-dependent con-
stant, k, is 2.5; and n is the number of residues. The theoretical
[q]222 value for 100% a-helix for a 19-residue peptide is
�34736 8cm2dmol�1.


NMR spectroscopy : Peptide samples (2.6 mm) were prepared in
two solvents: water and TFE/water (1:1, v/v). NMR spectra were
acquired at 283 K on a Bruker Avance spectrometer that operated
at 500 MHz, and data were analyzed as reported.[23]


Heterologous production, purification, and refolding of p7wt,
p7A29P, and p7A32P : p7 proteins were produced and purified as
previously described.[23] A refolding protocol was carried out with
the purified protein in buffer A (6m guanidinium-HCl, 20 mm


sodium phosphate, 2m urea, 0.3m NaCl, 10% sucrose, 0.5m argi-
nine, 50 mm glycine, 2 mm EDTA, and 0.01m NaOH, pH 5.5). The
solution was dialyzed successively against decreasing concentra-
tions of guanidinium-HCl (4, 2, 1, and 0m) in the same buffer.


EMSA experiments : Different amounts of synthetic peptides were
incubated with the 181 ribonucleotide residue pCarM.D5 ssRNA
probe (1 ng)[22] in binding buffer (final volume 10 mL; 10 mm Tris-
HCl, pH 8.0, 1 mm EDTA, 100 mm NaCl, 5 units HRPI RNase inhibitor
(Promega), 10% glycerol) for 30 min on ice.[23] After incubation,
loading buffer was added (2 mL), and the samples were electro-
phoresed through an agarose (1%) in TAE buffer (40 mm Tris-ace-
tate, 2 mm EDTA) at 50 V for 40 min at 4 8C. RNA was transferred to
positively charged nylon membranes by capillary elution in 20xSSC
(3m NaCl, 0.3m sodium citrate·2H2O) and fixed to the membranes
by UV irradiation in a UV gene linker for 2 min. Membranes were
hybridized to a digoxigenin-labeled DNA probe in PSE (7% SDS,


1 mm EDTA, 0.3m sodium phosphate, pH 7.2) at 60 8C, overnight.
Detection of digoxigenin-labeled nucleic acids was carried out and
the amount of free RNA probe was quantified in each sample by
densitometry of the films (Quantity One software, Bio-Rad). The ap-
parent dissociation constant (kD) of the RNA–peptide complex was
then determined, as described previously.[23] For EMSA assays with
p7wt and mutant proteins, pCarM.D5 ssRNA probe was 33P-labeled
by using in vitro T7-polymerase transcription system (Promega).
Template DNA was digested with RNase-free DNase after tran-
scription, by following the manufacturer’s instructions. Different
amounts of protein were incubated with 33P-labelled RNA
(0.2 mCimL�1) in binding buffer (10 mL) and electrophoresed as de-
scribed. The gels were dried by capillarity and scanned with a Fuji
FLA-3000 PhosphorImager by using the Image Reader 1.0 software.


Fluorescence measurements : Fluorescence measurements were
carried out at 20 8C on a Perkin–Elmer LS-50B spectrofluorimeter
by using slit widths within 1 and 5 nm for excitation and emission,
depending on each particular experiment. Fluorescence emission
spectra of the proteins in MOPS-NaOH (5 mm, pH 7.0) were moni-
tored from 300 to 500 nm and obtained by excitation at 280 nm in
a 1 cm quartz cell. Titrations were performed by addition of small
aliquots of unspecific 16-ssDNA from a stock solution to the pro-
teins at the desired concentration (final volume 1 mL). The data
shown are representative of several independent experiments.
Fluorescence contribution from the buffer and/or ssDNA solutions
without protein, were used as baseline and subtracted from all
experiments.


Abbreviations


* CarMV: carnation mottle virus
* EDTA: ethylenediamine tetraacetic acid
* EMSA: electrophoretic mobility shift assay
* Fmoc: N-(9-fluorenyl)methoxycarbonyl
* MOPS: 4-morpholinepropanesulfonic acid
* MP: movement protein
* SDS: sodium dodecyl sulfate
* ssDNA: single-stranded DNA
* ssRNA: single-stranded RNA
* TFE: trifluoroethanol
* TMV: tobacco mosaic virus.
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Guanine and Plasmid DNA binding of Mono-
and Trinuclear fac-[Re(CO)3]


+ Complexes with
Amino Acid Ligands
Fabio Zobi, Bernhard Spingler, and Roger Alberto*[a]


Introduction


In the last few decades metal-based antitumor drugs have
been playing an important role as therapeutic agents in anti-
blastic chemotherapy. Cisplatin and other PtII-based complexes
remain the most effective inorganic drugs used in clinics but
other transition-metal ions have received much attention as
well. Among the more recent metal complexes that have been
studied for their therapeutic potential, the octahedral geome-
try is often encountered. Ruthenium(ii) and (iii) compounds,
for example, have raised great interest, and complexes of the
type [trans-RuCl4(X)(X’)]


+ (X= imidazole, indazole; X’=Me2SO,
indazole) have already entered phase I clinical trials.[1] Although
the mode of action of these complexes is not yet well under-
stood, there is evidence for DNA as a likely target, in a manner
similar to the well-established platinum drugs.[2–19] Dinuclear
rhodium acetate [Rh2(m-(O2CCH3)4)(H2O)2] and related com-
plexes also showed good antitumor activity,[20] and structural
studies suggest an analogous activity to that of cisplatin by
binding two adjacent purines on DNA.[21–24]


In the context of developing metal-based chemo- and radio-
pharmaceuticals, our attention was attracted to recent studies
that reported the cytotoxicity of a number of different com-
pounds, all based on the fac-[Re(CO)3]


+ core. Studies on L1210
lymphoid leukemia and other cell lines indicated that rheni-
um(i) alkoxo/hydroxo carbonyl complexes were effective in
suppressing DNA synthesis through the inhibition of dihydro-
folate reductase and other enzymes in the purine and pyrimi-
dine pathways. Interaction with DNA, however, was not ruled
out and it was suggested that the compounds may bind to
the purine bases after displacement of the alkoxide or hydrox-
ide ligands.[25] Similarly, the cytotoxicity of rhenium(i) carbonyl
2-(dimethylamino)ethoxide complexes may involve binding to
DNA bases or side chains of amino acid residues in peptides,[26]


while phosphine-derivatized amine complexes seem unlikely
to act as alkylating agents.[27]


We have recently shown that the [M(CO)3]
+ moiety (M=Re,


99Tc) can bind two guanine bases in a cis fashion,[28] and X-ray


crystallography confirmed that the two bases assume both a
head-to-head (HH) and a head-to-tail (HT) conformation
around the Re core.[29] The two bases can freely rotate about
the Re�N(7) bond, and neither intramolecular hydrogen bond-
ing nor steric hindrance imposed by the carbonyl oxygen
atom of the coordinated guanines are driving forces for the
preference of one or the other conformation in the octahedral
complex.[29]


In order to understand whether the cytotoxicity exhibited
by some fac-[Re(CO)3]


+ based complexes is due to an alkylat-
ing event resulting in the formation of inter- or intrastrand
links between DNA bases, we have studied the interaction of a
series of rhenium tricarbonyl complexes (Scheme 1) with
FX174 plasmid DNA. For these studies we have prepared and
fully characterized new complexes, three of which are based
on l-proline (Pro) and N,N-dimethylglycine (dmGly). The com-
plexes [Re(Pro)(CO)3]3 (1), [Re(dmGly)(CO)3]3 (2), and [Re(Pro)(9-
MeG)(CO)3] (3 ; 9-MeG=9-methylguanine) are rare examples of
structurally characterized complexes with an amino acid
bound to an organometallic Re moiety.


As [Re(H2O)3(CO)3]
+ (5) interacts unspecifically with potential


coordination sites of proteins in human serum, this drug is not
available in relevant concentrations for therapeutic use unless
the coordination sites are protected. Once the prodrug is
inside a cell, the protecting ligands should be released (for ex-
ample, due to a decreased pH value), thereby setting free the
active form of the metal drug. Amino acids seem to be good
candidates for this purpose, mainly for two reasons: they
afford robust complexes and are not foreign to biological sys-
tems. Once displaced from the metal, they will not exhibit


[a] F. Zobi, Dr. B. Spingler, Prof. Dr. R. Alberto
Institute of Inorganic Chemistry, University of Z"rich
Winterthurerstrasse 190, 8057 Z"rich (Switzerland)
Fax: (+41)1-635-6803
E-mail : ariel@aci.unizh.ch


We have synthesized and fully characterized four new complexes
comprising the fac-[Re(CO)3]


+ moiety and the ligands NH3, l-pro-
line (Pro), or N,N-dimethylglycine (dmGly). The reaction of [Re-
(H2O)3(CO)3]


+ with the two amino acids gives trinuclear com-
plexes of general formula [Re(L)(CO)3]3 (where L=amino acid).
We have studied the in vitro behavior of these compounds with
guanine and DNA in order to understand whether the cytotoxici-
ty exhibited by certain rhenium complexes based on the fac-


[Re(CO)3]
+ core is due to the formation of nucleobase complexes


and inter- or intrastrand links between DNA bases. We have per-
formed model studies with guanine and studied the structural ef-
fects induced by different rhenium(i) tricarbonyl complexes on
FX174 plasmid DNA by electrophoretic methods. Our results
show that rhenium complexes with two available coordination
sites interact with plasmid DNA to form a stable adduct that is
likely to involve two bases.
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toxic side effects but will simply be recycled in the biochemical
pathways.


We show in this study that the reaction of 5 with the amino
acids Pro and dmGly gives complexes 1 and 2 with an unusual
trimeric structure in the solid state. Depending on the stability
of the amino acid complex, the tertiary structure of FX174
plasmid DNA is influenced, as confirmed by gel electrophore-
sis. Complexes 1 and 2 can therefore be considered as pro-
drugs. The induced changes involve covalent binding to two
bases, rather than a simple electrostatic interaction, a fact indi-
cating that rhenium complexes might have potential as novel
metal-based DNA-binding drugs.


Results and Discussion


Synthetic aspects


As previously mentioned, 5 is readily trapped in human serum
by the serum proteins and is only released very slowly. Protec-


tion of the [Re(CO)3]
+ moiety by


ligands is required to prevent its
interaction with serum proteins
but the ligands must be labile
enough to be displaced by the
targeted molecules, for example,
the bases in DNA.


Originally, the two NH3 groups
in [ReBr(NH3)2(CO)3] (4) seemed
attractive as cis-labile exchange-
able ligands, comparable to the
chloride ligands in cisplatin and
other transition-metal complexes
with antitumor activity. In con-
trast to the latter, the NH3 ligand
was chosen to confer an overall
neutral charge to the complex.
Behrens and PHssler first pre-
pared [ReCl(NH3)2(CO)3] by reac-
tion of [ReCl(CO)5] in a benzene/
liquid ammonia mixture under
controlled pressure.[30] We found
that the bromide can be more
conveniently obtained by treat-
ing [ReBr(CO)5] with a NH3-satu-
rated benzene solution at 60 8C
and normal pressure. The crystal
structure has been elucidated
and is discussed later. Complex 4
is soluble in polar organic sol-
vents but hydrolyzes in a water/
methanol mixture (1:1) to give 5
within a few minutes. The NH3


ligand is, thus, too labile to serve
as a protecting group for the
[Re(CO)3]


+ core, and we instead
focused our attention on amino
acids without coordinating side


chains. The interaction of organometallic complexes with
amino acids and peptides pioneered bioorganometallic
chemistry[31–33] and has received much attention again in
recent years.[34]


The reaction of 5 with Pro and dmGly gave the trinuclear
complexes 1 and 2, respectively. (ORTEP presentations are
shown in Figures 3 and 4 and are discussed later.) The reaction
goes to completion within a few hours in methanol/water (9:1)
and in the presence of a slight excess of the amino acid, re-
quired to neutralize the protons released during reaction. Pro-
line was chosen first because secondary amines are more
weakly coordinating and are easier to replace.


Prior to the studies with DNA, the interaction of 1 with 9-
MeG was studied as a model system. Complex 1 reacts with
9-MeG in a methanol/water mixture to give [Re(Pro)(9-MeG)-
(CO)3] (3) in good yield as the only product even if excess
nucleobase is applied. (The X-ray crystal structure could be elu-
cidated and an ORTEP presentation is given in Figure 5). Evi-
dently, proline, forming a stable five-membered ring upon co-


Scheme 1. Rhenium complexes investigated in this study.
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ordination, is still a strong bidentate ligand for the
[Re(CO)3]


+ core and cannot easily be displaced by
free guanine or incorporated into DNA. Since 1 has a
single available coordination site, the complex is un-
likely to be able to form cis-bis intra- or interstrand
adducts with the nitrogen atoms in purine or pyrimi-
dine bases. Under the same conditions, DNA bases
other than guanine showed little or no reaction with
1.


The stability of amine coordination can be de-
creased for steric and electronic reasons by going
from secondary to tertiary amines. Consequently, the
reaction of 5 with dmGly was investigated. The reac-
tion of 5 with dmGly yields the trinuclear complex 2.
It is noteworthy to mention at this point that 1 and 2
are obtained as trinuclear species in the solid state. In
aqueous solution however, 1H NMR spectroscopy and
ESI-MS analysis suggests that the corresponding
monomeric species [Re(L)(H2O)(CO)3] (L=amino acid)
are present. The related equilibria have not been in-
vestigated in detail as it is beyond the scope of this
study, and we refer always to the trinuclear rather
than the mononuclear species.


The behavior of 2 with 9-MeG differs greatly from
that of 1. In a water/methanol mixture at 50 8C, 2
reacts with an excess of 9-MeG in a stepwise manner.
Complex 2 displays a retention time (Rt) of 15.5 min
(Figure 1). After 1 h a second peak can be observed
with an Rt value of 18.5 min. HPLC–MS analysis indi-
cates that this species is [Re(dmGly)(9-MeG)(CO)3] (9).
Concomitantly, a third peak appears with an Rt value
of 17.5 min; this peak was identified as [Re(9-MeG)2-
(H2O)(CO)3]


+ (6) by coinjection with a pure sample of
this complex. The reaction proceeds further until a
fourth peak appears with an Rt value of 16.5 min and
an equilibrium is finally reached. This last species was
identified by HPLC–MS analysis as [Re(9-MeG)-
(H2O)2(CO)3]


+ (10). The conversion of 2 into com-
plexes 9 and 10 implies that dmGly can be displaced
from the Re coordination sphere in favor of 9-MeG.
As described in more detail later, the Re�N(1) and Re�O(1)
bond lengths in 2 are 0.06 and 0.04 K, respectively, longer
than the equivalent bonds in 1, and the N(1)�Re�O(1) bite
angle is about 0.78 more acute in 2 (see the X-ray crystallogra-
phy subsection below). These differences support weakening
of the Re�N/O bonds in 2 and, consequently, an increased re-
activity of 2. Complex 2 might therefore be a good candidate
for a model Re prodrug. While dmGly protects the [Re(CO)3]


+


core from reaction with coordinating sites in proteins, the
steric hindrance imposed on one (or both) of the coordinated
atoms renders the ligand weak enough to be displaced by
stronger (even monodentate) ligands such as guanine. We
observed little or no transmetallation of 2 to serum proteins in
human serum over 12 h at 37 8C.


X-ray crystallography


Crystal data and experimental details are listed in Table 1. The
crystal structure of compound 4 is shown in Figure 2. The
structure consists of discrete molecules with short contacts oc-
curring exclusively between Br, the carbonyl oxygen atoms,
and the protons of NH3 (on average NH�Br=2.940(5) K, NH�
OC=2.605(7) K). The molecule crystallizes in the orthorhombic
space group Pnma with Br, Re, and C(2)O lying on a mirror
plane at x,3=4,z. The geometry around rhenium is octahedral
with an Re�N(1) distance of 2.240(6) K, which is comparable to
the average Re�NH2R distance (2.238 K) in the bidentate ethyl-
enediamine (en) of the related [Re(en�N,N’)(en�N)(CO)3]+ com-
plex and significantly longer than the average distance in the
monodentate en.[35]


Figures 3 and 4 depict the molecular structure in the crystal
of complexes 1 and 2, respectively. Both molecules are macro-
cyclic trimers in which the rhenium atoms are bridged by the


Figure 1. HPLC chromatogram of the reaction of 2 with excess 9-MeG and the proposed
equilibrium scheme.
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carbonyl oxygen atom of the
amino acid ligand, with the
metal atoms being 5.43 K apart
from each other. In 1 the three
Re atoms are related to each
other by a threefold rotation
axis, while in 2 there is no sym-
metry element that relates the
three metal atoms. In both struc-
tures the rhenium is bonded in a
distorted octahedral geometry
with N�Re�O bite angles of 75–
798. All bond lengths are in
good agreement with the struc-
ture of [Re(His)(CO)3] (7, see
Scheme 1). Complexes 1 and 2
are rare examples of structurally
characterized molecules in which


an amino acid is bound to the [Re(CO)3]
+ core and, to our


knowledge, they represent the first example of a macrocyclic
trimer of the [Re(CO)3]


+ core that does not involve a m-type
bridge.


These unusual Re trinuclear complexes are closely related to
a family of chiral-at-metal trimers of general formula [{(hn-
ring)M(L)}3](BF4)3 (where M=Ru, Os, Rh, Ir ; L=amino acid)
which result from the reaction of [(hn-ring)MCl(L)] with
AgBF4.


[34] In these cationic complexes, the aminocarboxylate
ligand also acts as a tridentate bridging group where, as in 1
and 2, the nitrogen atom and one the carboxylic oxygen
atoms are bonded to a metal center, thereby forming a five-


Table 1. Summary of X-ray crystallography data.


1 2 3 4


formula [C12H16NO6Re]3 C25H34N3O16Re3 C17.5H25N6O7Re C3H6BrN2O3Re
Mw 1369.38 1191.15 617.64 384.21
crystal system trigonal monoclinic monoclinic orthorhombic
crystal size [mm3] 0.25N0.07N0.06 0.26N0.04N0.02 0.57N0.17N0.08 0.15N0.12N0.08
space group R3 P21/c P21 Pnma
a [K] 21.6864(11) 22.0917(10) 15.1130(5) 10.8300(6)
b [K] 21.6864(11) 7.8752(4) 15.4589(7) 9.8501(7)
c [K] 8.1989(3) 20.2707(12) 15.4093(5) 7.2163(8)
b [8] 92.768(6) 90.629(4)
V [K3] 3339.3(3) 3522.5(3) 3599.9(2) 769.81(11)
Z 3 4 6 4
T [K] 183(2) 183(2) 183(2) 183(2)
goodness of fit on F2 0.874 0.966 0.996 1.000
R[a,b] 0.0302 0.0708 0.0328 0.0407
wR2[a, c] 0.0596 0.1259 0.0821 0.0975
D1 (max, min) [eK�3] 1.417, �0.587 2.492, �1.744 1.857, �0.550 1.687, �2.438


[a] Observation criterion: I>2s(I). [b] R=� j jFo j� jFc j j /� jFo j . [c] wR2= {�[w(F2o�F2c)2]/�[w(F2o)2]}1/2.


Figure 2. ORTEP view of [ReBr(NH3)2(CO)3] (4) with 50% probability for ther-
mal ellipsoids. Selected bond lengths [K] and angles [8]: Re(1)�N(1) 2.240(6),
Re(1)�Br(1) 2.6604(14); N(1)�Re(1)�Br(1) 84.65(17), N(1)�Re(1)�N(1a) 81.4(3).


Figure 3. ORTEP view of [Re(Pro)(CO)3]3 (1) with 50% probability for thermal
ellipsoids. Selected bond lenths [K] and angles [8]: Re(1)�N(1) 2.205(5),
Re(1)�O(1) 2.138(4), Re(1)�O(2) 2.195(4), Re(1)�C(11) 1.944(8), Re(1)�C(12)
1.900(6), Re(1)�C(13) 1.899(7) ; N(1)�Re(1)�O(1) 75.69(17), N(1)�Re(1)�O(2)
76.93(17), O(1)�Re(1)�O(2) 83.29(17).


Figure 4. ORTEP view of [Re(dmGly)(CO)3]3 (2) with 50% probability for ther-
mal ellipsoids. Selected bond lengths [K] and angles [8]: Re(1)�O(1) 2.172(8),
Re(1)�O(4) 2.180(9), Re(1)�N(1) 2.260(10), Re(2)�O(3) 2.167(8), Re(2)�O(6)
2.200(8), Re(2)�N(2) 2.261(10), Re(3)�O(5) 2.146(8), Re(3)�O(2) 2.189(8),
Re(3)�N(3) 2.263(10); O(1)�Re(1)�O(4) 83.5(3), O(1)�Re(1)�N(1) 75.0(4), O(4)�
Re(1)�N(1) 78.6(4), O(3)�Re(2)�O(6) 84.2(3), O(3)�Re(2)�N(2) 75.7(3), O(6)�
Re(2)�N(2) 79.0(4), O(5)�Re(3)�O(2) 83.2(3), O(5)�Re(3)�N(3) 75.6(3), O(2)�
Re(3)�N(3) 77.4(3).
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membered metallacycle, and the remaining oxygen atom coor-
dinates to a second neighboring metal center. The structures
of 1 and 2 also resemble the self-assembled ruthenium macro-
cyclic ionophores with high affinity and selectivity for Li+ and
Na+ that were recently described by Severin and co-work-
ers.[36,37] The average O�O distance in 1 and 2 (where O=


bridging carboxyl oxygen atom of the amino acid) is about 1 K
longer than the average O�O distance in the ionophores of
Severin and co-workers. Compounds 1 and 2 might therefore
be selective for larger cations like K+ and/or Rb+ , although a
high thermodynamic stability is not expected.


The molecular structure of 3 is shown in Figure 5. The com-
plex crystallizes in the monoclinic space group P21 with three
independent molecules in the unit cell. In the crystal, the mol-


ecules show an extensive network of intermolecular hydrogen-
bonding interactions between the guanines and the amino
acids. Two types of such interactions are shown in Figure 6.
The proton bound to N(1) and one of the protons of the ex-
tracyclic N(2)H2 group always form hydrogen bonds with the
oxygen atoms O(1) and O(2), respectively, of the carboxylate
group of the coordinated proline. The average mean lengths
of these interactions are N(1)H�O(1)=2.068(6) K and N(2)H�
O(2)=1.992(3) K. The second proton of the N(2)H2 group
forms one of three unique hydrogen bonds, either with the
carboxylic oxygen atom O(2) of an adjacent complex (Fig-
ure 6A, on average N(2)H’�O(2)=2.064(4) K), or with N(3) of
an adjacent complex (Figure 6B, on average N(2)H’�N(3)=
2.116(3) K), or finally with the oxygen atom of a solvent metha-
nol molecule (on average N(2)H’�OHCH3=2.170(7) K). The ge-
ometry is octahedral with all bond lengths and angles falling
within expected values. Finally, the position of the guanine in
the crystal state is stabilized by an intramolecular hydrogen
bond (on average 2.041(6) K) between the proline N(4)H
proton and the carbonyl oxygen atom O(6) of the base.


Conformational changes in FX174 DNA induced by ReI


complex binding


Gel mobility shift assays demonstrate conformational changes
in macromolecules. The study of metal–DNA binding and of
the changes induced by metal complexes on the tertiary struc-
ture of DNA by this technique is well established. Different Pt
and Ru complexes, for example, cause unwinding of super-
coiled (sc) or winding of open circular (oc) plasmid DNA
(pDNA).[38–51] These structural changes can be observed on the
gel matrix. Unwinding of sc pDNA, for example, causes relaxa-
tion of the DNA molecule, and the frictional force between
DNA and the gel matrix during electrophoresis consequently
increases. Thus, the band corresponding to the DNA–metal
adduct moves relatively slower than the one of native sc DNA.
The opposite is true if a metal complex causes winding of oc
pDNA. In this case, winding of oc DNA renders the molecule
more compact, the frictional force is reduced, and the band of
the corresponding DNA–metal adduct moves relatively faster.


The analysis of the binding and of the influence of com-
pounds 1–8 on the tertiary structure of DNA was determined
by their ability to alter the electrophoretic mobility of the
open circular and supercoiled forms of FX174 plasmid DNA.
Figure 7A shows the mobility of native FX174 plasmid DNA


Figure 5. ORTEP view of [Re(Pro)(9-MeG)(CO)3] (3) with 50% probability for
thermal ellipsoids. Selected bond lengths [K] and angles [8]: Re(1)�O(1)
2.163(4), Re(1)�N(7) 2.208(4), Re(1)�N(4) 2.216(4) ; O(1)�Re(1)�N(7) 81.58(15),
O(1)�Re(1)�N(4) 75.95(15), N(7)�Re(1)�N(4) 83.29(15).


Figure 6. Two types of intermolecular hydrogen-bonding interactions in the
crystal of 3. The numbering scheme matches that in Figure 5. Solvent meth-
anol molecules are not shown for clarity.
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and of pDNA incubated with compound 5. Clearly, increasing
the metal/base pair ratio (rb) for the incubation of DNA with 5
induces a gradual increase in mobility of the oc form. Increase
in mobility starts at rb=0.18 (lane 5) and progresses until rb=
18 (lane 7) when a high degree of DNA mobility is reached. At
a value of rb=180 (lane 8), the band disappears from the gel.


The same effect is observed when FX174 pDNA is incubat-
ed with cisplatin. Figure 7B shows the mobility of native
FX174 plasmid DNA and of pDNA incubated with compound
5 and cisplatin under the same conditions. The influence on
the tertiary structure and mobility of DNA produced by the
two compounds is similar, although an analogous effect to
that induced by 5 can already be obtained with a concentra-
tion of cisplatin that is ten times lower. At rb=0.018 (lane 2), in
fact, 5 causes no change in the mobility of DNA, as indicated
by the presence of both the oc and the sc forms of the plas-
mid, exactly as in the reference lanes 1 and 8. At rb=0.18
(lane 3), however, 5 induces a shift similar to the one caused
by cisplatin at rb=0.018 (lane 5). The same trend appears
when lanes 4 and 6, where the rb values are 1.8 and 0.18 for 5
and cisplatin, respectively, are compared. At higher cisplatin
concentrations (rb=1.8, lane 7), the band disappears from the
gel, as previously noted.[40,51]


It is well established that Pt binding to pDNA causes wind-
ing of the oc form and unwinding of the sc form.[45–55] The
same effect is known to occur with other metal ions like Ru
when covalent binding to the N7 atom in guanine and nonco-


valent, hydrophobic interactions take place.[49–52] It is therefore
likely that the shift in the mobility of FX174 plasmid DNA
caused by Re is due to similar molecular events to those that
take place with Pt and Ru. Since both the oc and sc forms are
present at the same time in almost all of our experiments,
binding of Re to DNA results in a concerted unwinding of the
sc form together with winding of the oc form. These events
result in an equilibrium tertiary DNA structure, which is re-
vealed by a single band on the gel.


In order to evaluate whether these changes are due to an
electrostatic rather than a covalent interaction, FX174 pDNA
was incubated with 5 and [Re(Im)3(CO)3]


+ (8 ; Im= imidazole)
under the same conditions (Figure 7C). The high kinetic stabili-
ty of complex 8[55] rules out possible ligand exchange and
inner-sphere coordination to DNA. Any eventually observed
change of the tertiary structure of the plasmid can therefore
not be attributed to coordination to one of the nucleobases.
However, while 5 induced the shift in mobility (lanes 2–4),
complex 8 had no effect at all (lanes 5–7), a result indicating
that metal binding to DNA is responsible for the observed
changes, rather than electrostatic interactions.


To answer the question of whether the structural changes
induced by 5 result from binding to one or two DNA bases,
complexes 1, 5, 6, and 7 were subjected to the same study
and incubated with pDNA. Compounds 5 and 6 have two co-
ordination sites, thereby enabling the formation of cis-bis ad-
ducts of guanine. Compound 1 has only one such site, as dem-
onstrated with the formation of compound 3, while compound
7 is inert towards ligand substitution.[54] Figure 8 shows the


mobility of FX174 plasmid DNA after incubation with 1, 5, 6,
and 7 under the same conditions. Complex 5 (lanes 2–4) and
complex 6 (lanes 5–7) induce the increase in mobility of pDNA,
while complexes 1 (lanes 8–10) and 7 (lanes 11–13) do not.
These results imply that (at least) two available coordination
sites are required to induce a DNA mobility shift. Accordingly,
the [Re(CO)3]


+ core most likely binds to two DNA bases.
Furthermore, compound 2 revealed a similar action on the


tertiary structure of FX174 plasmid DNA to that found with 5
or 6 (Figure 9). As discussed before, the reaction of 2 with 9-
MeG establishes an equilibrium between 6 and 10, a fact indi-
cating that dmGly is displaced from rhenium by the base. The
mobility shift induced by 2 is visible at rb=0.13 (lane 7), 0.36
(lane 9), 3.6 (lane 10), 0.54 (lane 12), and 5.4 (lane 13). These


Figure 7. A) Electrophoresis in 0.75% agarose gel of FX174 DNA (5 nm,
batch 1) incubated with various concentrations of 5 (lanes 2–8). Lane 1: ref-
erence, FX174 DNA only. rb levels for lanes 2–8: (2) 0.00018, (3) 0.0018, (4)
0.018, (5) 0.18, (6) 1.8, (7) 18, and (8) 180. B) Electrophoresis in 0.75% agar-
ose gel of FX174 DNA (5 nm, batch 2) incubated with various concentra-
tions of 5 (lanes 2–4) or cisplatin (lanes 5–7). Lanes 1 and 8: reference,
FX174 DNA only. rb levels for lanes 2–7: (2, 5) 0.018, (3, 6) 0.18, and (4, 7)
1.8. C) Electrophoresis in 0.75% agarose gel of FX174 DNA (5 nm, batch 2)
incubated with various concentrations of 5 (lanes 2–4) or 8 (lanes 5–7).
Lanes 1 and 8: reference, FX174 DNA only. rb levels for lanes 2–7: (2, 5)
0.018, (3, 6) 0.18, and (4, 7) 1.8.


Figure 8. Electrophoresis in 0.75% agarose gel of FX174 DNA (5 nm, batch
2) incubated with various concentrations of 5 (lanes 2–4), 6 (lanes 5–7), 1
(lanes 8–10), or 7 (lanes 11–13). Lanes 1 and 14: reference, FX174 DNA only.
rb levels for lanes 2–13: (2, 5, 8, 11) 0.018, (3, 6, 9, 12) 0.18, and (4, 7, 10, 13)
1.8.
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results further suggest that the shift in mobility of FX174 plas-
mid DNA is due to binding of rhenium to two DNA bases fol-
lowing, in this case, displacement of dmGly.


The interaction of Re with DNA may also involve the phos-
phate backbone. However, binding of the [Re(CO)3]


+ core to
phosphate in model ligands has not been observed in our
studies; thus, binding to the bases is more likely to be the mo-
lecular event responsible for the structural changes in DNA.
Since two available coordination sites on the metal are the
prerequisite to induce changes in the tertiary structure of
pDNA, bidentate binding to the phosphate backbone would
give rise to a rather strained, thermodynamically unfavored,
four-membered ring, while interaction with the bases can
easily be rationalized with our previous results.


The stability of the Re–DNA adduct is an important factor
for the use of such Re complexes as DNA-binding agents in
cancer therapy. One principal hypothesis, originally advanced
by Pil and Lippard to explain the activity of cisplatin, suggests
that the head-to-head form in the intrastrand lesion is recog-
nized by a damage-localizing protein whose binding prevents
DNA repair. The cisplatin adduct then persists long enough to
activate apoptosis.[52] If this hypothesis is correct, a relatively
stable Re–DNA adduct is required to activate the same cellular
response.


Figure 10A shows the mobility of native FX174 plasmid
DNA incubated with compounds 4 and 5. Figure 10B shows
the same samples after a further 22 h incubation period in the
presence of 6 equiv of histidine. When the adducts are chal-
lenged with histidine no appreciable changes in lanes 2 and 3
(rb=0.018 and 0.18, compound 5) or 5 and 6 (rb=0.018 and
0.18, compound 4) are observed. Lanes 4 and 7 (rb=1.8, com-
pound 5 and 4 respectively), however, show a remarkable de-
crease in mobility when compared to the same lanes in Fig-
ure 10A. This effect is most likely due to trapping of unspecifi-
cally bound Re (for example, weakly bound to adenine). The
Re–DNA adduct formed, however, is clearly stable.


Conclusion


The search for complexes with cytostatic or cytotoxic proper-
ties is a major field in current inorganic medicinal chemistry.
We have shown that the [Re(CO)3]


+ moiety exhibits a principal-
ly similar reactivity pattern with plasmid DNA to that of, for
example, cisplatin. It binds selectively to two free guanines, a


result implying a possible interaction with adjacent guanines
in DNA as well. To protect the Re center in plasma from un-
desired coordination (trapping) to serum proteins, we used co-
ligands such as proline or N,N-dimethylglycine to obtain the
Re complexes in the form of prodrugs. N,N-dimethylglycine in
particular can be replaced by coordination to the N7 atom of
guanine. The complexes with proline are too stable in this re-
spect but both complexes do not cross react with human
serum. If the coligands are labile enough, the corresponding
complexes influence the tertiary structure of FX174 plasmid
DNA by altering the electrophoretic mobility of the open circu-
lar and the supercoiled forms. The induced changes most likely
involve covalent binding to two bases, as is found with cispla-
tin. Although less potent than cisplatin, the model complexes
depict the in vitro reactivity pattern that is required for thera-
peutic agents and might serve as lead structures for future in-
organic medicinal drugs. Cell uptake, targeting, and cytotoxici-
ty studies are currently under investigation.


Experimental Section


Materials and methods : All reagents and solvents were purchased
from Fluka and were used as received. The complexes [Et4N]2-
[ReBr3(CO)3] (in water [Re(H2O)3(CO)3]


+ (5)), [Re(H2O)(9-MeG)2(CO)3]-
(ClO4) (6), [Re(His)(CO)3] (7), and [Re(Im)3(CO)3]Br (8) were prepared
according to the reported procedures.[29,53–55] FX174 plasmid DNA
was purchased by Promega and used without further purification.
Two different batches were used: batch 1 consisted mostly of the
open circular plasmid form and batch 2 consisted of a mixture of
open circular and supercoiled forms. Cisplatin was purchased from
Aldrich. HPLC chromatograms were measured on a Merck Hitachi
LaChrom D-7000 instrument. HPLC system: RP-18 column (A=
0.1% CF3COOH in H2O, B=MeOH): 0–3 min, 100% A; 3–9 min,
75% A; 9.1 min, 66% A; 9.1–20 min, 66!0% A; 20–25 min, 0% A;
25.1–30 min, 100% A. Infrared spectra were recorded on a Perkin–
Elmer BX II spectrometer from KBr pellets. All NMR spectroscopy


Figure 9. Electrophoresis in 0.75% agarose gel of FX174 DNA (5 nm,
batch 2) incubated with various concentrations of 5 (lanes 2–4) or 2 (lanes
5–13). Lanes 1 and 14: reference, FX174 DNA only. rb levels for lanes 2–13:
(2, 5) 0.013, (3, 6) 0.13, (4, 7) 1.3, (8) 0.036, (9) 0.36, (10) 3.6, (11) 0.054, (12)
0.54, and (13) 5.4.


Figure 10. A) Electrophoresis in 0.75% agarose gel of FX174 DNA (5 nm,
batch 1) incubated with various concentrations of 5 (lanes 2–4) or 4 (lanes
5–7). B) Electrophoresis in 0.75% agarose gel of the same solutions as in (A)
after challenge with histidine for 22 h. Lane 1: reference, FX174 DNA only. rb
levels for lanes 2–7: (2, 5) 0.018, (3, 6) 0.18, and (4, 7) 1.8.
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samples were prepared by dissolving crystals of the desired com-
plex (typically 2 mm) in the required solvent and were immediately
transferred to the probe. All 1H NMR 1D spectra were recorded on
a Bruker 500 MHz spectrometer. The residual solvent peak was
used as the reference. Mass spectra were recorded on a Merck
Hitachi M-8000 mass spectrometer.


Synthesis of complexes :


[Re(Pro)(CO)3]3 (1): [Et4N]2[ReBr3(CO)3] (100 mg, 0.13 mmol) was dis-
solved in a methanol/water mixture (9:1, 5 mL). l-Proline (Pro)
(52 mg, 0.46 mmol) was added and the mixture was stirred for 5 h
at 50 8C under a slight N2 pressure. The reaction was monitored by
HPLC and stopped when no further change could be observed.
The solution was allowed to equilibrate to room temperature, con-
centrated, and purified on a short C18 filter. A white crystalline
solid (40.1 mg, 60%) was obtained: IR (KBr): ñ=2027 (s, C=O), 1908
(b, C=O), 1888 cm�1 (b, C=O); MS (30 V, ESI negative mode): m/z :
1266.9 [M+Pro]� ; elemental analysis: calcd (%) for C24H24N3O15Re3


(1153.08): C 25.00, H 2.10, N 3.64; found: C 25.39, H 2.42, N 4.00.
Crystals suitable for X-ray diffraction were obtained by slow diffu-
sion of tetrahydrofuran (THF) into a methanolic solution of the
complex.


[Re(dmGly)(CO)3]3 (2): [Et4N]2[ReBr3(CO)3] (100 mg, 0.13 mmol) was
dissolved in a methanol/water mixture (4:1, 10 mL). N,N-dimethyl-
glycine (dmGly; 70 mg, 0.7 mmol) was added and the mixture was
stirred for 12 h at 50 8C under a slight N2 pressure. The solution
was allowed to equilibrate to room temperature, concentrated,
and purified on a short C18 filter. A white crystalline solid (20 mg,
40%) was obtained: 1H NMR ([d6]-DMSO, 25 8C, D2O): d=4.18 (q,
4J(H,H)=5 Hz, 2H; CH2), 3.46 (s, 3H; CH3), 3.15 ppm (s, 3H; CH3); IR
(KBr): ñ=2022 (s, C=O), 1911 (b, C=O), 1890 (s, C=O), 1866 (s, C=
O); MS (30 V, ESI positive mode): m/z : 1117.0 [M]+ ; elemental analy-
sis : calcd (%) for C21H24N3O15Re3 (1117.05): C 22.58, H 2.17, N 3.76;
found: C 23.19, H 2.78, N 3.84. Crystals suitable for X-ray diffraction
were obtained by slow diffusion of diethyl ether into a CH3CN solu-
tion of the complex.


