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Artificial Restriction DNA Cutters as New Tools for Gene
Manipulation
Hitoshi Katada and Makoto Komiyama*[a]


1. Importance of Artificial Restriction DNA Cutters


Construction of cloning vectors is one of the most fundamen-
tal processes for cell transformation in biotechnology and mo-
lecular biology. Plasmid vectors are usually manipulated by:
1) scission of the plasmid at predetermined sites by restriction
enzymes, and 2) connection of the scission product with a for-
eign DNA fragment by using a DNA ligase. A considerable
number of restriction enzymes have been already discovered,
and most of them are commercially available. However, the
versatility of their recognition sequences (mostly palindromes)
is still limited so that we often encounter difficulty in finding
an appropriate restriction enzyme for our aimed DNA manipu-
lation. Accordingly, new tools to cut DNA at any site of choice,
if available, should facilitate complicated gene manipulation.
Furthermore, most naturally occurring restriction enzymes rec-
ognize only 4–6 bp long DNA sequences, and thus their diges-
tion occurs at too many sites when the target molecules are
large in size. With an adenovirus vector, which is composed of
~35 kbp, for example, the scission site of a 6 bp-recognizing
restriction enzyme should appear, on average, at around 5–10
sites (35 000/46 = 8.5). The situation is more critical when still
larger genomic DNA molecules are digested. To cut large DNA
molecules site selectively and to allow their precise manipula-
tion, new DNA-cutting tools that recognize a predetermined
longer sequence are required. If a 16 bp sequence is strictly
recognized, for example, even the genome of human beings
(composed of 3 � 108 bp) can be cut, at least in theory, at only
one-site (416>3 � 109). Therefore, in these three decades, many
laboratories have attempted the preparation of artificial DNA-
cutting tools that recognize longer sequences.


In 1987, Dervan et al. attached a FeII–EDTA complex as a
DNA-cleaving molecule to a triplex-forming oligonucleotide
and successfully cleaved double-stranded DNA at the corre-
sponding triplex site.[1] The conjugates of a 1,10-phenanthro-
line–CuII complex with triplex-forming oligonucleotides also
showed sequence-specific scission.[2, 3] In these studies, radical


species, which were formed during catalysis by the metal com-
plex, cleaved the neighboring ribose residues at the target
site; this resulted in site-selective scission of the DNA. TheseACHTUNGTRENNUNGelegant pioneering works were further extended to various
types of site-selective DNA cleavers. Freedom of choice on
cleavage site has been ensured by using poly(pyrrole-imida-
zole),[4–7] zinc finger proteins,[8–10] and other sequence-recogniz-
ing molecules[11] in place of the triplex-forming oligonucleo-
tides. Many other metal complexes for DNA cleavage have also
been reported.[12–21] These artificial cutters are so eminent in
scission efficiency that they have been widely employed as
new tools in nucleic acid chemistry, molecular biology, and
many other relevant fields.


2. Artificial Tools for Site-Selective Hydrolysis
of DNA at a Desired Site


Subsequently, two types of artificial tools that cut double-
stranded DNA through hydrolysis of target phosphodiester
linkages as naturally occurring nucleases do, have been devel-
oped and used for gene manipulation (Figure 1). They have
been further applied to various biochemical and/or biological
purposes. These hydrolytic DNA cutters are the main subject
of this review. In this section, the molecular structure of these
hydrolytic DNA cutters will be outlined (recent developments
in engineering of naturally occurring, rare-cutting endonucle-ACHTUNGTRENNUNGases will be briefly described in Section 5).


Two types of artificial tools that cut double-stranded DNA
through hydrolysis of target phosphodiester linkages have
been recently developed. One is the chemistry-based artificial
restriction DNA cutter (ARCUT) that is composed of a CeIV–
EDTA complex, which catalyses DNA hydrolysis, and a pair of
pseudo-complementary peptide nucleic acid fragments forACHTUNGTRENNUNGsequence recognition. Another type of DNA cutter, zinc finger
nuclease (ZFN), is composed of the nuclease domain of natu-


rally occurring FokI restriction endonuclease and a designed
zinc finger DNA-binding domain. For both of these artificial
tools, the scission site and specificity can be freely chosen ac-
cording to our needs, so that even huge genomic DNA se-
quences can be selectively cut at the target site. In this article,
the chemical structures, preparation, properties, and typical ap-
plications of these two man-made tools are described.
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2.1 Chemistry-based artificial restriction DNA cutters
(ARCUT)


As shown in Figure 1 A, this chemistry-based DNA cutter
(ARCUT) is composed of: 1) a CeIV–EDTA complex (a catalyst for
DNA hydrolysis), and 2) a pair of pseudo-complementary pep-
tide nucleic acids (pcPNA; black lines) for sequence recogni-
tion.[22] In pcPNA, pseudo-complementary DNA bases (2,6-dia-
minopurine (D) and 2-thiouracil (U)) are bound to a poly(N-
aminoethyl-l-glycine) backbone. Duplex formation of these
two pcPNA strands is suppressed by steric repulsion between
D and U so that two appropriately designed strands efficiently
form a double-duplex invasion complex (note that they are
complementary to each other).[23, 24] The binding sites of two
pcPNA strands in double-duplex invasion complexes in ARCUT
are laterally shifted with respect to one another by several nu-
cleobases, and thus single-stranded portions (the gray parts)
are formed at predetermined sites in the DNA (the second
structure from the top). These portions are preferentially hy-
drolyzed by the CeIV–EDTA complex, because this complexACHTUNGTRENNUNGhydrolyzes only DNA in the single-stranded state, and double-
stranded DNA is hardly hydrolyzed.[25] The scission site and site
specificity of ARCUT can be tuned simply by changing theACHTUNGTRENNUNGsequences and lengths of the pcPNAs. In fact, even huge DNA
molecules (e.g. , 4.6 Mbp genome of E. coli) can be selectively
cut at the desired site, although it is absolutely impossible
with conventional restriction enzymes.[26] Importantly, all of the
DNA scission proceeds by hydrolysis of target phosphodiester
linkages, exactly as with scissions by naturally occurring restric-
tion enzymes.[27] Thus, fragments obtained by ARCUT scission
can be combined with various DNA fragments by using DNA
ligase. Thus, ARCUT can be applied to the construction ofACHTUNGTRENNUNGvectors of various sizes. Importantly, the scission site of ARCUT
is straightforwardly predictable and determined, because it is
governed only by Watson–Crick base pairings.