[Re(Pro)(9-MeG)(CO)3] (3): [Et4N]2[ReBr3(CO)3] (18 mg, 0.02 mmol)
was dissolved in methanol (3 mL). l-Proline (8 mg, 0.06 mmol) was
added; the solution was stirred and heated to 50 8C under a slight
N2 pressure until all of the compound 5 had reacted (as revealed
by HPLC, 3 h). 9-MeG (5 mg, 0.03 mmol) was added and allowed to
react until no further change could be observed in the HPLC (4 h).
The solution mixture was cooled to room temperature. Pentane
was then allowed to diffuse into the mixture, thereby depositing
crystals (10 mg, 78%) suitable for X-ray analysis: 1H NMR ([D2O,
25 8C, D2O): d=8.01 (s, 1H; CH), 5.92 (s, 1H; NH), 3.39 (m, 1H; CH),
3.20 (m, 1H; CH), 2.66 (s, 3H; CH3), 2.19 (m, 1H; CH), 1.98 (m, 2H;
CH2), 1.81 (m, 1H; CH), 1.70 ppm (m, 1H; CH); IR (KBr): ñ=2021 (s,
C=O), 1894 cm�1 (b, C=O); MS (30 V, ESI negative mode): m/z :
548.5 [M�1]� ; elemental analysis : calcd (%) for C14H15N6O6Re
(549.51): C 30.60, H 2.75, N 15.29; found: C 30.96, H 2.47, N 15.70.


[ReBr(NH3)2(CO)3] (4): [ReBr(CO)5] (75 mg, 0.19 mmol) was dissolved
in a NH3-saturated benzene solution (15 mL) and the mixture was
heated to 60 8C under N2 pressure. After 2.5 h, a white precipitate
appeared; this was filtered, washed with benzene, and dried in
vacuo to yield product (35 mg, 49%): IR (KBr): ñ=2016.9 (s, C=O),
1883.5 cm�1 (b, C=O); elemental analysis: calcd (%) for
C3H6BrN2O3Re (384.20): C 9.83, H 1.57, N 7.29; found: C 10.01, H
1.79, N 7.67. Crystals suitable for X-ray diffraction were obtained by
slow diffusion of hexane into a THF solution of the complex.


X-ray crystallography : Suitable crystals were covered with Para-
tone N oil, mounted on top of a glass fiber, and immediately trans-


ferred to a Stoe IPDS diffractometer. Data were collected at
183(2) K by using graphite-monochromated Mo Ka radiation (l=
0.71073 K). A total of 8000 reflections distributed over the whole
limiting sphere were selected by the program SELECT and used for
unit-cell parameter refinement with the program CELL.[56] Data
were corrected for Lorenz and polarization effects as well as for ab-
sorption (numerical). Structures were solved with direct method by
using the SHELXS-97[57] or SIR-97[58] programs and were refined by
full-matrix least-squares methods on F2 with the SHELXL-97 pro-
gram.[59]


CCDC 239971–239974 (1–4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Gel mobility shift assay : FX174 RF plasmid DNA (0.1 mg) was
mixed with the rhenium complexes in H2O at [complex]/[bp] ratios
of 0.018–1.8:1. The mixtures were incubated in water at 37 8C for
22 h in the dark before being analyzed by gel electrophoresis. The
pH value of the mixtures remained constant at �7 in all cases. Ex-
periments performed in 1 mm or 10 mm NaClO4 showed no signifi-
cant difference in the binding of 5 to FX174 RF plasmid DNA.
DNA binding was examined by gel electrophoretic mobility shift
assays through 9 cm 0.75% agarose slab gels with Tris–acetate–
EDTA (TAE) running buffer. The gels were run at RT, with voltages
of 50–75 V. The running time depended upon the voltage and was
usually 1.5–2 h. The resultant gels were stained with ethidium bro-
mide in the buffer at a concentration of �0.3 mgmL�1. Bands were
visualized by software UV transillumination equipped with a digital
camera.
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LanGT2 Catalyzes the First Glycosylation Step
during Landomycin A Biosynthesis
Andriy Luzhetskyy,[a] Takaaki Taguchi,[a] Marta Fedoryshyn,[b] Clemens D�rr,[a]


Sven-Eric Wohlert,[c] Volodymyr Novikov,[b] and Andreas Bechthold*[a]


Introduction


A glycosyltransferase (GT) transfers a sugar from an activated
sugar donor to an acceptor molecule. GTs are involved in the
synthesis and modification of a multitude of secondary metab-
olites, including some valuable antibiotics and anticancer ther-
apeutics.[1] A recent estimate suggests that over half of the
world’s drug leads derive directly from the natural product
pool, many of which are glycosylated.[2] The application of GTs
in a combination of chemoenzymatic and in vivo methods is
therefore promising for advancing the diversification of phar-
maceutically relevant drugs.


Although carbohydrate-containing metabolites have been
known for decades, research devoted to the precise function
of GTs is often complicated. In vitro studies on GTs are often
limited by the unavailability of the activated sugar donors and
by the insolubility of enzymes,[3] whereas in vivo studies
cannot be performed in many cases because of the absence of
suitable gene-cloning systems in the carbohydrate-producing
organisms.[4]


Landomycin A, produced by Streptomyces cyanogenus S136,
and urdamycin A, produced by S. fradiae T�2717, belong to
the angucycline group of antibiotics. They show an interesting
correlation between sugar-chain length and biological activi-
ty.[5] Landomycin A displays strong antitumor activity, due to its
unusual hexasaccharide side chain, made up of two iterative
trisaccharide motifs (d-olivose-d-olivose-l-rhodinose, 1;
Scheme 1).[6] Urdamycin A (3), with only a trisaccharide side
chain, displays much weaker antitumor activity.[5] This correla-
tion is further supported by the decreased activity of landomy-
cin E (2), the trisaccharide analogon of landomycin A from
S. globisporus 1912. The functions of the GTs involved in urda-
mycin A biosynthesis have been elucidated, and the genera-
tion of urdamycins with novel sugar patterns has been de-
scribed.[7] One important difference between landomycin A
and urdamycin A is the way in which the first d-olivose is
linked to the polyketide backbone. In the former compound,
the hexasaccharide is attached to the aglycon through an O-
glycosidic bond,[5] while in the latter, the trisaccharide is con-


nected through an unusual C-glycosidic bond. Such C�C-
bound glycosides are of particular interest from the pharma-
ceutical viewpoint since they are stable towards glycosidase
degradation.[1] In an effort to switch the O-glycosidically bound
sugar chain of landomycin A to a more stable C-bound one,
we first had to identify the GT that catalyzes the attachment of
the first d-olivose moiety.


Results


Inactivation of lanGT2


Identification of the function of lanGT2 was performed by tar-
geted gene disruption, achieved by homologous recombina-
tion between plasmid pKC-lanGT2-aadA carrying the spectino-
mycin resistance casette (aadA) within lanGT2 and the chromo-
somal allele of this gene in S. cyanogenus S136. Mutant S. cya-
nogenus DlanGT2 was obtained after introduction of aadA into
the chromosome by a double crossover event (Figure 1). The
mutated region in lanGT2 was confirmed by PCR.


The aadA cassette from pHP45omega is flanked with tran-
scriptional and translational terminators of phage T4. The inser-
tion into lanGT2 caused a polar effect on two genes: lanX and
lanGT1, both located downstream of the integration site. S. cy-
anogenus DlanGT2 was therefore complemented with
pUWLoriT-lanGT1-lanX. No difference in product formation be-
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[c] Dr. S.-E. Wohlert
Combinature Biopharm AG
Robert-Roessle-Straße 10, 13125 Berlin (Germany)


The glycosyltransferase LanGT2 is involved in the biosynthesis of
the hexasaccharide side chain of the angucyclic antibiotic lando-
mycin A. Its function was elucidated by targeted gene inactiva-
tion of lanGT2. The main metabolite of the obtained mutant was
identified as tetrangulol (4), the progenitor of the landomycin
aglycon (7). The lack of the sugar side chain indicates that


LanGT2 catalyzes the priming glycosyl transfer in the hexasac-
charide biosynthesis : the attachment of a d-olivose to O-8 of the
polyketide backbone. Heterologous expression of urdGT2 from
S. fradiae T#2717 in this mutant resulted in the production of a
novel C-glycosylated angucycline (6).


1406 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/cbic.200500018 ChemBioChem 2005, 6, 1406 – 1410







tween S. cyanogenus DlanGT2 and S. cyanogenus DlanGT2 con-
taining pUWLoriT-lanGT1-lanX was observed.


Tetrangulol is the main product of S. cyanogenus DlanGT2


No landomycins could be detected in extracts of the S. cyano-
genus DlanGT2 mutant. Instead, this mutant was accumulating
one major product, not produced by the wild-type strain, at
tR=25 min (Figure 2). This new derivative showed a UV-visible
spectrum different from those of landomycins. The compound
was extracted from a 5 L fermentation and purified by silica
gel column chromatography and subsequent recrystallization.
High-resolution ESI-MS measurements indicated its composi-
tion to be C19H12O4 (observed: 304.0736, calculated: 304.0739).
One- and two-dimensional NMR analyses unambiguously iden-
tified the derivative as tetrangulol (Scheme 2; 4), the progeni-


tor of the landomycin aglycon lacking the hydroxyl
groups at C-6 and C-11 and the hexasaccharide side
chain.


Function of LanGT1


After expression of lanGT2, lanX, and lanGT1 (plas-
mids pSET-lanGT2 and pUWLoriT-lanGT1-lanX) in
S. cyanogenus DlanGT2 the wild-type landomycin
production was restored. HPLC-MS analysis of the
mutant complemented with only pSET-lanGT2 (carry-
ing lanGT2 ligated behind the ermE promotor) iden-
tified a monoolivosylated landomycinone (5) as the
main compound. This result indicates that LanGT1,
which is under polar effect in the mutant, is involved
in the transfer of the second olivosyl residue during
the hexasaccharide biosynthesis.


Heterologous expression of urdGT2 in S. cyanogenus
DlanGT2 results in the formation of 9-C-d-olivosyl-
tetrangulol


The C-GT UrdGT2, responsible for the attachment of the first
d-olivose moiety during urdamycin A biosynthesis, shows wide
substrate flexibility.[11] The expression of this gene in S. cyano-
genus DlanGT2 under the strong ermE promotor resulted in
the accumulation of a new compound at tR=25.1 min with a
UV/visible spectrum typical of tetrangulol. HPLC-MS analysis in-
dicated a molecular weight of m/z=434 for the new deriva-
tive, consistent with the attachment of an olivose to 4. The
new variant (57 mg) was extracted from a 6 L fermentation
and purified. One- and two-dimensional NMR analyses showed


Figure 1. Generation of S. cyanogenus DlanGT mutant by aadA casette integration into
the lan cluster of the S. cyangenus chromosome.


Scheme 1. Chemical structures of landomycin A (1, S. cyanogenus S136), landomycin E (2, S. globisporus 1912), and urdamycin A (3, S. fradiae T�2717).
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the presence of tetrangulol and olivose moieties. In the
1H NMR the signal corresponding to the 8-hydroxyl group of
tetrangulol was still detectable, while the signal of the proton
at C-9 was missing. Additionally, the HMBC correlations con-
firmed that the olivose moiety was attached to C-9 of tetran-
gulol by C-glycosylation (Table 1). With consideration of the
original function of UrdGT2,[7] the new metabolite was identi-
fied as 9-C-d-olivosyltetrangulol (6).


Discussion


Sugar moieties of glycosylated antibiotics and anticancer drugs
are often crucial for biological activity as well as for pharmaco-
kinetic properties. The chemical synthesis of such sugar ligands
is exceedingly difficult to carry out and therefore impractical to
establish on a large scale.[6] This makes glycosyltransferases
useful tools for chemoenzymatic and in vivo approaches to the
development of complex glycosylated natural products.[12] In
recent years around 30 GT genes have been isolated from anti-
biotic-producing organisms.[12,13, 15] The remarkable substrate
flexibility displayed by some of these GTs could be exploited
for the generation of novel glycosylated compounds.[7]


We have focused our re-
search on the GTs from the ur-
damycin and landomycin gene
clusters. The exact functions of
GTs involved in urdamycin bio-
synthesis have been report-
ed.[5,6,11] In the biosynthesis of
the trisaccharide ligand of urda-
mycin A each glycosylation step
is catalyzed by one GT.[5] In con-
trast, the hexasaccharide side
chain in landomycin A is cata-
lyzed by only four GTs.[10] Re-
cently, the functions of LanGT3
and LanGT4 have been de-
scribed.[9,14] In this study, the pri-
ming GT LanGT2 was identified
through targeted gene inactiva-


tion. In addition, we were able to show that LanGT1
is responsible for the attachment of the second d-
olivose moiety. Interestingly, inactivation of the
lanGT2 gene resulted in the accumulation of tetran-
gulol, and not landomycinone (Scheme 2), tetrangu-
lol lacking landomycinone’s two hydroxyl groups at
C-6 and C-11. It has been shown by feeding experi-
ments that the O atoms at positions 6 and 11 derive
from molecular oxygen.[15] The specific oxygenases
catalyzing these reactions, LanM and LanZ4/Z5, were
recently identified.[14] As both hydroxyl groups are
absent in tetrangulol the oxygenation steps appar-
ently occur after the attachment of the first d-oli-
vose moiety by LanGT2. Remarkably, the oxygen at
C-6 is originally introduced in the form of an acetate
building block during the polyketide assembly, sub-


sequently removed by deoxygenation, and reintroduced again
by an oxygenase.[15]


This unusual, energy-consuming pathway can be explained
by the narrow substrate specificity of LanGT2, which accepts
only tetrangulol, and not landomycinone, as acceptor sub-
strate. One might assume that the hydroxyl groups at C-6 and
C-11, situated at positions that are chemically equivalent to the
acceptor hydroxyl group at C-8, would interfere in the proper
binding to the active site of LanGT2.


The heterologous expression of the urdGT2 gene in S. cyano-
genus DlanGT2 resulted in the accumulation of C-glycosylated
tetrangulol (Scheme 2, 6) showing once more the wide sub-
strate flexibility of this extraordinary enzyme. Interestingly, the
C-glycosylated compound still lacks hydroxyl groups at both C-
6 and C-11. Evidently, both oxygenases LanM and LanZ4/Z5
fail to accept the C-glycosylated tetrangulol ; this indicates
narrow substrate specificities for both oxygenases.


Combining the present findings with results reported earli-
er[5,9,14] we can now clearly say how the assembly of the first
four sugars of the hexasaccharide biosynthesis takes place:
LanGT2 catalyzes the attachment of the first d-olivose to O-8
of the polyketide moiety, followed by the transfer of a second
d-olivose to 3-OH of the first olivose by LanGT1. LanGT4 links


Figure 2. HPLC analysis of extracts of S. cyanogenus S136 and S. cyanogenus DlanGT2, a lanGT2 defective mutant
strain unable to produce landomycin A, instead accumulating tetrangulol.


Scheme 2. Function of LanGT2 during hexasaccharide biosynthesis of landomycin A.
Generation of a new tetrangulol derivative (6) after heterologous expression of urdGT2.
Tetrangulol (4), 8-O-olivosyllandomycinone (5), landomycinone (7).


1408 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1406 – 1410


A. Bechthold et al.



www.chembiochem.org





an l-rhodinose to the 3-OH group of the second d-olivose, and
LanGT3 attaches the fourth sugar, a d-olivose, to 4-OH of the
l-rhodinose. The last two steps of glycosyl transfer still remain
to be elucidated.


Experimental Section


General genetic manipulation : Standard molecular biology proce-
dures were performed as described.[8] Isolation of E. coli DNA, DNA
restriction, DNA modification such as filling-in-sticky ends, and
Southern hybridization were performed by the protocols of the
manufactures of kits, enzymes, and reagents (Amersham Pharma-
cia, Boehringer Mannheim, Promega, Stratagene).


Intergeneric conjugation between E. coli and S. cyanogenus : In-
tergeneric conjugation between E. coli and S. cyanogenus was per-
formed as described earlier.[4,9]


Construction of gene inactivation and complementation plas-
mids : The 9.5 kb BamHI fragment from cosmid H2–26[10] contain-
ing the lanGT2 gene was ligated into the same site of pKC1132[8]


to yield plasmid pKC-lanGT2. The resistance gene aadA restricted
by SmaI was then cloned into the SnaBI site of lanGT2 to yield
pKC-lanGT2-aadA. This plasmid was introduced into S. cyanoge-
nus S136 by conjugation from E. coli ET12567 (pUZ8002). After 10
passages we obtained spectinomycin-resistant, apramycin-sensitive
clones indicating that the aadA gene had been integrated into
lanGT2.


A plasmid for the complementation pSET-lanGT2 was generated by
ligation of a 1.2 kb MunI-BamHI fragment from pMun-lanGT2[5] to
the appropriate sites of integrative vector pSET containing the
strong promotor ermE.[7] Genes lanGTl and lanX were cut as a SacI
fragment from H2–26[10] and cloned into the same site of pUC18


(generating plasmid pUC18-
LanGT1-lanX). Plasmid pUC18-
lanGT1-lanX was digested with
HindIII and EcoRI and the major
fragment was ligated to the
vector pUWLoriT[7] to give the
plasmid pUWLoriT-lanGT1-lanX. To
construct pSET-urdGT2 a 1.5 kb
KpnI–XbaI fragment from pUWL-
urdGT2 was ligated into the same
sites of integrative vector pSET-
urdGT1c.[7]


Tetrangulol and 9-C-d-olivosylte-
trangulol production and purifi-
cation : The S. cyanogenus strains
were grown in SG medium (soy-
bean meal 10 gL�1, glucose
20 gL�1, CaCO3 2 gL�1, CoCl2
1 mgL�1), starting pH 7.2, for 4
days at 30 8C in a rotary shaker
(200 rpm). The culture broth was
adjusted to pH 7 and extracted
with an equal volume of ethyl
acetate. The residue from the con-
centrated extract of S. cyanogenus
DlanGT2 was subjected to repeat-
ed silica gel column chromatogra-
phy in dichloromethane and puri-
fied by recrystallization from ethyl
acetate to give black needles. The


extract from S. cyanogenus DlanGT expressing urdGT2 was concen-
trated and subjected to repeated silica gel column chromatogra-
phy in dichloromethane/ethyl acetate (95:5 to 50:50). Finally, re-
crystallization from EtOAc gave the green powder.


HPLC-MS : HPLC-MS analysis was performed on an Agilent 1100
series LC/MS system by electrospray ionization (ESI) with detection
in the positive and negative modes. The LC-system was equipped
with a Hewlett Packard ZORBAX SB C-18 column (5 mm particle
size, 4.6L150 mm), maintained at 35 8C. The gradient profile was:
Solvent A: 0.5% acetic acid in H2O, Solvent B: 0.5% acetic acid in
CH3CN. An initial hold for 3 min with 30% B was followed by a
step gradient from 30 up to 60% B within 16 min and from 60 up
to 95% within 3 min and that relationship was held for further
2 min. The solvent flow rate was 0.7 mLmin�1.


High-resolution ESI-MS and NMR measurements : High-resolution
ESI-MS was measured with a Micromass QTOF2 mass spectrometer.
NMR measurements were carried out on a Bruker AMX500 spec-
trometer.
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Metabolic Engineering of Aminocoumarins:
Inactivation of the Methyltransferase Gene cloP
and Generation of New Clorobiocin Derivatives
in a Heterologous Host
Anja Freitag, Heike Rapp, Lutz Heide, and Shu-Ming Li*[a]


Introduction


Antibiotics are a drug class that presents a unique
challenge to pharmaceutical research, since resist-
ance has developed to every antibiotic some years or
a few decades after its introduction into clinical use.[1]


Consequently, there is a need for the continuous de-
velopment of new antibiotics.[2] Genetic engineering
of antibiotic-producing bacteria has emerged as a
new and powerful tool for the development of new
bioactive compounds, either through rational meta-
bolic engineering or by random combinatorial bio-
synthesis.[3] A class of antibiotics particularly suitable
for such approaches is that of the aminocoumarin
antibiotics.[4] Synthetic methods for the generation of
aminocoumarin antibiotics and their analogues have
been explored, but remain difficult and time-con-
suming.[5–7]


The aminocoumarins are very potent inhibitors of
gyrase, a validated drug target.[8] Novobiocin (Alba-
mycin5) has been introduced into the US drug
market as an antibiotic for use in humans, but its
clinical use has remained limited due to problems of
poor solubility, low activity against Gram-negative
bacteria, resistance development and several adverse
effects. Nevertheless, clinical studies have confirmed the thera-
peutic potential of the aminocoumarin antibiotics.[9–11]


Clorobiocin (Scheme 1) is considerably more powerful than
novobiocin as a gyrase inhibitor and an antibacterial agent[12]


and therefore represents an interesting starting compound for
the development of new, modified aminocoumarin antibiotics
that could be clinically superior to novobiocin.
We have recently cloned the biosynthetic gene cluster of


clorobiocin from its natural producer, Streptomyces roseochro-
mogenes var. oscitans DS 12.976, and have elucidated the func-


tion of several genes contained therein.[4,13] Modifications of
this gene cluster by genetic engineering led to the formation
of several new clorobiocin derivatives.[4] In this study, we


[a] A. Freitag,+ H. Rapp,+ Prof. Dr. L. Heide, Priv.-Doz. Dr. S.-M. Li
Pharmazeutische Biologie, Pharmazeutisches Institut
Eberhard-Karls-Universit(t T*bingen
Auf der Morgenstelle 8, 72076 T*bingen (Germany)
Fax: (+49)7071-295-250
E-mail : shuming.li@uni-tuebingen.de


[+] These authors contributed equally to this work


Aminocoumarin antibiotics are highly potent inhibitors of bacte-
rial gyrase and represent a class of antibiotics that are very suita-
ble for the generation of new compounds by metabolic engineer-
ing. In this study, the putative methyltransferase gene cloP in the
biosynthetic gene cluster of clorobiocin was inactivated. Expres-
sion of the modified gene cluster in the heterologous host Strep-
tomyces coelicolor M512 gave three new aminocoumarin anti-
biotics. The structures of the new compounds were elucidated by


MS and 1H NMR, and their antibacterial activities were deter-
mined. All three compounds lacked clorobiocin’s methyl group at
4-OH of the deoxysugar moiety, noviose. They differed from each
other in the position of the 5-methylpyrrole-2-carbonyl group,
which was found to be attached to either 2-OH, 3-OH or 4-OH of
noviose. Attachment at 4-OH resulted in the highest antibacterial
activity. This is the first time that an aminocoumarin antibiotic
acylated at 4-OH in noviose has been detected.


Scheme 1. The aminocoumarin antibiotics novobiocin and clorobiocin. The 4’’-Me group
of clorobiocin is shown in grey.
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aimed to produce a clorobiocin derivative lacking the Me
group at the 4’’-position (Scheme 1); that is, with a free OH
group in this position. We were interested in this experiment
for three reasons:


i) The biosynthetic gene cluster of clorobiocin contains three
putative methyltransferase genes: cloN6, cloP and cloU ;[13]


however, only the function of cloN6 has been confirmed
experimentally.[14] This study should provide experimental
evidence for the role of cloP, expected to be responsible
for the O-methylation reaction at the 4’’-position.


ii) Removal of the 4’’-Me group should allow the importance
of this group for antibacterial activity to be determined,
and at the same time could provide a starting material for
the generation of further aminocoumarin derivatives
through chemical or chemoenzymatic acylation or alkyl-
ation of this group, potentially affording antibiotics with
improved properties.


iii) We have very recently succeeded in producing aminocou-
marin antibiotics in a heterologous host, using the integra-
tion functions of the bacteriophage FC31 for the integra-
tion of the biosynthetic gene clusters into the heterolo-
gous host genome.[15] Modification of the biosynthetic
gene clusters prior to their integration into the heterolo-
gous host may provide an efficient method for rational
generation of antibiotics with modified structures,[16] and
this study should also provide a further example of the
applicability of this method.


Results


1. Construction of the cloP inactivation construct clo-HR1


The cloP gene of the clorobiocin biosynthetic gene cluster
codes for a 31 kDa protein with sequence similarity to SAM-
dependent methyltransferases such as TylF.[17] A BLAST search
shows closest similarity to couP, which is responsible for the
4’’-methylation reaction in coumermycin A1 biosynthesis.


[18] For
cloP inactivation, the cloP gene was replaced by an apramycin
resistance gene, aac(3)IV, in a cosmid containing the entire bio-
synthetic gene cluster of clorobiocin. The modified gene clus-
ter was subsequently expressed in a heterologous producer
strain.
Cosmid clo-BG1, containing the clorobiocin gene cluster, the


attP and the int genes of bacteriophage FC31 and a tetracy-
cline, as well as a neomycin resistance gene, had been con-
structed in a previous study.[15] Site-specific integration of this
cosmid into the attB site of the genome of Streptomyces coeli-
color M512 had resulted in the formation of clorobiocin by the
heterologous host.[15]


For cloP inactivation, the apramycin resistance gene aac(3)IV
was amplified from plasmid pUG019[15] by PCR, by use of pri-
mers with 39 bp extensions homologous to the regions up-
stream and downstream of cloP. The PCR product was used to
replace the entire open reading frame of cloP on cosmid clo-
BG1, only the start and the stop codon being left intact (Fig-


ure 1A and C). The resulting cosmid was termed clo-HR1. In
this construct, the aac(3)IV gene is under control of its own
promoter. As shown in Figure 1C, the resistance gene was
placed between two restriction sites rare in Streptomyces DNA:
XbaI and SpeI. If removal of the aac(3)IV cassette were to
become necessary due to, for example, unwanted polar effects
of the cassette on downstream genes, digestion of the cosmid
with XbaI and SpeI and subsequent religation of the compati-
ble overhangs would allow complete removal of the cas-
sette.[15]


2. Integration of cosmid clo-HR1 into the genome of
Streptomyces coelicolor M512.


Cosmid clo-HR1 was introduced into protoplasts of Streptomy-
ces coelicolor M512 as described in the Experimental Section,
and mutants resulting from integration of this cosmid into the
host genome were selected by their apramycin and kanamycin
resistance. Eight independent clones were obtained, and their
genotype was confirmed by Southern blotting, with use of the
entire cosmid clo-BG1 as probe. All eight integration mutants
showed all expected bands of the integrated cosmid clo-HR1
(Figure 1A and D). Therefore, no deletions or rearrangements
had taken place during gene inactivation and during integra-
tion of the cosmid. The cloP� genotype was corroborated by
the absence of the 8.4 kb band and the presence of the ex-
pected 2.5 and 5.9 kb bands in the mutants (Figure 1C and D).
Site-specific integration was verified by the expected 13.0 and
7.5 kb bands, resulting from integration of the cosmid at the
attP site of the fully sequenced S. coelicolor chromosome (Fig-
ure 1B and D).


3. Analysis of secondary metabolite production


The eight cloP� integration mutants of S. coelicolor M512 were
cultured in clorobiocin production medium, and secondary
metabolite formation was analysed by HPLC. A cloP+ integra-
tion mutant of S. coelicolor M512, carrying the unmodified
cosmid clo-BG1, was used as comparison. All eight cloP� mu-
tants showed identical patterns of secondary metabolites,
clearly different from that of the cloP+ strain (Figure 2). In the
cloP+ strain, clorobiocin was the dominant product, accompa-
nied by its nonchlorinated derivative novclobiocin 101 and its
structural isomer isoclorobiocin (Figure 2A). These compounds
have similarly been observed in previous studies.[16] In contrast,
the cloP� strains showed two dominant peaks (Figure 2B),
both of which showed the same molecular ion (m/z=681,
[M�H]�) in FAB MS analysis, thus indicating the loss of a
methyl group relative to clorobiocin ([M�H]�=695). Extracts
prepared from the cloP� mutants did not show any mass peak
at m/z=695, showing the complete absence of clorobiocin or
its structural isomers.
For the elucidation of the structures of the new compounds,


the cloP� mutants were cultured in 1000 mL medium. The cul-
ture was extracted with ethyl acetate and subjected to column
chromatography on Sephadex LH-20, followed by preparative
reversed-phase HPLC (see Experimental Section). This resulted
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Figure 1. A) Cosmid constructs clo-BG1 (intact) and clo-HR1 (cloP�) containing the FC31 integration functions and the clorobiocin biosynthetic gene cluster.
B) Schematic representation of site-specific integration of clo-HR1 into the S. coelicolor chromosome. B=Bgl II restriction site. T3, T7=T3 and T7 promoter of
the SuperCos1 vector. Fragment sizes resulting from digestion with Bgl II are indicated. Cosmid backbone out of scale. See ref. [32] for details of the integra-
tion mechanism. C) Detail of the replacement of cloP by an apramycin resistance gene, flanked by XbaI and SpeI sites. D) Southern blot analysis of eight S. coe-
licolor M512 integration mutants harbouring clo-HR1. M=DIG-labelled DNA Molecular Weight Marker VII (Roche). Genomic and cosmid DNA were digested
with Bgl II. The DIG-labelled cosmid clo-BG1 was used as probe.
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Figure 2. HPLC analysis of secondary metabolite production from: A) Streptomyces coelicolor M512 harbouring cosmid clo-BG1 with the intact clorobiocin bio-
synthetic gene cluster. B) Streptomyces coelicolor M512 harbouring cosmid clo-HR1 with the cloP� clorobiocin biosynthetic gene cluster; MeOH/water gradient.
C) Rechromatography of the major peak of (B) ; acetonitrile/water gradient.
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in one compound, termed novclobiocin 112, in pure form.
However, two other compounds co-eluted in this purification
procedure, and were eventually separated by an additional
preparative HPLC purification step with a different solvent
system (Figure 2C). The resulting pure compounds were
termed novclobiocins 113 and 120.


4. Structural elucidation of new clorobiocin derivatives


The negative FAB mass spectra of the isolated compounds—
novclobiocins 112, 113 and 120—were nearly identical, show-
ing peaks at m/z=681 [M�H]� , 517, 501, 357, 281 and 255
(see Experimental Section), and hence suggesting that these
compounds may be closely related structural isomers. All three
compounds showed the typical pattern of compounds con-
taining one chlorine atom, due to the isotopes 35Cl and 37Cl.
Their structures were elucidated by 1H NMR spectroscopy


(see Table 1, below), through comparison with clorobiocin and
novclobiocin 104, a clorobiocin analogue lacking the 5-methyl-
pyrrole-2-carbonyl moiety.[19] The three new compounds ob-
tained in this study—novclobiocins 112, 113 and 120—showed
the same signals as clorobiocin for the protons of the amino-
coumarin moiety, of the prenylated 4-hydroxybenzoyl moiety
and of the 5-methylpyrrole-2-carbonyl moiety. However, they
differed from clorobiocin and from one another in the signals
obtained from the deoxysugar moiety. The three principal ami-
nocoumarin antibiotics novobiocin, clorobiocin and coumer-
mycin A1 all contain the same deoxysugar moiety—noviose—
present in the 1C4 conformation (Scheme 1). The protons at 4’’
and 3’’ are thus in axial positions, whereas those at 2’’ and 1’’
are in equatorial positions. Correspondingly, 3’’-H shows strong
coupling with 4’’-H (J=10 Hz), but weaker coupling with 2’’-H
(J=3 Hz), resulting in a characteristic doublet of doublets
signal for 3’’-H (J=10, 3 Hz) and a doublet for 4’’-H (J=10 Hz).
The equatorial 2’’-H shows additional coupling with the equa-
torial 1’’-H (J=1.7 Hz), resulting in a broad singlet or triplet
signal for 2’’-H.
In the previously obtained compound novclobiocin 104,


none of the hydroxy groups in these three positions is acylat-
ed, so the signals of 2’’-H, 3’’-H and 4’’-H appear at 4.12, 4.18
and 3.40 ppm, respectively (Table 1). In clorobiocin, the
5-methylpyrrole-2-carbonyl moiety is attached to 3’’-OH, caus-
ing a strong downfield shift of the 3’’-H signal to 5.71. The
same was now observed for the new compound novclobio-
cin 112; this indicated that in this compound the 5-methylpyr-
role-2-carbonyl moiety is attached to the same position as in
clorobiocin. The lack of the 4-Me group resulted in a shift of
the signal of 4’’-H to 4.08 ppm, compared to 3.72 ppm in cloro-
biocin. Novclobiocin 112 was therefore 4’’-O-demethylclorobio-
cin, the principal target compound of this study.
In novclobiocin 113, the proton at 3’’ appears at 4.40 ppm,


similarly to the corresponding signal in the nonacylated com-
pound novclobiocin 104. In contrast, the signal for 2’’-H is shift-
ed strongly downfield to 5.42 ppm; this shows that the acyl
moiety is attached to 2’’-OH rather than to 3’’-OH.
In the 1H NMR spectrum of the third compound, novclobio-


cin 120, the signals for both 2’’-H and 3’’-H were similar to


those in the nonacylated compound novclobiocin 104. Now,
however, the doublet signal of 4’’-H showed a strong down-
field shift (to 5.42 ppm), showing that the acyl group in this
compound was attached to the 4’’-OH. This also influenced the
chemical shifts of the methyl groups attached to the neigh-
bouring 5’’-C, resulting in near coincidence of the proton sig-
nals of 6’’-CH3 and 7’’-CH3.
It was therefore possible to assign the structures depicted in


Figure 2 to novclobiocins 112, 113 and 120.


5. Testing of antibacterial activity


Aminocoumarin antibiotics are primarily active against Gram-
positive bacteria. The activities of the three new compounds
against Bacillus subtilis ATTC 14893 were tested in a disc diffu-
sion assay. Novclobiocin 112 showed approximately 5% of the
activity of clorobiocin, showing that the 4’’-OMe group was
very important for antibacterial activity. Transfer of the acyl
moiety from 3’’-OH to 2’’-OH resulted in some further reduc-
tion of activity, as novclobiocin 113 was half as active as nov-
clobiocin 112. In contrast, novclobiocin 120, with the acyl
moiety at 4’’-OH, was twice as active as novclobiocin 112,
reaching 10% of the activity of clorobiocin.


Discussion


The production of new antibiotics by genetic engineering of
the producer strain has emerged as an important new tool in
drug development. Recently developed methods for the ex-
pression of entire biosynthetic gene clusters in heterologous
hosts[15] may allow a significant acceleration of such ap-
proaches. In this study we have used these methods for the in-
activation of the putative methyltransferase gene cloP and for
the generation of new clorobiocin derivatives.
Sequence analysis had suggested that cloP may code for an


SAM-dependent methyltransferase that methylates the 4’’-OH
group in clorobiocin biosynthesis. Our study now provides ex-
perimental confirmation of this hypothesis. Inactivation of cloP
resulted in the loss of the 4’’-Me group—that is, in the accu-
mulation of novclobiocin 112—while other parts of the mole-
cule, including the methyl groups attached to C-5’’ and to
C-5’’’, were not affected.
The inactivation of cloP in this study was not carried out in


the genome of the natural producer, Streptomyces roseochro-
mogenes var. oscitans DS 12.976, but rather in a cosmid con-
taining the biosynthetic gene cluster of clorobiocin, which was
subsequently expressed in the heterologous host S. coelicolor
M512. As observed previously,[16] production levels of clorobio-
cin and its derivatives were quite high in the heterologous
host, amounting to 12.8, 5.8 and 4.1 mgL�1 for novclobiocins
112, 113 and 120, respectively. This provides a further illustra-
tion that modified aminocoumarin antibiotics can be success-
fully produced by heterologous expression of genetically modi-
fied clusters, as shown recently by our group.[16]


In this study we have inactivated cloP by gene replacement
with a resistance gene (aac(3)IV) under control of its own pro-
moter. Desmethylclorobiocin production was readily observed
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in the cloP� integration mutants, which still contained the
aac(3)IV cassette, showing that transcription and translation of
the genes cloQR, responsible for the biosynthesis of the preny-
lated 4-hydroxybenzoate moiety[20,21] and of cloSTUVW, respon-
sible for the biosynthesis of the deoxysugar moiety,[13] had not
been affected. Downstream of cloP, a relatively large (1000 bp)
intergenic region is found that might contain a promoter
region driving the transcription of the downstream genes
cloQRSTUVW. Alternatively, transcription of these genes in our
mutants might have been driven by the promoter of the in-
serted resistance gene aac(3)IV.
Inactivation of cloP had resulted in the production of 4’’-des-


methylclorobiocin (=novclobiocin 112), together with its
isomer novclobiocin 113, with the 5-methylpyrrole-2-carbonyl
moiety attached to 2’’-OH rather than to 3’’-OH. Since the cor-
responding isomers of clorobiocin and novobiocin are always
found as minor products in the natural producers of these an-
tibiotics,[22,23] this result was expected. However, for the first
time we have now detected a compound in which the acyl
group is attached to the 4’’-OH group of the deoxy sugar. No
clorobiocin or novobiocin derivatives of such a structure have
been reported before.
As we recently discussed,[4] 4’’-O-methylation and 3’’-O-acyla-


tion belong to the last steps of the biosynthesis of the antibi-
otic clorobiocin, but the sequence of these two steps has not
been unequivocally determined yet. This study shows that, if
the 4’’-OH group is not blocked by methylation, the producing
organism accumulates a mixture of compounds acylated at 3’’,
2’’ and 4’’. Since 4’’-acylated clorobiocin isomers have never
been observed in cloP+ strains, this might indicate that 4’’-
methylation precedes acylation in the natural biosynthetic re-
action sequence.
X-ray crystallographic studies of the complexes formed be-


tween novobiocin and clorobiocin with the gyrase B subunit
did not suggest that hydrophobic interaction of the 4’’-O-CH3


group with E. coli gyrase contributes significantly to the bind-
ing of the antibiotic to its target.[24] However, our study now
shows that removal of this 4’’-Me group strongly reduced anti-
bacterial activity, by a factor of approximately 20. Still, removal
of the 5-methylpyrrole-2-carbonyl moiety has an even more
pronounced effect, resulting in a hundredfold reduction in ac-
tivity[19,25] and showing that the hydrogen bonds between the
latter group and gyrase are even more important for the bio-
logical activity than the hydrophobic interactions between the
4’’-Me group and the enzyme. In accordance with previous
studies,[15,25] shifting of the 5-methylpyrrole-2-carbonyl moiety
from 3’’-OH to 2’’-OH moderately reduced the activity. In con-
trast, shifting of this group to 4’’-OH increased the activity. Ap-
parently, there is sufficient flexibility in the clorobiocin–gyra-
se B interaction to allow attachment of the bulky 5-methylpyr-
role-2-carbonyl group at 3’’-, 4’’- or 2’’-OH while retaining its
ability to occupy the binding pocket in the gyrase protein. The
binding of the new clorobiocin derivatives to gyrase in vitro, in
comparison with other novobiocin and clorobiocin analogues,
is currently being investigated.
This study demonstrates a route for the production of cloro-


biocin derivatives lacking the 4’’-Me group, while our previous


studies showed methods to produce clorobiocin derivatives
lacking the 3’’-acyl group.[19,26] Clorobiocin derivatives lacking
substituents at 4’’-OH and/or 3’’-OH can thus be produced and
used for the generation of new aminocoumarin antibiotics by
chemical methods.


Experimental Section


Bacterial strains, cosmids and culture conditions : Streptomyces
coelicolor M512 (DredD DactII-ORF4 SCP1� SCP2�)[27] was kindly
provided by E. Takano (TMbingen, Germany) and Janet White (Nor-
wich, UK). The strains were cultured as described previously.[16, 28]


Escherichia coli strains ET12567 and XL1 Blue MRF’ (Stratagene, Hei-
delberg, Germany) were used for cloning experiments and grown
as described.[29]


The REDIRECT technology kit for PCR targeting,[30] was obtained
from Plant Bioscience Limited (Norwich, UK).


Kanamycin (50 mgmL�1 for Streptomyces and for E. coli), chloram-
phenicol (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 previ-
ously.[16]


DNA isolation, manipulation and cloning : Standard procedures
for DNA isolation and manipulation were performed as described
by Sambrook et al.[29] and Kieser et al.[28] 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.[28]


Southern blot analysis was performed on Hybond-N nylon mem-
brane (Amersham Biosciences, Freiburg, Germany) with digoxige-
nin-labelled probe with the DIG high prime DNA labelling and de-
tection starter kit II (Roche Applied Science, Mannheim, Germany).


PCR reactions were carried out with the Vent Polymerase (New
England Biolabs) according to the manufacturer’s instructions.


Replacement of cloP with aac(3)IV and generation of clo-HR1:
The apramycin resistance cassette (approximately 1 kb) was ex-
cised from pUG019 by digestion with EcoRI and HindIII and ampli-
fied by PCR by using the forward primer 5’-CCTCGTCAACCTTCT-
GAGTCGAGGCACTGGACCCGAATGATTCCGGGGATCTCTAGATC-3’
and the reverse primer 5’-GAAACCAGCATCCCGCATTGATCAACT-
CGCTGTGGACTAACTAGTCTGGAGCTGCTTC-3’. The XbaI and SpeI
restriction sites are underlined, whilst bold print shows the homol-
ogous extensions to the DNA regions immediately upstream and
downstream of cloP, respectively. PCR was performed with an an-
nealing temperature of 55 8C. The PCR product was used for gene
replacement in cosmid clo-BG1 by l-Red-mediated recombination
as described in ref. [30] resulting in cosmid clo-HR1.


Heterologous expression of clo-HR1 in S. coelicolor M512 : Be-
cause of the potent methylation restriction system of S. coelicolor,
cosmid DNA had to be passed through a nonmethylating host. We
used E. coli ET12567 for this purpose.[15] The modified cosmid clo-
HR1, still carrying the kanamycin resistance gene neo, was then in-
troduced into S. coelicolor M512 by PEG-mediated protoplast trans-
formation.[28] Clones resistant to kanamycin and apramycin were
selected and checked for site-specific integration into the genome
by Southern blot analysis.
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Production and analysis of secondary metabolites : Transformants
of S. coelicolor, harbouring clo-BG1 or clo-HR1, respectively, were
cultured and assayed for the production of clorobiocin derivatives
by HPLC as described previously,[16] by using a Multosphere RP18–5
column (250P4 mm; 5 mm; Chromatographie Service, DMren, Ger-
many) at a flow rate of 1 mLmin�1, with a linear gradient from 60
to 100% of solvent B in 30 min (solvent A: MeOH/H2O/HCOOH
20:79:1; solvent B: MeOH/HCOOH 99:1) and detection at 340 nm.
Authentic clorobiocin (Aventis) was used as standard.


For preparative isolation, cultivation was carried out in 500 mL baf-
fled flasks containing 50 mL medium as described above. A total of
1000 mL bacterial culture was pooled, acidified with HCl to pH 4
and extracted with ethyl acetate after removal of the lipophilic
components by treatment with petroleum ether. The residue from
the ethyl acetate extract after evaporation of the solvent was dis-
solved in methanol (4 mL) and passed through a glass column
(2.6 cmP65 cm) filled with Sephadex LH 20 (Amersham Biosci-
ences, Freiburg, 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
aminocoumarin derivatives were pooled and further purified on a
preparative HPLC column (Multosphere 120 RP18–5, 5 mm, 250P
10 mm, Chromatographie Service, DMren, Germany) with the same
solvents and gradient as for the analytical column, but with a flow
rate of 2.5 mLmin�1. Novclobiocins 113 and 120 coeluted in this
procedure and had to be separated in a second preparative HPLC
step, with a linear gradient from 30 to 100% of solvent D in
30 min (solvent C: acetonitrile/H2O/HCOOH 79:20:1; solvent D: ace-
tonitrile/HCOOH 99:1). The purified compounds were subjected to
1H NMR and MS analysis.


Negative-ion FAB mass spectra were recorded on a TSQ70 spec-
trometer (Finnigan, Bremen, Germany) with use of diethanolamine
as matrix. MS data [m/z (relative intensity in %)] were as follows:


Novclobiocin 112 : 681 (18, [M�H]�), 517 (6), 501 (12), 414 (14), 357
(7), 283 (77) 281 (62), 255 (100).


Novclobiocin 113 : 681 (8, [M�H]�), 517 (12), 501 (16), 415 (12), 357
(29), 281 (74), 255 (100).


Novclobiocin 120 : 681 (5, [M�H]�), 517 (5), 515 (8), 501 (25), 415
(11), 357 (38), 281 (100), 255 (79).


1H NMR spectra were measured on an AMX400 spectrometer
(Bruker, Karlsruhe, Germany), with CD3OD as solvent. The 1H NMR
data for the isolated compounds are given in Table 1.


Bioassay : The antibacterial activities of authentic clorobiocin
(Aventis) and the isolated compounds against Bacillus subtilis ATCC
14893 were determined by a disc-diffusion assay, as described else-
where.[31]


Nucleotide sequence accession number : The nucleotide se-
quence employed in this study is available in the GenBank data-
base under the accession numbers AF329398 (clorobiocin cluster)
and AY136281 (gyrBR and parYR of the clorobiocin cluster).
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How Does DNA Compaction Favor Chiral
Selectivity with Cationic Species? Higher
Selectivity with Lower Cationic Charge
Anatoly A. Zinchenko,*[a] Ning Chen,[a, b] Shizuaki Murata,[b] and
Kenichi Yoshikawa[a]


Introduction


Despite the original chirality of double-stranded DNA,[1] chiral
polymers do not demonstrate significant chiral discrimination
in DNA binding or condensation under reversible conditions.
For instance, the difference in DNA complexation between
polypeptides containing l and d chiral units does not exceed a
few percent,[2] neither was any difference in DNA precipitation
found between poly-l- and poly-d-lysine.[3] The chiral discrimi-
nation of biomacromolecules can be significantly amplified
through enhanced DNA asymmetry (rod-like superhelical or-
ganization or topologically constrained supercoiled struc-
ture).[4, 5] On the other hand, our recent investigations demon-
strated that small and weakly charged molecules, such as
chiral tripeptides[6] or synthetic chiral dications,[7] drastically
differ with regard to their DNA-compaction activity, even if
there is no difference in their ability to bind to an unfolded
DNA chain. Therefore, small weakly charged molecules exhibit
strong chiral discrimination in DNA compaction, while there is
no difference between chiral polycations in the DNA-folding
transition. The details of the origin of chiral discrimination in
DNA compaction are still unclear, and when chiral discrimina-
tion is manifested depending on charge and compaction
potential of cationic species has not yet been explored. To
answer this question, we examined giant T4 DNA molecule
compaction induced by chiral cationic chemicals with different
charges but with the same chiral center.


Results and Discussion


The compaction of the giant T4 DNA molecule by enantiomer-
ic dications SS2+ and RR2+ (Scheme 1) and their equimolar
mixture was studied by conventional fluorescence microscopy
(FM). During compaction, the negative charge of DNA is neu-
tralized,[8] and its conformation switches from a coil (unfolded
DNA) to a globule (compact DNA), which differ by about 104


times in the molecular density of the DNA segments. Typical
fluorescence intensity profiles of unfolded and compact T4
DNA molecules observed by FM are shown in Figure 1 (right).


The plot in Figure 1 represents the dependence of the frac-
tion of unfolded DNA in the ensemble of DNA molecules (Fc)
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A single-molecule study on giant DNA compaction by enantio-
meric dications and tetracations demonstrates that strong chiral
discrimination in DNA compaction is manifested only if the posi-
tive charge on enantiomeric multications is relatively low. The in-


crease in cationicity of the chiral compaction agent inevitably
leads to an increase in nonspecific electrostatic interactions and
quenching of chiral discrimination in the DNA-folding phase
transition.


Scheme 1. Chemical structures of the chiral dications SS2+ and RR2+ and
the corresponding chiral tetracations SS4+ and RR4+ .


Figure 1. DNA compaction curves with dications SS2+ (&) and RR2+ (~)
and their racemic mixture (*), and tetracations SS4+ (&) and RR4+ (~) and
their racemic mixture (*), shown as the dependence of the fraction of DNA
in the unfolded (coil) state (Fc) in the ensemble of DNA molecules on the
concentration of multications. Right: fluorescence intensity profiles of fluo-
rescent images of unfolded and compact DNA show coil and globule DNA
conformations.


ChemBioChem 2005, 6, 1419 – 1422 DOI: 10.1002/cbic.200500032 9 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1419







on the concentration of multications. Chiral dications demon-
strate strong chiral discrimination during the compaction of in-
dividual DNA molecules. Millimolar concentrations of the SS2+
dication caused DNA to collapse. The transition between the
unfolded and compact DNA conformations proceeds via a
region of coexistence, with a bimodal distribution between
coils and globules indicating an all-or-none mechanism of DNA
phase transition. In contrast, compaction of DNA by the RR2+
enantiomer was not achieved even at 0.1m concentration.
Thus, there was a more than 100-fold concentration difference
between the DNA compaction activities of enantiomeric dicat-
ions. An equimolar mixture of chiral dications causes DNA col-
lapse at intermediate concentrations and demonstrates a sig-
nificant inhibition of SS2+ compaction activity by the RR2+
dication.[7] This chiral discrimination in the DNA molecules’
phase transition is even more striking given the fact that, in
the unfolded state, the DNA molecule does not discriminate
between chiral dications, as shown by the same melting (dena-
turation) temperature of the DNA double helix in the presence
of different dications.
To compare the degree of chiral discrimination in DNA com-


paction with more highly charged analogues of chiral dicat-
ions, we synthesized the optically active tetracations SS4+
and RR4+ (Scheme 1) with the same chiral centers as in the
respective dications. These tetracations were expected to be
much more efficient DNA-compaction agents than dications as
a result of their doubled cationic charge.[9] Indeed, fluorescence
microscopy observations showed that the compaction activity
of tetracations was 3–4 orders of magnitude higher than that
of the dications (Figure 1). However, contrary to the profound
chiral discrimination observed between SS2+ and RR2+ ,
there was no difference in concentration necessary for DNA
collapse caused by SS4+ and RR4+ compaction agents. The
DNA-compaction potential of a 1:1 SS4+ /RR4+ mixture was
also the same. Thus, with an increase in the charge of the
chiral compaction agent of only +2 to +4, chiral discrimina-
tion completely vanishes. Evidently, in all cases in which the
charge on analogues of studied multications is higher than
+4, chiral discrimination in DNA phase transition is not
expected.
In comparing discrimination between enantiomeric pairs of


2+ and 4+ multivalent cations, it becomes clear that the
electrostatic charge on cationic compounds and the degree of
chiral discrimination in DNA compaction are tightly interrelated
properties, and that an increase in the cationicity of the DNA-
condensing molecule inevitably leads to the quenching of
enantiomeric discrimination.
Generally, the difference in the extent of chiral discrimination


is determined by a balance between nonspecific electrostatic
interactions (between DNA phosphates and multications’ qua-
ternary ammonium groups) and other weaker interactions (e.g.
interaction of the chiral dioxolan ring with the DNA minor
groove) that might cause discrimination. Since dications are
weakly charged molecules, specific nonelectrostatic interac-
tions that are favored or disfavored by chiral complementarity
to DNA’s own chiral geometry and powered by the highly co-
operative nature of DNA compaction become exceptionally


important in the promotion or inhibition of DNA-compaction
transition. On the other hand, specific interactions do not con-
tribute significantly when more highly charged tetracations
interact with DNA, and, in this case, the compaction potential
of tetracations is entirely determined by their electrostatic
charge.
It is also worth noting that, in buffer solution, the negative


charge of unfolded DNA is partially neutralized (by about 76%)
by small counterions, and the addition of multivalent cations
induces DNA compaction when about 90% of DNA negative
charge is neutralized.[8] Because the value 90% is independent
of the nature of the multication, in order to compact DNA, di-
cations must replace almost all the monovalent counterions.
Therefore, in the case of tetracations, the DNA might contain a
significant portion of monocations. Thus, DNA compacted by
dications incorporates more chiral molecules in condensate;
this gives additional grounds for chiral discrimination.
To examine the possibility of recovering chiral discrimination


between tetracations, we set up experimental conditions to
decrease the DNA compaction potential of tetracations by
adding the monovalent salt NaCl, based on the simple sugges-
tion that an artificial decrease in the higher compaction poten-
tial of SS4+ and RR4+ to the level of dications might lead to
a recovery of chiral discrimination. Figure 2 shows the effect of
adding 0.1m NaCl on DNA compaction by chiral tetracations.


The addition of NaCl results in a dramatic shift in the con-
centrations of tetracations required to collapse DNA from
about 10�5m to 10�2m. Under these conditions, the potentials
of SS4+ and RR4+ to fold DNA become similar to those of
SS2+ and RR2+ (Figure 1). However, even under conditions
in which tetracations show a low compaction potential, all of
the DNA compaction curves are almost coincident; this indi-
cates that a recovery of discrimination to the degree observed
for chiral dications does not occur. We only noted a slight dif-
ference in DNA compaction with SS4+ , RR4+ , and their race-
mic mixture, which qualitatively resembles the order of DNA-
compaction activity of the corresponding dications. For in-
stance, at 3I10�3m of tetracations, the fraction of DNA com-
pacted into the globule state by SS4+ was about 80%, by a
1:1 mixture—about 50%, and by RR4+—about 30%. Howev-
er, this difference is fairly small compared to the discrimination


Figure 2. DNA compaction curves with SS4+ (&), RR4+ (~), and racemic
mixture (*) in Tris-HCl buffer solution and in the presence of 0.1m NaCl (&,
~, and *, respectively) shown as the dependence of the coiled fraction (Fc)
in the ensemble of DNA molecules on the concentration of tetracation.
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between chiral dications. The fact that chiral discrimination be-
tween tetracations is not manifested at high salt concentra-
tions indicates that discrimination between enantiomers does
not depend on their absolute DNA compaction activity. On the
contrary, the balance between electrostatic and weaker specific
interactions with the DNA helix inherent to a certain structure
and cationicity of enantiomers determines the degree of chiral
discrimination in DNA-compaction transitions.
To compare the morphologies of DNA molecules compacted


by chiral di- and tetracations, we performed an electron micro-
scopy study of DNA condensates. Typical electron microscopy
images of DNA collapsed by dication SS2+ and tetracation
SS4+ are shown in Figure 3.


In both cases, DNA was collapsed into spherical
particles. However, definite differences were found in
their morphologies. DNA molecules that had been
collapsed by dications appeared as tightly packed
particles with an outer diameter smaller than 120 nm.
In contrast, DNA that had been collapsed by tetra-
cations was larger (around 150 nm), and it was easy
to see that DNA packing in such condensates was
rather loose. A tighter packing of DNA by dications
implies a highly ordered assembling of dications on
DNA in the condensate; this can be forced by stricter
conditions for chiral complementation between DNA
and the dications during compaction. In a more
loosely packed DNA structure formed by tetracations,
such requirements regarding the fit of the chiral
interaction are much less strict.


It is worth noting that differences in DNA compaction
between iso-charged molecules based on differences in the
chemical structure other than chirality support the same princi-
ple: a higher charge on the compaction agent results in
poorer discrimination. For example, there is a more than 1000-
fold difference in DNA-compaction ability between homolo-
gous linear diamines that having different lengths of methyl-
ene spacers between charges,[10] whereas there is only a sever-
al-fold difference between homological tetramines.[11]


In summary, the best chiral discrimination in the compaction
of right-handed DNA macromolecules was achieved when the
cationicity of the multivalent cation was relatively low. The bal-
ance between electrostatic and weak nonelectrostatic forces in
the interaction between DNA and chiral multications is respon-
sible for the manifestation of chiral discrimination in DNA
compaction.


Experimental Section


Materials : Bacteriophage T4 DNA (166000 base pairs) was pur-
chased from Nippon Gene Co., Ltd. (Japan), the fluorescent dye
4,6’-diamidino-2-phenylindole (DAPI) dihydrochloride and 2-mer-
captoethanol (ME) were obtained from Wako Pure Chemical Indus-
tries, Ltd. (Japan) and were used for the fluorescence microscopy
observations. Dimethyl (4R,5R)-(+)-2,2-dimethyl-1,3-dioxolan-4,5-di-
carboxilate, dimethyl (4S,5S)-(�)-2,2-dimethyl-1,3-dioxolan-4,5-di-
carboxilate, N,N-dimethyl-N’-methyl-1,3-diaminopropane, and
methyl bromide for the synthesis of tetracations were purchased
from Tokyo Kasei Kogyo Co., Ltd. (Japan). A solution of LiAlH4 in
diethyl ether (1m) was purchased from Aldrich. Organic solvents
were purchased from Nacalai Tescue Inc. (Japan).


Chiral dications were synthesized as descried previously.[7] Chiral
tetracations were synthesized according to Scheme 2.


Diamidodiamines (step 1) were prepared in methanol with a five-
fold excess of diamine to diester, according to an earlier report.[12]


Reduction and quaternization (second and third steps) were per-
formed in the same manner as in refs. [13] and [7], respectively.
Elemental analysis calcd (%) for C23H54N4O2Br4: C 37.42, H 7.37, N
7.59; found for RR4+ : C 37.43, H 8.01, N 6.92; elemental analysis
calcd (%) for C23H54N4O2Br4·3H2O: C 34.86, H 7.63, N 7.07; found for
SS4+ : C 34.47, H 7.78, N 6.75.


Figure 3. Transmission electron microscopic images of T4 DNA (1I10�6m)
collapsed by 5I10�5m SS4+ (A, B) or 5I10�2m SS2+ (C, D) in Tris-HCl
buffer solution. A and B are negatives.


Scheme 2. Synthesis of chiral tetracations.
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Methods
Fluorescent microscopy : The samples were illuminated with 365 nm
UV light (high-pressure Hg lamp). Fluorescence images of DNA
molecules were observed by using a Zeiss AxiovertN 135TV micro-
scope equipped with a 100I oil-immersed lens and recorded on
S-VHS videotape through a Hamamatsu SIT TV camera. Sample
solutions contained Tris-HCl buffer (10 mm, pH 7.8), ME (4%, v/v),
DAPI (0.2 mm), and T4 DNA (0.2 mm in phosphates) were mixed in
the order listed. In the experiments with high concentrations of
NaCl, NaCl was added to the solution after the buffer. Solutions
were equilibrated for 30 min before observations. All observations
were carried out at room temperature.


Electron microscopy : Samples were mounted on carbon-coated
copper grids (mesh 300), stained with 1% uranyl acetate, and ob-
served on a JEOL 1200EX (100 kV) transmission electron micro-
scope at the Graduate School of Medicine, Nagoya University.
Sample solutions contained Tris-HCl buffer (10 mm, pH 7.8) and T4
DNA (1 mm).
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An Enzyme Module System for the Synthesis of
dTDP-activated Deoxysugars from dTMP and
Sucrose
Lothar Elling,*[a] Carsten Rupprath,[a] Nicole G�nther,[a] Ulrike Rçmer,[a]


Stefan Verseck,[b] Petra Weingarten,[b] Gerald Dr&ger,[c] Andreas Kirschning,[c]


and Wolfgang Piepersberg[b]


Introduction


The d- and l-deoxyhexoses are important carbohydrate com-
ponents that mediate the biological functions of glycoconju-
gates in animals, plants and microorganisms.[1–3] The structural
diversity of these glycoconjugates is determined by the dis-
tinct biosynthetic pathways of dTDP-, CDP- and GDP-activated
sugars and the substrate specificity of glycosyltransferases. The
biosyntheses of polyketide antibiotics include deoxysugar
pathways of dTDP-activated deoxyhexoses modified at C-2, C-
3, C-4 and C-6 by deoxygenation, epimerization, amination and
C- and O-methylation. These complex d- and l-deoxyhexoses
are important for the antibiotic and antitumour bioactivity of
polyketides.[4–11] Biochemical studies have revealed that the
common precursor dTDP-a-d-glucose (dTDP-Glc; 2) is formed
by conversion of a-d-glucose-1-phosphate (1) and dTTP cata-
lyzed by dTDP-Glc pyrophosphorylases (dTDP-Glc PP,
EC 2.7.7.24; Scheme 1). An important feature of all these bio-
synthetic pathways is the occurrence of the central intermedi-
ate dTDP-4-keto-6-deoxyglucose (3), which is formed by the
dTDP-Glc-4,6-dehydratase (EC 4.2.1.46) by oxidation at C-4 and
subsequent b-elimination of water at C-6.[2,12–18] The central
role of 3 is emphasized in studies on the biosynthesis of dTDP-
activated 6-deoxysugars, such as dTDP-b-l-rhamnose (4),[17,19,20]


dTDP-6-deoxy-b-l-talose (dTDP-b-l-pneumose; 5),[21] dTDP-a-d-
quinovose (6)[22] and dTDP-a-d-fucose (7; Scheme 1).[23] In addi-
tion, 3 represents the biosynthetic gateway to complex dTDP-
deoxyhexoses (Scheme 2). Isomerization of 3 at C-4 and C-3
with subsequent amination of the resulting C-3 carbonyl af-
fords dTDP-3-amino-3,6-dideoxy-a-d-glucose (8), the precursor


of dTDP-d-mycaminose and dTDP-d-desosamine.[24–26] The de-
oxygenation of 3 at C-2 and stereospecific reduction of the C-3
carbonyl produces dTDP-2,6-dideoxy-4-keto-d-glucose (9) or
-d-allose (10). Both are important biosynthetic intermediates
for the synthesis of dTDP-2,6-dideoxyhexoses.[27–31] The deoxy-
genation of 3 at C-2 and stereospecific amination of the C-3
carbonyl results in the dTDP-3-amino-2,3,6-trideoxyhexoses 11
and 12, the precursors of TDP-l-epivancosamine and dTDP-l-
daunosamine, respectively.[32–34] Some of these studies have re-
vealed the stereochemistry of enzymatic reactions in deoxysu-
gar pathways; however, the complete order of the biosynthetic
steps, as well as the in vitro kinetics and the substrate spectra
of the individual enzymes, still remain to be determined. These
in vitro biochemical studies are important for in depth under-
standing and engineering of these metabolic deoxysugar path-
ways to obtain novel antitumour and antibiotic drugs by gly-
cosylation engineering.[24,32, 35–37] However, preparative access to


[a] Prof. Dr. L. Elling, C. Rupprath, Dr. N. G�nther, Dr. U. Rçmer
Department of Biotechnology/Biomaterial Sciences and
Helmholtz Institute for Biomedical Engineering, RWTH Aachen
Worringerweg 1, 52056 Aachen (Germany)
Fax: (+49)241-802-2387
E-mail : l.elling@biotec.rwth-aachen.de


[b] Dr. S. Verseck, Dr. P. Weingarten, Prof. Dr. W. Piepersberg
Department of Chemical Microbiology, BUGH Wuppertal
42097 Wuppertal (Germany)


[c] Dr. G. Dr?ger, Prof. Dr. A. Kirschning
Institute of Organic Chemistry, University of Hannover
30167 Hannover (Germany)


A flexible enzyme module system is presented that allows prepa-
rative access to important dTDP-activated deoxyhexoses from
dTMP and sucrose. The strategic combination of the recombinant
enzymes dTMP-kinase and sucrose synthase (SuSy), and the en-
zymes RmlB (4,6-dehydratase), RmlC (3,5-epimerase) and RmlD
(4-ketoreductase) from the biosynthetic pathway of dTDP-b-l-
rhamnose was optimized. The SuSy module (dTMP-kinase, SuSy,
�RmlB) yielded the precursor dTDP-a-d-glucose (2) or the bio-
synthetic intermediate dTDP-6-deoxy-4-keto-a-d-glucose (3) on a
0.2–0.6 g scale with overall yields of 62% and 72%, respectively.
A two-step strategy in which the SuSy module was followed by
the deoxysugar module (RmlC and RmlD) resulted in the synthe-


sis of dTDP-b-l-rhamnose (4 ; 24.1 mmol, overall yield: 35.9%).
Substitution of RmlC by DnmU from the dTDP-b-l-daunosamine
pathway of Streptomyces peucetius in this module demonstrat-
ed that DnmU acts in vitro as a 3,5-epimerase with 3 as sub-
strate to yield 4 (32.2 mmol, overall yield: 44.7%). Chemical re-
duction of 3 with NaBH4 gave a mixture of the C-4 epimers
dTDP-a-d-quinovose (6) and dTDP-a-d-fucose (7) in a ratio of
2:1. In summary, the modular character of the presented enzyme
system provides valuable compounds for the biochemical charac-
terization of deoxysugar pathways playing a major role in micro-
bial producers of antibiotic and antitumour agents.


ChemBioChem 2005, 6, 1423 – 1430 DOI: 10.1002/cbic.200500037 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1423







precursors and central intermediates of dTDP-deoxyhexose
pathways, as well as the availability of donor substrates of gly-
cosyltransferases, is still limited.
In this context, the aim of our work is to provide precursors,


central intermediates of dTDP-deoxyhexose pathways and
donor substrates of glycosyltransferases for biochemical stud-
ies.[38–41] In contrast to the pathways described, we followed
alternative synthetic routes employing sucrose synthase
(EC 2.4.1.13; SuSy) from rice grains[42] and recombinant SuSy1
from potato[40,43–45] in order to establish novel means of access
to nucleotide sugars from sucrose and nucleoside diphos-
phates (NDPs; Scheme 3). In this way we synthesized 2 as the


first nucleotide sugar in a contin-
uous mode in an enzyme mem-
brane reactor by use of SuSy.[46]


The combination of SuSy with
the recombinant dTDP-d-glu-
cose-4,6-dehydratase (RmlB,
EC 4.2.1.46) from the dTDP-l-
rhamnose (dTDP-Rha) pathway
yielded 3.[18] The gram-scale syn-
thesis of this central intermedi-
ate was accomplished in a fed-
batch mode with account being
taken of the fact that dTDP is a
very strong competitive inhibitor
(Ki=2.5 mmol) of RmlB with re-
spect to the substrate dTDP-
Glc.[47]


Another method for the pro-
duction of 3 was established by


using dTMP-kinase, actetate kinase, RmlA and RmlB.[48] Oh et al.
produced 3 in a one-pot synthesis (0.96 g, 81% overall yield
based on dTMP), but use of high substrate concentrations
(100 mm dTMP and 400 mm of 1) resulted in low conversion
yields (30%) due to inhibition. Furthermore, RmlA was difficult
to express because of the formation of large amounts of inclu-
sion bodies.[48]


In our approach, using the fed batch technique and re-
combinant SuSy from potato instead of RmlA, we were able to
circumvent the reported drawbacks and to provide a synthesis
based on sucrose as starting material. Thus we established the
first economic syntheses of different NDP-a-d-glucoses (N=U,
dU, C, A) from nucleoside monophosphates (NMP) and sucrose
through combinations of monophosphate kinase and myoki-
nase, respectively, and SuSy.[40,49]


In this paper, we report on a flexible enzyme module system
starting from dTMP and sucrose for the preparative (chemo)en-
zymatic synthesis of the precursor 2, the intermediate 3, dTDP-
b-l-rhamnose (4), dTDP-a-d-quinovose (6) and dTDP-a-d-
fucose (7). The enzyme module system also allows the bio-
chemical characterization of enzymes from deoxysugar path-
ways.


Scheme 1. Biosynthetic pathway for dTDP-Glc (2) and dTDP-4-keto-6-deoxy-glc (3): i) RmlA, dTDP-Glc pyrophos-
phorylase (dTDP-Glc PP, EC 2.7.7.24), ii) RmlB, dTDP-Glc-4,6-dehydratase (EC 4.2.1.46), iii) dTDP-6-deoxyhexosyl-4-
ulose reductase, iv) dTDP-6-deoxyhexosyl-4-ulose reductase Fcd, v) dTDP-4-dehydrorhamnose 3,5-epimerase RmlC
(EC 5.1.3.13), vi) dTDP-4-dehydrorhamnose-reductase RmlD (EC 1.1.1.133), vii) dTDP-6-deoxy-l-talose dehydrogen-
ase Tll.


Scheme 2. Biosynthetic pathways of dTDP-activated deoxyhexoses: i) 3,4-iso-
merase, ii) 3-keto transaminases, iii) 2,3-dehydratases, iv) 3-keto reductases;
each arrow indicates one enzymatic reaction.


Scheme 3. Synthesis of nucleotide sugars from sucrose and nucleoside
diphosphates (NDPs) by employment of sucrose synthase (EC 2.4.1.13;
SuSy).[42]
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Results and Discussion


Scheme 4 depicts the overall strategy to obtain dTDP-6-deoxy-
hexoses by enzymatic synthesis from dTMP and sucrose. In the
so-called SuSy module (Scheme 4A) recombinant dTMP-
kinase[50,51] (EC 2.7.4.9) from yeast, recombinant SuSy1[45] from
potato and recombinant dTDP-Glc-4,6-dehydratases
(EC 4.2.1.46, RmlB) are combined. The main advantage is that
dTMP is a less expensive substrate from which to start a prepa-
rative synthesis of 2 and 3, respectively, together with the in
situ regeneration of the cofactor ATP.
The Km values of dTMP-kinase for the substrates dTMP and


ATP were reported as 9 mm and 190 mm, respectively.[51] Kinetic
analysis of SuSy1 revealed a Km of 12 mm for dTDP and a Vmax
of 0.35 Umg�1, which corresponds to 14% of the reaction rate
with the natural substrate UDP and a 214 times lower catalytic
efficiency.[45] However, a remarkable advantage of dTDP as sub-
strate is that the activity of SuSy is not inhibited by higher sub-
strate concentrations. In contrast, we identified dTMP as a
competitive inhibitor for the substrate dTDP with a Ki of
21.3 mm. In the synthesis of 2, however, SuSy1 activity was not
affected by starting the first batch with 4 mm dTMP and the
following nine repetitive batches with an average concentra-
tion of 3.2 mm dTMP. The utilization of all enzymes in a repeti-
tive batch mode gives a further improvement with respect to
the product-specific enzyme consumption and the space-time
yield. In a repetitive batch mode, all enzymes are reused
through the removal of 80% of the product solution by ultra-
filtration and subsequent addition of fresh substrate solution
to start the next batch. After ten batches the average synthesis


yield for 2 was 94% (1.54 mmol) with reference to dTMP
(Figure 1). Product isolation gave 1.02 mmol (618 mg) of 2
with an overall yield of 62%. The space-time yield was deter-
mined as 3.1 gL�1d�1 with a product-specific enzyme con-
sumption of 106 Ug�1 for SuSy1 and 53 Ug�1 for dTMP-kinase.
Characterization by 1H and 13C NMR confirmed the integrity of
2 by comparison with published data.[46]


dTDP-Glc-4,6-dehydratase (RmlB) was further included in the
SuSy module for the one-pot synthesis of 3 (Scheme 4A). Start-
ing the synthesis from dTMP was highly beneficial, because
RmlB is severely inhibited by dTDP. The irreversible reaction of
RmlB also increased the rate of product formation. As a conse-
quence, the efficiency of the synthesis could be optimized by
periodic feeding of dTMP in a repetitive batch synthesis. After
five batches 3 was obtained in a yield of 97% (0.43 mmol,
253 mg) with reference to dTMP. After product isolation,
0.31 mmol of 3 (183.5 mg, 72.2% overall yield) was obtained.
The space-time yield for the enzymatic reaction was 8.3 gL�1K
d�1 with a product-specific enzyme consumption of 119 Ug�1


for SuSy, 40 Ug�1 for dTMP kinase and 196 Ug�1 for RmlB.
Characterization by 1H and 13C NMR confirmed the integrity of
3 by comparison with published data.[18]


In a preliminary experiment, the SuSy module was combined
with the enzymes RmlC and RmlD (deoxysugar module) for a
one-pot synthesis of 4 (Scheme 4), resulting in a yield of only
32%. Feed-back inhibition by 4 had previously been described
for RmlA, but not for the other Rml-pathway enzymes.[52] A
closer analysis of the combined reaction of dTMP-kinase and
SuSy1 revealed a 50% lower production rate for 2 at 1.27 mm


of 4. A two-step strategy for the enzymatic synthesis of 4—in


Scheme 4. Enzyme module system for the synthesis of 2, 3 and 4 from dTMP and su-
crose. A) The SuSy module, B) the deoxyhexose module: i) dTMP-kinase (EC 2.7.4.9),
ii) in situ regeneration of ATP with pyruvate kinase (EC 2.7.1.40), iii) sucrose synthase,
SuSy1 (EC 2.4.1.13), iv) dTDP-Glc-4,6-dehydratase, RmlB (EC 4.2.1.46), v) dTDP-4-dehy-
drorhamnose 3,5-epimerase, RmlC (EC 5.1.3.13) or 3,(5)-epimerase DnmU, vi) dTDP-4-
dehydrorhamnose reductase, RmlD (EC 1.1.1.133), vii) in situ regeneration of NADH
with formate dehydrogenase (EC 1.2.1.2).
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which the SuSy module (Scheme 4A) and the deoxysugar
module (Scheme 4B) were utilized separately—was therefore
chosen. The first step gave 3 as described for the SuSy
module. The second step comprised the synthesis of 4 from 3
with in situ regeneration of the cofactor NADH. In this module
an average yield of 94% (63.2 mmol, 37.4 mg) for 4 over three
repetitive batches was reached. After product isolation, 4
(24.1 mmol, 14.3 mg) was obtained in an overall yield of 35.9%
with reference to dTMP. The loss of product is due to very
strict pooling of fractions from a desalting step on a Sepha-
dex G10 column to obtain highly pure (99%) product for char-
acterization by 1H NMR. In a previous report, a higher scale
(284 mmol) with a yield of 62% was obtained for 4, but the
synthesis here started from the pure, commercially available
dTDP-Glc.[17]


In order to extend the availability of dTDP-6-deoxyhexoses
the central intermediate 3 was further chemically reduced with
NaBH4 (Scheme 5). The reaction proceeded to almost complete
conversion of 3 (Figure 2). A mixture of the C-4 epimers dTDP-
a-d-quinovose (6) and dTDP-a-d-fucose (7) was obtained in a
ratio of 2:1 and with a yield of 91% (11.4 mmol, 6.8 mg). The
products were isolated as a mixture of the epimers by gel fil-
tration on Sephadex G15 in 86% overall yield (10.7 mmol,


6.4 mg) and analyzed by 1H NMR. Characterization
confirmed the integrity of 7 by comparison with pub-
lished data.[23]


The modular character of our reaction scheme
(Scheme 4) offers advanced applications for combina-
torial biocatalysis. Starting with 3 in the deoxysugar
module it is possible to characterize and use single
enzymes from different deoxysugar pathways for
preparative synthesis. A first example is presented
here, in a test of the in vitro synthetic potential of re-
combinant DnmU from the dTDP-l-daunosamine
pathway of Streptomyces peucetius (daunorubicin pro-
ducer).[53] Complementation analyses of mutant
strains indicated that DnmU functions as a 3,5-epi-
merase of 3 or a later intermediate,[53] but other stud-
ies were able to demonstrate clearly that 2-deoxy-
genation precedes epimerization and modification
steps,[28,30] so the function of DnmU as a 5-epimerase
with compound 12 seems reasonable. A similar role


for EvaD had already been demonstrated in the pathway of
dTDP-l-epivancosamine, where compound 11 was identified as
the second central intermediate of dTDP-3-amino-2,3,6-tride-
oxyhexoses (Scheme 2).[34] Furthermore, not only a 5-epimeriza-
tion reaction with the natural substrate dTDP-3-amino-3-
methyl-2,6-dideoxyglucose was indicated, but also a 3,5-epi-
merase activity with 3.[54] However, the 5-epimerization activity
was 200 times higher than the 3,5-epimerization activity of
EvaD because of a change in the enzyme’s active site in rela-
tion to RmlC.[55,56]


The in vitro potential of DnmU to epimerize the first central
intermediate 3 was tested in our enzyme module system by
replacing the 3,5-epimerase RmlC (Scheme 4B). An almost
identical yield of 4 (97% yield, 65.2 mmol) was obtained with
an identical amount of enzyme. The isolated product (47.9%,
32.2 mmol, 19.1 mg) was confirmed as dTDP-b-l-rhamnose by
1H NMR. Our result demonstrates the in vitro activity of DnmU
as a dTDP-4-keto-6-deoxyglucose 3,5-epimerase for the first
time. However, in vivo studies demonstrated that DnmU could
complement EryBVII, the proposed (3),5-epimerase from the
dTDP-l-mycarose pathway of Saccharopolyspora erythraea (er-
ythromycin A producer).[57] In addition, TylK, the homologous
enzyme to EryBVII in the dTDP-l-mycarose pathway of Strepto-
myces fradiae (tylosin producer),[58] was identified in vitro as a
5-epimerase.[9,30,59] In conclusion, these results suggest that in
vivo DnmU catalyzes only the C-5 epimerization, as the en-
zymes TylK and EryBVII do. However, the in vitro function of
EryBVII still has to be determined and it cannot be ruled out
that DnmU might also act in vitro, like EvaD with its natural
substrate, as a 5-epimerase in a dTDP-l-mycarose biochemical
background.