2.2 Zinc finger nuclease (ZFN)


Zinc finger nucleases (ZFNs) were first reported by Chandrase-
garan and co-workers,[8] and are composed of: 1) the nuclease
domain of naturally occurring FokI restriction endonuclease,
and 2) zinc finger DNA-binding domains (F1, F2, F3; Figure 1 B).
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Figure 1. Artificial cutters for site-selective hydrolytic scission of double-
stranded DNA. A) Chemistry-based artificial restriction DNA cutter (ARCUT)
and B) zinc finger nuclease (ZFN); F1, F2, F3: zinc finger DNA-binding do-
mains.
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The zinc finger domain, which is typically three or four
tandem-arrayed Cys2His2 zinc finger proteins, binds to the
target site in the substrate DNA, and puts the FokI nuclease
domain in place. It is noteworthy that the nuclease domain of
FokI becomes catalytically active only when two of them are
placed in close proximity to form a dimer.[10, 28] DNA scission by
the resultant dimeric FokI nuclease occurs without any site
specificity. During scission of double-stranded DNA, two conju-
gates of the nuclease domain and the zinc finger domain bind
simultaneously to the DNA, as depicted in Figure 1 B. TheACHTUNGTRENNUNGnuclease domain dimer is formed in situ and hydrolyzes the
region between the binding sites of the two zinc finger do-
mains.[10] The zinc finger portions in these two conjugates
need not be identical. Rather, two different conjugates involv-
ing a zinc finger domain, which binds to its corresponding
unique DNA sequence, can also be combined and thus even
nonpalindromic sequences can be targeted for site-selective
scission.


Each of the zinc finger proteins, which is composed of
about 30 amino acid residues and is folded into a bba struc-
ture in the presence of zinc ion, primarily recognizes 3 bp in
DNA through hydrogen bonds.[29] There, the amino acid resi-
dues at positions �1 to +6—relative to the start of the
a helix—make the predominant contributions to DNA se-
quence recognition. Accordingly, the zinc finger domain (in
homo- or heterodimer conjugate(s)) involves about 200–300
amino acid residues in total and recognizes 18 or 24 bp, which
is long enough to target only one sequence in human genom-
ic DNA. At present, de novo design of a zinc finger protein
that binds to a target binding site is rather difficult (rational
design has only been successful to some extent).[30] Instead, a
required protein is usually selected from libraries with either
the phage display method[31–34] or a bacterial cell based two-
hybrid system.[35, 36] The nuclease domain that is derived from
FokI is composed of 196 amino acid residues.


In the following sections, DNA manipulation by using either
ARCUT or ZFN is described to show their usefulness and limita-
tions.


3. DNA Manipulation by Artificial Restriction
DNA Cutter (ARCUT)


3.1 Scission of vectors at desired sites by using ARCUT


The sequences and lengths of the pcPNAs that are used for
ARCUT are almost freely chosen according to our needs. In
principle, any kind of vector, irrespective of its size and the
scission site, can be selectively cut by appropriately designed
ARCUT. To cut pBR322 plasmid at 1830 bp site, for example,
a pair of pcPNAs, pcPNA1 and pcPNA2, were designed (Fig-
ure 2 A). These additives are complementary to C1826–A1840
in the upper strand of the plasmid DNA, and A1821–G1835 in
the lower strand, respectively. Upon incubating these pcPNAs
with the pBR322 plasmid, a double-duplex invasion complex is
formed in which both T1821–T1825 in the upper strand and
G1836–T1840 in the lower strand are kept single stranded (Fig-
ure 2 A, underlined sequences). These single-stranded portions


were selectively hydrolyzed by the CeIV–EDTA complex at the
target site to produce the linear, form III DNA (4361 bp length;
Figure 2 B, lower band in lane 2). Although there exist several
scission products in the reaction mixtures, only the desired
product is selectively ligated with foreign DNA by using the
appropriate joint oligonucleotide and used for the following
DNA manipulation (section 3.3 B). To cut the vector at two sites
and provide two truncated portions, when necessary, ARCUT
can be combined with appropriate naturally occurring restric-
tion enzymes (or with another set of ARCUT). In lane 3, for ex-
ample, the primary scission product of pBR322 by the ARCUT
(lane 2) was further treated with EcoRI, the recognition site of
which is located at the 4359 bp site of this plasmid. As expect-
ed, two fragments of 1.8 and 2.5 kbp were formed, and both
fragments can be used to prepare desired vectors.