Conclusion


In summary, our results demonstrate the potential of our com-
binatorial biocatalysis approach to the synthesis of dTDP-deox-
ysugars from dTMP and sucrose on preparative scales. The
modular character of our enzyme system further allows the


Figure 1. Conversion levels in ten repetitive batches over 150 h giving 2 with an average
yield of 94%.


Scheme 5. Chemical reduction of 3 with NaBH4 in aqueous solution.
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replacement and characterization of dTDP-deoxysugar path-
way enzymes from microbial drug (antibiotics, antitumour
agents) producers. Work to incorporate recombinant macrolide
glycosyltransferases for the characterization of their donor and
acceptor substrate spectra is also in progress. This enzyme
module system would then facilitate the in situ regeneration
of dTDP-activated deoxysugars from sucrose and dTDP with
sucrose synthase, similarly to the in situ regeneration of UDP-
Gal.[60–62] In addition, the in vitro characterization of macrolide
glycosyltransferases together with deoxysugar pathway
enzymes should assist current biotransformation ap-
proaches[24,32,37, 63–65] for the production of novel antibiotics by
glycosylation engineering.


Experimental Section


Materials and analytical methods : Pyruvate kinase (PK), alkaline
phosphatase (AP), formate dehydrogenase (FDH), ATP (Na2-salt),
phosphoenolpyruvate (PEP, Na·H2O) and NADH were purchased


from Roche Diagnostics (Mannheim, Germany). Thymidine 5’-
monophosphate (dTMP, Na2 salt), thymidine 5’-diphosphate (dTDP,
Na2 salt) and thymidine 5’-diphosphate-a-d-glucose (dTDP-Glc, Na2
salt) were supplied by Sigma (Deisenhofen, Germany). If not other-
wise stated all other material were from Merck (Darmstadt, Germa-
ny). Nucleotides and nucleotide sugars were analyzed by ion-pair
reversed-phase HPLC with a KH2PO4/TBA-methanol gradient
system (column: Hypersil ODS-5m, Chromatographie Service, Lan-
gerwehe, Germany) with UV detection at 254 nm.[66] Protein con-
centrations were determined by the Bradford method.[67] 1H and
13C NMR spectra were recorded on a Bruker ARX400 spectrometer.


Recombinant enzymes : The production and purification of re-
combinant sucrose synthase1 (SuSy1) from potato, expressed in
Saccharomyces cerevisiae, was performed as described previously.[45]


The activity of SuSy1 was assayed as reported earlier.[68] Strains of
Escherichia coli BL21(DE3) harbouring the vectors pTHK1(pJC20)
and pTHK1(pJC20)His6-C for the expression of the thk1 gene en-
coding dTMP-kinase from Saccharomyces cerevisiae were kindly
provided by Dr. M. Konrad (Max-Planck-Institut Gçttingen, Germa-
ny). For the expression, purification and activity assay the de-
scribed protocols were followed.[50,51]


Figure 2. Time course of the chemical reduction of 3 with NaBH4 to yield a mixture of the 4-epimers 6 and 7: A) 3 before addition of NaBH4, B) after the first
addition of NaBH4 (0.2 mm), C) after the third addition of NaBH4 (0.2 mm)—products 6 and 7 are formed, the peak at 13.459 min is dTDP, which disappears in
D, D) after the addition of alkaline phosphatase—the peak at 4.634 min is thymidine.
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The strains of E. coli BL21(DE3) harbouring the pT7–6[69] vector-
based expression plasmids pSVW701 (rmlB), pSVW731 (rmlC) and
pSVW711 (rmlD) containing the given genes for dTDP-l-rhamnose
synthesis were constructed as follows: the individual genes were
amplified by PCR from the genomic DNA of Salmonella enterica, se-
rovar typhimurium (LT2), by the given primer pairs (rmlB : forward
5’-TATGTACGCAGTGCACTGGT-3’, reverse 5’-ATCACATCGGGAC-
GAAGCTT-3’; rmlC : forward 5’-GGTTTATGCATGCTGATTGTGATTA-3’,
reverse 5’-AAAAATCTTAATAGGATCCGACACG-3’; rmlD : forward 5’-
GGGATCAGATTCGCGATTGG-3’, reverse 5’-AATGCCCTTACGCGTTTT-
CA-3’). The amplified genes were cloned either blunt-end into the
SmaI (rmlB, rmlD) cut or SphI/BamHI (rmlC) cut into the vector
pUC18, which was cut the same way.[70] Gene sequences were
monitored for correctness, and the genes were further cloned
through EcoRI/BamHI (rmlB, rmlD) or HindIII/BamHI (rmlC) restric-
tions into the vector pT7–6, which was cut the same way. Overex-
pression of the RmlB, RmlC and RmlD proteins was identified and
monitored in the crude extracts of E. coli BL21(DE3)/(pSVW701 or
pSVW731 or pSVW711) by SDS-polyacrylamide gel electrophore-
sis[71] and under standard induction conditions yielded specific ac-
tivities 479, 491 and 574 times higher, respectively, than the back-
ground activity of plasmid-free E. coli BL21(DE3), which expresses
all three enzymes at low level. The production, purification and
assays of the enzymes RmlB, RmlC and RmlD were performed as
reported earlier.[41] A strain of E. coli BL21(DE3) harbouring the
pPWW89 (pET16b-based) plasmid containing the dnmU gene from
Streptomyces peucetius and yielding N-terminally His6-tagged
DnmU was constructed as described elsewhere.[57,72]


The E. coli strain BL21(DE3)pWW89 was grown aerobically in 5 L
conical flasks with Luria–Bertani broth (2 L, 1% peptone, 0.5%
yeast extract, 0.5% NaCl) containing ampicillin (100 mgmL�1), sorbi-
tol (0.5m) and betain (2.5 mm). The cultivation was carried out at
28 8C and with shaking (150 rpm) until the culture reached an
OD600nm=0.7. After addition of isopropyl 1-thio-b-d-galactopyrano-
side (IPTG, 0.5 mm) cells were cultivated for further 14 h at 28 8C.
The cells were collected by centrifugation (Sorvall RC-SB, GS3
rotor) at 4000 rpm, washed three times with Tris/HCl (50 mm,
pH 7.6) and stored at �20 8C.


A cell suspension (20%) in Tris-HCl buffer (50 mm, pH 7.6) contain-
ing NaCl (300 mm), imidazole (5 mm), MgCl2 (1 mm), b-mercapto-
ethanol (ME, 10 mm) and BSA (0.1 mgmL�1) was homogenized in a
cell disintegrator (disintegrator S, IMA, Frankfurt, Germany) with
glass beads (1=0.3 mm) at 4 8C and 4000 rpm. The crude extract
was obtained by centrifugation at 5000 rpm (Hettich Rotina 35R,
Sigma) at 4 8C for 30 min. DnmU was purified by Immobilized
Metal Ion Chromatography (IMAC) on a Ni2+-NTA Superflow
column (Qiagen, Hilden, 1.6 cmK10.5 cm with 21 mL gel bed). The
crude extract (67 mL, 469 mg protein), which was adjusted with
ME (10 mm) and imidazole (20 mm), was loaded onto the column.
After washing of the column with buffer A (50 mm Tris-HCl, pH 7.8,
containing 300 mm NaCl, 20 mm imidazole, 10 mm ME) DnmU was
eluted with imidazole (250 mm) in buffer A. The purity of DnmU
was controlled by SDS-PAGE and Western blot analysis using anti-
His6 antibodies. A concentrated solution of DnmU (0.55 Umg�1


protein) was obtained by ultrafiltration (YM-10 ultrafiltration mem-
brane, cut-off 10000 Da, Amicon, Witten, Germany) and stored at
�20 8C until use for the synthesis of dTDP-deoxysugars. The activi-
ty of DnmU was determined as described for RmlC.[41,73]


Enzymatic synthesis of dTDP-a-d-glucose (2): The synthesis start-
ed from dTMP and sucrose with in situ regeneration of ATP by a
combination of the enzymes dTMP-kinase, pyruvate kinase (PK)
and SuSy1 in a repetitive batch mode with pH control. In a gently


stirred Erlenmeyer flask, dTMP (a ; 0.2 mmol, 73.2 mg), PEP (b ;
0.3 mmol, 62.4 mg), ATP (c ; 0.006 mmol, 3.3 mg), sucrose (d ;
15 mmol, 5.13 g), dTMP-kinase (50 U), SuSy1 (100 U) and PK
(1000 U) were dissolved in Tris/HCl buffer, (50 mm, pH 7.8, 50 mL)
containing MgCl2 (1 mm), KCl (1 mm), DTT (1 mm) and BSA
(1 mgmL�1; buffer B). This first batch was incubated at 30 8C for
17 h. After complete conversion of dTMP, by HPLC analysis, the
product solution was separated from the enzymes by ultrafiltration
to yield a residual volume of 10 mL. A second batch was started by
the addition of fresh substrate solution (a–d in buffer B, 40 mL)
and treated as described above. Because of the dilution the aver-
age concentration of the nine subsequent batches was 3.2 mm.
Ten batches of dTMP (1.64 mmol) were added over a total incuba-
tion time of 150 h. The product solution (410 mL) contained 2
(1.54 mmol, 618 mg), which corresponds to a yield of 94% with
reference to dTMP. The product solution was subjected to anion-
exchange chromatography on Dowex 1K2, Cl� form (2.6K34 cm)
with a linear NaCl gradient (0–1m) in distilled water (flow rate of
6 mLmin�1). The fractions containing 2 (HPLC analysis) were
pooled, and nucleotides (dTMP, dTDP, ATP) were hydrolyzed by the
addition of alkaline phosphatase. After ultrafiltration the product
solution was concentrated by evaporation in vacuo to a volume of
40 mL. Desalting of the product was carried out at 4 8C on
Sephadex G-10 (5.0K85 cm, 2 mLmin�1). The fractions analyzed by
HPLC were pooled and stored at �20 8C. After lyophilization, 2
(1.02 mmol) was obtained as a white powder (618 mg, in an overall
yield of 62% with reference to dTMP). HPLC analysis showed a
purity of 99%. 1H NMR (400 MHz, D2O): d=7.66 (s, 1H; H-6), 6.27
(t, J=7.1 Hz, 1H; H-1’), 5.52 (dd, J=7.1, 3.2 Hz, 1H; H-1’’), 4.55 (m,
1H; H-3’), 4.11 (m, 3H; H-4’, CH2-5’), 3.83 (m, J=13.3, 3.8 Hz, 2H;
H-6’’), 3.76 (dt, J=9.4, 3.2 Hz, 1H; H-2’’), 3.70 (m, J=9.6, 9.4 Hz,
1H; H-3’’), 3.45 (m, J=9.6, 3.8 Hz, 1H; H-5’’), 3.38 (t, J=9.6 Hz, 1H;
H-4’’), 2.28 (m, 2H; CH2-2’), 1.85 ppm (s, 3H; CH3);


13C NMR
(100 MHz, D2O): d=166.8 (s, C-4), 152.0 (s, C-2), 137.6 (s, C-6), 112.0
(s, C-5), 95.8 (d, C-1’’), 85.5 (d, C-4’), 85.2 (s, C-1’), 73.0 (s, C-3’’), 71.8
(d, C-2’’), 71.7 (s, C-3’), 71.2 (s, C-4’’), 69.4 (s, C-5’’), 65.7 (d, C-5’),
60.5 (s, C-6’’), 38.8 (s, C-2’), 11.9 ppm (s, C5-CH3).


Enzymatic synthesis of dTDP-6-deoxy-4-keto-a-d-glucose (3):
The synthesis started from dTMP and sucrose with in situ regenera-
tion of ATP by a combination of the enzymes dTMP-kinase, pyru-
vate kinase (PK) and SuSy1 and RmlB in a repetitive batch mode
under pH control. In a gently stirred Erlenmeyer flask, dTMP (a ;
40 mmol, 14.7 mg), PEP (b ; 60 mmol, 12.5 mg), ATP (c ; 1.2 mmol,
0.66 mg), sucrose (d ; 3 mmol, 1.0 g), dTMP-kinase (10 U), SuSy1
(30 U), RmlB (50 U) and PK (200 U) were dissolved in Tris/HCl
buffer, (50 mm, pH 7.8, 10 mL), containing MgCl2 (1 mm), KCl
(1 mm), DTT (1 mm) and BSA (1 mgmL�1; buffer B). This first batch
was incubated at 30 8C for 5 h. After additional feeding of the sub-
strates a and b and incubation for 7 h, the product solution from
the first batch was separated from the enzymes by ultrafiltration to
yield a residual volume of 1 mL. A second batch was started by the
addition of 9 mL of fresh substrate solution (a–d in buffer B), feed-
ing of a and b, and treated as described before. In the last batch, a
and b were fed twice. dTMP (0.44 mmol) was added in five batches
over a total incubation time of 77.5 h. The product solution
(46 mL) contained 3 (0.43 mmol, 253 mg), with an average yield of
97% (with reference to dTMP). The product was isolated as de-
scribed for 2. After lyophilization, 3 was obtained as white powder
(0.31 mmol, 183.5 mg, 72.1% overall yield with reference to dTMP).
HPLC analysis showed a purity of 91%. 1H NMR (400 MHz, D2O):
d=7.75 (d, J=1.1 Hz, 1H; H-6), 6.34 (t, J=7.0 Hz, 1H; H-1’), 5.55
(dd, J=7.0 and 3.6 Hz, 1H; H-1’’), 4.62 (m, 1H; H-3’), 4.18 (m, 3H;
H-4’ and CH2-5’), 4.09 (q, J=6.6 Hz, 1H; H-5’’), 3.78 (d, J=10.0 Hz,
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1H; H-3’’), 3.61 (ddd, J=10.0, 3.6 and 3.4 Hz, 1H; H-2’’), 2.36 (m,
2H; CH2-2’), 1.93 (s, 3H; CH3), 1.22 ppm (d, J=6.6 Hz, 3H; H-6’’) ;
13C NMR (100 MHz, D2O): d=167.0 (s, C-4), 152.2 (s, C-2), 137.8 (s,
C-6), 112.2 (s, C-5), 95.8 (s, C-1’’), 94.1 (s, C-4’’ hydrated), 85.8 (s,
C-4’), 85.4 (s, C-1’), 73.6 (s, C-3’’), 71.4 (s, C-3’), 71.0 (s, C-2’’), 70.0 (s,
C-5’’), 65.9 (s, C-5’), 39.0 (s, C-2’), 12.1 (s, CH3), 11.7 ppm (s, C-6’’).


Enzymatic synthesis of dTDP-b-l-rhamnose (4): The synthesis
started from 3 with in situ regeneration of NADH by a combination
of the enzymes RmlC or DnmU, RmlD and FDH in a repetitive
batch mode under pH control. In a gently stirred Erlenmeyer flask,
3 (a ; 24 mmol, 14.2 mg), NAD+ (b ; 5 mmol, 3.6 mg), ammonium for-
mate (c ; 2 mmol, 126.1 mg), RmlC or DnmU (2 U), RmlD (2 U) and
FDH (10 U) were dissolved in Tris/HCl buffer (50 mm, pH 7.8,
10 mL), containing MgCl2 (1 mm), KCl (1 mm), DTT (1 mm) and BSA
(1 mgmL�1; buffer B). This first batch was incubated at 30 8C for
12 h. The product solution from the first batch was separated from
the enzymes by ultrafiltration to yield a residual volume of 1 mL. A
second batch was started by the addition of fresh substrate solu-
tion (a–c in buffer B, 9 mL) and treated as described above. Be-
cause of the dilution the average concentration of the nine subse-
quent batches was 2.24 mm. Compound 3 (67.2 mmol) was added
in three batches over a total incubation time of 32 h. The product
solution (28 mL) contained 4 (63.2 mmol, 37.4 mg) with an average
yield of 94% (with reference to 3). The product was isolated as de-
scribed for 2. Desalting of the product was carried out at 4 8C on
Sephadex G-15 (2.5 cmK90 cm, 1 mLmin�1). After lyophilization, 4
was obtained as a white powder (24.1 mmol, 14.3 mg, 35.9% over-
all yield with reference to 3). HPLC analysis showed a purity of
99%. 1H NMR (400 MHz, D2O): d=7.73 (d, J=1.0 Hz, 1H; H-6), 6.34
(t, J=6.7 Hz, 1H; H-1’), 5.21 (brd, J=8.6 Hz, 1H; H-1’’), 4.62 (m,
1H; H-3’), 4.18 (m, 3H; H-4’ and CH2-5’), 4.08 (brd, J=3.3 Hz, 1H;
H-2’’), 3.64 (dd, J=9.5 and 3.3 Hz, 1H; H-3’’), 3.44 (dq, J=9.5,
5.9 Hz, 1H; H-5’’), 3.37 (t, J=9.5 Hz, 1H; H-4’’), 2.36 (m, 2H; CH2-2’),
1.92 (s, 3H; CH3), 1.30 ppm (d, J=5.9 Hz, 3H; H-6’’).


With DnmU a synthesis yield of 97% (65.2 mmol with reference to
3) was achieved (32.2 mmol 4 after isolation, 19.1 mg, 47.9% overall
yield with reference to 3). 1H NMR (400 MHz, D2O): d=7.73 (d, J=
1.0 Hz, 1H; H-6), 6.34 (t, J=6.7 Hz, 1H; H-1’), 5.21 (brd, J=8.6 Hz,
1H; H-1’’), 4.62 (m, 1H; H-3’), 4.18 (m, 3H; H-4’, CH2-5’), 4.08 (brd,
J=3.3 Hz, 1H; H-2’’), 3.64 (dd, J=9.5, 3.3 Hz, 1H; H-3’’), 3.44 (dq,
J=9.5, 5.9 Hz, 1H; H-5’’), 3.37 (t, J=9.5 Hz, 1H; H-4’’), 2.36 (m, 2H;
CH2-2’), 1.92 (s, 3H; CH3), 1.30 ppm (d, J=5.9 Hz, 3H; H-6’’).


Synthesis of dTDP-a-d-quinovose (6) and dTDP-a-d-fucose (7):
Purified 3 (12.5 mmol, 7.4 mg) was dissolved in distilled water
(12.5 mL). Four aliquots of NaBH4 (2.5 mmol each) were subsequent-
ly added at hourly intervals with monitoring of the reaction by
HPLC. After complete conversion of 3 a yield of 91.2% was calcu-
lated for the mixture of epimers according to their peak areas. The
peaks of both epimers could be assigned by comparison with the
elution profile of the 4-epimers UDP-Glc/UDP-Gal, which are sepa-
rated by the applied HPLC method. The ratio of the peak areas of
6 and 7 was 7:4. dTDP as decomposition product was hydrolyzed
by alkaline phosphatase (3 h). After ultrafiltration the product solu-
tion was desalted on Sephadex G-15 as described above. After lyo-
philization, a mixture of 6 and 7 (10.8 mmol, 6.4 mg, 86.4% overall
yield with reference to 3) was obtained with a purity of 95% ac-
cording to HPLC analysis. Main component 6 : 1H NMR (400 MHz,
D2O): d=7.74 (s, 1H; H-6), 6.34 (t, J=7.0 Hz, 1H; H-1’), 5.53 (dd, J=
7.0, 3.6 Hz, 1H; H-1’’), 4.62 (m, 1H; H-3’), 4.17 (m, 3H; H-4’, CH2-5’),
3.97 (dq, J=9.5, 6.2 Hz, 1H; H-5’’), 3.71 (t, J=9.5 Hz, 1H; H-3’’),
3.52 (dt, J=9.5, 3.6 Hz, 1H; H-2’’), 3.15 (t, J=9.5 Hz, 1H; H-4’’), 2.36


(m, 2H; CH2-2’), 1.93 (s, 3H; CH3), 1.27 ppm (d, J=6.2 Hz, 3H;
H-6’’).


Minor component 7: 1H NMR (400 MHz, D2O): d=7.74 (s, 1H; H-6),
6.34 (t, J=7.0 Hz, 1H; H-1’), 5.56 (dd, J=6.8 and 3.6 Hz, 1H; H-1’’),
4.62 (m, 1H; H-3’), 4.28 (brq, J=6.6 Hz, 1H; H-5’’), 4.17 (m, 3H; H-
4’ and CH2-5’), 3.91 (dd, J=10.5 and 3.2 Hz, 1H; H-3’’), 3.81 (brd,
J=3.2 Hz, 1H; H-4’’), 3.74 (dt, J=10.5 and 3.2 Hz, 1H; H-2’’), 2.36
(m, 2H; CH2-2’), 1.93 (s, 3H; CH3), 1.21 ppm (d, J=6.6 Hz, 3H;
H-6’’).


Acknowledgements


The authors thank Dr. M. Konrad (Max-Planck-Institut Gçttingen,
Germany) for providing the recombinant E. coli strain expressing
dTMP-kinase from yeast. We thank Dr. J. C. Namyslo (TU Claus-
thal-Zellerfeld), Dr. M. Wollberg and Prof. Dr. M. M�ller (Freiburg
University) for their excellent help in NMR analysis. Financial
support through the EU grants “Hyglide” (Contract No. ERB-
BIO 4 CT 960080) and “GENOVA” (Contract No. QLK3-999-00095)
to L.E. and W.P. is gratefully acknowledged.


Keywords: antibiotics · biocatalysis · carbohydrates ·
enzymes · glycoconjugates


[1] S. Hanessian, Adv. Carbohydr. Chem. 1966, 21, 143.
[2] O. Gabriel, L. C. Lindquist, J. Biol. Chem. 1968, 243, 1479.
[3] J. F. Kennedy, C. A. White, Bioactive Carbohydrates in Chemistry, Biochem-


istry and Biology, Ellis Horwood, Chichester, 1983.
[4] H.-W. Liu, J. S. Thorson, Annu. Rev. Microbiol. 1994, 48, 223.
[5] W. Piepersberg, Crit. Rev. Biotechnol. 1994, 14, 251.
[6] W. Piepersberg, J. Distler in Biotechnology, Vol. 7, Wiley-VCH, Weinheim,


1997, p. 397.
[7] A. Kirschning, A. F. W. Bechthold, J. Rohr, Top. Curr. Chem. 1997, 188, 1.
[8] A. Trefzer, D. Hoffmeister, E. K�nzel, S. Stockert, G. Weitnauer, L. West-


rich, U. Rix, L. Fuchser, K. U. Bindseil, J. Rohr, A. Bechthold, Chem. Biol.
2000, 7, 133.


[9] X. He, G. Agnihotri, H.-w. Liu, Chem. Rev. 2000, 100, 4615.
[10] C. Mendez, J. A. Salas, Trends Biotechnol. 2001, 19, 449.
[11] J. S. Thorson, T. J. Hosted, J. Q. Jiang, J. B. Biggins, J. Ahlert, Curr. Org.


Chem. 2001, 5, 139.
[12] A. Melo, L. Glaser, J. Biol. Chem. 1965, 240, 398.
[13] A. Melo, W. H. Elliott, L. Glaser, J. Biol. Chem. 1968, 243, 1467.
[14] H. Matern, G. U. Brillinger, H. Pape, Arch. Mikrobiol. 1973, 88, 37.
[15] K. Herrmann, J. Lehmann, Eur. J. Biochem. 1968, 3, 369.
[16] R. W. Gaugler, O. Gabriel, J. Biol. Chem. 1973, 248, 6041.
[17] K. Marumo, L. Lindqvist, A. Verma, A. Weintraub, R. Reeves, A. A. Lind-


berg, Eur. J. Biochem. 1992, 204, 539.
[18] A. Stein, M.-R. Kula, L. Elling, S. Verseck, W. Klaffke, Angew. Chem. 1995,


107, 1881; Angew. Chem. Int. Ed. Engl. 1995, 34, 1748.
[19] M. Graninger, B. Nidetzky, D. E. Heinrichs, C. Whitfield, P. Messner, J. Biol.


Chem. 1999, 274, 25069.
[20] R. J. Stern, T. Y. Lee, T. J. Lee, W. Yan, M. S. Scherman, V. D. Vissa, S. K.


Kim, B. L. Wanner, M. R. McNeil, Microbiology 1999, 145, 663.
[21] Y. Nakano, N. Suzuki, Y. Yoshida, T. Nezu, Y. Yamashita, T. Koga, J. Biol.


Chem. 2000, 275, 6806.
[22] S. A. Borisova, L. S. Zhao, D. H. Sherman, H. W. Liu, Org. Lett. 1999, 1,


133.
[23] Y. Yoshida, Y. Nakano, T. Nezu, Y. Yamashita, T. Koga, J. Biol. Chem. 1999,


274, 16933.
[24] A. R. Butler, N. Bate, D. E. Kiehl, H. A. Kirst, E. Cundliffe, Nat. Biotechnol.


2002, 20, 713.
[25] H. Chen, S.-M. Yeung, N. L. S. Que, T. Mueller, R. R. Schmidt, H.-w. Liu, J.


Am. Chem. Soc. 1999, 121, 7166.


ChemBioChem 2005, 6, 1423 – 1430 www.chembiochem.org E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1429


Synthesis of dTDP-activated Deoxysugars



www.chembiochem.org





[26] K. Salah-Bey, M. Doumith, J. M. Michel, S. Haydock, J. Cortes, P. F.
Leadlay, M. C. Raynal, Mol. Gen. Genet. 1998, 257, 542.


[27] B. Faust, D. Hoffmeister, G. Weitnauer, L. Westrich, S. Haag, P. Schneider,
H. Decker, E. K�nzel, J. Rohr, A. Bechthold, Microbiology 2000, 146, 147.


[28] G. Dr&ger, S. H. Park, H. G. Floss, J. Am. Chem. Soc. 1999, 121, 2611.
[29] A. Trefzer, J. A. Salas, A. Bechthold, Nat. Prod. Rep. 1999, 16, 283.
[30] H. W. Chen, G. Agnihotri, Z. H. Guo, N. L. S. Que, X. M. H. Chen, H.-W. Liu,


J. Am. Chem. Soc. 1999, 121, 8124.
[31] I. Aguirrezabalaga, C. Olano, N. Allende, L. Rodriguez, A. F. Brana, C.


Mendez, J. A. Salas, Antimicrob. Agents Chemother. 2000, 44, 1266.
[32] K. Madduri, J. Kennedy, G. Rivola, A. Inventi-Solari, S. Filippini, G.


Zanuso, A. L. Colombo, K. M. Gewain, J. L. Occi, D. J. MacNeil, C. R.
Hutchinson, Nat. Biotechnol. 1998, 16, 69.


[33] C. Olano, N. Lomovskaya, L. Fonstein, J. T. Roll, C. R. Hutchinson, Chem.
Biol. 1999, 6, 845.


[34] H. Chen, M. G. Thomas, B. K. Hubbard, H. C. Losey, C. T. Walsh, M. D.
Burkart, Proc. Natl. Acad. Sci. USA 2000, 97, 11942.


[35] S. Gaisser, C. J. Martin, B. Wilkinson, R. M. Sheridan, R. E. Lill, A. J.
Weston, S. J. Ready, C. Waldron, G. D. Crouse, P. F. Leadlay, J. Staunton,
Chem. Commun. 2002, 618.


[36] S. Gaisser, R. Lill, G. Wirtz, F. Grolle, J. Staunton, P. F. Leadlay, Mol. Micro-
biol. 2001, 41, 1223–1231.


[37] S. Gaisser, J. Reather, G. Wirtz, L. Kellenberger, J. Staunton, P. F. Leadlay,
Mol. Microbiol. 2000, 36, 391.


[38] L. Elling, Adv. Biochem. Eng./Biotechnol. 1997, 58, 89.
[39] L. Elling in Bioorganic Chemistry—Highlights and New Aspects (Eds. : U.


Diederichsen, T. K. Lindhorst, B. Westermann, L. Wessjohann), Wiley-
VCH, Weinheim, 1999, p. 166.


[40] A. Zervosen, U. Rçmer, L. Elling, J. Mol. Catal. B 1998, 5, 25.
[41] S. Amann, G. Dr&ger, C. Rupprath, A. Kirschning, L. Elling, Carbohydr.


Res. 2001, 335, 23.
[42] L. Elling, B. G�ldenberg, M. Grothus, A. Zervosen, M. Peus, A. Helfer, A.


Stein, H. Adrian, M.-R. Kula, Biotechnol. Appl. Biochem. 1995, 21, 29.
[43] U. Rçmer, N. Nettelstroth, W. Kçckenberger, L. Elling, Adv. Synth. Catal.


2001, 343, 655.
[44] U. Rçmer, C. Rupprath, L. Elling, Adv. Synth. Catal. 2003, 345, 684.
[45] U. Rçmer, H. Schrader, N. Gunther, N. Nettelstroth, W. B. Frommer, L.


Elling, J. Biotechnol. 2004, 107, 135.
[46] A. Zervosen, L. Elling, M.-R. Kula, Angew. Chem. 1994, 106, 592; Angew.


Chem. Int. Ed. Engl. 1994, 33, 571.
[47] A. Stein, M. R. Kula, L. Elling, Glycoconjugate J. 1998, 15, 139.
[48] J. Oh, S.-G. Lee, B.-G. Kim, J. K. Sohng, K. Liou, H. C. Chan Lee, Biotechnol.


Bioeng. 2003, 84, 452.
[49] A. Zervosen, A. Stein, H. Adrian, L. Elling, Tetrahedron 1996, 52, 2395.


[50] A. Lavie, I. R. Vetter, M. Konrad, R. S. Goody, J. Reinstein, I. Schlichting,
Nat. Struct. Biol. 1997, 4, 601.


[51] A. Lavie, I. Schlichting, I. R. Vetter, M. Konrad, J. Reinstein, R. S. Goody,
Nat. Med. 1997, 3, 922.


[52] M. F. Giraud, J. H. Naismith, Curr. Opin. Struct. Biol. 2000, 10, 687.
[53] S. L. Otten, M. A. Gallo, K. Madduri, X. Liu, C. R. Hutchinson, J. Bacteriol.


1997, 179, 4446.
[54] P. N. Kirkpatrick, W. Scaife, T. M. Hallis, H.-w. Liu, J. B. Spencer, D. H.


Williams, Chem. Commun. 2000, 1565–1566.
[55] A. B. Merkel, G. K. Temple, M. D. Burkart, H. C. Losey, K. Beis, C. T. Walsh,


J. H. Naismith, Acta Crystallogr. Sect. D Biol. Crystallogr. 2002, 58, 1226.
[56] A. B. Merkel, L. L. Major, J. C. Errey, M. D. Burkart, R. A. Field, C. T. Walsh,


J. H. Naismith, J. Biol. Chem. 2004, 279, 32684.
[57] M. Doumith, P. Weingarten, U. F. Wehmeier, K. Salah-Bey, B. Benhamou,


C. Capdevila, J.-M. Michel, W. Piepersberg, M.-C. Raynal, Mol. Gen. Genet.
2000, 264, 477.


[58] N. Bate, A. R. Butler, I. P. Smith, E. Cundliffe, Microbiology 2000, 146, 139.
[59] H. Chen, Z. Zhao, T. M. Hallis, Z. Guo, H.-W. Liu, Angew. Chem. 2001, 113,


627; Angew. Chem. Int. Ed. 2001, 40, 607.
[60] A. Zervosen, L. Elling, J. Am. Chem. Soc. 1996, 118, 1836.
[61] C. H. Hokke, A. Zervosen, L. Elling, D. H. Joziasse, D. H. van den Eijnden,


Glycoconjugate J. 1996, 13, 687.
[62] N. Brinkmann, M. Malissard, M. Ramuz, U. Rçmer, T. Schumacher, E. G.


Berger, L. Elling, C. Wandrey, A. Liese, Bioorg. Med. Chem. Lett. 2001, 11,
2503.


[63] P. J. Solenberg, P. Matsushima, D. R. Stack, S. C. Wilkie, R. C. Thompson,
R. H. Baltz, Chem. Biol. 1997, 4, 195.


[64] H. C. Losey, J. Jiang, J. B. Biggins, M. Oberthuer, X.-Y. Ye, S. D. Dong, D.
Kahne, J. S. Thorson, C. T. Walsh, Chem. Biol. 2002, 9, 1305–1314.


[65] W. Lu, C. Leimkuhler, M. Oberthuer, D. Kahne, C. T. Walsh, Biochemistry
2004, 43, 4548.


[66] T. Ryll, R. Wagner, J. Chromatogr. 1991, 570, 77.
[67] M. M. Bradford, Anal. Biochem. 1976, 72, 248.
[68] L. Elling, M.-R. Kula, J. Biotechnol. 1993, 29, 277.
[69] S. Tabor, C. C. Richardson, Proc. Natl. Acad. Sci. USA 1985, 82, 1074.
[70] J. Vieira, J. R. Messing, Gene 1982, 19, 259.
[71] U. K. Laemmli, Nature 1970, 227, 680.
[72] P. Weingarten, PhD thesis, Bergische Universit&t Wuppertal (Germany),


2000.
[73] S. Verseck, PhD thesis, Bergische Universit&t Wuppertal (Germany),


1997.


Received: January 27, 2005
Published online on June 24, 2005


1430 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1423 – 1430


L. Elling et al.



www.chembiochem.org






Highly Productive Autocondensation and
Transglycosylation Reactions with Sulfolobus
solfataricus Glycosynthase
Antonio Trincone,*[a] Assunta Giordano,[a] Giuseppe Perugino,[b] Mos� Rossi,[b, c]


and Marco Moracci[b]


Introduction


Glycobiology and related disciplines have received enormous
interest in recent years as they shed new light on the function-
al roles of carbohydrates in biological events, thereby leading
to an understanding of mechanisms of important pathologies
and to the development of new therapeutics. Enzymatic strat-
egies for the high-yield and stereospecific construction of gly-
cosidic bonds are mainly based on the action of two types of
enzymes: glycoside hydrolases (endo- and exo-glycosidases)
and glycosyltransferases.[1, 2] Recently, glycosynthases were ad-
ded to the available arsenal of biocatalysts and they emerged
as a significant development in this field. These engineered en-
zymes lack the nucleophile in their active site; they are able to
react with glycosyl fluorides or activated aryl glycosides as
donors to form transglycosylation products, which can accu-
mulate in the reaction mixture due to the loss of the hydrolytic
activity towards nonactivated compounds. The thermophilic
representatives of the glycosynthases can be used in inverting
(with a-glycosyl fluoride as the donor) or retaining (with aryl b-
glycosides as donors) reactions. In the latter case, while meso-
philic glycosynthases can react only with highly activated 2,4-
dinitrophenyl glycosides in the presence of a high concentra-
tion of sodium formate as an external biomimicking nucleo-
phile,[3] stable 2-nitrophenyl glycosides can be also used by the
thermophilic biocatalysts.[4]


Several laboratories have put considerable effort into pro-
ducing glycosynthases with new characteristics to expand their
potential applications; biodiversity may expand the repertoir
of glycosynthases by using enzymes from different sources.
For instance, different regioselectivity has been observed with
thermophilic enzymes.[5] To the best of our knowledge, more
than ten glycoside hydrolases (GHs), belonging to seven differ-
ent GH families from bacteria, eukarya, and archaea, have been
modified as efficient glycosynthases. (For a review, see ref. [5] .)


Glycosynthases are characterized by a certain degree of re-
activation compared to the wild-type counterpart when used


in the appropriate conditions for synthesis ; at pH values below
neutrality in diluted sodium formate buffers it has recently
been observed that the rate of catalysis (kcat) values of the
Ss-b-glyE387G from Sulfolobus solfataricus and of two other
hyperthermophilic glycosynthases from Thermosphaera aggre-
gans and Pyrococcus furiosus (Ta-b-glyE386G and CelBE372A, re-
spectively) were 17-fold higher than the values observed at a
high concentration of sodium formate and were at levels com-
parable to the wild-type enzymes.[6] The recently reported reac-
tivation approach improved the efficiency of the reaction in
terms of reaction time and the amounts of enzyme used, as es-
tablished on an analytical scale,[6] and the results were rational-
ized by hypothesizing that at acidic pH values the acid/base
catalytic residue is protonated and can better perform the first
step of the reaction. The good stability expressed by the three
hyperthermophilic glycosynthases also allowed the synthesis
of glycosidic linkages efficiently for long reaction times,[6] as re-
ported mainly for Ta-b-glyE386G[7] in practical applications.


Highly active glycosynthases with multiple mutations were
also recently prepared,[8] although, to the best of our knowl-
edge, no actual synthesis by using these enzymes was report-
ed.


In this paper we report on the results obtained for the prep-
arative autocondensation of donor substrates (2- and 4-nitro-
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Transglycosylation reactions (autocondensation of the substrate
or transfer of the glycon donor moiety to different acceptors)
with the hyperthermophilic glycosynthase from Sulfolobus solfa-
taricus acting in dilute sodium formate buffer at pH 4.0 are
reported; the use of 4-nitrophenyl b-glucopyranoside as both
donor and acceptor in the self-transfer reaction and a highly pro-
ductive reaction with 1.1m 2-nitrophenyl b-glucopyranoside were


possible. Interesting effects, governed by the anomeric configura-
tion and lipophilicity of heteroacceptors, on the regioselectivity
and yield of reactions were found for the first time with this
enzyme and are discussed. The results demonstrate the unex-
plored synthetic potential of this glycosynthase; the tuning of the
reaction conditions and the choice of different donors/acceptors
can lead to products of applicative interest.
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phenyl b-d-glucopyranosides)
and for a series of transglycosy-
lation reactions with Ss-b-
glyE387G. In the first case,
branched oligoglucosides of up
to four sugar units were formed
with high productivity. In the
transglycosylation reactions, 2-
nitrophenyl b-d-glucopyranoside
was used as the donor and dif-
ferent aryl and alkyl mono- and
disaccaharide substrates contain-
ing a- and b-glycosidic linkages
were used as acceptors. Some
interesting effects governed by
the anomeric configuration and
lipophilicity of heteroacceptors
on the regioselectivity and yield
of the reactions were found for
the first time with this enzyme
and are discussed.


Results and Discussion


Oligomerization of nitrophenyl
b-d-glucopyranosides


The general features of the auto-
condensation reaction used for
the synthesis of oligosaccharides
of 2-nitrophenyl b-d-glucopyranoside in 4m sodium formate
are described in Table 1, reaction 1, and the structures of the
products obtained are shown in Scheme 1. The disaccharides
formed (compounds 1–3) were elongated by acting in turn as
acceptors, thereby forming the trisaccharides; the latter com-


pounds, after a further elongation step, produced the tetra-
saccharides.[9]


A great improvement in this synthetic procedure by using
50 mm sodium formate buffer (pH 4.0) is reported here on the
preparative scale (reactions 2–5) in Table 1.


Table 1. Oligomerization of nitrophenyl b-d-glucopyranosides and direct synthesis of trisaccharides by Ss-b-glyE387G.


[Products] [mmolmL�1] C[b] Glc[c] [substrate] E[d] t [h] Conditions
2-nitrophenyl trisaccharides tetrasaccharides [%] [%] [mmolmL�1]
b-d-laminaribioside (1) 4 and 5 6 and others
2-nitrophenyl and others
b-d-gentiobioside (2)
2-nitrophenyl
b-d-cellobioside (3)


1 8.0 4.3 0.8 90 15 38.5 1103 1 4m sodium formate
2 33.3 9.6 – 94 6 166 481 6.5 50 mm sodium formate (pH 4.0)[e]


3 260 96 10.8 92 10 1100 300 16 50 mm sodium formate (pH 4.0)
with 50% acetonitrile


4 traces of 2 and 3 17.4 – 72 – 45 2600 8 50 mm sodium formate (pH 4.0)
5[a] 32.1 10.7[a] – 98 56 125 1200 24 50 mm sodium formate (pH 4.0)


[a] Oligomerization of 4-nitrophenyl b-d-glucopyranoside. (For structures, see Scheme 1 where R=4-nitrophenyl.) [b] Conversion of the substrate at the
end of the reaction indicating the completeness of reaction (translycosylation+hydrolysis). [c] Glc=glucose content. Values are calculated gravimetrically
on mmolar scale reactions and represent the percentage of the theoretical glucose value that would be obtained at total hydrolysis. No significant chem-
ical hydrolysis was detected in appropriate blank experiments.[6] [d] Enzyme quantity in mg of protein per mmol of substrate. [e] The substrate is added
portionwise to increase the selectivity towards the class of disaccharide compounds.


Scheme 1. Oligosaccharides obtained with the hyperthermophilic glycosynthase Ss-b-glyE387G. Compounds 1–6
were obtained by using the autocondensation reactions. When R=2-nitrophenyl the product mixture includes
50% of disaccharides (compounds 1–3), 40% of trisaccharides, and 10% of tetrasaccharides. Within the class of
disaccharides, compound 1 is the most abundant (80%), followed by 2 (18%) and 3 (2%). The two major trisac-
charides obtained are 4 and 5 (70% and 14%, respectively), while the remaining 16% is composed of at least
four trisaccharides. The tetrasaccharides are a mixture of five compounds; however, 54% of this class is constitut-
ed by the single component 6. The structures of these compounds were established by two-dimensional NMR
spectroscopy and by carefully kinetically monitored enzymatic hydrolysis reactions with the Ss-b-gly wild-type
enzyme and analysis of the products obtained, as previously reported.[9] Compounds 1–5 : R=2-nitrophenyl or
4-nitrophenyl ; compound 6 : R=2-nitrophenyl ; compounds 7–9 : R=4-nitrophenyl.
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Reaction 2 (Table 1) is used for the synthesis of 2-nitrophenyl
laminaribioside; portionwise addition of the substrate resulted
in a preference for the synthesis of the disaccharides (3.4:1
ratio to trisaccharides), with respect to the ratios observed for
reactions 3 (2.7:1) and 1 (1.8:1).


In reaction 3, the concentration of the products obtained is
greatly enhanced. Disaccharides 1–3 (Scheme 1) still predomi-
nate as products, in the proportions previously observed. In
this reaction, the millimolar concentration of sodium formate
and the addition of cosolvent (50% acetonitrile) allowed us to
use a molar concentration of substrate; oligomers longer than
tetrasaccharides were not obtained, a result suggesting that
this is the upper molecular dimension allowed by the active
site architecture. It is also worth noting that, with respect to
the previous conditions (reaction 1, Table 1), we employed one
third less enzyme per mmol of substrate and that portionwise
addition of biocatalyst to the reaction mixture in 3 aliquots
over 16 h of reaction time drove the reaction to almost total
conversion of the donor.


Reaction 4 (Table 1) was aimed at the direct synthesis of tri-
saccharide(s) by starting with 2-nitrophenyl b-d-glucopyrano-
side as the donor and 2-nitrophenyl laminaribioside as the ac-
ceptor in a 1:3 molar ratio. The regioselectivity of the reaction
was the same as in the previous cases, with compound 4
being the most abundant trisaccharide formed. However, the
presence of other trisaccharides was noticed by TLC and HPLC;
in addition, trace amounts of disaccharides 2 and 3 were also
formed.


In addition to 2-nitrophenyl b-d-glucopyranoside, in the new
reaction conditions adopted,[6] the increase in reactivation
rates allowed the use (reaction 5, Table 1) of 4-nitrophenyl b-d-
glucopyranoside as a donor/acceptor substrate and the for-
mation of disaccharides with different selectivity (2>1>3,
Scheme 1) and a mixture of trisaccharides, as established by
NMR spectroscopy and mass spectrometry.[9] The branched
nature (due to the presence of b-1,3/1,6 glycosidic linkages) of
the two most abundant trisaccharides formed was also noticed
in these products by the analysis of DEPT experiments.


Tri- and tetrasaccharides are of particular interest: glucans
with a b-1,3/1,6 glycosidic linkage pattern have shown particu-
larly strong immunomodulatory activity as biological response
modifiers.[10] In a recent report, a free trisaccharide with the
carbohydrate domain of compound 4 (Scheme 1) was synthe-
sized by using b-glycosidases from Sclerotinia sclerotiorum and
Aspergillus niger.[11]


The importance of the branched structure of the com-
pounds in Scheme 1 and the presence of chromophoric resi-
dues makes these compounds useful as substrates for new en-
zymes and in the study of the structure of the active sites.


Effect of added heteroacceptors on activity


In the synthesis with highly active glycosynthases such as Ss-b-
glyE387G in 50 mm sodium formate at pH 4.0, the choice of
the substrate acting as donor is important. A certain degree of
reactivation is observed with galactose- and xylose-based sub-
strates. 4-nitrophenyl b-glucopyranoside is also a substrate for


the enzyme (Table 2, upper section) and a very low enzymatic
activity was observed on cellobiose.[6] On the other hand, the
ideal acceptor is not a substrate for the hydrolysis and its affin-
ity for the donor active site must be as low as possible to
avoid any interfering action; in contrast, the affinity for the
proper enzymatic acceptor site should be as high as possible
compared to water (hydrolysis) and donor (autocondensation),
which may act as alternative acceptors.


Despite the high amount of enzyme used, reaction 4 in
Table 1 was noticed to be very slow and it reached only 72%
substrate conversion. This observation may suggest that the
acceptor competes with the donor in the binding pocket for
the donor in the active site of the enzyme. In fact, since access
of the disaccharide acceptor into the donor active site of the
glycosynthase is unproductive, it could slow down the reac-
tion, thus lowering the conversion of the donor. Due to the
high activity of this glycosynthase in acidic conditions, the hy-
drolysis of the b-1,3 interglycosidic linkage of the acceptor
(producing 2-nitrophenyl glucopyranoside) cannot be com-
pletely excluded (see also Table 3).


To address this question in general, the effects of the pres-
ence of different acceptors on the kinetic constants of Ss-b-
glyE387G were studied (Table 2, lower part). 4-nitrophenyl b-d-
glucopyranoside, 4-methyl umbelliferyl b-d-glucoside, and 2-ni-
trophenyl b-d-laminaribioside at different concentrations (1–
8 mm) affected, to different extents, the rate of hydrolysis of
2-nitrophenyl b-d-glucopyranoside (in the 0.5–60 mm range


Table 2. Kinetic constants for different nitrophenyl substrates (upper
part) and the effects of the presence of different acceptors on the kinetic
constants of Ss-b-glyE387G with 2-nitrophenyl b-d-glucopyranoside
(bottom part).


Substrates KM [mm] kcat [s�1] kcat/KM


[s�1 mm
�1]


2-nitrophenyl b-glucopyranoside 7.45�0.68 330.0�8.9 44.2
2-nitrophenyl b-galactopyranoside 4.57�0.95 23.4�1.6 5.1
2-nitrophenyl b-xylopyranoside 18.45�1.97 39.0�2.1 2.1
4-nitrophenyl b-glucopyranoside 9.06�1.31 84.0�4.8 9.3


Acceptors c KM [mm] kcat [s�1] kcat/KM


[mm] [s�1 mm
�1]


4-nitrophenyl 1 8.66�0.92 315.5�10.4 36.4
b-glucopyranoside 4 15.27�1.61 322.6�12.6 21.1


8 26.41�5.07 338.7�29.4 12.8
4-nitrophenyl 1 7.44�0.63 333.3�6.1 44.8
a-glucopyranoside 4 7.40�0.59 321.5�7.6 43.4


8 7.13�0.50 316.7�6.6 44.4
4-methyl umbelliferyl 1 19.70�2.47 297.0�9.9 15.1
b-glucopyranoside 4 39.17�5.80 255.4�19.9 6.5


8 46.47�4.31 208.6�17.2 4.5
methyl b- 8 6.77�0.75 310.7�9.9 45.9
glucopyranoside 16 6.71�0.69 314.0�9.4 46.8
methyl a- 8 6.97�0.69 312.7�9.0 44.9
glucopyranoside 16 7.21�0.74 305.9�9.3 42.5
2-nitrophenyl 1 10.88�0.80 310.3�7.8 29.2
b-laminaribioside 4 21.32�3.02 336.1�20.2 15.8


8 29.91�3.09 327.2�16.2 10.9
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studied) by lowering the values of kcat/KM (KM=Michaelis con-
stant). Remarkably, the KM value increased linearly while the kcat


values were unaffected by the increasing concentration of the
acceptors; this indicates that these compounds compete with
the substrate in the donor active site of Ss-b-glyE387G. From
these data, the calculated inhibition constants (Ki) for 4-methyl
umbelliferyl b-d-glucoside and 2-nitrophenyl b-d-laminaribio-
side were 0.98�0.15 and 2.64�0.23 mm, respectively.


It is worth noting the effect of the anomeric configuration of
the substrate acceptors on this interfering action; the a anom-
ers are not as able to access the active site for the donor as
the b anomers, even in the presence of an aglycon with a suit-
able lipophilic nature, as observed for 4-methyl umbelliferyl a-
glucoside which is not a disturbing substrate (data not shown).
However, a certain amount of lipophilic character is needed
also for b-anomers (see the null effect of methyl b-glucoside).


Transglycosylation reactions to heteroacceptors


Synthesis of disaccharides : The data in Table 2 paralleled very
well with the results of the synthetic reactions conducted by
using 2-nitrophenyl b-d-glucopyranoside as the donor and dif-
ferent acceptors.


Different aryl monosaccharides (Table 3) were used as ac-
ceptors for the synthesis of disaccharide derivatives. As can be
seen from the analysis of products, the b anomer of 4-methyl
umbelliferyl glucoside behaves in different manner with re-
spect to its a anomer (Table 3, entries 1 and 2). The former re-
vealed a strong interfering action on the donor active site
(Table 2), thus leading to long reaction times and low donor
conversions. Although the a anomer does not possess any in-
terfering action and the conversion of the donor in this case is
almost quantitative, the yield of the disaccharide is low; this is
probably due to the low affinity of this molecule for the ac-
ceptor site of the enzyme. Nevertheless, the yield of the disac-
charide formed with respect to the converted material is still


reasonable for these interesting chromophoric glycosides
(Table 3).[12] Interestingly, 4-methyl umbelliferyl a-gentiobioside
(b-1,6) is the only regioisomer formed by transglycosylation,
thus indicating a different spatial approach of the a-glucoside
in the acceptor site of the enzyme to that of the b anomer.


When different 2- and 4-nitrophenyl a-glycosides are used
as acceptors, high conversion of the donor and high yields of
disaccharide products were obtained (Table 3, entries 3–6);
these results provide strong evidence that 1) a-anomeric link-
ages abolish any interfering action of these molecules toward
donor active site, 2) the lipophilic nature and the dimension of
the nitrophenyl ring are suitable characteristics to enhance the
affinity for the acceptor site, and 3) the general lipophilic
nature of the aglycon plays a relevant role for the interfering
action in the donor site of the enzyme. Confirmation for the
latter point is provided by comparison of the action of the two
a- and b-4-nitrophenyl glucosides (Table 2) and by the poor
yield of products when poor competitors such as alkyl a- and
b-glucosides are used (Table 3, entries 8 and 9). Furthermore, it
is of interest that selective b-1,6 glycosylation is obtained with
all aryl a-glycosides, despite the nature (2- and 4-nitrophenyl)
of the aglycons, a result indicating the strong influence of the
anomeric linkage of the acceptor on the accomodation of the
molecule in the acceptor active site. b-1,6 products were also
obtained in control experiments with wild-type enzyme, al-
though in very low yield (10–15%).


Remarkably, with our glycosynthase a quantitative yield of
one regioisomer, Glc-b-(1–6)-Gal, is obtained when 4-nitro-
phenyl a-galactopyranoside is used as the acceptor (Table 3,
entry 4) ; the carbohydrate moiety of the compound prepared
is part of a cell-wall component of Haemophilus (Actinobacillus)
pleuropneumoniae type 2.[13]


The terminal disaccharide unit of a glycopeptide with phy-
toalexin elicitor activity,[14] Glc-b-(1–6)-Man, is also prepared in
good yield (Table 3, entry 5).


Table 3. Transglycosylation reactions catalyzed by Ss-b-glyE387G.


Acceptor C[a] [%] m.e.[b] t [h] E[c] Products[d]


1 4-methyl umbelliferyl b-glucopyranoside 45 2 24 903 4-methyl umbelliferyl b-laminaribioside[e] (60% yield)
2 4-methyl umbelliferyl a-glucopyranoside 95 3 2.5 2100 4-methyl umbelliferyl a-gentiobioside[f] (33% yield)
3 4-nitrophenyl a-glucopyranoside 100 3 1 1807 Glc-b-(1–6)-Glc a-PNP[f] (61% yield)
4 4-nitrophenyl a-galactopyranoside 100 3 1.5 2100 Glc-b-(1–6)-Gal a-PNP[f] (quantitative yield)
5 4-nitrophenyl a-mannopyranoside 100 3 1.5 2100 Glc-b-(1–6)-Man a-PNP[f] (72% yield)
6 2-nitrophenyl a-2-deoxy-N-acetyl glucopyranoside 100 3 2 2100 Glc-b-(1–6)-GlcNAc a-ONP[f] (75% yield)
7 allyl a-galactopyranoside 100 3 1 1800 total donor hydrolysis
8 methyl a-glucopyranoside 100 2 1 2000 trace of expected products ; oligomerization of donor
9 methyl b-glucopyranoside 100 2 1 2000 trace of expected products ; oligomerization of donor


10 2-nitrophenyl b-laminaribioside 72 3 8 2600 branched trisaccharides 4 and 5 (53.3% yield)
11 4-methyl umbelliferyl b-laminaribioside 40 2 24 2941 acceptor hydrolysis, donor oligomerization, trace of acceptor


trisaccharides
12 4-methyl umbelliferyl b-cellobioside 85 2 8 2000 mixture of linear trisaccharides of acceptor (9% yield)[g]


13 4-nitrophenyl b-lactopyranoside 90 2 24 1923 branched trisaccharide of acceptor (8% yield)[g]


14 4-nitrophenyl a-maltoside 100 3 1.5 2100 7 and 8[g] (6 :4, 40% yield)
15 4-nitrophenyl b-maltoside 95 3 1.5 2100 oligomerization of donor; approximetly 5% yield of 9


[a] Percentage of substrate conversion. [b] Molar excess of acceptor with respect to the donor (2-nitrophenyl b-d-glucopyranoside). [c] Enzyme quantity in
mg of protein per mmol of substrate. [d] The presence of oligomers of the donor was analyzed by TLC with the use of authentic standards. The structures
of the main transglycosylation products are established as follows: [d] as previously described,[7] [e] by using DEPT experiments and two-dimensional NMR
spectroscopy, [f] by using DEPT experiments and/or mass spectra, and [g] by using two-dimensional NMR spectroscopy.
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The disaccharide unit Glc-b-(1–6)-GlcNAc, also obtained in
interesting yield and purity (Table 3, entry 6), is present in the
antibiotic moenomycin A.[15]


Synthesis of trisaccharides


A series of disaccharide templates were used as acceptors for
the synthesis of trisaccharide derivatives (Table 3, entries 10–
15).


With both substrate compounds possessing b-1,3 interglyco-
sidic linkages (2-nitrophenyl b-laminaribioside, entry 10, and 4-
methyl umbelliferyl b-laminaribioside, entry 11), the results are
in accordance. Thermosphaera aggregans glycosynthase, how-
ever, produced 16% yield of two trisaccharide compounds in
the same reaction to that in entry 11 (Table 3).[7]


It is of interest that the b-1,4 interglycosidic linkage in 4-
methyl umbelliferyl b-cellobioside, (Table 3, entry 12) allowed
the formation of trisaccharides not glycosylated at the C-6 po-
sitions (linear compounds as observed by DEPT experiments)
albeit in modest yields.


4-Nitrophenyl b-d-lactopyranoside (Table 3, entry 13), shows
a result similar to the one observed under 4m sodium formate
conditions.[9]


Encouraged by the excellent results obtained with a accept-
ors for the synthesis of disaccharides, we tested two examples
possessing a-1,4 interglycosidic linkages, 4-nitrophenyl a- and
b-maltoside, for the synthesis of trisaccharide derivatives. The
former acceptor (Table 3, entry 14) produced two out of
seven possible regioisomers, namely, compounds 7 and 8
(Scheme 1). The yield of these trisaccharides was approximate-
ly 40% and their ratio was 6:4; moreover, the conversion of
the donor substrate was 100% in approximately 1.5 h, thus in-
dicating that the acceptor does not have any disturbing effect
in the active site for the donor, as was also observed for the
other a-glycosides.


The presence of b-1,6 glycosylation in the product 7
(Scheme 1) is in accordance with the results for disaccharide
formation from a acceptors. The formation of the other trisac-
charide with a b-1,2-linked glucose as the internal carbohy-
drate unit (8, Scheme 1) is interesting and paralleled with a
similar result observed for the transferring of the glucal moiety
on 4-nitrophenyl a-glucopyranoside as operated by the wild-
type enzyme.[16]


The trisaccharide moiety of compound 7 (Scheme 1) is pres-
ent in a recently synthesized b-glucosyl derivative of maltopen-
taoside used for the differential analysis of human a-amylase
isozymes for the diagnosis of pancreatitis and parotisis.[17]


The use of the disaccharide 4-nitrophenyl b-maltoside
(Table 3, entry 15) as an acceptor resulted in different behavior;
donor oligomerization was primarily noticed, which paralleled
with poor yield of acceptor glycosylation product (5%).


It is clear from this result that the b-aryl-linked group in this
acceptor is responsible for the poor binding capacity of this
molecule for the acceptor site. As in the case of entry 14, the
a-interglycosidic linkage is responsible for the complete lack of
interfering effect in the donor site and governs the regioselec-
tivity of the reaction to give, as the overall result, a poor yield


of a b-1,6 linkage containing trisaccharide (9, Scheme 1) and
the total conversion of donor.


Conclusion


In this article a clear pattern for the glycosylation conducted
by the hyperthermophilic glycosynthase from S. solfataricus
was reported.


Subtle changes in the nature of the aglycon, other than its
lipophilic character, are issues for acceptors containing b


anomeric groups; the formation of the b-1,3 linkage is ob-
served with acceptors containing the 2-nitrophenyl group,
while b-1,6-disaccharides are predominant with 4-nitrophenyl
b-d-glucoside (Table 1). When a b linkage of the acceptor is be-
tween two sugars, as for the formation of trisaccharides, the b-
1,3 acceptors possess affinity for the donor active site and are
also partially hydrolyzed. Alternatively, the b-1,4-based accep-
tor (Table 3, entry 12) furnished only linear trisaccharides, albeit
in very poor yield.


The presence of a linkages in the acceptors induces b-1,6
glycosylation despite the nature of the aglycons (Table 3, en-
tries 2–6 and 14–15). In these cases, the yield is higher with
the increasing lipophilic nature of the aglycon; however, the
yield depends on the dimensions and nature of this group. In
fact, while maltose as free disaccharide gave very poor yields
of trisaccharide products (data not shown), we reached 33%
yield with 4-nitrophenyl a-d-glucopyranoside (Table 3, entry 2)
and a quantitative yield in the reaction shown in entry 4
(Table 3).


An interesting functionalization on the O-2 position was no-
ticed with 4-nitrophenyl a-maltoside as the acceptor. Both of
the easily separable trisaccharides 7 and 8, formed in 40%
yield, add molecular diversity to the library of possible com-
pounds that can be formed by our hyperthermophilic glyco-
synthase and new structures to the arsenal of substrates for
enzymologists.


Experimental Section


General : Nitrophenyl glycosides were obtained from Sigma (St.
Louis, MO) and reversed-phase silica gel and TLC silica gel plates
were obtained from Merck (Darmstadt, Germany). The protein con-
centration was determined by using the Bradford assay system
(Biorad, USA). Compounds were visualized (TLC) under UV light or
by charring with a-naphthol reagent. Acetylation of compounds
was performed with pyridine/Ac2O at room temperature; the sol-
vents were removed by N2 stream, and the reaction mixture was
purified by silica gel chromatography or preparative TLC. Chroma-
tographic purifications were performed by using methanol/water
or EtOAc/MeOH gradients for Lobar reversed-phase and silica gel
chromatography, respectively. HPLC was performed on a Milton
Roy apparatus equipped with a Waters UV detector as previously
reported.[9] NMR spectra were recorded on Bruker instruments at
400 or 300 MHz. Samples for NMR analysis were dissolved in suita-
ble solvents and the signal of the solvent was used as an internal
standard. ESI-MS spectra were obtained on a Micromass Q-Tof
mass spectrometer, while FAB-MS spectra were obtained as previ-
ously described.[9]
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Enzyme and kinetic studies : Wild-type Ss-b-gly and mutant Ss-b-
glyE387G enzymes were expressed and purified as previously de-
scribed.[6] The enzymes used for all subsequent reactions and kinet-
ic studies were >95% pure by sodium dodecylsulfate (SDS) PAGE.
The samples (2.1 mgmL�1) are stable for several months when
stored at 4 8C in sodium phosphate 20 mm (pH 6.5) buffer. The pro-
cedures utilized for the kinetic characterization of the hyperther-
mophilic glycosynthase from S. solfataricus have been described
previously.[6]


Oligosaccharide synthesis : All details regarding each synthetic re-
action are described in Table 1 and Table 3. Total amounts (0.02–
1 g) or portions of substrates were dissolved at 65 8C in the proper
amount of 50 mm sodium formate buffer at pH 4.0 and the
enzyme was added in one or multiple aliquots to the reaction mix-
ture; the reactions were monitored by TLC developed in EtOAc/
MeOH/H2O (70:20:10). At the end of the reaction, usually after
total donor conversion, the reaction mixture was cooled, lyophi-
lized, and subjected to different chromatographic purification pro-
cedures depending on the nature of products.


Compounds in Scheme 1 and the branched trisaccharide reported
in entry 13 of Table 3 were purified as previously described.[9] The
products of the transglycosylation reaction reported in entries 1
and 12 of Table 3 were purified as previously described;[7] the prod-
ucts reported in entries 2–6 and 14–15 in Table 3 were purified by
preparative TLC (EtOAc/MeOH/H2O, 70:20:10) and acetylated, then
the peracetylated derivatives were used for NMR spectroscopy.


Structural assignment : The structures of compounds 1–6
(Scheme 1) were established both by two-dimensional NMR spec-
troscopy and by carefully kinetically monitored enzymatic hydroly-
sis reactions with the Ss-b-gly wild-type enzyme for which the
products obtained were analyzed as previously reported.[9]


The structures of compounds reported in Table 3 were determined
by NMR spectroscopy by comparison with literature-reported
values[7, 9] or two-dimensional NMR spectra (COSY, 1H–13C correla-
tion).


Glc-b-(1–6)-GlcNAc a-ONP : 1H NMR: d(b-1,6-linked glucose unit)=
4.51 (J=7.6 Hz, H-1; 13C NMR: d=100.8 ppm (C-1)), 4.98 (H-2), 5.18
(H-3), 4.99 (H-4), 3.66 (H-5), 4.10–3.66 ppm (H-6); d(a-aryl-linked
glucosamine unit)=5.52 (J=3.5 Hz, H-1; 13C NMR: d=99.0 ppm (C-
1)), 4.50 (H-2), 5.37 (H-3), 5.03 (H-4), 4.14 (H-5), 3.90–3.60 ppm
(H-6).


Glc-b-(1–6)-Gal a-PNP : 1H NMR: d(b-1,6-linked glucose unit)=4.44
(J=7.9 Hz, H-1; 13C NMR: d=100.1 ppm (C-1)), 4.83 (H-2), 5.13 (H-
3), 4.95 (H-4), 3.65 (H-5), 4.07–4.15 ppm (H-6); d(a-aryl-linked galac-
tose unit)=5.82 (J=3.5 Hz, H-1; 13C NMR: d=95.2 ppm (C-1)), 5.29
(H-2), 5.56 (H-3), 5.49 (H-4), 4.26 (H-5), 3.65–3.77 ppm (H-6).


Glc-b-(1–6)-Man a-PNP : 1H NMR: d(b-1,6-linked glucose unit)=4.45
(J=7.6 Hz, H-1; 13C NMR: d=100.4 ppm (C-1)), 5.04 (H-2), 5.19 (H-
3), 5.02 (H-4), 3.67 (H-5), 4.19–4.12 ppm (H-6); d(a-aryl-linked man-
nose unit)=5.62 (J=1.9 Hz, H-1; 13C NMR d=96.1 ppm (C-1)), 5.40
(H-2), 5.53 (H-3), 5.34 (H-4), 3.97 (H-5), 3.96–3.49 ppm (H-6).


Glc-b-(1–6)-Glc a-PNP : 1H NMR: d(b-1,6-linked glucose unit)=4.47
(J=7.8 Hz, H-1; 13C NMR: d=104.6 ppm (C-1)), 4.94 (H-2), 5.16 (H-
3), 5.01 (H-4), 3.64 (H-5), 4.18–4.07 ppm (H-6); d(a-aryl-linked glu-
cose unit): 5.79 (J=3.6 Hz, H-1; 13C NMR: d=99.3 ppm (C-1)), 4.98
(H-2), 5.64 (H-3), 5.08 (H-4), 3.98 (H-5), 3.88–3.50 ppm (H-6).


For the precise structural assignment of chemical shifts in com-
pounds 7 and 8 (Scheme 1), we firstly needed to assign all the sig-
nals for the acceptor as an acetylated derivative in C6D6 by COSY


and 1H–13C correlation spectra; good signal separation was ob-
served in this solvent.


The structure of compound 7 (Scheme 1) has been assigned from
the COSY spectrum of the acetylated derivative in the same sol-
vent by following the correlation for each single glucose unit; for
the a-aryl-linked unit, in fact, only one glucosylated signal has
been found at d=4.10 ppm, while the H-6 protons for the central
glucose unit are found at d=3.95–3.45 ppm, typical values for a
glycosylated position. Finally, the DEPT spectrum confirmed the
structure by showing a methylene signal at d=67.80 ppm, which
corresponds to the C-6 atom of the central glucose molecule. For
compound 8 (Scheme 1), with the same reasoning, the b-Glc unit
has been found attached to the internal aryl-linked glucose of the
acceptor. The H-2 proton of this moiety in fact resonates at d=
3.41 ppm, thus indicating it to be on the glycosylated position; in
the same pyranosidic ring, another glycosylated position is found
at d=4.07 ppm (H-4). The H-2 proton also correlates in the long
range spectrum with the anomeric signal of the b-Glc unit and the
H-1 proton of this latter moiety correlates with the C-2 atom of the
aryl-linked glucose unit. Finally, TOCSY experiments were in accord-
ance with the proposed structures.


Acceptor Glc-a-(1–4)-Glc a-PNP : 1H/13C NMR (400 MHz, C6D6): d(ex-
ternal glucose unit)=5.62/96.1 (H/C-1), 5.09/70.3 (H/C-2), 5.83/69.7
(H/C-3), 5.40/68.5 (H/C-4), 4.13/69.0 (H/C-5), 4.41–4.36/61.6 ppm (H/
C-6); d(internal aryl-linked glucose unit)=5.31/94.2 (H/C-1), 4.92/
70.6 (H/C-2), 5.95/72.3 (H/C-3), 4.00/72.4 (H/C-4), 3.62/69.3 (H/C-5),
4.23–3.96/62.2 ppm (H/C-6).


Compound 7: 1H NMR (400 MHz, C6D6): d(external b-1,6-linked glu-
cose)=4.48 (H-1), 5.04 (H-2), 5.23 (H-3), 5.08 (H-4), 3.69 (H-5), 4.15–
4.25 ppm (H-6); d(central a-1,4-linked glucose unit)=5.45 (H-1),
4.81 (H-2), 5.34 (H-3), 4.95 (H-4), 3.87 (H-5), 3.95–3.45 ppm (H-6);
d(internal aryl-linked glucose unit)=5.73 (H-1), 5.02 (H-2), 5.72 (H-
3), 4.10 (H-4), 4.04 (H-5), 4.24–4.35 ppm (H-6).


Compound 8 : 1H/13C NMR (400 MHz, C6D6): d(b-1,2-linked glucose
unit)=4.24/101.4 (H/C-1), 5.15/71.1 (H/C-2), 5.37/73.2 (H/C-3), 5.03/
68.1 (H/C-4), 3.29/72.1 (H/C-5), 4.02–3.88/61.0 ppm (H/C-6); d(ex-
ternal a-1,4-linked glucose unit)=5.67/95.7 (H/C-1), 5.16/70.6 (H/C-
2), 5.88/69.5 (H/C-3), 5.47/68.8 (H/C-4), 4.15/69.2 (H/C-5), 4.42/
62.0 ppm (H/C-6); d(internal aryl-linked glucose unit)=5.57/97.1
(H/C-1), 3.41/77.4 (H/C-2), 5.94/73.3 (H/C-3), 4.07/71.8 (H/C-4), 3.65/
68.8 (H/C-5), 4.23–4.05/62.0 ppm (H/C-6).


The COSY spectrum of the acetylated derivative of the new trisac-
charide 9 confirmed the structure reported. Signal assignment was
possible after complete assignment of the signals of the acceptor.


Acceptor Glc-a-(1–4)-Glc b-PNP : 1H NMR (400 MHz, C6D6): d(external
a-1,4-linked glucose unit)=5.49 (J=3.8 Hz, H-1; 13C NMR: d=
96.5 ppm (C-1)), 5.02 (H-2), 5.81 (H-3), 5.34 (H-4), 4.21 (H-5), 4.39–
4.33 ppm (H-6); d(internal b-aryl-linked glucose unit)=4.82 (J=
7.6 Hz, H-1; 13C NMR: d=97.2 ppm (C-1)), 5.19 (H-2), 5.37 (H-3),
3.85 (H-4), 2.91 (H-5), 4.11–4.30 ppm (H-6).


Compound 9 : 1H NMR (400 MHz, C6D6): d(external b-1,6-linked glu-
cose unit)=4.29 (J=7.8 Hz, H-1; 13C NMR: d=101.1 ppm (C-1)),
5.32 (H-2), 5.42 (H-3), 5.25 (H-4), 3.29 (H-5), 4.05–4.26 ppm (H-6);
d(central a-1,4-linked glucose unit)=5.45 (J=3.8 Hz, H-1; 13C NMR:
d=95.0 ppm (C-1)), 5.01 (H-2), 5.89 (H-3), 5.25 (H-4), 4.21 (H-5),
3.52–4.09 ppm (H-6; 13C NMR: d=67.8 ppm (C-6)) ; d(internal aryl-
linked glucose unit)=4.80 (J=7.6 Hz, H-1; 13C NMR: d=97.8 ppm
(C-1)), 5.37 (H-2), 5.43 (H-3), 4.00 (H-4), 2.94 (H-5), 4.30–4.36 ppm
(H-6).
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Stereospecific Synthesis of Chiral 2,3-Dihydro-
1,4-benzodithiine and Methyl-2,3-dihydro-1,4-
benzodithiine Derivatives and their Toxic
Effects on Trypanosoma brucei
Syed Tasadaque Ali Shah,[a] Patrick Merkel,[a] Hubert Ragge,[a]


Michael Duszenko,[a] Jçrg Rademann,[b] and Wolfgang Voelter*[a]


Introduction


Sulfur-containing sugar derivatives are of interest from both
the chemical and pharmaceutical point of view. For example,
bisdithiocarbamate derivatives of carbohydrates possess anti-
fungal activity;[1] thiodeoxy nucleoside analogues in which the
ring oxygen atom is replaced by a sulfur atom exhibit antiviral,
antibacterial, and antitumor activities ;[2, 3] 5-thio-d-glucopyra-
nose inhibits the transport of d-glucose and release of insu-
lin;[4] 4’-thio-2’,3’-dideoxynucleosides show in vitro activity
against HIV;[5] and 2,2’-anhydro-4’-thio-1-b-d-arabinofuranosyl-
cytosine has a comparable antitumor activity to 1-b-d-arabino-
furanosylcytosine, which is used clinically against acute leuke-
mia and lymphoma.[6] Non-carbohydrate organic compounds
that contain a benzodithiine moiety have been reported to
possess interesting antiviral activities.[7] However, to the best of
our knowledge, no tests on the biological effects of sugar-
embedded benzodithiines have been reported.
In connection with our interest of developing new synthetic


methodologies for regio- and stereoselective syntheses of
chiral heterocyclic systems on carbohydrate templates,[8, 9] we
report herein the preparation of chiral 2,3-dihydro-1,4-benzodi-
thiine and methyl-2,3-dihydro-1,4-benzodithiine derivatives
with known absolute configurations from the easily accessible
chiral synthons benzyl 4-O-trifloxy-2,3-anhydro-b-l-ribopyrano-
side (1) and benzyl 4-O-trifloxy-2,3-anhydro-a-d-ribopyranoside
(2).
African trypanosomes, causative agents of the lethal diseases


sleeping sickness in man and Nagana in cattle throughout the
tropical part of Africa, have been used as a possible target for
these newly synthesized sugar analogues. Due to the absence
of a functional respiratory chain, bloodstream forms of these
parasites depend exclusively on glycolysis for their energy me-
tabolism in the mammalian host. As in other members of the
order kinetoplastida, most of the glycolytic enzymes are con-
tained within glycosomes, a specific organelle of peroxisomal


origin. Because of compartmentation of this metabolic path-
way, an additional oxidase is indispensably involved in balanc-
ing the redox state of the cell.[10] This oxidase is a non-heme
iron protein of the inner mitochondrial membrane that is in-
sensitive to cyanides and has been termed trypanosomal alter-
native oxidase (TAO). It is indirectly responsible for the reoxida-
tion of NADH in the glycosome, an essential reaction for the
glycolytic pathway. Due to structural similarities between the
sugar derivatives used in this work and the TAO inhibitor asco-
furanone,[11,12] we were prompted to test the former com-
pounds for trypanocidal activity and, in particular, inhibition of
oxygen consumption.


Results and Discussion


For the preparation of the benzodithiine derivatives, the epoxy
triflates 1 and 2 were allowed to react with benzene-1,2-di-
thiole in THF at �5 8C to room temperature to yield the chiral
benzodithiine derivatives 3 and 5, respectively, after conven-
tional work up (Scheme 1). The preparation of chiral methyl-
2,3-dihydro-1,4-benzodithiines starts with the reaction of
epoxy triflates 1 and 2 with the dianion of 3,4-dimercaptoto-
luene at �5 8C to yield the corresponding chiral methyl-2,3-di-
hydro-1,4-benzodithiines 4 and 6, respectively.
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Preparation of chiral 2,3-dihydro-1,4-benzodithiine and methyl-
2,3-dihydro-1,4-benzodithiine derivatives with known absolute
configurations from the easily accessible chiral synthons benzyl
4-O-trifloxy-2,3-anhydro-b-l-ribopyranoside and benzyl 4-O-tri-
floxy-2,3-anhydro-a-d-ribopyranoside is described. These com-


pounds showed significant in vitro toxicity of the bloodstream
form of Trypanosoma brucei with an IC50 of 11 mm. The para-
sites’ energy metabolism and consumption of oxygen were found
to be affected during incubation.
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The 13C NMR spectra[13] of the benzodithiine derivatives 3
and 5 show two methine carbons (C-3’, C-4’) that resonate at
47.5, 44.6 and 44.3, 43.4, respectively; whereas the two me-
thine carbons (C-3’, C-4’) of 4 and 6 arise at 47.3, 44.5 and
44.0, 44.4 ppm, respectively. The predominant conformation of
these compounds is extracted from the coupling constants of
the 1H NMR spectra. For compounds 3 and 4, the H1’/H2’ cou-
pling constants of J=6.1 Hz indicate a diaxial relationship,
therefore, the predominant conformation is 1C4. In the 1H NMR
spectra of compounds 5 and 6, H1’/H2’ couplings of J=3.3 Hz
are observed; this indicates an equatorial orientation and thus
a 4C1 conformation.
Compound 4 has shown significant toxicity against the


bloodstream form of Trypanosoma brucei. Figure 1 shows the
dose–toxicity relation of the compound, clearly indicating its


trypanocidal effect in the low micromolar range. An IC50 of
11 mm was determined under the conditions described below.
For the initial experiments, 20 mm of all compounds were


used. Compounds 5 and 6 showed only limited toxic activity,
reducing cell numbers by half after 21 h. In the case of com-
pound 4, on the other hand, cells had already died after 30 mi-
nutes. Since trypanosomes treated with compound 4 exhibited


a decrease in motility, as judged by light microscopy, glycolytic
metabolites were determined. Bloodstream-form T. brucei rely
exclusively on glycolysis for energy metabolism; this leads to
pyruvate as the sole end product which is released into the
surrounding media. After treatment of trypanosomes (2G
107 mL�1) with compound 4 (120 mm), a decrease in pyruvate
production of about 30% was measured (data not shown).
Moreover, measurements of the parasites’ glycerol production
(Figure 2) showed a significant increase in the case of com-


pound 4-treated cells in comparison to the control. This might
suggest inhibition of TAO, since glycerol is only released by
bloodstream forms that are incapable of reoxidizing NADH in
the glycosome. However, inhibition of this enzyme by salicyl-
hydroxamic acid (SHAM) was significantly stronger.
Figure 3 shows the relative consumption of oxygen by cells


treated with compound 4 in comparison to untreated control
cells. Since bloodstream-form trypanosomes lack a functional
respiratory chain, oxygen is only consumed by means of TAO.