One of the biggest advantages of ARCUT over naturally oc-
curring restriction enzymes is its extraordinarily high aptitude
for recognizing long sequences. Thus, even large vectors that
are too big to be manipulated by conventional restriction en-
zymes can be satisfactorily cut at one target site. As demon-
strated in Figure 3, adenovirus vector pAd/PL-DEST-BFP (ca.
35 kbp) is specifically cut at site 1490 bp by ARCUT (the se-
quences of target site and pcPNA additives are shown in Fig-
ure 3 A). As a result of the ARCUT scission, form I DNA (super-
coiled DNA in lane 1) was converted to form III (linear ~35 kbp
DNA; Figure 3 B, lane 3). Upon post-treatment of the ARCUT
product with PmeI, a 10.5 kbp fragment was formed as expect-
ed (lane 4). The site specificity of the ARCUT scission was fur-
ther confirmed (another 24.4 kbp fragment could not be sepa-
rated from form III DNA under the conditions used).


Note that the direct scission of this adenovirus vector by
EcoRI, which recognizes 6 bp, provides five fragments (Fig-


Figure 2. A) Sequences of the target site and pcPNA additives for site-selec-
tive hydrolysis of pBR322 plasmid. The underlined single-stranded portions
are preferentially hydrolyzed by the CeIV–EDTA complex. In the pcPNA
strands, 2,6-diaminopurine (D) and 2-thiouracil (U) were used in place of
conventional DNA bases A and T, respectively.[23, 24] . B) Agarose gel electro-
phoresis patterns; lane M: 1 kbp DNA ladder ; lane 1: no treatment; lane 2:
after ARCUT scission; lane 3: EcoRI digest of lane 2. C) Vector map of
pBR322. The lengths of the fragments obtained by consecutive scissions by
ARCUT and EcoRI are also shown.
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ure 3 D). The necessity of ARCUT is, therefore, evident. In a typi-
cal ARCUT, two pcPNA strands involving 15 nucleic acid bases
are employed. According to a systematic study, this ARCUT
strictly recognizes 16–20 bp at the target scission site.[37] This
specificity is sufficiently high for site-selective scission of
human genomic DNA.


3.2 Preparation of inserts for ARCUT-based DNAACHTUNGTRENNUNGmanipulation


Because the site-selective DNA scission by ARCUT proceeds by
simple hydrolysis of target phosphodiester linkages, the resul-
tant fragments are directly subject to catalysis by DNA ligase
and other enzymes. Hence, all of the inserts used for conven-
tional DNA manipulation (e.g. , PCR products and restriction
enzyme digests) can be directly employed as the inserts for
ARCUT-based manipulation.


It is noteworthy that ARCUT can be used to prepare inserts
that are otherwise hardly obtainable. Two sets of ARCUT are
used simultaneously (or stepwise) on genomic DNA, and this
huge DNA is selectively hydrolyzed at two predetermined
sites. Alternatively, one set of ARCUT can be combined with a
naturally occurring restriction enzyme. By these two-site scis-


sions, a gene of interest can be excised and used as
an insert for vector preparation. The sequence-specif-
icity of ARCUT is high enough to cut one target site
selectively even in huge genomic DNA molecules. Im-
portantly, epigenetic information, such as DNA meth-
ylation, is kept intact during the excision, which is in
marked contrast with its complete loss during PCR
amplification of the target. Therefore, this technique
promises to be extremely useful for various applica-
tions, such as gene analysis and diagnosis. Figure 4
shows a typical example. A pair of pcPNA strands for
each of these two sets of ARCUT bind to the corre-
sponding target sequences in the DNA, and CeIV–
EDTA promotes hydrolysis at this site. The desired
fragment (1010 bp) can thus be successfully excised
(Figure 4 B, lane 1).


3.3 Ligation of the vector and insert obtained by
using ARCUT


The vectors and the inserts prepared by using ARCUT
have unique termini structures that involve over-
hangs of 15–20 nucleotides long. They are the results
of the CeIV–EDTA-catalyzed hydrolytic scission of the
single-stranded portions, which are formed in the
double-duplex invasion complex (Figure 1 A). These
ARCUT products cannot be directly ligated with the
inserts obtained by PCR and/or restriction enzymeACHTUNGTRENNUNGdigestions (they have either conventional cohesive
ends or blunt ends). To solve this problem, two meth-
ods have been developed. One method is to convert
the unique termini of ARCUT products (and cohesive
end of the insert, if any) into blunt ends by using
single-stranded DNA specific endonucleases (Fig-


ure 5 A). Another is to add a joint oligonucleotide to ligation
mixtures and fill the gap between these two kinds of termini
(Figure 5 B). As a result, the “complementary” structure is tem-
porarily formed and successfully ligated.


A. Formation of blunt ends by single-stranded DNA-specific en-
donucleases. ARCUT products are treated with single-stranded
DNA-specific endonucleases, and their unique protruding ter-
mini are converted to blunt ends. An insert fragment that has
blunt ends in both termini is independently prepared. The liga-
tion of these two fragments by DNA ligase is straightforward.
Because of the feature of ARCUT, the insertion site in the
vector can be freely chosen. This is an important advantage, al-
though the direction of the insert in the vector and the trim-
ming length by the single-stranded specific nuclease cannot
be precisely controlled.