Scheme 1. Synthesis of chiral benzodithiine and methylbenzodithiine deriva-
tives. a) THF, RT, 0 8C, 2.5 h.


Figure 1. Dose–toxicity relation of bloodstream-form T. brucei treated with
compound 4. Cells were incubated for 24 h in 96-well plates under culture
conditions with an initial density of 2G105 mL�1. Control cells treated with
solvent (ethanol) only did not reveal any toxic effects. The IC50 was deter-
mined as 11 mm.


Figure 2. Glycerol production of bloodstream-form T. brucei during incuba-
tion with compound 4 under culture conditions. Cells were maintained at a
density of 2G107 mL�1. Solvent-treated control (&), 50 mm salicylhydroxamic
acid (*), 120 mm compound 4 (~), 60 mm compound 4 (!), 30 mm com-
pound 4 (^). During incubation with 120 mm compound 4, production of
glycerol can clearly be observed.


Figure 3. Relative oxygen consumption of bloodstream-form T. brucei treated
with 120 mm compound 4. Cells were treated for the indicated duration at a
density of 2G107 mL�1. After 60 min, a decrease in oxygen consumption of
approximately 30% can be measured; this supports the data obtained by
the determination of glycerol production.
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Thus, the relative decrease in oxygen consumption of treated
cells goes with the measured glycerol production, also point-
ing towards partial inhibition of TAO. Oxygen consumption
was reduced by approximately 30%; this supports the value
observed for pyruvate production with the same concentration
of compound 4 and the same cell density. The high concentra-
tion of the compound in relation to its IC50 value was required
due to the elevated cell density, which was 100-fold higher in
the metabolic assays than it was in the trypanocidal activity
test.
In conclusion, compound 4 has been shown to exhibit a sig-


nificant toxic effect on Trypanosoma brucei with an IC50 of
11 mm ; this makes it a good lead compound for further design
of structurally related trypanocidal molecules. Moreover, the
cytotoxicity assay was carried out by using an incubation
period of only 24 h. For reasons of comparability with the IC50


of other trypanocidal compounds, it should be noted that
some in vitro tests such as the Alamar Blue assay employ incu-
bation times of 72 h and therefore might provide even lower
values than 11 mm.[14] This circumstance also applies to the ini-
tial compound-screening assays with an incubation period of
21 h. With the result of reduced pyruvate production upon
treatment, the parasites’ energy metabolism was shown to be
affected by the compound. The measured production of glyc-
erol, along with the decrease in oxygen consumption, suggests
TAO as one of the cellular targets of compound 4. On the
other hand, even in this case, the relative inhibition value of
approximately 30% would not explain the toxic effect of the
compound per se. Hence, the initial assumption of TAO as a
target of the employed benzodithiine derivatives could only
be partially confirmed. Experiments are underway to further
characterize its mode of action.


Experimental Section


All chemicals and reagents were obtained from commercial suppli-
ers and used without further purification. Solvents were dried and
distilled according to standard procedures. The reactions were
monitored by thin-layer chromatography, carried out on 0.25 mm
silica gel plates (60 F-254, Merck, Darmstadt, Germany). Plates were
visualized under UV light (where appropriate), sprayed with an or-
cinol/H2SO4/FeCl3 solution and heated to develop. Column chroma-
tography was performed on silica gel 60 (0.063–0.200 mm, Merck,
Darmstadt, Germany) by using the indicated solvent system. 1H
and 13C NMR spectra were obtained in CDCl3 on a Bruker AC250
(1H NMR: 250 MHz, 13C NMR: 63 MHz) or a Bruker WM400 spec-
trometer (1H NMR: 400 MHz, 13C NMR: 100 MHz). The chemical
shifts are reported in parts per million (ppm) on a d scale from
TMS as internal standard. The EI, FAB, and FD mass spectra were
recorded on a Finnigan MAT312 and 711A mass spectrometer con-
nected to a PDO 11/34 (DEC) computer system. Optical rotations
were obtained with an LEP AZ polarimeter (Zeiss, Jena, Germany)
at 546 nm. All melting points are uncorrected.


General procedure for the preparation of chiral benzodithiines
and methylbenzodithiines: Benzene-1,2-dithiol (2.5 mmol) or 3,4-
dimercaptotoluene (2.5 mmol) were added to a suspension of NaH
(50 mg, 2.3 mmol, 65% mineral oil) in dry THF (20 mL) at �5 8C
under argon. After this mixture had been stirred at the same tem-
perature, a solution of the triflate sugar 1 or 2 (254 mg, 1 mmol) in


THF (10 mL) was added, and the resultant mixture was stirred for
an additional 2 h. The temperature was allowed to rise to room
temperature, and the mixture was stirred until TLC showed com-
pletion of the reaction. The mixture was quenched by the addition
of saturated NH4Cl, extracted with EtOAc (3G30 mL), dried over
Na2SO4, and concentrated under reduced pressure. Purification of
the oily residue by column chromatography with 10% petroleum
ether/CH2Cl2 yielded the title compounds.


2,3-Dihydro(benzyl 3’,4’-dideoxy-a-d-arabinopyranoso)-[4’,3’-b]-
1,4-benzodithiine (3): White solid, 315 mg (91% yield); m.p. 148–
149 8C; [a]20D =�163.18 (c=0.08, CH2Cl2) ;


1H NMR (CDCl3, 400 MHz):
d=7.22–7.18 (m, 5H; C6H5), 7.16–6.84 (m, 4H; H-7, H-8, H-9, H-10),
4.76 (d, J=11.5 Hz, 1H; OCHHPh), 4.44 (d, J=11.5 Hz, 1H;
OCHHPh), 4.31 (d, J=6.1 Hz, 1H; H-1), 4.02 (dd, J=3.3, 9.1 Hz, 1H;
H-5), 3.72 (ddd, J=2.7, 3.3, 10.1 1H; H-4), 3.69(dd, J=6.5, 9.7 Hz,
1H; H-2), 3.56 (dd, J=3.3, 7.6 Hz, 1H; H-3), 3.27 (dd, J=3.6,
8.95 Hz, 1H; H-5’), 2.48 ppm (br s, 1H; OH); 13C NMR (CDCl3,
63 MHz): d=125.8–129.5, (C6H5, C-7–10), 102.8 (C-1), 70.6 (OCH2Ph),
70.0 (C-2), 65.9 (C-5), 47.6 (C-3), 44.6 (C-4); HR FAB MS calcd for
C18H18O3S2: 346.4689 [M+H]+ , found: 346.4725.


2,3-Dihydro(benzyl 3’,4’-dideoxy-b-l-arabinopyranoso)-[4’,3’-b]-
1,4-benzodithiine (5): White solid, 301 mg (87% yield); m.p. 128–
130 8C; [a]20D =170.28 (c=0.10, CHCl3) ;


1H NMR (CDCl3, 400 MHz):
d=7.20–7.13 (m, 5H; C6H5), 7.09–6.80 (m, 4H; H-7, H-8, H-9, H-10),
4.86 (d, J=3.3 Hz, 1H; H-1), 4.63 (d, J=11.5 Hz, 1H; OCHHPh), 4.40
(d, J=11.5 Hz, 1H; OCHHPh), 4.05 (dd, J=2.75, 12.25 Hz, 1H; H-5),
3.99 (dd, J=3.3, 8.5 Hz, 1H; H-2), 3.63–3.53 (m, 2H; H-4, H-5’), 3.45
(dd, J=2.4, 6.1 Hz, 1H; H-3), 2.10 ppm (br s, 1H; OH); 13C NMR
(CDCl3, 63 MHz): d=129.0–125.5 (C6H5, C-7–10), 97.6 (C-1), 70.0
(OCH2Ph), 68.6 (C-2), 62.2 (C-5), 44.0 (C-3), 43.9 (C-4); HR FAB MS
calcd for C18H18O3S2: 346.4689 [M+H]+ , found: 346.4685.


6-Methyl-2,3-dihydro(benzyl 3’,4’-dideoxy-a-d-arabinopyrano-
so)-[4’,3’-b]-1,4-benzodithiine (4): White solid, 259 mg (72%
yield); m.p. 96–97 8C; [a]20D =�47.28 (c=0.18, CHCl3) ;


1H NMR
(CDCl3, 400 MHz,): d=7.87–7.83 (m, 1H; H-10), 7.35–7.25 (m, 5H;
C6H5), 7.17–7.08 (m, 2H; H-7, H-8), 4.88 (d, J=11.5 Hz, 1H;
OCHHPh), 4.56 (d, J=11.9 Hz, 1H; OCHHPh), 4.43 (d, J=6.6 Hz, 1H;
H-1), 4.13 (dd, J=2.2, 5.7 Hz, 1H; H-5), 3.85 (dd, J=6.4, 5.7 Hz, 1H;
H-5’), 3.78 (dd, J=2.6, 9.2 Hz, 1H; H-2), 3.67 (ddd, J=3.1, 7.5, 4.0
1H; H-4), 3.36 (m, 1H; H-3), 2.24 (s, 3H; CH3) 2.58 ppm (br s, 1H;
OH); 13C NMR (CDCl3, 100 MHz,): d=136.9–127.8, (C6H5), 127.0 (C-7–
10), 126.8, 126.7, 102.8 (C-1), 70.4 (OCH2Ph), 69.6 (C-2), 65.7 (C-5),
47.5 (C-3), 44.5 (C-4), 21.0 (CH3); HR FAB MS calcd for C19H20O3S2:
360.4959 [M+H]+ , found: 360.4950.


6-Methyl-2,3-dihydro(benzyl 3’,4’-dideoxy-b-l-arabinopyranoso)-
[4’,3’-b]-1,4-benzodithiine (6): White solid, 273 mg (76% yield);
m.p. 140–141 8C; [a]20D =548 (c=0.12, CHCl3);


1H NMR (CDCl3,
400 MHz,): d=7.37–7.28 (m, 5H; C6H5), 7.13–6.82 (m, 3H; H-7,
H-8, H-10), 4.79 (d, J=11.4 Hz, 1H; OCHHPh), 4.56 (d, J=11.4 Hz,
1H; OCHHPh), 4.36 (d, J=3.3 Hz, 1H; H-1), 4.20 (dd, J=2.6,
12.3 Hz, 1H; H-5), 4.03 (dd, J=3.1, 9.7 Hz, 1H; H-2), 3.85 (dd, J=
2.2, 5.7 Hz, 1H; H-5’), 3.77–3.58 (m, 1H; H-3,4, 5’), 3.67 (ddd, J=3.1,
7.5, 4.0 Hz, 1H; H-4), 2.58 (br s, 1H; OH), 2.24 ppm (s, 3H; CH3);
13C NMR (100 MHz, CDCl3): d=136.8–125.1 (C-7–10, C6H5), 97.5 (C-
1), 70.0 (OCH2Ph), 68.2 (C-2), 62.2 (C-5), 44.4 (C-4), 44.0 (C-3), 20.7
(CH3); HR FAB MS calcd for C19H20O3S2: 360.4959 [M+H]+ , found:
360.4942.


Parasites: Trypanosoma brucei MITat 1.2 (VSG-variant 221) of the
monomorphic strain EATRO 427 were used throughout the experi-
ments. Bloodstream forms were grown in axenic culture at 37 8C
and 5% CO2.


[15,16] For the experiments described here, parasites
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were taken from culture stabilates and seeded at a cell density of
2G105 cellsmL�1, then grown for about 18 h to a final cell density
of 8G105 cellsmL�1. By adding fresh medium, the cell density was
adjusted to 2G105 trypanosomes per mL, and the medium was di-
vided among the desired number of individual culture flasks. For
metabolite determinations, trypanosomes were grown to a density
of 106 cells per mL in a preculture step and used at a cell density
of 2G107 cells per mL for further studies.


Oxygen electrode: Consumption of oxygen was measured with a
Clark electrode.[17] A total number of 1G107 cells were spun down
(3000 rpm, 4 8C, 5 min) and washed twice with electrode buffer
(20 mm phosphate buffer, pH 7.4, 5 mm KCl, 80 mm NaCl, 2 mm


MgCl2, 0.15% bovine serum albumin, 5 mm glucose). The Clark
electrode was equilibrated with electrode buffer (332 mL) before
cells (1G107 in 20 mL) were added, and O2 consumption was de-
tected. Inhibition was achieved by addition of SHAM (4 mL, 50 mm).


Determination of glycolytic metabolites: Glucose, pyruvate, and
glycerol were determined by using standard assays from Roche.
Briefly, aliquots of culture medium (60 mL) were withdrawn at de-
noted times and immediately precipitated by using perchloric acid
(70%) to yield a final concentration of 5%. Appropriate enzymes
(hexokinase/glucose 6-phosphate dehydrogenase, lactate dehydro-
genase, glycerol kinase/glycerol-3-phosphate dehydrogenase) were
used to determine the amounts of NADPH, NAD, or NADH, respec-
tively. Final measurements were performed on an ELISA plate
reader (MRX TC Revelation from Dynex, Dettenhofen, Germany).
Chemicals were bought from Roche or from Sigma.


Cytotoxicity assay: Cytotoxicity due to compound 4 was mea-
sured by the release of acid phosphatase from lysed cells by using
a modification of the assay described previously.[18] Trypanosomes
were grown from culture stabilates, as described above. For the
toxicity assay, they were resuspended in culture medium without
phenol red at a density of 2G105 cellsmL�1 and transferred to a
96-well plate in aliquots of 200 mL for each well. At this point, com-
pound 4 (1 mL per well) was added at the denoted concentrations.
After an incubation time of 36 h under culture conditions, lysis
buffer (20 mL, 10 mgmL�1 p-nitrophenylphosphate, 1m NaAc, 1%
TritonP X-100 v/v) was added, and the lysate was incubated for an-
other 6 h. Afterwards, the absorbance at l=405 nm was measured
in an ELISA reader (MRX TC Revelation from Dynex, Dettenhofen,
Germany).
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Fluorescence-Based Cloning of a Protein
Tyrosine Kinase with a Yeast Tribrid System
Daniel D. Clark and Blake R. Peterson*[a]


Introduction


Covalent post-translational modifications of specific amino acid
residues control numerous biological functions including cellu-
lar proliferation, programmed cell death, and cellular responses
to environmental stimuli.[1–5] These modifications often create
recognition elements that bind other biomolecules and control
patterns of enzymatic activity in cells. For example, the phos-
phorylation of specific protein tyrosine residues by protein ty-
rosine kinases (PTKs) creates docking sites for cognate protein
modules, such as SH2 domains. These domains bind tightly to
phosphotyrosine residues within specific peptide sequences to
propagate numerous signaling events. Despite the critical im-
portance of post-translational modifications of proteins in cel-
lular biology, proteomic efforts to identify the enzymes that
catalyze these modifications and define the protein interac-
tions that are dependent on these modifications remain largely
unexplored.
Yeast genetic systems such as the two-hybrid system (Fig-


ure 1A) are powerful tools for protein interaction studies. The
power of this approach derives from the ability of yeast cells
to be readily transformed en masse with genetically encoded
libraries that can in turn be rapidly screened to identify pro-
teins that interact with a specific target. This is generally
accomplished by expressing each member of the library as a
fusion protein with an activation domain (AD). This AD compo-
nent is capable of interacting with the cellular transcriptional
machinery and activating gene expression if recruited to spe-
cific enhancer DNA sites in the nucleus. The target protein is
generally expressed in yeast, fused to a DNA-binding domain
(DBD). This DBD element binds DNA sites upstream of a re-
porter gene, such as lacZ, which encodes b-galactosidase, and
enables colorimetric and other assays of the protein interac-
tions. Strong noncovalent interactions between the DNA-
bound protein and a member of the library that is fused to the


AD, can reconstitute a functional transcription factor (TF). This
TF recruits the cellular transcriptional machinery and activates
the expression of the reporter gene. Because each cell, in
theory, expresses a unique member of the library, large num-
bers of yeast cells can be rapidly screened to identify putative
proteins that interact with the target protein.
The yeast two-hybrid system has been extensively employed


to define protein interaction networks of model organisms.[6,7]


However, this approach is typically unable to detect protein


[a] Dr. D. D. Clark, Prof. B. R. Peterson
Department of Chemistry, The Pennsylvania State University
104 Chemistry Building, University Park, PA 16802 (USA)
Fax: (+1)814-863-5319
E-mail : brpeters@chem.psu.edu


Post-translational modifications of proteins control myriad bio-
logical functions. However, relatively few methods exist for the
identification of the enzymes that catalyze these modifications.
To expand this repertoire, we report a yeast genetic approach
that enables the identification of protein tyrosine kinases (PTKs)
from cDNA libraries. Yeasts were transformed with four vectors
encoding: 1) a potentially universal PTK substrate fused to the
LexA DNA binding domain, 2) the Grb2-SH2 domain fused to the
B42 activation domain, 3) a fluorescent reporter gene controlled
by LexA DNA sites, and 4) a Jurkat cDNA library. Transient expres-


sion of PTKs, such as the lymphocyte-specific kinase Fyn, resulted
in phosphorylation of the DNA-bound substrate, recruitment of
the Grb2-SH2 domain, and activation of the fluorescent reporter
gene. This brief induction of protein expression circumvented the
potential toxicity of PTKs to the yeast. Fluorescence activated cell
sorting (FACS) enabled isolation of PTKs, and these enzymes were
further characterized by flow cytometry and immunoblotting.
This approach provides a potentially general method for the
identification and evaluation of enzymes involved in the post-
translational modification of proteins.


Figure 1. Representations of typical yeast-genetic systems in which dimeriza-
tion of fusion proteins X and Y activates reporter gene expression. A) Yeast
two-hybrid system, B) yeast tribrid system—an adaptation incorporating an
enzyme or a reactive small molecule (Z) that covalently modifies protein X
to create a docking site for protein Y. DBD: DNA binding domain, AD: tran-
scriptional activation domain, CID: chemical inducer of dimerization, RG: re-
active group.
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interactions that are dependent on post-translational modifica-
tions.[8] To enable studies of post-translational modifications in
yeast, the tribrid system was developed (Figure 1B).[9, 10] In
these systems, three functional components are expressed to
activate reporter gene expression. These components typically
include: 1) a DBD fused to a target substrate protein that
bears the amino acid(s) involved in a post-translational modifi-
cation event, 2) an AD fused to an adapter protein that binds
the modified amino acid, and 3) an enzyme that catalyzes the
post-translational modification. These enzymes typically
employ cofactors, such as ATP, that covalently modify a specific
amino acid. Modification of this amino acid creates a docking
site for the adapter protein, resulting in the recruitment of the
activation domain and expression of the reporter gene.
Yeast tribrid systems and other related genetic methods


have been employed to identify adapter proteins involved in
signal-transduction cascades[9,10] and chromatin-remodeling
processes.[8] In signaling research, these systems have primarily
been used to identify SH2 domains that bind phosphotyrosine.
This post-translational modification is catalyzed by PTKs that
transfer the g-phosphoryl group of ATP to specific tyrosine resi-
dues of substrate proteins.
We sought to adapt the yeast tribrid system to isolate PTKs


from cDNA libraries. The identification of these enzymes is of
interest because they play key roles in signal transduction[11, 12]


and comprise a major class of therapeutic drug targets.[13,14]


Previously reported methods for the identification and cloning
of PTKs from cDNA libraries have primarily employed PCR and
Southern blotting to exploit the sequence homology of identi-
fied genes.[15–17] In addition, functional methods have been
reported that detect autophosphorylation of PTKs with immu-
noreagents.[18] More recently, mining of computer databases
with programs such as BLAST[19] have been used to identify
these genes and have provided estimates that the human
genome encodes approximately 100 PTKs.[12,20]


Our objective was to identify yeast cells that express PTKs
by screening cDNA libraries using fluorescence activated cell
sorting (FACS). Precedent for this approach includes other
screening strategies with yeast that were transformed with re-
porter genes that encode green fluorescent protein (GFP).[21]


However, these systems typically detected reporter-gene ex-
pression by exposure of yeast colonies that grow on solid
media to ultraviolet light. This approach requires an extended
period of growth under conditions that induce protein expres-
sion, thus restricting the analysis to proteins that are not toxic
to yeast and that allow colony formation.
To enable the identification of yeast cells that express poten-


tially toxic PTKs, we modified a previously reported yeast tri-
brid system.[22,23] This system permits transient expression of
PTK activity, detection of this activity with a potentially univer-
sal alanine-rich PTK substrate, and incorporates a fluorescent
reporter gene for the isolation of cells that express PTKs by
using FACS. By screening a Jurkat cDNA library against this
system, the lymphocyte-specific PTK Fyn was identified, thus
demonstrating the utility of this approach for the identification
of enzymes that catalyze specific post-translational modifica-
tions.


Results


Design and construction of a yeast tribrid system for
fluorescence-based cloning of PTKs


Expression of PTKs in yeast is generally toxic.[24] As a conse-
quence, yeast expressing these enzymes do not typically form
colonies on solid media. Hence, the isolation of yeast that
express these proteins requires a nontraditional screening ap-
proach. To provide an alternative strategy, we investigated the
utility of transient protein expression, protein expression analy-
sis by flow cytometry,[25–27] and isolation of individual yeast
cells by FACS. For these experiments, we used yEGFP (yeast en-
hanced green fluorescent protein) as reporter of gene expres-
sion. This GFP derivative is codon-optimized for expression in
yeast and is suitable for the isolation of individual cells by
FACS.[28]


To enable screening of yeast by FACS, we employed the con-
trol regions from the commercially available reporter vector
pSH18-34. This vector includes a 2-micron origin of replication,
a URA3 selection marker, and four colE1 operators (containing
eight LexA binding sites) upstream of the GAL1-GAL10 promot-
er which drives the expression of lacZ.[29–31] PCR was used to
amplify the four colE1 operators and the GAL1-GAL10 promoter
region of pSH18-34. This cassette was inserted upstream of the
yEGFP gene in plasmid pBC103[32] to afford the leucine-selecta-
ble reporter vector, pDCLryEGFP.
The detection of PTKs with a fluorescent reporter vector re-


quired a low level of intrinsic cellular fluorescence. However,
our previously reported yeast tribrid system[22] employed GFP
as a spacer element for the display of PTK substrates to cog-
nate enzymes. This previously reported system expressed a
PTK substrate comprising LexA fused to GFP in turn linked to a
tetrameric repeat of the tyrosine-containing substrate peptide
sequence, AAYANAA. As an approach to eliminate this fluores-
cent spacer protein, an analogous LexA-(AAYANAA)4 substrate
that lacked the GFP spacer element was investigated. However,
GFP was found to be essential for the efficient display of the
(AAYANAA)4 peptide substrate to PTKs expressed in yeast (data
not shown). This observation was previously reported in other
studies of GFP-linked PTK substrates.[33] As an alternative ap-
proach, we mutated Tyr66 of GFP to phenylalanine. This muta-
tion is known to decrease the fluorescence of this protein
without affecting its overall structure.[34,35] v-Abl kinase phos-
phorylated this nonfluorescent protein substrate (LexA-NFP-
(AAYANAA)4) and our previously reported fluorescent substrate
(LexA-GFP-(AAYANAA)4) when expressed in yeast (data not
shown).
The yeast tribrid system shown in Figure 2 was employed to


analyze and isolate PTKs by using flow cytometry and FACS.
Phosphorylation of the DNA-bound (AAYANAA)4 substrate was
designed to trigger binding by the B42-AD–Grb2-SH2 fusion
protein. The resulting complex, bound to LexA DNA sites of
the reporter gene, was positioned to activate yEGFP expres-
sion, and render yeast cells fluorescent green. This B42–SH2
component was expressed from a novel yeast plasmid
(pDCUAD) to provide compatibility with commercially available
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cDNA libraries and to supply a method for eliminating false
positives. The uracil selection marker of pDUCAD was chosen
to enable subsequent removal of this plasmid by counterselec-
tion with growth media that contained 5-fluoroorotic acid
(5-FOA).[36] In addition, as positive controls, the PTKs v-Abl and
v-Src were expressed from the commercially available yeast
plasmid pJG4-5.[37] This vector is compatible with LexA-based
yeast two-hybrid screening systems that harbor diverse cDNA
libraries.


Analysis of yeast tribrid systems by flow cytometry and
FACS


Traditional screens of cDNA libraries with yeast two-hybrid sys-
tems involve multiple steps. These steps include transforma-
tion of the host strain with cDNA library and other plasmids,
incubation of transformants for several days to generate colo-
nies, replica plating of colonies to eliminate false positives, and
analysis of gene products to confirm the identity and function
of protein hits. In an effort to simplify some of these steps, we
investigated fluorescence-based screening by using FACS with
yeast transformed with a fluorescent reporter gene. This flow
cytometry-based approach was chosen because of its potential
to rapidly quantify the cellular fluorescence of individual yeast
cells.[25–27] Moreover, the ability to isolate single fluorescent
cells from a heterogeneous culture of yeast could potentially
streamline the identification of hits. The method that we em-
ployed, outlined in Figure 3, comprised the following steps:
1) transformation of the cDNA library into yeast that harbor
the tribrid-system plasmids; 2) incubation in liquid selection
media for two days to expand the population of transformed
cells ; 3) a brief 4 h induction of protein expression to circum-
vent the toxicity associated with PTK expression, but also to
activate the fluorescent reporter gene in cells that express
these enzymes; 4) isolation of putative hits by FACS onto solid
yeast media; and 5) further analysis of hits by replica plating
onto solid counter-selection media that contained 5-FOA. This
step removed the plasmid encoding the B42–SH2 fusion pro-
tein, which is required for activation of the reporter gene by a
PTK, and provided a method to reduce false positives.


The dynamic range of the fluorescent reporter plasmid
pDCLryEGFP was quantified to assess its utility for cDNA library
screening. As a positive control, B42 AD was expressed fused
to LexA DBD in yeast that were transformed with this reporter,
and cellular fluorescence was analyzed by flow cytometry. As
shown in Figure 4A, 32% of the yeasts that expressed B42–
LexA were in the fourth (top) decade of fluorescence. Similarly
fluorescent yeasts were not observed when B42 was expressed
alone. Correspondingly, when the positive control PTKs, v-Abl
and v-Src, were expressed in yeast tribrid systems that con-
tained this fluorescent reporter (Figure 4B and C), 12–16% of
the cells were detected in the fourth decade of fluorescence.
This fluorescence provided a threshold for isolation of individu-
al cells by FACS. These results validated the use of pDCLryEGFP
as a reporter vector that is suitable for flow cytometry and
FACS screening experiments.


Identification of Fyn kinase from a human T-cell cDNA
library screened against a yeast tribrid system


The yeast tribrid system shown in Figure 2, equipped with the
potentially universal PTK substrate and a fluorescent reporter


Figure 2. The yeast tribrid system incorporating a universal protein tyrosine
kinase (PTK) substrate. This assay reports PTK activity by expression of the
fluorescent yEGFP protein. NFP: nonfluorescent protein, (AAYANAA)4: tetra-
meric PTK substrate.


Figure 3. Protocol for screening cDNA libraries against a yeast tribrid system
to identify PTKs. A) Yeast harboring tribrid-system plasmids are transformed
with the cDNA library. B) The cells are incubated in selection media for ap-
proximately 2 days. C) Protein expression is induced for only 4 h so as to
activate yEGFP expression but minimize the effect of toxic cDNA members.
D) Fluorescent yeast are deposited onto solid noninducing selection media
by FACS. Colonies appear after approximately 3 days. Gray wells reflect
green fluorescence after growth in liquid culture under protein-inducing
conditions. E) Yeast are replica plated onto solid media that contains 5-FOA;
this removes the gene encoding B42–SH2. The requirement of this gene for
cellular fluorescence, as analyzed by flow cytometry after growth in liquid
culture, is represented by + .
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gene, was investigated as a tool for cloning PTKs from a
human Jurkat cDNA library. Transformation of yeast following
the protocol outlined in Figure 3, yielded fluorescent yeast
that were sorted by FACS onto solid noninducing yeast-selec-
tion media in a 96-cell per plate format. Sorting onto two of
these plates yielded 159 viable colonies. These colonies were
replica plated onto solid yeast counterselection media that
contained 5-FOA to remove the B42–SH2 expression vector.
Comparative analysis by flow cytometry of yeast colonies on
master plates with those on 5-FOA plates identified a subset of
colonies that appeared to require the B42–SH2 protein for the


expression of the reporter gene. From the original
159 colonies, eleven colonies demonstrated >175
times more cells in the fourth (top) decade of fluo-
rescence compared with analogous colonies grown
in the presence of 5-FOA. These eleven colonies
were further evaluated by selectively isolating the
pJG4-5 plasmids that contained cDNA library mem-
bers. This was accomplished by transformation of
this TRP1-containing plasmid into the auxotrophic
E. coli strain, KC8. The isolated pJG4-5 plasmids were
retransformed into yeast that carried the tribrid
system, and fluorescent reporter gene expression
was reassessed by flow cytometry. These experi-
ments revealed that one of the eleven isolated plas-
mids significantly affected reporter gene expression.
The AD fusion protein encoded by this library plas-
mid was sequenced and analyzed with the on-line
program BLAST[19] and its homology with human
genes was assessed. The plasmid was found to
encode the full-length protein tyrosine kinase Fyn.


Fyn is a functional tyrosine kinase when
expressed in yeast


Fyn protein tyrosine kinase (p59fyn) is a member of
the Src family of kinases and propagates signal
transduction pathways that control the survival of T-
lymphocytes.[38,39] Hence, the gene that encodes Fyn
represents a likely PTK target for isolation from a T-
lymphocyte-derived cDNA library. To further verify
that the gene encoding this PTK was required for
the activation of the fluorescent reporter, omission
control experiments were carried out as shown in
Figure 4D–G. These experiments confirmed that all
elements of the yeast tribrid system (Fyn, LexA-Y4


substrate, and B42–SH2 adapter protein) were criti-
cal for significant activation of reporter gene expres-
sion. Furthermore, the fluorescent reporter gene was
not activated by Fyn when the Y4 of the universal
substrate were substituted with four phenylalanine
resides (F4). This confirms the importance of this
amino acid in the substrate (Figure 4H). Additional
confirmation of the tyrosine kinase activity of Fyn
was obtained by immunoblotting of yeast extracts
(Figure 5). These experiments demonstrated that
Fyn phosphorylates the universal PTK substrate in
living yeast cells.


Conclusion


We have demonstrated that a yeast tribrid system that is
equipped with a potentially universal alanine-rich substrate
and a B42–SH2 adapter protein, can provide a novel tool for
the functional cloning of genes that encode PTKs. To validate
this strategy, we used FACS to clone the gene that encodes
the Src-family kinase Fyn from a T-lymphocyte-derived cDNA li-
brary. This approach could provide a valuable tool for the iden-


Figure 4. Flow cytometry analysis of yeast transformed with a fluorescent reporter gene.
The gate shown, quantified the number of cells out of 15000 in the fourth (top) decade
of fluorescence. A) Validation of the fluorescent reporter gene. The basal fluorescence of
yeast that lack the reporter gene (white), background fluorescence contributed by the
yEGFP reporter alone (light gray), and the maximal fluorescence activated by a B42–LexA
fusion protein (dark gray). B–D) Expression of yEGFP in yeast tribrid systems. B) Positive
control v-Abl (237–630) C) positive control v-Src (137–526) ; and D) Fyn kinase. E–H) Fyn
kinase omission control experiments. LexA-Y4 represents the tetrameric tyrosine-contain-
ing universal substrate. LexA-F4 represents a tetrameric phenylalanine-containing control
sequence.
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tification, characterization, and evaluation of enzymes involved
in a variety of protein post-translational modifications.


Experimental Section


General : Standard techniques for plasmid construction[40] and
yeast transformation[41] were employed. DNA oligonucleotides
were purchased from Integrated DNA Technologies (Coralville, IA),
restriction endonucleases and T4 DNA ligase were from New Eng-
land Biolabs, Pfu polymerase was from Stratagene, Pt Taq poly-
merase was from BD Biosciences, and DNA purification kits from
Qiagen. Microbiological media (Luria broth, Brent Supplement Mix-
tures (BSM), yeast nitrogen base, carbon sources, M9 salts, yeast
extract, and peptone) were from Difco and qBiogene (Irvine, CA).
Prepoured solid yeast-selection media was purchased from KD
Medical (Columbia, MD). DNA sequences were confirmed by auto-
mated dideoxynucleotide sequencing at The Pennsylvania State
University Nucleic Acid Facility. Flow cytometry data was acquired
at The Pennsylvania State University Center for Quantitative Cell
Analysis.


Bacterial and yeast strains : E. coli DH5-a (Invitrogen) was em-
ployed for plasmid construction. E. coli KC8 (BD Biosciences) was
used to rescue pJG4-5-derived yeast plasmids that carried the TRP1
selection marker. S. cerevisiae FY250 (MATa, ura3–52, his3D200,
leu2D1, trp1D63)—a gift from Prof. M. Ptashne—was employed for
yeast tribrid assays.


Plasmid construction : The fluorescent reporter vector,
pDCLryEGFP, combines the four colE1 operators (eight LexA bind-
ing sites) upstream of the GAL1–GAL10 divergent promoter
region[29–31] with yEGFP. These control regions from pSH18-34 were
amplified by PCR (primers: 5’ KpnI-LexAop: 5’-AGGGGTACCGA-
CAGGTTATCAGCAACAACA-3’; 3’ EcoRI-Gal1(1–29): 5’-ATCGAATTCG-
CACTTTTCGGCCAATGGTCT-3’). The primers replace the upstream
EcoRI site with a KpnI site and preserve the downstream EcoRI site.
This cassette was incorporated into EcoRI/KpnI digested pBC103[32] .
This is a YEplac181[42] derivative that contains a 2-micron origin,
LEU2 selection marker, EcoRI/XhoI multiple cloning site (MCS), and
a downstream ADH1 transcription terminator. The yEGFP gene was
amplified by PCR from plasmid pSVA17[43] (a gift from S. Avery)
with flanking 5’ EcoRI and 3’ XhoI sites. It was then inserted directly
downstream of the LexA binding sites into the EcoRI/XhoI digested
MCS, to provide pDCLryEGFP.


Plasmids pAMLexA2-NFP-(AAYANAA)4 and pAMLexA2-NFP-(AAFA-
NAA)4 were used to express the universal PTK substrate and the
phenylalanine mutant negative control. These plasmids encode the


nonfluorescent Y66F GFP mutant (NFP) as a spacer protein but are
otherwise identical to previously reported substrates.[22] The NFP
was prepared by PCR megaprimer mutagenesis[44] from a GFPuv
gene (Clontech), which is modified to lack internal MfeI, XhoI,
and SalI restriction sites. The primers were: 5’ EcoRI-ATG-GFP:
5’-CAGGAATTCATGAGTAAAGGAGAAGAACTTTTC-3’, 3’ GFP (Y66F):
5’-GGAAAAGCATTGAACACCAAAAGAGAAAGTAGTGCAAG-3’, and
3’ XhoI-GFP (-M233): 5’-CGGAGTCTCGAGCATGCCATGTGTAATCCC-
AGCAGC-3’.


Plasmid pDCUAD, bearing a URA3 selection marker, was used to
express the B42–SH2 fusion protein. This plasmid was constructed
by ligation of the KpnI/BamHI fragment from pJG4-5[37] into KpnI/
BamHI-digested pRS426.[45] pJG4-5 contains the GAL1 promoter, HA
epitope tag, B42-AD, SV40 nuclear localization signal, MCS (EcoRI/
XhoI), and ADH1 terminator. Ligation of a previously described
Grb2-SH2 cassette[22] into EcoRI/XhoI digested pDCUAD afforded
vector pDCUAD-Grb2-SH2.


Positive controls analogous to PTKs encoded by the cDNA library,
previously reported to be catalytically active fragments of PTKs v-
Abl (237–630) and v-Src (137–526),[22] were digested with EcoRI/
XhoI and ligated into similarly digested pJG4-5. The control plas-
mid, pAM423-B42–LexA, which expresses this strong transcriptional
activator, has been previously described.[23]


Screening the cDNA library by FACS : S. cerevisiae FY250 yeast
were transformed with three plasmids: pAMLexA2-NFP-AAYANAA4,
pDCUAD-B42–Grb2-SH2, and pDCLryEGFP. These yeast were plated
on solid yeast media (BSM ura� , his� , leu� , 2% glucose) and incu-
bated at 30 8C for 3–4 days to allow for colony growth. Multiple
combined colonies harboring the tribrid-system plasmids were
transformed with a commercial Jurkat T-lymphocyte cDNA library
(OriGene Technologies, Rockville, MD) by using a lithium acetate/
polyethylene glycol high-efficiency transformation method.[46] The
transformation mixture was directly resuspended in liquid yeast
media (10 mL, BSM ura� , trp� , his� , leu� , 2% glucose) and incubat-
ed with shaking (30 8C, 30 h) to allow for selective growth of trans-
formants. Cells from this culture (5 mL) were harvested by centrifu-
gation (4300 rpm, 5 min), resuspended in noninducing liquid
media (10 mL, BSM ura� , trp� , his� , leu� , 2% raffinose) and incu-
bated with shaking (aerobic conditions, 30 8C, 16 h). Expression of
tribrid-system components and cDNA library members was in-
duced by adding galactose to the liquid media (10 mL, BSM ura� ,
trp� , his� , leu� , 2% galactose, 1% raffinose) at cell density OD590


~0.4. The cells were further incubated with shaking for 4.5 h at
30 8C.