As illustrated in Figure 6, enhanced green fluorescent pro-
tein (EGFP) was inserted as a cassette into pBR322. The linear-
ized pBR322, which was prepared by ARCUT scission at
1830 bp site (section 3.1), was treated with Mung bean nucle-
ase and Klenow fragment to convert the end structures to
blunt ones. An insert containing the EGFP gene was independ-
ently prepared by PCR and its 5’ termini were phosphorylated
with T4 polynucleotide kinase. The linearized plasmid and the


Figure 3. Site-selective hydrolysis of adenovirus vector, pAd/PL-DEST-BFP (~35 kbp).
A) Sequences of target site and pcPNA additives ; phosphoserine (P) was attached to the
N terminus of the pcPNAs to promote scission activity. B) Agarose gel electrophoresis
patterns; lane 1: no treatment; lane 2: PmeI digest ; lane 3: ARCUT scission product ;
lane 4: PmeI digest of the product in lane 3; lane M: l/HindIII marker. C) Vector map of
pAd/PL-DEST-BFP. The lengths of the fragments obtained by consecutive scissions by
ARCUT and PmeI (in lane 4) are also shown. D) Agarose gel electrophoresis patterns ob-
tained after direct scission of pAd/PL-DEST-BFP by EcoRI ; lane 1: EcoRI digests of pAd/
PL-DEST-BFP; lane M1: 1 kbp DNA ladder; lane M2: 100 bp DNA ladder.
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insert were incubated with DNA ligase under conventional
conditions. By using this simple procedure, the EGFP gene cas-
sette was successfully inserted into the target site of the vector in high efficiency, and was confirmed by sequencing ex-


periments (Figure 6 B).
B. Addition of joint oligonucleotide to form tempora-


rily complementary end structures. When one should
like to incorporate an insert into a vector precisely in
a predetermined position (without even 1 bp mis-
placement), the vector should be cut by both ARCUT
and an appropriate restriction enzyme to provide
two different termini to the product (the vector can
be alternatively cut by two sets of ARCUT). The insert
can be prepared by using restriction enzymes or
ARCUT. In the schematic example shown in Fig-
ure 7 A, the ligation in the left-hand side of the insert
is straightforward because both ends are prepared
by using the same restriction enzyme. To connect the
ARCUT formed end of the vector with the restriction
enzyme formed end of the insert (the right-hand
side), however, the strategy shown in Figure 5 B must
be used, and an appropriate joint oligonucleotide
should be added (Figure 7 A, black line). As depicted
in Figure 7 B, a part of this oligonucleotide is comple-


Figure 4. Excision of a desired fragment by using two sets of ARCUT. A) Se-
quences of target scission site 1, target scission site 2, and pcPNA additives
used for double digestion of linearized pBR322. The sequences hydrolyzed
by the CeIV–EDTA complex are underlined. B) Agarose gel electrophoresis
patterns obtained after digestion; lane M: 1 kbp DNA ladder ; lane 2: after
two-site scission by two sets of ARCUT. Note that the desired 1010 bp frag-
ment is observed in lane 1, together with the products formed by one-site
scission.


Figure 5. Two strategies for the connection of a vector prepared by ARCUT to an insert
prepared by conventional methods. The ARCUT product and foreign fragment are in
dark- and light-gray, respectively. A) The ARCUT-treated vector and the insert with cohe-
sive ends, if any, are first treated with single-stranded DNA-specific endonuclease, and
then the resultant blunt ends are ligated. B) A “joint oligonucleotide” (black) is added to
fill the gap between the vector and the insert, and the resultant temporarily “comple-
mentary” end structure is ligated.


Figure 6. Gene cassette insertion into a vector prepared by ARCUT through
blunt-end ligation. A) Schematic outline of the procedure (see also Fig-
ure 5 A). The terminal phosphates of the ARCUT product were removed with
alkaline phosphatase after blunting to prevent self-ligation of the vector in
the subsequent ligation step. B) Sequence analysis of one of the recombi-
nant vectors in which the EGFP gene was inserted in the forward (left) and
reverse (right) conjunction sites.
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mentary with the protruding portion of the ARCUT product (in
dark gray), and the rest is complementary with that of theACHTUNGTRENNUNGrestriction enzyme end (in light gray). Thus, in its presence, the
ARCUT terminus is temporarily made “complementary” with
the terminus of the insert. Under conventional ligation condi-
tions, only the desired vector fragment is selectively picked up
and ligated with the insert (Figure 7 B, the left-hand pathway).
All other ARCUT products that exist in the solution are leftACHTUNGTRENNUNGunchanged (the right-hand pathway). Note that scission by
ARCUT occurs at several phosphodiester linkages in the single-
stranded portions. The reading frame of the resultant recombi-
nant gene is also successfully adjusted to allow the expression
of the recombinant protein. This method is suitable for precise
DNA manipulation, such as for introduction of point mutations,
preparation of fusion proteins, and others.


This method was used to prepare mutants of blue
fluorescent protein (BFP) through a selection proce-
dure (Figure 8). Ser65 and His66 in the chromophore
of BFP were changed to other amino acids. First, the
BFP gene in plasmid pQE60-BFP was cut in the
middle by both ARCUT and restriction enzyme SpeI,
and a 60 bp fragment was removed from the chro-
mophore region. Then, an insert of the same length
in which the 6 bp portion that contained amino acids
65 and 66 was randomized and incorporated into the
vector. In this ligation step, the joint oligonucleotide,
Oligojoint (Figure 8 C), was added as the key compo-
nent for precise ligation. The ligation product was
transformed into E. coli strain DH5a and colonies that
generated bright fluorescence were observed. As
shown in Figure 8 D, two DNA fragments were suc-
cessfully connected in the correct reading frames.
Three fluorescent proteins other than BFP were ob-
tained, and emitted fluorescence at different wave-
lengths (Figure 8 E).