The resulting culture was analyzed by flow cytometry, and subject-
ed to FACS by using an EPICS Elite flow cytometer (Beckman–
Coulter) equipped with Expo software. Living cells were identified
by forward-scatter and side-scatter dot plots, and yEGFP fluores-
cence was measured by excitation at 488 nm. A 550 nm dichroic
long pass filter split the emission, sending the green light to PMT2
(photomultiplier 2), which was interfaced to an additional 525 nm
bandpass filter. The sensitivity of the flow cytometer was attenuat-
ed to provide minimal (<10 out of 15000) events (cells) in the top
decade of fluorescence for an omission control experiment, in
which no PTKs were expressed. When compared to a positive con-
trol experiment, in which PTKs v-Abl (237–630) or v-Src (137–526)
were expressed, the ratio of fluorescent events in the top decade
was about 1:6000 (omission control :PTK expressed). Yeast from the
cDNA library that activated reporter gene expression in this fourth
(top) decade of fluorescence were isolated by FACS into omni-trays
(Nunc) that were filled with solid yeast media (BSM ura� , trp� ,


Figure 5. Intracellular phosphorylation of the universal substrate by Fyn
kinase expressed in yeast. A) Phosphotyrosine was detected with an anti-
phosphotyrosine IgG. B) The substrate fusion-protein was independently
identified with an anti-HA IgG against a fused epitope tag. After induction
of protein expression for 4 h, each lane was loaded with equivalent amounts
of extract from ca. 2O107 cells.
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his� , leu� , 2% glucose). The plates were incubated at 30 8C for 3–4
days to allow for colony growth. These colonies were replica
plated onto omni-trays filled with solid yeast media (BSM trp� ,
his� , leu� , 2% glucose, 0.1% 5-FOA) and incubated at 30 8C for an
additional 4–5 days to remove the pDCUAD-Grb2-SH2 plasmid.
Comparative analyses by flow cytometry of transformants cultured
from these two plates separated false positives (i.e. , yeast exhibit-
ing significant fluorescence in the absence of the B42–SH2 compo-
nent) from putative PTK hits. Yeasts from the master plates with
>175 times more counts in the top decade of fluorescence than
plates containing 5-FOA were considered to be “hits”. The pJG4-5
library plasmid was isolated from these hits. The cDNA library
members were sequenced and these sequences were compared
with known human genes by using on-line BLAST programs.[19] Col-
onies that lacked B42–SH2 and exhibited no events were assigned
a value of 1 for the calculation.


Fluorescent reporter gene assays : The yeast tribrid system was
assayed essentially as described previously,[22] but flow cytometry
was used to quantify reporter gene expression. Briefly, yeast trans-
formants harboring the appropriate plasmids were incubated
(30 8C, 16 h) in liquid media (BSM ura� , trp� , his� , leu� , 2% raffi-
nose) with shaking. At OD590~0.4, the cultures were resuspended
in galactose-containing liquid media (BSM ura� , trp� , his� , leu� ,
2% galactose, 1% raffinose) to induce protein expression. After fur-
ther incubation (4 h, 30 8C) fluorescence was quantified by flow
cytometry.


Analysis by flow cytometry : The flow cytometry data shown in
Figure 4 was obtained with a Beckman–Coulter XL-MCL benchtop
flow cytometer equipped with a 15 mW air-cooled argon-laser.
Fluorescence was detected by excitation at 488 nm, splitting the
emission with a 550 nm dichroic, and collecting emitted photons
through a long pass filter. Fluorescence measurements were con-
ducted with living cells, as determined by forward-scatter and side-
scatter dot plots. Histograms were generated to represent the fluo-
rescence properties of 15000 living cells. The flow cytometer PMT-
FL1 settings were typically maintained between 725–800 so as to
retain fewer than ten events in the top decade of fluorescence for
omission-control experiments (i.e. , yeast transformed with empty
plasmids).


Isolation of plasmids from yeast : Yeast transformants identified as
hits were incubated (30 8C, 16 h) in liquid selection media (4 mL,
BSM ura� , trp� , his� , leu� , 2% glucose). Plasmid DNA was isolated
by glass bead lysis followed by miniprep purification by using
commercially available spin columns (Qiagen). Chemically compe-
tent E. coli KC8 (BD Biosciences) were transformed with this yeast
plasmid and cells harboring the pJG4-5 vector were selected by in-
cubation (37 8C, 16 h) on solid media (minimal M9 medium supple-
mented with SC Trp� (BD Biosciences), ampicillin (50 mgmL�1), thi-
amine-HCl (1m), and 1% glucose). The pJG4-5 plasmid containing
the cDNA insert was isolated and the insert was sequenced.


Immunoblotting : Yeast were transformed with the tribrid-system
plasmids and pJG4-5-Fyn or empty pJG4-5 as a negative control.
These transformants were grown for 16 h in liquid media (BSM
ura� , trp� , his� , leu� , 2% raffinose), resuspended in protein induc-
tion media (10 mL, BSM ura� , trp� , his� , leu� , 2% galactose, 1%
raffinose), and further incubated with shaking (30 8C, 4 h) to give
an OD590~0.4. The cell pellet was isolated by centrifugation
(10 min, 4300 rpm), washed with water (1.0 mL), and resuspended
in sample buffer (0.1 mL).[47] The tube containing this yeast suspen-
sion was frozen at �80 8C (10 min) and subsequently placed in
boiling water (10 min). This cell lysate was cleared by centrifuga-


tion (14000 rpm, 2 min), treated with the Compat-Able protein
assay-reagent set (Pierce), and resuspended in sample buffer
(0.1 mL).[47] Equivalent volumes of lysates were analyzed in dupli-
cate by SDS-PAGE (15% Tris-glycine, Cambrex, Rockland, ME) fol-
lowed by semidry transfer (Hoefer, San Francisco, CA) of proteins
to nitrocellulose (Pall Life Sciences, East Hills, NY). The nitrocellu-
lose membrane was divided and probed independently with two
different primary antibodies. Mouse anti-phosphotyrosine IgG alka-
line phosphatase conjugate (Southern Biotechnology Associates,
Inc. , Birmingham, AL) was used to detect phosphotyrosine. Mouse
anti-HA IgG (Sigma) as a primary antibody and rabbit anti-mouse
alkaline phosphatase conjugate (Sigma) as a secondary antibody,
were used to verify the identity of the HA-tagged universal sub-
strate (LexA-NFP-AAYANAA4). The alkaline phosphatase conjugates
were visualized with Western blue stabilized alkaline phosphatase
substrate (Promega).
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Interaction of the Catalytic Domain of Inositol
1,4,5-Trisphosphate 3-Kinase A with Inositol
Phosphate Analogues
Alexandra Poinas,[a] Katrien Backers,[a] Andrew M. Riley,[b] Stephen J. Mills,[b]


Colette Moreau,[a] Barry V. L. Potter,[b] and Christophe Erneux*[a]


Introduction


Inositol 1,4,5-trisphosphate [Ins(1,4,5)P3] is a second messenger
that mobilises intracellular Ca2+ .[1] Ins(1,4,5)P3 can be dephos-
phorylated by an Ins(1,4,5)P3 5-phosphatase or phosphorylated
to form inositol 1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)P4] by an
Ins(1,4,5)P3 3-kinase.


[2] The Ins(1,4,5)P3 3-kinase family consists
of three distinct isoforms (A, B and C) containing a relatively
conserved C-terminal catalytic domain. (For a review, see
ref. [3] .) The enzymatic activity of the three isoenzymes is regu-
lated by the Ca2+/CaM complex (CaM=calmodulin).[4–8] By
using a series of truncated forms of the rat Ins(1,4,5)P3 3-ki-
nase A, Takazawa and Erneux showed that the catalytic domain
of Ins(1,4,5)P3 3-kinase A is restricted to approximately 275
amino acids at the C-terminal end.[9]


The aim of our study was to express the Ins(1,4,5)P3 3-kinase
in order to obtain sufficient soluble protein for biochemical
and structural studies so that we could identify possible inhibi-
tors and substrates of the enzyme(s). Most biochemical studies
related to this enzyme have been complicated by the absence
of an expression system that would allow large-scale produc-
tion of an active and stable enzyme.[4–10] The major problem is
that endogenous Ins(1,4,5)P3 3-kinase is very sensitive to pro-
teolytic degradation due to the presence of polypeptide se-
quences (so called PEST sequences) enriched in proline, gluta-
mic acid, serine and threonine.[11,12] Full-length recombinant
Ins(1,4,5)P3 3-kinase produced in Escherichia coli is also easily
degraded.[4,5] Another problem is the production of this
enzyme in the form of inclusion bodies. For example, Thomas
et al. showed that recombinant nonfusion Ins(1,4,5)P3 3-ki-
nase B was expressed in the insoluble fraction and incorrectly
folded.[10]


Comprehension at the molecular level of the way in which
Ins(1,4,5)P3 is recognised by the catalytic domain is essential
for the design of selective and potent inhibitors of the
enzyme. Very recently, the crystal structure of inositol 1,4,5-tri-
sphosphate 3-kinase A has been provided by two groups.[13,14]


The catalytic core domain consists of three lobes. The N and C
lobes bind adenosine triphosphate (ATP), whereas the third
lobe binds Ins(1,4,5)P3 and has a unique four-helix insertion
into the C lobe. In this study, we expressed the catalytic
domain of rat Ins(1,4,5)P3 3-kinase A (3KA-cat30) in E. coli. This
domain of 275 amino acids is less susceptible to degradation
by proteases as compared to the full-length protein.[8] Surpris-
ingly, our new construct of the catalytic domain, which was a
His- and S-tagged fusion protein, yielded about 10–20% of the
total soluble fraction of E. coli after induction by isopropyl b-d-
thiogalactoside (IPTG). Various inositol phosphates and related
polyphosphates were tested as substrates and inhibitors of
this construct. One of these molecules, d-2-deoxy-Ins(1,4,5)P3,
appears to be a potent inhibitor and good substrate of the


[a] Dr. A. Poinas,+ Dr. K. Backers,+ C. Moreau, Prof. Dr. C. Erneux
Interdisciplinary Research Institute (IRIBHM)
Universit% Libre de Bruxelles, Campus Erasme, Bldg C
808 Route de Lennik, 1070 Brussels (Belgium)
Fax: (+32)255-54-655
E-mail : cerneux@ulb.ac.be


[b] Dr. A. M. Riley, Dr. S. J. Mills, Prof. Dr. B. V. L. Potter
Wolfson Laboratory of Medicinal Chemistry
Department of Pharmacy and Pharmacology, University of Bath
Claverton Down, Bath BA2 7AY (UK)


[+] These authors contributed equally to this work.


The levels of inositol 1,4,5-trisphosphate [Ins(1,4,5)P3] in the cyto-
plasm are tightly regulated by two enzymes, Ins(1,4,5)P3 3-kinase
and type I Ins(1,4,5)P3 5-phosphatase. The catalytic domain of
Ins(1,4,5)P3 3-kinase (isoenzymes A, B and C) is restricted to ap-
proximately 275 amino acids at the C-terminal end. We were in-
terested in understanding the catalytic mechanism of this key
family of enzymes in order to exploit this in inhibitor design. We
expressed the catalytic domain of rat Ins(1,4,5)P3 3-kinase A in Es-
cherichia coli as a His- and S-tagged fusion protein. The purified
enzyme was used in an Ins(1,4,5)P3 kinase assay to phosphorylate
a series of inositol phosphate analogues with three or four phos-
phate groups. A synthetic route to d-2-deoxy-Ins(1,4,5)P3 was


devised. d-2-Deoxy-Ins(1,4,5)P3 and d-3-deoxy-Ins(1,4,6)P3 were
potent inhibitors of the enzyme, with IC50 values in the micro-
molar range. Amongst all analogues tested, only d-2-deoxy-Ins-
(1,4,5)P3 appears to be a good substrate of the Ins(1,4,5)P3 3-
kinase. Therefore, the axial 2-hydroxy group of Ins(1,4,5)P3 is not
involved in recognition of the substrate nor does it participate in
the phosphorylation mechanism of Ins(1,4,5)P3. In contrast, the
equatorial 3-hydroxy function must be present in that configura-
tion for phosphorylation to occur. Our data indicate the impor-
tance of the 3-hydroxy function in the mechanism of inositol tris-
phosphate phosphorylation rather than in substrate binding.
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recombinant enzyme. In contrast, d-Ins(2,4,5)P3, which was pre-
viously claimed to be phosphorylated at the 6-position of the
inositol ring by Ins(1,4,5)P3 3-kinase C,


[15] appears to be a very
weak inhibitor and poor substrate. We propose that neither
the 2-hydroxy nor the 6-hydroxy group is involved in substrate
binding but that the 3-hydroxy motif must be equatorial to be
part of the catalytic mechanism.


Experimental Section


Synthesis : General synthetic methods were as previously de-
scribed.[16] Ins(1,4,5)P3,


[17]
d- and l-Ins(2,4,5)P3,


[18] Ins(1,3,4,5)P4,
[19]


d-
2-deoxy-Ins(1,3,4,5)P4,


[20]
d-6-deoxy-Ins(1,3,4,5)P4,


[21] adenophostin
A,[22] furanophostin,[23] two bicyclic InsP3 analogues


[24] and the epi-
mers of xylo-furanophostin[25] were synthesised as previously re-
ported. The synthesis of racemic epi-Ins(1,3,6)P3


[26] will be reported
elsewhere. d-3-Deoxy-Ins(1,4,6)P3 was synthesised from d-5-O-
benzyl-1,4,6-tri-O-(p-methoxybenzyl)-myo-inositol.[27] Briefly, deoxy-
genation at the 3-position was achieved by stannylene-mediated
regioselective tosylation of the O-3 atom followed by treatment
with lithium triethylborohydride. Benzylation of the remaining 2-
OH group and then cleavage of the three p-methoxybenzyl ethers
by using trifluoroacetic acid gave d-2,5-di-O-benzyl-3-deoxy-myo-
inositol. Phosphorylation of this triol, followed by deprotection and
purification as described below for d-2-deoxy-Ins(1,4,5)P3 gave d-3-
deoxy-Ins(1,4,6)P3 as the triethylammonium salt. Full synthetic
details for d-3-deoxy-Ins(1,4,6)P3 will be reported elsewhere. All li-
gands were fully characterised by the usual spectroscopic and ana-
lytical methods and gave data that were in accordance with their
structure.


Synthesis of d-2-deoxy-myo-inositol 1,4,5-trisphosphate : d-2-
Deoxy-Ins(1,4,5)P3 was synthesised in five steps from alcohol 1[16]


(Scheme 1), by using a strategy paralleling the reported synthesis
of racemic 2-deoxy-Ins(3,4,5,6)P4.


[28] Thus, iodination of 1 by using


the method of Garegg and Samuelsson[29] proceeded with inver-
sion of configuration at C-2 to give 2. Free-radical dehalogena-
tion[30] of 2 gave protected deoxy-inositol 3. The acid-labile butane-
diacetal (BDA) and PMB protecting groups in 3 were then cleaved
by using TFA, thereby exposing the hydroxy groups at positions 1,
4 and 5. Phosphitylation of 4 by using bis(benzyloxy)diisopropyl-
aminophosphine and 1H-tetrazole, followed by in situ oxidation
with m-chloroperoxybenzoic acid gave crystalline 5. Finally, total
deprotection of 5 by hydrogenolysis over palladium on carbon
gave d-2-deoxy-Ins(1,4,5)P3, which was purified by ion-exchange
chromatography on Q-Sepharose Fast Flow resin and isolated as
the triethylammonium salt.


(2’S,3’S)-d-3,6-Di-O-benzyl-2-deoxy-4,5-O-(2’,3’-dimethoxybu-
tane-2’,3’-diyl)-2-iodo-1-O-(p-methoxybenzyl)-scyllo-inositol (2):
A solution of (2’S,3’S)-d-3,6-di-O-benzyl-4,5-O-(2’,3’-dimethoxybu-
tane-2’,3’-diyl)-1-O-(p-methoxybenzyl)-myo-inositol (1)[16] (1.19 g,
2.00 mmol), finely powdered triphenylphosphine (2.10 g,
8.00 mmol), imidazole (545 mg, 8.00 mmol) and iodine (1.52 g,
6.00 mmol) in dry toluene (100 mL) was heated at reflux for 18 h.
TLC (ether/hexane, 2:1) showed complete conversion of the alco-
hol (Rf=0.20) into a less polar product (Rf=0.60). The solution was
allowed to cool and was then stirred with saturated aqueous
NaHCO3 (100 mL) for 30 min. At this stage, the aqueous (lower)
layer had a brown colour while the organic (upper) layer was col-
ourless. Iodine was added in portions until the organic layer re-
mained purple, and the mixture was then stirred for a further
30 min. Finally, excess iodine was removed by addition of aqueous
sodium thiosulfate until two colourless layers were obtained. The
organic layer was separated, dried (MgSO4) and concentrated by
evaporation under reduced pressure. Purification of the residue by
flash chromatography on silica (ether/hexane, 1:2) gave 2 as a col-
ourless oil (1.30 g, 1.85 mmol, 93%); [a]D=++43 (c=1.1 in CHCl3) ;
1H NMR (270 MHz, CDCl3): d=1.366 (s, 3H; CH3), 1.374 (s, 3H; CH3),
3.27 (s, 3H; OCH3 of BDA), 3.30 (s, 3H; OCH3 of BDA), 3.55–3.81 (m,
5H; 5K inositol ring CH), 3.80 (s, 3H; OCH3 of PMB), 3.95 (dd,
3J(H,H)=10.4, 10.4 Hz, 1H; H-2), 4.75–4.99 (AB systems, 6H;
OCH2Ar), 6.84–6.92 (m, 2H; meta-H of PMB), 7.12–7.40 (m, 10H;
ArH), 7.44–7.52 ppm (m, 2H; ArH) ; 13C NMR (68 MHz, CDCl3): d=
17.8, 34.0 (C-2), 48.0, 55.3, 70.7, 72.0, 75.6, 75.7, 76.0, 80.5, 81.5,
82.8, 99.3, 99.4, 113.8, 127.7, 127.9, 128.0, 128.3, 128.4, 128.6, 130.0,
130.1, 138.0, 138.5, 159.4 ppm; elemental analysis: calcd (%) for
C34H41IO8: C 57.96, H 5.87; found: C 57.8, H 5.93.


(2’S,3’S)-d-3,6-Di-O-benzyl-2-deoxy-4,5-O-(2’,3’-dimethoxybu-
tane-2’,3’-diyl)-1-O-(p-methoxybenzyl)-myo-inositol (3): A solu-
tion of 2 (1.30 g, 1.85 mmol), tributyltin hydride (1.0 mL, 3.7 mmol)
and AIBN (60 mg, 0.37 mmol) in dry toluene (100 mL) was heated
at reflux under N2 for 1 h, after which time TLC (ether/hexane, 1:1)
showed complete conversion of 2 (Rf=0.46) into a more polar
product (Rf=0.38). The solution was allowed to cool and was then
washed with saturated aqueous NaHCO3 and brine (100 mL of
each), dried (MgSO4) and concentrated. Purification of the residue
by flash chromatography on silica (ether/hexane, 1:2) gave 3 as a
colourless oil (793 mg, 1.37 mmol, 74%); [a]D=++61 (c=1.1 in
CHCl3) ;


1H NMR (270 MHz, CDCl3): d=1.36 (s, 3H; CH3), 1.38 (s, 3H;
CH3), 1.51 (ddd,


2J(H,H)=12.6 Hz, 3J(H,H)=11.9, 11.9 Hz, 1H; H-2ax),
2.33 (ddd, 2J(H,H)=12.6 Hz, 3J(H,H)=4.8, 4.6 Hz, 1H; H-2eq), 3.30
(s, 3H; OCH3 of BDA), 3.33 (s, 3H; OCH3 of BDA), 3.34–3.79 (m, 5H;
5K inositol ring CH), 3.79 (s, 3H; OCH3 of PMB), 4.53–4.95 (AB sys-
tems, 6H; OCH2Ar), 6.82–6.89 (m, 2H; meta-H of PMB), 7.22–
7.41 ppm (m, 12H; ArH) ; 13C NMR (68 MHz, CDCl3): d=17.8, 34.3
(C-2), 47.9, 55.2, 71.3, 72.6, 73.2, 74.0, 75.5, 77.1, 82.5, 99.1, 99.3,
113.8, 127.4, 127.5, 128.0, 128.2, 128.3, 129.3, 130.6, 138.9, 139.1,


Scheme 1. Synthesis of d-2-deoxy-Ins(1,4,5)P3. Reagents and conditions: a) I2,
imidazole, Ph3P, toluene, reflux, 18 h, 93%; b) nBu3SnH, AIBN, toluene, reflux,
1 h, 74%; c) TFA, CH2Cl2, H2O, 30 min, RT, 85%; d) (BnO)2PNiPr2, 1H-tetrazole,
CH2Cl2, RT, 3 h; e) mCPBA, CH2Cl2, �78 8C!RT, 86%; f) H2, 50 p.s.i. , Pd/C,
MeOH, H2O, RT, 20 h, 88%. Bn=benzyl, PMB=p-methoxybenzyl, AIBN=azo-
bisisobutyronitrile, TFA= trifluoroacetic acid, mCPBA=meta-chloroperoxy-
benzoic acid.
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159.2 ppm; elemental analysis: calcd (%) for C34H42O8: C 70.57, H
7.32; found: C 70.6, H 7.35.


d-3,6-Di-O-benzyl-2-deoxy-myo-inositol (4): A solution of 3
(652 mg, 1.13 mmol) in CH2Cl2 (10 mL) and 95% aqueous TFA
(10 mL) was stirred at room temperature for 30 min. The solution
was concentrated by evaporation under reduced pressure, and the
residue was purified by flash chromatography on silica (CH2Cl2/
MeOH, 30:1) to give 4 as a white solid (332 mg, 0.964 mmol, 85%);
m.p. 163–165 8C (from EtOAc/hexane); [a]D=++7 (c=1.0 in MeOH);
1H NMR (270 MHz, CDCl3): d=1.42 (ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=
11.9, 11.9 Hz, 1H; H-2ax), 2.36 (ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=4.4,
4.4 Hz, 1H; H-2eq), 2.45 (d, D2O exchange, 3J(H,H)=2 Hz, 1H; OH),
2.81 (s, D2O exchange, 1H; OH), 2.91 (s, D2O exchange, 1H; OH),
3.21–3.40 (m, 2H; 2K inositol ring CH), 3.45–3.57 (m, 3H; 3K inosi-
tol ring CH), 4.51 and 4.68 (AB system, 2J(H,H)=11.4 Hz, 2H;
OCH2Ar), 4.73 and 5.01 (AB system, 2J(H,H)=11.4 Hz, 2H; OCH2Ar),
7.28–7.40 ppm (m, 10H; ArH) ; 13C NMR (68 MHz, CD3OD): d=36.6
(C-2), 70.2, 73.1, 76.0, 76.2, 78.1, 78.3, 87.2, 128.5, 128.6, 129.0,
129.3, 140.1, 140.5 ppm; elemental analysis: calcd (%) for C20H24O5:
C 69.75, H 7.02; found: C 69.6, H 6.94.


d-3,6-Di-O-benzyl-2-deoxy-myo-inositol 1,4,5-tris(dibenzylphos-
phate) (5): Bis(benzyloxy)diisopropylaminophosphine (0.3 mL,
0.93 mmol) was added to a suspension of 1H-tetrazole (89 mg,
1.3 mmol) and triol 4 (73 mg, 0.21 mmol) in dry CH2Cl2 (3 mL)
under N2. The mixture was stirred at room temperature for 3 h and
then cooled to �78 8C, before mCPBA (57%, 384 mg, 1.3 mmol)
was added. The mixture was allowed to warm to room tempera-
ture and was then diluted with CH2Cl2 (50 mL). The solution was
washed with 10% aqueous Na2SO3, saturated aqueous NaHCO3


and brine (50 mL of each), dried over MgSO4 and concentrated by
evaporation under reduced pressure. The residue was purified by
flash chromatography on silica, (EtOAc/hexane, 3:2) to give 5
(204 mg, 0.181 mmol, 86%) as a colourless oil, which slowly crystal-
lised; m.p. 97–99 8C (from EtOH); [a]D=�7 (c=1.0 in CHCl3);
1H NMR (270 MHz, CDCl3): d=1.58 (ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=
11.9, 11.9 Hz, 1H; H-2ax), 2.58 (ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=4.4,
4.4 Hz, 1H; H-2eq), 3.48 (ddd, 3J(H,H)�12, 9, 4 Hz, 1H; H-3), 3.60
(dd, 3J(H,H)=9.0, 9.0 Hz, 1H; H-6), 4.30 (dddd, 3J(H,H)�12, 9, 4 Hz,
3J(H,P)�8 Hz, 1H; H-1), 4.42–5.06 (m, 18H; H-4, H-5, 8KOCH2Ar),
6.98–7.00 (m, 2H; ArH), 7.05–7.35 ppm (m, 38H; ArH) ; 31P NMR
(109 MHz, CDCl3,


1H-decoupled): d=�1.1 (1P), �0.95 (1P),
�0.80 ppm (1P); elemental analysis: calcd (%) for C62H63O14P3: C
66.19, H 5.64; found: C 66.0, H 5.65.


d-2-Deoxy-myo-inositol 1,4,5-trisphosphate : Pd/C (10%, 50%
water, 200 mg) was added to a solution of 5 (95 mg, 84 mmol) in
MeOH (40 mL) and water (5 mL). The mixture was shaken in a Parr
hydrogenator under H2 (50 p.s.i.) for 20 h. The catalyst was re-
moved by filtration through a polytetrafluoroethene (PTFE) syringe
filter and 1.0 moldm�3 triethylammonium bicarbonate (TEAB, 1 mL)
was added. The solvents were removed by evaporation under re-
duced pressure and the residue was purified by ion-exchange
chromatography on Q-Sepharose Fast Flow resin, with an elution
gradient of TEAB (0!1.0 moldm�3). Fractions containing the
target compound were identified by a modification of the Briggs
phosphate test.[31] The product eluted at a TEAB concentration of
0.65–0.80 moldm�3. The combined fractions were concentrated by
evaporation in vacuo, and methanol was repeatedly added and
evaporated to eventually leave the triethylammonium salt of d-2-
deoxy-Ins(1,4,5)P3 as a colourless glass, which was accurately quan-
tified by a total phosphate assay[31] (74 mmol, 88%); [a]D=�14 (c=
0.8 in MeOH); 1H NMR (270 MHz, D2O): d=1.43 (ddd, 2J(H,H)
�13 Hz, 3J(H,H)�12, 12 Hz, 1H; H-2ax), 2.23 (ddd, 2J(H,H)=12.7 Hz,


3J(H,H)=4.4, 4.4 Hz, 1H; H-2eq), 3.44 (ddd, 3J(H,H)�8, 8 Hz, 1H; H-
6), 3.52–3.60 (m, 1H; H-3), 3.80–3.90 ppm (m, 3H; H-1, H-4, H-5);
31P NMR (109 MHz, D2O, triethylamine added, 1H-decoupled): d=
3.37 (1P), 5.09 (1P), 5.12 ppm (1P); high-resolution FAB-MS (nega-
tive ion): calcd for C6H14O14P3


� : 402.9596; found: 402.9596.


Materials : DNA polymerase and restriction enzymes were obtained
from Boehringer Mannheim. ProBond Nickel-Chelating Resin was
purchased from Invitrogen Life Technologies and S-protein Agarose
was from Novagen. The HiLoad 16/60 Superdex 75 preparative
grade column was obtained from Amersham. Dowex 1-X8 (formate
form) and Coomassie Brilliant Blue R-250 were purchased from Bio-
Rad Laboratories. Turbo Broth came from AthenaES. Complete tab-
lets (Protease inhibitor cocktail tablets) were from Roche. [3H]-Ins-
(1,4,5)P3 (22 Cimmol�1) was from Dupont-NEN-PerkinElmer. The
Partishere SAX column was purchased from Whatman and Easytide
[g32P]-ATP was from NEN.


Bacterial strains and plasmids : Plasmid constructs were made in
E. coli strain DH10B (Invitrogen Life Technologies) and protein ex-
pression was performed in E. coli strain BL21(DE3)pLysS (Novagen).
A DNA fragment encoding the rat Ins(1,4,5)P3 3-kinase A catalytic
domain (275 amino acids; Ser185–Arg459) was amplified from the
rat Ins(1,4,5)P3 3-kinase A plasmid[8] by PCR with the 5’-primer, 5’-
ggatcctcctgggtgcag-3’, containing a BamH I restriction site (under-
lined), and with the 3’-primer, 5’-taaagcggccgctcatctctcagccag-3’,
containing a Not I restriction site (underlined). The PCR fragment
digested with BamH I and Not I was subcloned in the fusion ex-
pression vector pET-30b (Novagen), which carries an N-terminal
His-tag/S-tag configuration. The new construct was referred to as
the catalytic domain of the rat InsP3 3-kinase A cloned in the pET-
30b vector, namely, plasmid pET30b-3KAcat, which enabled expres-
sion of the His-tagged/S-tagged catalytic domain 3KA-cat30.


Expression and purification of recombinant 3KA-cat30 : E. coli
BL21(DE3)pLysS bacteria harbouring the plasmid pET30b-3KAcat
were grown overnight in Turbo Broth medium (200 mL) containing
kanamycin (10 mgmL�1) and chloramphenicol (34 mgmL�1) with
shaking at 250 rpm and at 37 8C. This culture was used to inoculate
2 L of Turbo Broth medium containing kanamycin and chloram-
phenicol. Bacteria were then grown at 37 8C until the absorbance
at 600 nm was 0.7; this was then followed by an induction with
IPTG (1 mm) for 4 h at 30 8C. The bacteria were harvested by centri-
fugation at 4000 g for 15 min. The pellet was resuspended in ex-
traction/wash buffer (40 mL; 50 mm sodium phosphate (pH 7.8)
with 300 mm NaCl in the presence of protease inhibitors). The cell
suspension was sonicated for 5 min at 4 8C (pulser 1 s on and 1 s
off, amplitude 30%) with a probe sonicator. Unbroken cells and
debris were removed by centrifugation at 14000 g for 20 min at
4 8C. The soluble fractions containing His-tag/S-tag fusion proteins
were incubated overnight with settled ProBond Nickel-Chelating
Resin (10 mL) in a batch procedure. The resin was loaded onto a
column and washed with 10 volumes of extraction/wash buffer.
The fusion protein was eluted with 10 volumes of elution buffer
(50 mm sodium phosphate (pH 7.8) with 300 mm NaCl, 250 mm


imidazole and 10% glycerol). Further purification by using the S-
protein agarose, which specifically retains S-tag fusion proteins, did
not improve the purity of the 3KA-cat30 protein sample. Elution
was tested with 10 volumes of elution buffer (50 mm trishydroxy-
methylaminomethane (Tris)/HCl (pH 7.9) with 300 mm NaCl) sup-
plemented with either MgCl2 (3m) or NaSCN (3m) but in both
cases the same contaminants were found as those observed
before purification. So, the active fractions were further purified on
a Hiload 16/60 Superdex 75 preparative grade column by using
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50 mm Tris (pH 7.8) with 500 mm NaCl and 5% glycerol at a flow
rate of 0.25 mLmin�1.


Assay of Ins(1,4,5)P3 3-kinase activity : Ins(1,4,5)P3 3-kinase activity
was measured as previously described[27,32] in 50 mL of medium
containing ethylene glycol-bis-(b-aminoethyl ether)-N,N,N’,N’-tetra-
acetic acid (EGTA, 0.9 mm), 2-[4-(2-hydroxyethyl)-1-piperazinyl]eth-
anesulfonic acid (HEPES)/NaOH (84 mm, pH 7.5), bovine serum al-
bumin (BSA, 1 mgmL�1), ATP (1 mm), MgCl2 (20 mm), Triton-X-100
(1%), diluted enzyme and [3H]-Ins(1,4,5)P3 (1500 cpm per assay, 1
or 10 mm).


HPLC analysis of the phosphorylation of inositol phosphates :
The Ins(1,4,5)P3 3-kinase activity was assayed in a 20 mL volume in
the presence of the various derivatives with [g32P]-ATP (10 mm,
5 mCi), ATP (0.1 mm) and MgCl2 (8 mm) in HEPES (50 mm, pH 7.5).
The incubation was for 15 min at 37 8C. The reaction was stopped
by addition of buffer A (3 mL, 1 mm ethylenediamine tetraacetate
disodium salt (Na2 EDTA)). The phosphorylation products were
analysed by HPLC by using a Partisphere SAX column (25 cmK
4.6 mm). Samples were eluted with a gradient generated by
mixing buffer A and buffer B (buffer A plus 1.3m (NH4)2HPO4


(pH 3.35) with H3PO4) as described in ref. [33] .


Results


Preparation of an active catalytic domain 3KA-cat30


Our aim was to prepare a stable and active recombinant Ins-
(1,4,5)P3 3-kinase to identify potential new substrates of the
enzyme by using analogues of Ins(1,4,5)P3 to understand the
molecular interactions involved in catalysis. Since the catalytic
domain of the rat Ins(1,4,5)P3 3-kinase A is restricted to approx-
imately 275 amino acids at the C-terminal end,[9] a DNA frag-
ment encoding this domain, starting at Ser185, was amplified
by PCR and cloned in the bacterial expression vector pET-30b.
This protein, which was His- and S-tagged, proved to be partic-
ularly active and stable at 4 8C. We estimate that, after induc-
tion, the recombinant enzyme yielded 10–20% of the total
soluble protein fraction. The purification of 3KA-cat30 was car-
ried out in two steps. After the first purification step on Pro-
Bond Nickel-Chelating Resin, we obtained approximately
40 mg of recombinant catalytic domain per litre of E. coli
culture. The protein eluted at a protein concentration of 5–
15 mgmL�1 (Figure 1). These active protein samples were fur-
ther purified by gel filtration so that approximately 10 mg of
purified recombinant protein were obtained after two purifica-
tion steps. The protein was still active and was shown to be
pure and intact at both the N- and C-terminal ends, as demon-
strated by mass spectrometry: peptides were found which cor-
responded to the His-tag, the S-tag and the C terminus of the
catalytic 3-kinase domain.


Effects of analogues on 3KA-cat30 activity


A series of synthetic analogues were tested as inhibitors and
substrates of the enzyme (Scheme 2). These molecules could
be classified as analogues of Ins(1,4,5)P3, Ins(1,3,4,5)P4 or ade-
nophostin A. Nalaskowski et al. showed that Ins(2,4,5)P3 could
be phosphorylated at the 6-position of the inositol ring by


recombinant Ins(1,4,5)P3 3-kinase C;[15] we therefore tested d-
and l- Ins(2,4,5)P3 on 3KA-cat30. We previously reported no in-
hibition by d-Ins(1,2,4,6)P4, a regioisomer of d-Ins(1,3,4,5)P4, of
Ins(1,4,5)P3 3-kinase activity (up to 100 mm), although this mol-
ecule inhibits type I Ins(1,4,5)P3 5-phosphatase.[27] Therefore,
we did not expect all analogues evaluated here to inhibit the
recombinant enzyme.
As compared to Ins(1,4,5)P3 (apparent Michaelis constant, Km,


equals 8 mm), d-2-deoxy-Ins(1,4,5)P3 and d-3-deoxy-Ins(1,4,6)P3
(Scheme 2A) were potent inhibitors with IC50 values in the low
micromolar range (Table 1). Neither d- nor l-Ins(2,4,5)P3 could
be classified as an inhibitor unless very high concentrations
were used (higher than 100 mm). Ins(1,3,4,5)P4 and the deoxy-
genated analogues d-2-deoxy-Ins(1,3,4,5)P4 and d-6-deoxy-Ins-
(1,3,4,5)P4 (Scheme 2B) were all well recognised by the Ins-
(1,4,5)P3 3-kinase with IC50 values in the micromolar range.
Two synthetic bicyclic Ins(1,4,5)P3 receptor agonists[24] with
unusual positioning of a Ins(1,4,5)P3 1-phosphate surrogate
(Scheme 2A) and the adenophostin analogues[34–36]


(Scheme 2B) did not inhibit the recombinant enzyme. Our
data are summarised in Figure 2 and Table 1.


Phosphorylation of the analogues by the recombinant
enzyme


The different analogues were tested as potential substrates of
recombinant 3KA-cat30. These experiments were performed in
the presence of [g32P]-ATP (5 mCi) with or without 0.1 mm ATP
in the incubation mixture, as described in the Experimental
Section. We aimed to compare the results obtained in the
presence and absence of cold (nonradioactive) ATP. In the ab-
sence of ATP, the concentration of ATP is very far below the Km


value for ATP and therefore the assay conditions could be re-
ferred to as forcing conditions. Several molecules which were
not phosphorylated in the presence of ATP were very poor
substrates under forcing conditions (Table 2). Under forcing
conditions, 3KA-cat30 could phosphorylate d-Ins(2,4,5)P3, d-3-


Figure 1. Purification profile of 3KA-cat30. Coomassie blue-stained sodium
dodecylsulfate (SDS) PAGE analysis, where each lane represents 10 mL of the
3KA-cat30-containing samples. The Ins(1,4,5)P3 3-kinase specific activities of
the different samples applied to the SDS gel are given in brackets: lane 1: re-
suspended E. coli bacteria BL21(DE3)pLys(pET30–3KAcat) after induction with
1 mm IPTG for 4 h (0.214 mmolmin�1 mg�1) ; lane 2: molecular weight marker
(Bio-Rad); lane 3: 3KA-cat30 sample after purification on nickel–nitrilotriace-
tate (Ni-NTA) resin, (3.2 mmolmin�1 mg�1) ; lane 4: 3KA-cat30 sample purified
on Ni-NTA resin and on the Superdex 75 gel-filtration column, (28 mmol -
min�1 mg�1).
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deoxy-Ins(1,4,6)P3 and one of the bicyclic Ins(1,4,5)P3 analogues
(Table 2).


d-2-Deoxy-Ins(1,4,5)P3 (as well as the positive control Ins-
(1,4,5)P3) appeared to be largely phosphorylated by the re-


combinant enzyme both in the presence and absence of cold
ATP. In contrast, d-3-deoxy-Ins(1,4,6)P3, which has an axial hy-
droxy group in place of the equatorial 3-hydroxy group of
d-2-deoxy-Ins(1,4,5)P3 (Scheme 2A), was not phosphorylated
(Figure 3), except under forcing conditions.