3.4 PCR-free and restriction enzyme-free vector
construction by using ARCUT


In the experiment shown in Figure 9 A, both vector
and insert were prepared by ARCUT. Because neither
PCR nor naturally occurring restriction enzymes are
necessary, we can obtain DNA vectors that are com-
pletely free of polymerases, restriction enzymes, and
their contaminants. Plasmid pET-28b was linearized
by ARCUT and treated with nuclease S1 to provide a
vector with blunt ends (section 3.3). Separately, an
insert containing the EGFP gene (720 bp) was re-
moved from plasmid pQBI T7-GFP by using two sets
of ARCUT, as outlined in section 3.2. This EGFP gene
was also treated with nuclease S1 to form blunt ends.
These vectors and inserts were connected by using
DNA ligase, and transformed into E. coli strain JM109.
The colonies containing the correct open reading
frame were screened (Figure 9 B) and transformed
into E. coli strain BL21-Gold (DE3). The expressed
EGFP successfully emitted strong green fluorescence


(Figure 9 C); this confirms that the DNA was kept intact during
the ARCUT-based manipulation.


4. DNA Manipulation with Zinc FingerACHTUNGTRENNUNGNucleases (ZFNs)


In contrast to the completely chemistry-based ARCUT de-
scribed in section 3, ZFNs are conjugates of two naturally oc-
curring peptides (the nuclease domain of FokI enzyme and
zinc finger proteins; Figure 1 B). The linker portions between
these two domains are also conventional peptides (e.g. ,
(Gly4Ser)3). Accordingly, ZFNs are usually prepared in cells by
using the corresponding expression vectors, which can beACHTUNGTRENNUNGdirectly introduced into the cells. ZFNs formed in situ can be
conveniently used for various applications in vivo.


Figure 7. A) Schematic example of precise gene manipulation by using a joint oligo-ACHTUNGTRENNUNGnucleotide (see also Figure 5 B). B) In the ligation step that uses a joint oligonucleotide,
only the desired fragment is selectively recognized, and undesired fragments are leftACHTUNGTRENNUNGunchanged in the solution.
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4.1 Promotion of homologous recombination


One of the most important applications of ZFNs is to cut ge-
nomic DNA in cells and promote homologous recombination.
Such genetic recombination is an evolutionarily and physiolog-
ically essential process, in which two similar (or identical)
strands of DNA are exchanged by intracellular biological sys-
tems. At the same time, homologous recombination provides
a very useful means to introduce desired DNA sequences into
various organisms. For example, a target gene can be selec-
tively corrected and/or modified to create recombinant DNA
and genetically modified organisms. In mammalian cells, how-
ever, this recombination occurs with very low frequency; this
hampers the practical applications of this unique bioprocess.[38]


It is well known that homologous recombination is remarka-
bly enhanced when both strands of genomic DNA are cut near
the target recombination site (double-strand break; DSB).[39–41]


This DSB-induced enhancement of repair is an intrinsic proper-
ty of living cells and causes the reparation of harmful DSB DNA
damage, which can be formed in the genome by chemicals, X-
ray radiation, or enzymes. In 2003, Porteus and Baltimore first
used ZFNs to induce DSB at a target site in human cells, and in
fact notably enhanced the efficiency of targeting gene correc-
tion.[42] As shown in Figure 10, a defective GFP gene that was


stably integrated into the human genome was employed as a
reporter gene. The recognition sequence of the ZFN used was
within this defective GFP gene. When the expression vector of
this ZFN was introduced into the cells together with a donor
plasmid coding the correct sequence of GFP, the number of
GFP-positive cells enormously increased. Apparently, a DSB
was formed by the ZFN at the target site in the defective GFP
gene, and the defect in this gene was corrected and the DSB
was repaired with the use of the donor plasmid as template.
This pioneering work was further extended by Porteus and
Holmes et al. to gene correction for therapeutic purposes.[43]


The target gene corrected was IL2Rg, which is associated with
X-linked severe combined immunodeficiency. Two ZFNs, each
of which contained four zinc finger proteins, were assembled
to recognize 24 bp at the target site. Exactly as designed, a
high efficiency of targeted gene correction (up to 20 %) was
successfully accomplished. Gene modification by ZFNs in
plants has also been reported.[44, 45]


4.2 Knockout of a target gene


ZFNs have also been used to knockout a target gene. Al-
though homologous recombination (section 4.1) is achieved in
the presence of a donor DNA, it is unnecessary in targeting a


Figure 8. A) Selection of fluorescent proteins by randomizing the chromophore of BFP. The genetic sequence and amino acid residues near the chromophore
are shown. B) Outline of gene recombination for BFP. C) Ligation of the vector with ARCUT termini to the insert with BamHI termini. D) Sequence analyses of
cloned recombinant vector at the mutation site (left) and Oligojoint conjunction (right). E) Fluorescence emission of proteins obtained in the selection. The
65th and 66th amino acid residues are as follows: 1) Cys65 and Tyr66, 2) Ala65 and Tyr66, and 3) Gly65 and Tyr66. The recombinant DNA, which was obtained
as described in the text, was further cloned into pET19b vector and over-expressed in E. coli strain BL21-Gold (DE3).
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knockout. When a DSB is formed in a gene in cells under these
conditions, it is repaired through another pathway, namely
nonhomologous end joining. This repair process proceeds
without any template, which is in contrast to homologous re-
combination. As a result of this type of repair, insertions or de-
letions take place in the target gene and lead to its disruption.
When the CCR5 gene, which codes for the major coreceptor
for HIV-1 entry, was targeted by using the corresponding ZFNs,
mutations occurred in the gene with high frequencies, and
CCR5 was knocked out in approximately 80 % of cases.[46]


4.3 Improvements of ZFN for further applications


Occasionally, ZFNs cut DNA at sequences other than the target
site.[42, 47–49] This off-target cleavage, which is crucial for practical
applications, is mainly attributed to: 1) insufficient sequence
recognition by the zinc finger DNA-binding domains, and/or
2) unspecific dimerization of the FokI nuclease domains. To
solve the first point, various approaches to improve the fidelity


of recognition of zinc finger proteins have been attempted.
Typical methods employed for this purpose include construc-
tion of chimeric motifs,[50] the use of designed linker pep-
tides,[51, 52] and improvements of selection methods.[34, 53]


In the second case the off-target cleavage is associated with
the formation of undesired FokI dimers in the reaction mixture.
Note that the two conjugates used for ZFNs (the conjugates of
FokI domain and zinc finger protein domain) should be differ-
ent from each other, unless the scission site has a palindromic
sequence (Figure 11 A). The dimerized FokI in such a heterodi-
mer, which is formed from these two different conjugates, is
the active species for the required site-specific cleavage (Fig-
ure 11 A, top, left-hand side). In principle, however, homodim-
ers of two identical conjugates can also be formed in situ, and
if they are formed, they should bind the nontarget sites (palin-
dromes); this results in off-target cleavage (Figure 11 A, second
and third rows on the left-hand side). To solve this problem,
point mutations were introduced at appropriate positions in
the dimerization interface of the FokI nuclease domain (Fig-
ure 11 A, the right-hand side). For example, negatively charged
amino acids (Glu) were introduced by site-selective mutagene-
sis at the interface of one of the two different conjugates, and
positively charged ones (Lys) were introduced at the interface
of another conjugate. Because of electrostatic attraction be-
tween the charges of different signs, the dimeric FokI in the
heterodimer (for the target scission) was efficiently formed
(Figure 11 A, top, right-hand side). On the other hand, the di-
meric FokI in the homodimers, which is responsible for off-
target scissions, was destabilized by electrostatic repulsion be-
tween the charges (Figure 11 A, second and third rows on the
right-hand side). The validity of these arguments was investi-
gated in terms of the cytotoxicity of the parent and modified
ZFNs (Figure 11 B). The pink signals correspond to DNA that is


Figure 9. Use of ARCUT for gene manipulation without either PCR or restric-
tion enzymes. A) The outline of procedure. B) Sequence analysis of recombi-
nant plasmid. The initiation codon from the pET-28b vector is boxed.
C) Fluorescence emission of EGFP expressed from a recombinant plasmid
constructed by using this method.


Figure 10. Outline of ZFN-induced gene correction in a human cell line. The
mutated GFP gene that was stably integrated into the genome was cleaved
site-specifically by ZFNs and corrected through the homologous recombina-
tion pathway by using the donor plasmid template, which possesses the
truncated GFP gene.
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noticeably damaged (DSBs are formed by the ZFNs and are
not repaired). Exactly as designed, the modified ZFN induced
much smaller undesired DNA damage than the parent ZFN
(compare the two pictures in Figure 11 B). Apparently, the off-
target scissions by the ZFN and the resultant cytotoxicity were
greatly reduced by introducing charges to the dimerization in-
terface. Promising future applications of these modified ZFNs
have been indicated.[47, 48]


5. Homing Endonucleases that Recognize Long
DNA Sequences


In nature, there exists a family of homing endonucleases that
recognize substantially longer DNA sequences (usually 15–40
base pairs) than conventional restriction enzymes.[54] In fact,
these enzymes can induce DSBs at target sites in genomic
DNA and stimulate homologous recombination in cells.[40]


However, sequences recognized by naturally occurring homing
endonucleases are limited in number. To solve this problem,
many attempts have been made to alter the recognition se-
quence by protein engineering and to create variants with
tailor-made specificities. These approaches provide promising
possibilities for applications of these enzymes. However, their
detailed description is beyond the scope of this review, and
should be referred to other reviews[55, 56] and literature.[57–60]


6. Summary and Outlook of GeneACHTUNGTRENNUNGManipulation by ARCUT and ZFN


With the use of ARCUT or ZFN, target phosphodiester linkages
in substrate DNA can be selectively hydrolyzed irrespective of
the size of DNA and the position of scission. Even huge ge-
nomic DNA molecules can be satisfactorily manipulated. To
date, ARCUT has been mainly used as a tool for in vitro manip-
ulation. Even when a small DNA, such as plasmid DNA, is ma-
nipulated, freedom of scission site is a big advantage. PCR-free
and restriction-enzyme-free manipulation is also possible. One
of the most important features of ARCUT is that both the scis-
sion site and specificity can be directly predicted by Watson–
Crick base-pairings between the DNA and pcPNA strands.
Hence, when one should like to cut DNA at a predetermined
position, the required ARCUT (the sequences and lengths of
the pcPNA strands used) can be straightforwardly designed
and synthesized. No trial-and-error procedure is necessary.