Discussion


In this study, we aimed to produce the Ins(1,4,5)P3 3-kinase in
order to yield sufficient soluble protein for biochemical and
structural studies. Previous constructs coding for the A and B
isoforms made in our laboratory led largely to the degradation
of the isoforms and to the formation of inclusion bodies which
resulted in low amounts of soluble enzymes (see refs. [5, 8] and
unpublished data). However, when we expressed the catalytic
domain as a His- and S-tagged fusion protein, large amounts


Scheme 2. a) Structures of Ins(1,4,5)P3 and analogues. b) Structures of Ins-
(1,3,4,5)P4, adenophostin A and analogues.


Table 1. Inhibition of Ins(1,4,5)P3 3-kinase activity by analogues of Ins-
(1,4,5)P3, Ins(1,3,4,5)P4 and adenophostin A.[a]


Analogues IC50 [mm]


Ins(1,3,4,5)P4 13.08�4.6
d-Ins(2,4,5)P3 116.65�31
l-Ins(2,4,5)P3 >300
d-2-deoxy-Ins(1,3,4,5)P4 5.4�3.5
d-6-deoxy-Ins(1,3,4,5)P4 5.1�2.4
d-2-deoxy-Ins(1,4,5)P3 1.7�1.3
d-3-deoxy-Ins(1,4,6)P3 1.4�1.3
epi-Ins(1,3,6)P3 >300
bicyclic InsP3 S epimer 156
bicyclic InsP3 R epimer >300
adenophostin A >300
furanophostin >300
xylo-furanophostin >300
xylo-furanophostin (b epimer) >300


[a] Ins(1,4,5)P3 3-kinase activity was determined at 1 mm Ins(1,4,5)P3 sub-
strate concentration. The analogues were tested in the 0.1–300 mm range.
IC50 values are mean values� the standard deviation of triplicate deter-
minations.


Figure 2. Inhibition of 3KA-cat30 by inositol phosphate analogues. Purple:
d-2-deoxy-Ins(1,3,4,5)P4, blue: d-6-deoxy-Ins(1,3,4,5)P4, red: d-2-deoxy-Ins-
(1,4,5)P3, green: d-3-deoxy-Ins(1,4,6)P3, black: Ins(1,3,4,5)P4, orange: l-Ins-
(2,4,5)P3, pink: d-Ins(2,4,5)P3. Ins(1,4,5)P3 3-kinase activity was determined at
1 mm Ins(1,4,5)P3 and each analogue was added in increasing concentrations
(0–300 mm). IC50 values are mean values� the standard deviation from tripli-
cate determinations.
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of the domain could be efficiently produced as soluble protein
(10–20% of the total soluble fraction). The recombinant
enzyme could be purified in two steps and appears to be very
stable at 4 8C. It was subsequently used to identify potential
new substrates amongst inositol phosphate analogues.
Ins(1,4,5)P3 analogues have been widely synthesised and


used in binding studies and competition experiments with Ins-
(1,4,5)P3 3-kinase.


[37–45] Safrany et al. reported the interaction of
two synthetic analogues, 2-deoxy-2-fluoro-scyllo-inositol 1,4,5-
trisphosphate (2-F-Ins(1,4,5)P3) and 2,2-difluoro-2-deoxy-myo-
inositol 1,4,5-triphosphate (2,2-F2-Ins(1,4,5)P3), with 3-kinase ac-
tivity in rat brain homogenate. Both fluoro analogues were
weaker substrates than Ins(1,4,5)P3 for Ins(1,4,5)P3 3-kinase but
2,2-F2-Ins(1,4,5)P3 was significantly better than 2-F-Ins(1,4,5)P3,


presumably because the axial fluorine atom of the former can
act more successfully to mimic the normal electronic environ-
ment at the 2-position adjacent to the crucial 3-hydroxy
group. The authors concluded that, whilst not an absolute
requirement for activity, the 2-hydroxy group is an important
element in the recognition of substrates by Ins(1,4,5)P3 3-
kinase.[43] By contrast, Hirata et al. inferred that the hydroxy
group of Ins(1,4,5)P3 at the 2-position was not involved in the
recognition by Ins(1,4,5)P3.


[38]


In our study, d-2-deoxy-Ins(1,4,5)P3 (Scheme 2A) is a potent
inhibitor of Ins(1,4,5)P3 3-kinase (IC50=1.7 mm) and a substrate
of the enzyme. This conclusion was also reached when rat
brain cytosol was used as source of Ins(1,4,5)P3 3-kinase, al-
though the degree of inhibition of the native enzyme was
always lower than that for the recombinant enzyme (data not
shown). Therefore, the axial 2-hydroxy group appears to be
neither involved in binding to the enzyme nor part of the
phosphorylation reaction of the inositol ring. The fact that
d-2-deoxy-Ins(1,3,4,5)P4 (Scheme 2B) is a potent inhibitor but
not a substrate of the enzyme is consistent with phosphoryl-
ation occurring at the 3-position of the inositol ring. In contrast,


d-3-deoxy-Ins(1,4,6)P3 (Scheme 2A) does not appear
to be a substrate, although, like Ins(1,4,6)P3, it could
bind in an orientation mimicking Ins(1,4,5)P3,


[40] a fact
indicating the importance of an equatorial hydroxy
group at the 3-position for acceptance of a phos-
phate group. d-Ins(1,4,6)P3 had an IC50 value of
30 mm, which suggests that the hydroxy function at
the 3-position is influencing the inhibitory potency
in comparison to that of d-3-deoxy-Ins(1,4,6)P3
(data not shown). Finally, d-6-deoxy-Ins(1,3,4,5)P4
(Scheme 2B) was a potent inhibitor of the kinase,
while epi-Ins(1,4,5)P3 (strictly named epi-Ins(1,3,6)P3,
Scheme 2A) was not recognised. This suggests that,
while the equatorial 6-hydroxy group is not involved
in recognition, an axial hydroxy group at this posi-
tion is not tolerated by the active site of the kinase.
Recent studies provide conflicting results about


the phosphorylation of d-Ins(2,4,5)P3. Bird et al. re-
ported that Ins(2,4,5)P3 was not phosphorylated by
Ins(1,4,5)P3 3-kinase in lachrymal cells.[42] On the con-
trary, rat Ins(1,4,5)P3 3-kinase C was shown to phos-
phorylate Ins(2,4,5)P3 at the 6-position.[15] In our


hands, d-Ins(2,4,5)P3 is not phosphorylated by recombinant
kinase A unless forcing conditions are used (Table 2). Com-
pared to Ins(1,4,5)P3 and d-2-deoxy-Ins(1,4,5)P3, this compound
is a very poor substrate requiring assay conditions that will
never be seen in intact cells.
The glyconucleotides adenophostin A and B are the most


potent known agonists of Ins(1,4,5)P3 receptors[34–36,46] and
have been reported to be resistant to phosphorylation by the
3-kinase activity of rat cerebral cytosol fractions.[46] We ques-
tioned whether adenophostins or their analogues lacking the
adenine base and other motifs could be recognised by the Ins-
(1,4,5)P3 3-kinase. Our experiments showed that this was not
the case for adenophostin A and the synthetic analogues
examined (Scheme 2B). Therefore, the molecular interactions


Table 2. Analogues tested as substrates of the 3KA-cat30 recombinant
enzyme.[a]


Analogue Kinase substrate
with cold ATP (0.1mm) without cold ATP


Ins(1,4,5)P3 +++ +++


Ins(1,3,4,5)P4 � �
d-Ins(2,4,5)P3 � +


l-Ins(2,4,5)P3 � �
d-2-deoxy-Ins(1,3,4,5)P4 � �
d-6-deoxy-Ins(1,3,4,5)P4 � �
d-2-deoxy-Ins(1,4,5)P3 +++ +++


d-3-deoxy-Ins(1,4,6)P3 � +


epi-Ins(1,3,6)P3 � �
bicyclic InsP3 S epimer � +


bicyclic InsP3 R epimer � �
adenophostin A � �
furanophostin � �
xylo-furanophostin � �
xylo-furanophostin (b epimer) � �


[a] Recombinant enzyme was incubated in the presence of 10 mm of each
analogue, [g32P]-ATP (5 mCi) and with or without 0.1 mm ATP. The incuba-
tion time was 15 min.


Figure 3. HPLC analysis of the phosphorylation products of d-2-deoxy-Ins(1,4,5)P3 and d-
3-deoxy-Ins(1,4,6)P3. Recombinant enzyme was incubated in the presence of 10 mm of
the analogues in the presence of [g32P]-ATP (5 mCi) and 0.1 mm ATP. The data are repre-
sentative of three different experiments.
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involved in Ins(1,4,5)P3 binding to its receptor and to the inosi-
tol 3-kinase are certainly not identical.
Recently, while this paper was in preparation, the crystal


structure of the catalytic core of Ins(1,4,5)P3 3-kinase A was
reported by two groups.[13,14] The kinase domain was divided
into three subdomains. The N and C lobes and the hinge con-
necting them are involved primarily in binding the nucleotide
and metal cofactor, while the a-helical subdomain is involved
in Ins(1,4,5)P3 binding and has been referred to as the inositol
phosphate (IP) binding lobe. Most interestingly, the results
from the X-ray diffraction based structure indicate a model of
IP binding and a catalytic mechanism where the three phos-
phate groups interact with positively charged amino acids,
while the 2- and 6-hydroxy groups make no direct hydrogen
bonds to the enzyme. The equatorial 3-hydroxy group interacts
with Lys262 in the rat sequence (264 in the human sequence)
from the DxK motif found in several inositol phosphate kinas-
es.[13,14] Mutation of this lysine residue has been shown to ab-
rogate catalytic activity.[47] This residue is therefore essential in
the reaction mechanism. In the product complex, Ins(1,3,4,5)P4
makes the same interactions as Ins(1,4,5)P3.


[13]


From our studies, Ins(1,3,4,5)P4 is a potent inhibitor ; this is in
agreement with the interaction of substrate and product in
the IP binding lobe, which is comparable for both molecules,
and with the in-line mechanism of phosphorylation proposed
by the authors.[13] The fact that d-Ins(2,4,5)P3 is not a potent in-
hibitor could be explained by the fact that, in place of the
equatorial 1-phosphate group of Ins(1,4,5)P3, it can only pro-
vide an axial phosphate group (Scheme 2A), which cannot in-
teract effectively with positively charged amino acids Arg319
and Tyr315. In the crystal structure of the catalytic domain of
the human inositol 1,4,5-triphosphate 3-kinase, these residues
are hydrogen bonded with the normally equatorial 1-phos-
phate group and play a crucial role in binding the IP at the
active site. Being a bad inhibitor, d-Ins(2,4,5)P3 can hardly be a
substrate. The fact that it can be phosphorylated under forcing
conditions is supported by the fact that it can bind (weakly) in
such a way as to present the equatorial 6-hydroxy group in a
position for phosphorylation. This would account for the prod-
uct identification of Ins(2,4,5,6)P4 after phosphorylation of Ins-
(2,4,5)P3 by Ins(1,4,5)P3 3-kinase C isoform in the study of Nalas-
kowski et al.[15]


d-2-Deoxy-Ins(1,4,5)P3 is a potent inhibitor of the kinase and
the substrate as well, therefore indicating that the 2-hydroxy
function is not required in terms of hydrogen bonding, with
the only limitation being space. Thus, removal of the 2-hydroxy
group does not interfere with binding to the active site or
with the mechanism of phosphoryl transfer (Figure 4 A and B).
The structure of d-3-deoxy-Ins(1,4,6)P3 is almost identical to
that of d-2-deoxy-Ins(1,4,5)P3 except that the orientation of a
single hydroxy group is changed from equatorial to axial. This
slight change in structure does not affect binding; d-3-deoxy-
Ins(1,4,6)P3 remains a potent inhibitor of the kinase. It does,
however, prevent d-3-deoxy-Ins(1,4,6)P3 from behaving as a
substrate, except under forcing conditions. The fact that d-3-
deoxy-Ins(1,4,6)P3 is a potent inhibitor but not a substrate sug-
gests that the hydroxy group presented to the active site for


phosphorylation must be equatorial. This can be explained in
terms of the crystal structure of the catalytic domain of the
human inositol 1,4,5-triphosphate 3-kinase, by noting that the
normal interaction of this hydroxy group with Lys262(264)
cannot exist in the axial configuration (Figure 4C) and that the
required spatial arrangement of Lys262(264), the target OH
group and the g-phosphoryl group of ATP required for in-line
phosphoryl transfer will be lost. Therefore, we suggest that
Lys262(264) plays an essential role in the mechanism of IP
phosphorylation and not in binding of the substrate; for exam-
ple, this residue may facilitate nucleophilic attack by neutralis-
ing the negative charge developed in the transition state, as


Figure 4. Proposed interactions of d-2-deoxy-Ins(1,4,5)P3 and d-3-deoxy-Ins-
(1,4,6)P3 with human 3-kinase A. A) Lys264 interacts with the 3-hydroxy
group of Ins(1,4,5)P3 in the substrate complex and is likely to be involved in
the mechanism of phosphoryl transfer (see text). Two water molecules (red
spheres) which mediate indirect interactions of Lys264 with the 1- and 4-
phosphate groups of Ins(1,4,5)P3 are also shown. The 2-hydroxy group of
Ins(1,4,5)P3 is not involved in binding or in the mechanism of phosphoryl
transfer (adapted from ref. [13]). B) In the predicted binding mode, d-2-
deoxy-Ins(1,4,5)P3 can reproduce all the important features of Ins(1,4,5)P3
and is therefore a potent inhibitor and substrate of the kinase. C) In the
most likely binding mode for d-3-deoxy-Ins(1,4,6)P3, the three phosphate
groups can effectively mimic those of Ins(1,4,5)P3 and d-2-deoxy-Ins(1,4,5)P3,
thereby making it a potent inhibitor. However, the interactions with Lys264
that are necessary for phosphoryl transfer are disrupted in this mode, and d-
3-deoxy-Ins(1,4,6)P3 is therefore not a substrate for the kinase, except under
forcing conditions.
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indicated by Gonzales et al. ,[13] and by orientating the transfer-
red phosphate. This also suggests that the presence of phos-
phate groups in positions 1, 4, and 5 is required for inhibition
of the kinase rather than the hydroxy functions on C-2 and
C-6. The data we obtained with the Ins(1,3,4,5)P4 analogues
actually confirm that the 2-hydroxy and 6-hydroxy groups are
not required in hydrogen bonding during the binding process
since the corresponding deoxy analogues were potent inhibi-
tors. This is in agreement with the proximity of the 2-hydroxy
and 6-hydroxy functions to the hydrophobic Met316 and
Met288 residues, respectively, in the human inositol 1,4,5-tri-
phosphate 3-kinase structure.[13] Finally, we can also suggest
why the adenophostins and adenophostin analogues are not
recognised. It seems that they cannot mimic the very impor-
tant 1-phosphate group of the IP substrate of the kinase. This
contrasts with the Ins(1,4,5)P3 receptor, in which the 2’-phos-
phate group in the adenophostins can still interact well with
residues at the site. Similar factors may underlie the poor rec-
ognition of the bicyclic Ins(1,4,5)P3 analogues, in which the
position of the 1-phosphate group is altered.
In conclusion, the two hydroxy functions at positions 2 and


6 of Ins(1,4,5)P3 are not involved in IP binding to the kinase;
our data actually indicate that a potent inhibitor could be ob-
tained by removing the hydroxy functions at positions 2 and 6.
In contrast, the equatorial 3-hydroxy function requires that
configuration for phosphoryl transfer to occur. Our data clearly
stress the importance of the 3-hydroxy function in the mecha-
nism of phosphorylation, rather than in IP binding.
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Guanine-Rich DNA Nanocircles for the Synthesis
and Characterization of Long Cytosine-Rich
Telomeric DNAs
Jçrg S. Hartig, Sara Fernandez-Lopez, and Eric T. Kool*[a]


Introduction


Telomeres are nucleoprotein complexes at the ends of chromo-
somes that contain highly repetitive DNA sequences.[1] They
function in part to prevent the loss of genetic information at
the ends of the chromosomes during replication, and their
length and structure are believed to affect the cellular replica-
tive life-span.[2,3] Telomere length and the presence of telomer-
ase, the enzyme that catalyzes telomere elongation, play im-
portant roles in a variety of diseases, such as cancer and
aging-related cellular processes.[4, 5]


In vertebrates, telomeres are composed of the repeating G-
rich sequence (GGGTTA)n and the C-rich complementary strand
(TAACCC)n. In combination, these strands presumably form a
long, double-stranded duplex with a short (~50–400 nt) 3’-end
overhang of the G-rich strand.[6] However, other folded struc-
tures are likely to form within these sequences, either locally
or transiently, and these structures probably affect the biologi-
cal function of telomeres. When G-rich and C-rich telomeric se-
quences are studied separately in vitro, stable four-stranded
structures are observed for each.[7] The guanine-rich strand is
prone to form G-quadruplex structures,[8,9] whereas the com-
plementary C-rich strand is able to fold into a four-stranded i-
motif under certain conditions.[10,11] Moreover, it has been dem-
onstrated that telomeric sequences can undergo transforma-
tion from a duplex to separately folded tetraplexes; this indi-
cates that there can be only small differences in stability be-
tween these two states.[7, 12–14] Such findings suggest that tran-
sitions between alternate telomeric structures could play im-
portant roles in vivo, such as in regulatory processes or at
different points in the cell cycle.[6] Indeed, structures different
from the duplex, such as the T-loop, have been observed re-
cently in telomeres isolated from cells.[15]


Studies of synthetic telomere sequences in vitro provide a
good reference for comparisons to the more complex cellular
structure,[15] but can be limited by their simplicity. The existing
studies are hampered by the fact that they focus on short
(usually ~24 nt) oligonucleotides that are only capable of
forming one unit of four-stranded structure. When studying
such short tetraplex-forming DNAs, the possibility of stabiliza-
tion of such structures arising from interactions between
single units, such as stacking into continuous stretches, cannot
be observed. It might well be possible that such cooperative
interactions potentially found in longer sequences influence
both the global structure and thermodynamics of the fold in
biological systems. Therefore, it is important to extend the
structural studies to longer, polymeric stretches of artificial
telomeric DNA.


Of course, long DNAs are usually more difficult to prepare
than small oligonucleotides. The telomerase enzyme has been
used to elongate the G-rich strand of telomeres;[16,17] however,
this enzyme cannot be used to extend the C-rich strand. Here,
we present a convenient approach to generate and study
long, C-rich telomeric DNA. The strategy utilizes small circular
telomeric oligomers in templated polymerase reactions (see
Figure 1A).[18,19]


[a] Dr. J. S. Hartig, Dr. S. Fernandez-Lopez, Prof. Dr. E. T. Kool
Department of Chemistry, Stanford University
Stanford, CA 94305–5080 (USA)
Fax: (+1)650-725-0259
E-mail : kool@leland.stanford.edu


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


Short synthetic oligonucleotides derived from the human telomer-
ic repeat have been studied recently for their ability to fold into
four-stranded structures that are thought to be important to
their biological function. Because telomeric DNAs are several kilo-
bases in length, however, their folding might well be affected by
cooperative or high-order interactions in these long sequences.
Here, we present a new molecular system that allows for easy
synthesis of very long stretches of the cytosine-rich strand of
human telomeric DNA. Small circular DNAs composed of the G-
rich sequence of human telomeres were prepared and used as
templates in a rolling-circle replication mechanism. To facilitate


the synthesis of the repetitive G-rich circles, an orthogonal base-
protection strategy that made use of dimethylformamidine-pro-
tected guanine nucleobases was developed. Nanometer-scale cir-
cles ranging in size from 42 to 54 nucleotides were prepared.
Subsequently, we tested the action of various DNA polymerases
on these circular templates, and identified DNA Pol I (Klenow
fragment) and T7 DNA polymerase as enzymes that are able to
generate very long, C-rich telomeric DNA strands. Purification
and initial structural examination of these C-rich polymeric prod-
ucts revealed evidence of a folded structure in the polymer.


1458 @ 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/cbic.200500015 ChemBioChem 2005, 6, 1458 – 1462







Results


Synthesis of G-rich telomeric DNA nanocircles


Our molecular strategy for generation of C-rich telo-
mere repeats requires the use of circular oligonucleo-
tides composed exclusively of the perfect G-rich telo-
mere repeat, (TTAGGG)n. Synthesis of single-stranded
circular oligonucleotides is commonly carried out by
using a DNA ligase to close a linear precursor. A
“splint” oligonucleotide that aligns the ends of the
precursor by hybridizing to both ends is typically
used in the ligation.[20] However, this approach is not
viable for highly repetitive sequences since the splint
will likely hybridize in the center of the precursor
rather than at its ends. To circumvent these difficul-
ties for closure of a previous class (the C-rich class)
of telomere-encoding circles, we recently developed
a strategy employing an orthogonal protecting
group, dimethylacetamidine, on adenines near the
center of the sequence.[21] This protecting group
forces the splint to bind at the ends of the circle pre-
cursor.


However, this approach was not successful for the new G-
rich circles, which contain only one adenine (and thus only
one blocking group) per hexamer repeat. Thus we investigated
ways to keep guanine residues at the center of a linear precur-
sor blocked from hybridization while deprotecting and subse-
quently ligating the ends of the oligonucleotide. We first inves-
tigated if the use of standard protecting groups (isobutyryl on
G, benzoyl on A) would be sufficient to block hybridization of
a splint oligonucleotide. As observed before with the previous
system,[21] these standard groups did not prevent hybridization


of a complementary strand, as determined by thermal UV
melting experiments (see Supporting Information). We next
tested dimethylformamidine (dmf) as the protecting group on
the exocyclic amine groups of guanines,[22] since the corre-
sponding phosphoramidite is commercially available. “Ultra-
mild”-deprotecting groups (PAC chemistry) were used on the
other bases in the sequence.[23]


Using dmf-protected guanidines in the center of the linear
precursor, we succeeded with the synthesis of circular DNAs
that encode the G-rich telomeric repeat (see Experimental Sec-
tion and Supporting Information). We prepared three different
circle sizes ranging from 42 to 54 nt, corresponding to seven,
eight, and nine repeats of the hexamer sequence GGGTTA (see
Figure 1B). These sizes were chosen because they encompass
the range of smallest circle sizes that acted as efficient sub-
strates for DNA polymerases in a previous study.[18] Nuclease S1
digestion was used to confirm circularity of the DNA constructs
(Figure 2). Significantly, the purified circles always showed a
small higher-mobility band. These bands could be explained
by secondary structures, likely caused by intramolecular folding
of these G-rich sequences. Such folding was corroborated by
CD spectra, which showed evidence of G quadruplex (see Sup-
porting Information) in the circular DNA samples. Previously,
similar satellite bands were also observed on gel analysis of
the complementary, C-rich circles,[18] which were shown to fold
into i-motif structures.


Generation of long, C-rich telomeric strands


Such possible folded structure in the circular oligonucleotides
might interfere with the ability of these DNAs to act as tem-
plates for polymerase enzymes. Thus we tested several en-
zymes to determine their ability to extend a short primer to
very long, C-rich telomeric sequences. As shown in Figure 3A,
elongation with the Klenow fragment of E. coli DNA polymer-
ase I yielded products of several thousand nucleotides in length
after incubation for one hour. A T7 DNA polymerase mutant
(Sequenase) also proved to generate DNA strands of equal


Figure 1. Rolling-circle replication using G-rich telomeric DNA circles. A) A
DNA nanocircle encoding the human telomeric sequence serves as a virtual-
ly infinite template in an extension reaction with a C-rich telomeric primer
and a DNA polymerase. B) Two of the three circles characterized are shown
(42 nt circle, n=7; 54 nt circle, n=9).


Figure 2. Migration and nuclease S1 digestion of linear and circular telomeric DNA. Un-
treated and partially digested linear and circular telomeric sequences were analyzed by
15% denaturing PAGE and visualized by stains-all dye. A) Untreated samples; B) nucle-
ase S1-digested samples. 1= linear 42 nt precursor, 2= linear 48 nt precursor, 3= linear
54 nt precursor, 4=42 nt circle, 5=48 nt circle, 6=54 nt circle.
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length (Figure 3B). By quantifying autoradiography, we esti-
mated the amount of very long extension products (>1000
nucleotides) to be 4.2 and 6.9% after one and two hours, re-
spectively, with the 48 nt circle and Klenow fragment as poly-
merase. Interestingly, although the thermostable Vent poly-
merase was able to produce long extension products as well,
even the linear precursors seemed to be efficient templates for
the extension reaction; this suggests a mechanism different
from the rolling-circle mode (see Supporting Information).
Other polymerases showed significant but less efficient elonga-
tion, among them calf thymus pol a and human pol b. Only
the phage polymerase F29 did not extend the primer signifi-
cantly (see Supporting Information). This last observation was
surprising, as this polymerase has been reported to be highly
active with nonrepetitive circular oligonucleotide templates in
rolling-circle amplifications.[24] It is possible that the unusual
structure of this enzyme renders it more susceptible to secon-
dary structure in the template.[25]


The gel analysis confirmed that the circular DNAs could pro-
duce long DNA products. To confirm that these products were
the result of a rolling-circle reaction[26] producing the C-rich
strand of the human telomeres, we carried out a Sanger se-
quencing reaction using the purified extension products as
template. In Figure 3A the resulting capillary electropherogram
is shown; it indicated that indeed the human C-rich telomeric
sequence was obtained. In addition, reactions lacking each


one of the dNTPs were carried out. Only depletion of dGTP re-
sulted in the generation of long extension products, as expect-
ed due to the absence of deoxyguanosines in the C-rich
human telomeric sequence (see Supporting Information).


To demonstrate that this approach is well suited for the gen-
eration of long telomeric DNA stretches in preparative quanti-
ties suitable for structural studies, we performed a nonradioac-
tive extension reaction on a larger scale and purified the elon-
gated products. As mentioned before, a characteristic feature
of the human C-rich telomeric sequence is its ability to fold
locally into an i-motif structure. The formation of this four-
stranded fold is preferred at slightly acidic conditions, since
protonated cytosine–cytosine base pairs are involved.[7,10, 11] As
a first test, we investigated if i-motif formation is observed in
the isolated DNA polymers under such conditions. Interesting-
ly, our long, artificial, C-rich telomeric DNA did, in fact, exhibit
a CD spectrum characteristic for i-motif formation at acidic pH,
with a maximum around 285 nm (Figure 4B). This finding com-
pares well with similar measurements using a short (21 nt) syn-
thetic sequence (Figure 4C) as well as with literature data for
short i-motif-forming sequences.[13,27,28] When observed at neu-
tral pH, both short and long sequences lost this characteristic
signature, consistent with a rather nonstructured fold.[13] These
preliminary results demonstrate that this rolling-circle ap-
proach is able to deliver polymeric repetitive sequences for
subsequent structural investigations.


Discussion


The results demonstrate the successful implementation of an
orthogonal protecting-group strategy that allows the synthesis
of G-rich circular oligonucleotides by freeing only the reactive
ends for ligation. Because of the difference in sequence, these
G-rich cases required a different protecting-group strategy
than the one developed previously for C-rich circles.[21] Surpris-
ingly, isobutyryl and benzoyl groups on guanine and adenine,
respectively, do not prevent hybridization of a complementary
oligonucleotide, a finding that merits investigation in the
future. It is possible that since those groups leave one proton
on the exocyclic amine groups of the nucleobases, they still
support Watson–Crick-pair formation. In contrast, the dimethyl-
formamidine group leaves no such protons; this might explain
its success in preventing splint hybridization and allowing the
desired ligations to occur.


The rolling-circle strategy[26] in combination with these new
G-rich circular DNAs has facilitated the one-step synthesis of
very long, cytosine-rich telomeric DNAs. To our knowledge, this
approach is by far the simplest method available for the gener-
ation of long, artificial telomeric sequences. Combined with
the complementary system for the generation of polymeric G-
rich stretches,[18,19] long constructs of both telomere strands
can now be generated and investigated separately as well as
together. We have demonstrated that structural investigations
of these artificially generated telomeric stretches can be car-
ried out, and the preliminary results suggest a similar behavior
of the polymeric sequences in comparison to the short syn-
thetic ones that have been characterized. We are currently


Figure 3. Rolling-circle replication by using cyclic G-rich DNA templates. A
12% denaturing PAGE analysis of extensions of a 32P-labelled 18 nt telomeric
primer is shown. A) Klenow fragment; B) T7 DNA polymerase (Sequenase).
1=control without circular template, 2= linear 42 nt precursor, 3= linear
48 nt precursor, 4= linear 54 nt precursor, 5=42 nt circle, 6=48 nt circle,
7=54 nt circle.
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using a number of methods to study the folding of long telo-
meric stretches in comparison with short oligonucleotides. By
varying parameters such as concentration, cations, pH, and the
presence of the complementary strands we hope to determine
whether the stability and structure of telomeric, four-stranded
sequences are affected by their length.


Experimental Section


Synthesis of circular, G-rich DNAs: The following sequences were
synthesized by using ultramild phosphoramidite chemistry (Glen
Research) on an ABI 394 synthesizer (underlined letters G indicate
positions of dimethylformamidine-protected guanosine residues).


Sequences : Circle precursors: 5’-TAGGGTTAG(GGTTAG)nGGTTTA-
GGGT-3’ with n=4–6 for the 42, 48, and 54 nt precursors, respec-
tively. The precursor oligonucleotides were phosphorylated at the
5’ terminus by using a chemical phosphorylation reagent (Glen Re-
search) and deprotected in K2CO3/methanol (50 mm) for 8 h at
room temperature. The following oligonucleotide was used both
as a ligation splint in the T4 ligase reactions and as primer in the
rolling-circle extension reactions: 5’-CTAACCCTAACCCTAACC-3’
(18 mer).


For cyclizations, the linear precursor (1 mm) and the ligation splint
(1.5 mm) were combined in Tris buffer (50 mm, pH 7.5) containing
MgCl2 (10 mm) and heat-denatured. After the mixture was allowed
to slowly reach room temperature, ATP, 1,4-dithiothreitol (DTT),
and bovine serum albumin (BSA) were added to final concentra-


tions of 100 mm, 10 mm and 25 mgmL�1, respectively. The reaction
was initiated by adding T4 DNA ligase to a final concentration of
800 UmL�1. The reaction was incubated for 12 h at room tempera-
ture, followed by heat inactivation of the ligase and dialysis against
water. The reaction mixture was then concentrated and the re-
maining dimethylformamidine groups were deprotected in con-
centrated aqueous ammonia (1 mL) for 18 h at room temperature,
followed by purification of circular oligonucleotides by 15% PAGE.
Circularity of the telomeric DNAs was confirmed by using nucle-
ase S1. Linear precircles and circular constructs (150 pm each) were
incubated with nuclease S1 (0.25 units) for 5 min at 37 8C. Cleavage
products were visualized after 15% PAGE by using stains-all dye
(Sigma).


Rolling-circle extension reactions: All reaction mixtures contained
telomeric G-rich circles (0.1 mm), 5’-32P-labelled telomeric primer
(CTAACCCTAACCCTAACC; 1 nm), and dNTPs (1 mm) in a final
volume of 10 mL. The reactions were started by addition of the
DNA polymerase and incubated at 37 8C for 1 h. The reaction mix-
tures were quenched in PAGE loading buffer and analyzed by 12%
denaturing PAGE and autoradiography.


Klenow Fragment (exo-): Klenow fragment lacking 3’–5’-exonuclease
activity (4 U; New England Biolabs) was used in Tris buffer (50 mm,


pH 7.5) containing MgCl2 (5 mm) and DTT (7.5 mm).


T7 DNA Polymerase : T7 DNA Polymerase (6.5 U; Sequenase, USB)
was used in Tris buffer (40 mm, pH 7.5) containing MgCl2 (20 mm)
and NaCl (50 mm).


Figure 4. Characterization of C-rich telomeric extension products. A) Sequencing reaction of isolated product ; B) CD spectrum of rolling-circle product ; C) CD
spectrum of a synthetic 21 nt long C-rich human telomeric DNA sequence.
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Larger scale preparation/purification for sequencing and CD-
measurements: A 100 mL extension reaction with Klenow frag-
ment as described above was heat-denatured and extracted with
phenol/CHCl3 (1:1, 200 mL). The reaction mixture was then passed
through a sephadex column (SizeSep 400, Amersham; cutoff
below 400 nt) to remove primer, circular template, and dNTPs. Se-
quencing was carried out (Stanford PAN facility) by following the
Sanger procedure (primer: GTTAGGGTTAGGGTTAGG). The genera-
tion of extension products for CD measurements was prepared ac-
cordingly, except that dGTP was omitted in the extension reaction.


CD-spectroscopy: Spectra were measured from 500 mL samples of
1 mm concentration in quartz cuvettes (1 cm pathlength). The con-
centration of the polymeric product was calculated based on the
extinction coefficient of a 24 nt C-rich sequence. This results in
comparable optical density, but not molarity, of both short and
long sequence samples (the effective concentration of the long se-
quences is !1 mm). A 21 nt synthetic oligonucleotide (CCCTAA
CCCTAACCCTAACCC) and the polymeric sample were incubated
for 1 h in NaOAc (20 mm), KCl (100 mm), pH 5.0, or in Tris/HCl
buffer (20 mm, pH 7.0) containing KCl (100 mm) at room tempera-
ture prior to recording the spectra.


Acknowledgements


We thank the U.S. National Institutes of Health for grant support
(GM069763). J.S.H. was supported by a fellowship of the Deutsche
Forschungsgemeinschaft (DFG). S.F.L. was supported by a fellow-
ship from EMBO.


Keywords: DNA polymerases · DNA structures · rolling-circle
replication · synthesis design · telomeres


[1] S. R. Chan, E. H. Blackburn, Philos. Trans. R. Soc. London Ser. B 2004, 359,
109–121.


[2] T. R. Cech, Angew. Chem. 2000, 112, 34–44; Angew. Chem. Int. Ed. 2000,
39, 34–43.


[3] J. W. Shay, W. E. Wright, Nat. Rev. Mol. Cell. Biol. 2000, 1, 72–76.


[4] M. P. Granger, W. E. Wright, J. W. Shay, Crit. Rev. Oncol. Hematol. 2002,
41, 29–40.


[5] J. M. Wong, K. Collins, Lancet 2003, 362, 983–988.
[6] E. H. Blackburn, Cell 2001, 106, 661–673.
[7] A. T. Phan, J. L. Mergny, Nucleic Acids Res. 2002, 30, 4618–4625.
[8] T. Simonsson, Biol. Chem. 2001, 382, 621–628.
[9] G. N. Parkinson, M. P. Lee, S. Neidle, Nature 2002, 417, 876–80.


[10] K. Kanaori, N. Shibayama, K. Gohda, K. Tajima, K. Makino, Nucleic Acids
Res. 2001, 29, 831–840.


[11] A. T. Phan, M. Gueron, J. L. Leroy, J. Mol. Biol. 2000, 299, 123–144.
[12] D. Miyoshi, S. Matsumura, S. Nakano, N. Sugimoto, J. Am. Chem. Soc.


2004, 126, 165–169.
[13] W. Li, D. Miyoshi, S. Nakano, N. Sugimoto, Biochemistry 2003, 42,


11736–11744.
[14] W. Li, P. Wu, T. Ohmichi, N. Sugimoto, FEBS Lett. 2002, 526, 77–81.
[15] R. M. Stansel, T. de Lange, J. D. Griffith, EMBO J. 2001, 20, 5532–5540.
[16] G. Schnapp, H. P. Rodi, W. J. Rettig, A. Schnapp, K. Damm, Nucleic Acids


Res. 1998, 26, 3311–3313.
[17] C. Autexier, R. Pruzan, W. D. Funk, C. W. Greider, EMBO J. 1996, 15,


5928–5935.
[18] J. S. Hartig, E. T. Kool, Nucleic Acids Res. 2004, 32, e152–157.
[19] U. M. Lindstrçm, R. A. Chandrasekaran, L. Orbai, S. A. Helquist, G. P.


Miller, E. Oroudjev, H. G. Hansma, E. T. Kool, Proc. Natl. Acad. Sci. USA
2002, 99, 15953–15958.


[20] A. M. Diegelman, E. T. Kool, Current Protocols in Nucleic Acid Chemistry,
Vol. 1: Methods for Preparation of Circular Single-Stranded DNAs, Wiley,
New York, 2002.


[21] U. M. Lindstrçm, E. T. Kool, Nucleic Acids Res. 2002, 30, e101–105.
[22] L. J. McBride, R. Kierzek, S. L. Beaucage, M. H. Caruthers, J. Am. Chem.


Soc. 1986, 108, 2040–2048.
[23] J. Baner, M. Nilsson, M. Mendel-Hartvig, U. Landegren, Nucleic Acids Res.


1998, 26, 5073–5078.
[24] R. K. Singh, K. Misra, Indian J. Chem. 1988, 27B, 409–417.
[25] S. Kamtekar, A. J. Berman, J. Wang, J. M. LNzaro, M. de Vega, L. Blanco,


M. Salas, T. A. Steitzet, Mol. Cell. 2004, 16, 609–618.
[26] E. T. Kool, Annu. Rev. Biophys. Biomol. Struct. 1996, 25, 1–28.
[27] S. S. Pataskar, D. Dash, S. K. Brahmachari, J. Biomol. Struct. Dyn. 2001, 19,


307–313.
[28] G. R. Bishop, J. B. Chaires in Current Protocols in Nucleic Acid Chemistry,


Vol. 2 (Eds. : S. L. Beaucage, D. E. Bergstrom, G. D. Glick, R. A. Jones),
Wiley, 2002, New York, p. 7.11.7.


Received: January 15, 2005


1462 @ 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1458 – 1462


E. T. Kool et al.



www.chembiochem.org