On the other hand, ZFNs are more advantageous for in vivo
applications. They are directly prepared in cells by using the
corresponding expression vectors. Consequently, they hold
great promise for many applications in therapy and diagnosis,
among others. Progress in research on both ARCUT and ZFN
has been remarkable so that these new tools, possibly in still
more advanced versions, should pave the way to further devel-
opments in biotechnology and molecular biology.
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miRNA Detection
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Micro RNAs (miRNA) are short regulatory
RNA molecules of 21 nucleotides (nt) in
length. In recent years, data on down-
stream effects of miRNA post-transcrip-
tional gene regulation has been vastly
accumulating. It has been shown that
miRNAs play an important role in cell
regulation, differentiation and disease
formation.[1] Comparative miRNA profil-
ing has revealed several miRNAs as po-
tential drug targets and intensive work is
currently being invested in drug
design.[2] In order to promote further
mechanistic studies and future diagnos-
tic applications reliable quantification of
specific miRNA from total cellular RNA is
essential. Because miRNAs are of excep-
tionally short length, have very similar
nucleotide sequences and often have
very low expression levels, they set new
demands on current miRNA profiling
techniques.[3] Recently in Angewandte
Chemie, Cheng et al. presented a new
facile method for specific and sensitive
miRNA quantification.[4] Undoubtedly,
this novel tool will significantly contrib-
ute to future advances in research to-
wards miRNA mechanism of action, its
biological role and applications in clinical
diagnostics.


Many details of the miRNA mechanism
of action are still subject to intensive in-
vestigation. miRNAs are transcribed from
miRNA genes as long primary miRNAs
(pri-miRNAs) that undergo several matu-
ration steps. In the cell nucleus pri-
miRNAs are processed by the RNase III
enzyme Drosha to approximately 75 nt
hairpin precursor miRNAs (pre-miRNAs).
After transportation into the cytoplasm
by exportin-5 the hairpin is nucleolytical-


ly cleaved to approximately 22 nt long
miRNA duplexes. Of this duplex the
mature leading miRNA is recruited to the
RNA-induced silencing complex (RISC),
which then sequence specifically binds
to its target mRNA. This leads to either
translational repression, mRNA degrada-
tion or in some cases translational activa-
tion.[5] Until very recently, mRNA degra-
dation was thought to be reserved only
to fully complementary miRNA. However,
the decay of mRNA has now advanced
to the most probable general mecha-
nism for gene down-regulation through
miRNAs.[6] Another recent finding rein-
vents the role of the passenger strand
(miRNA*). While in the past only the
mature leading miRNA was known to be
functionally active, several studies have
shown that also the passenger miRNA*
exhibits function at low but significant
levels, and has target sequences within
the 3’ untranslated region (3’UTR) of
mRNA.[7] This not only hints at the com-
plexity of this regulatory machinery, but
at the same time demonstrates the cru-
cial need for improved sensitivity in
miRNA detection methods.


The biological role of miRNAs is not
yet fully understood. So far the number
of known human mature miRNAs has in-
creased to 695 with an estimate of
about another 300 to be discovered.[8, 9]


It is believed that miRNAs regulate 30 %
of the human genome.[10] Expression
levels of specific miRNAs can range from
a few to several thousand copies per cell
depending on cell type and develop-
mental stage.[5] It is known that several
miRNAs function as regulators of cell de-
velopment, proliferation, metabolism
and apoptosis. The comparison of
miRNA profiles is not only used to unrav-
el new regulatory functions, but is also a
means to identify the roles of specific
miRNAs in dysfunctional cells.


Many human diseases strongly corre-
late with altered miRNA expression
levels ; this suggests that miRNA quantifi-
cation is necessary for a wide range of
applications in clinical diagnostics. With
the advancement of miRNA microarray
profiling technology expression levels of
several hundred miRNAs could be com-
pared between normal and affected
cells, and potential disease specific, regu-
lating miRNAs identified. For this pur-
pose, a number of clinical trials are on-
going or are recruiting patient sam-
ples.[11]


The need for mutation-specific miRNA
profiling methods is emphasized by a
recent biochemical study. Heterozygous
individuals of a single nucleotide poly-
morphism in the precursor miR-146a dis-
play a greater risk of papillary thyroid
carcinoma (PTC). Considering that pas-
senger strand miRNAs* can exhibit regu-
latory functions, only heterozygous indi-
viduals produce three different mature
miRNAs: the leading mir-146a and the
passengers mir-146a*G and mir-146*C.
Thus, these individuals regulate a greater
pool of genes than homozygotes for
either GG or CC. Having shown that
these genes regulate biological process-
es, which are involved in tumorigenesis,
the authors proposed a possible cause
for the predisposition of heterozygotes
to PTC.[12]


Current miRNA detection methods are
often laborious, time-consuming and in-
tricate.[3] Northern blotting remains the
standard method but like single-mole-
cule fluorescence or surface plasmon res-
onance methods, it is unsuitable for
high-throughput (HT) formats. However,
in HT applications, such as quantitative
real-time PCR or microarrays, it is a chal-
lenge to remain specific and sensitive,
since miRNAs constitute a very small per-
centage of total cellular RNA and cover a
range of four magnitudes of copies per
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cell. Therefore, size purification of cellular
RNA is inevitable and in cases in which
expression levels are low, normally PCR
amplification is necessary prior to quanti-
tative detection. However, the short
length of miRNAs even makes standard
applications, such as PCR, demanding.
Since the melting temperatures (Tm) of
different miRNAs can vary within 30 8C,
they must be normalized by shortening
miRNA probes or primers.[13] Unfortu-
nately, this leads to decreased specificity,
which cannot be tolerated since miRNAs
of the same family often only differ by a
single nucleotide. LNA/DNA probes are
now being employed in all methods in-
volving hybridization to antagonize this
trend.[13]


In their recent publication, Cheng
et al. describe the highly sensitive and
specific quantitative detection of
miRNAs using rolling circle amplification
(RCA).[4] RCA is well established for the
specific and sensitive detection of short
nucleotide sequences and was first ap-
plied to miRNAs by Jonstrup et al.[14] This
technique employs the analyte miRNA as
a primer for DNA polymerase driven am-
plification of a circular DNA. The two
ends of a linear DNA—a so-called pad-
lock probe—are designed to have adja-
cent complementary sequences on a tar-


geted miRNA. In the presence of a hy-
bridizing miRNA, the 3’-OH and 5’-PO4


ends of the DNA probe sequence specifi-
cally come within close vicinity of each
other and are normally ligated with T4
DNA ligase; this gives rise to circular
DNA (Figure 1 A). The miRNA can now
serve as a primer in an isothermal poly-
merase reaction with phi29 DNA poly-
merase and lead to linear amplification
of the padlock probe, which can be de-
tected by using gel electrophoresis (Fig-
ure 1 B). Cheng et al. were able to signifi-
cantly improve both specificity and sen-
sitivity with minimal but efficient tools.
Their key to greater specificity was the
usage of a different ligase and tempera-
ture optimization of the ligation reac-
tion. Whereas T4 DNA ligase has been
reported to merge single stranded 3’-OH
and 5’-PO4 ends even in the absence of
a template, which results in high back-
ground reactions or even false positive
RCA,[15] T4 RNA ligase 2 (RnL2) is strictly
dependent on duplex RNA or RNA–DNA
hybrids. In addition, this enzyme is very
sensitive towards 1 nt gaps and flaps,
which establishes ideal prerequisites for
miRNA-dependent RCA.[16] Although
RnL2 has optimal activity at 37 8C, in-
crease in temperature towards the Tm of
the specific miRNA led to further en-


hancement of specificity. Regarding sen-
sitivity, Cheng et al. again applied two
simple, but effective modifications. In-
stead of performing linear amplification,
they decided to introduce a second
primer; this resulted in exponential
“branched” amplification of the padlock
probe (Figure 1 C).[17] Quantification was
achieved by using homogeneous detec-
tion with SYBR-Green, which circumvent-
ed time-consuming gel electrophoresis.
In order to demonstrate the power of
their method, the authors set up a realis-
tic case study with the biologically rele-
vant let-7 miRNA family, which regulate
three major oncogenes RAS, MYC and
HMGA2. Very low expression levels of
let-7 could be correlated to patients with
advanced lung cancers, which makes let-
7 a potential diagnostic marker.[18] Cheng
et al. chose three miRNAs of the let-7
family bearing perfect complementarity,
one- or two-nucleotide mismatches to
the padlock probe. In terms of specificity
they could achieve sevenfold discrimina-
tion between full complementarity and
1 nt mismatch, located 3 nt from the li-
gation site. A linear dependence be-
tween probe quantity and fluorescence
intensity was established in the range of
0.025 to 1 pm, though the detection
limit is reportedly about 10 fm. Cheng
et al. present a simple and robust
method for miRNA quantification with
state-of-the-art specificity and sensitivity.
This straightforward and low-tech
method completely relies on commer-
cially available chemicals and enzymes,
and is not dependent on sophisticated
equipment. Thus, it can be expected
that this method will quickly find broad
application in many laboratories in-
volved in miRNA research.


Although in principle this method
allows extension to multiplex miRNA
analysis, as with its competitors, it will
have similar challenges with specificity in
coherence with Tm values of different
miRNAs. However, it can be expected
that RnL2 will at least to some extent
prevent ligation on erroneously hybrid-
ized templates. Furthermore, in some
cases it can be assumed that pre-
miRNAs could also give rise to DNA poly-
merization; this would make prior size-
purification of total cellular RNA essen-
tial.


Figure 1. A) Specific miRNA-templated ligation of the linear padlock probe with RNA ligase 2. B) Phi29
DNA polymerase uses hybridized miRNA as primer. C) Isothermal displacing polymerization with circular
padlock probe as template. Secondary primers act as branching points for exponential synthesis of
DNA.
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The inherent nature of miRNAs makes
quantitative detection and profiling
methods complex, but they exhibit vital
postregulatory functions in the cell. Dys-
regulation of miRNA function is a cause
and indicator for disease and disease
progression. Determination of miRNA ex-
pression levels could allow the diagnosis
of complex diseases, such as breast
cancer, Parkinson’s, and Alzheimer’s, in
their early asymptomatic stages. Espe-
cially the diagnosis of cancers and as-
signment of cells to a primary tumor or
to metastases is often time-consuming
and error-prone. Indeed, metastatic
cancer of unknown primary site (CUP) is
one of the ten most frequent cancer di-
agnoses in humans.[19] In an early but im-
pressive study, it could be shown that a
set of 217 miRNA expression levels al-
lowed a correct classification (12 out of
17 cases) of poorly differentiated
tumors.[20] Interestingly, a set of 16 000
mRNA expression levels could only cor-
rectly assign one out of 17 tumors that
could not be analyzed with standard his-
topathology methods. A rapid and relia-
ble diagnosis, however, is indispensable
for the treatment of human disease. Roll-
ing circle amplification as performed by
Cheng et al. represents a benchmark for


simple, specific and sensitive quantifica-
tion of miRNAs, and might play an im-
portant role in the future progress of
this fascinating field of research.
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Engineered Two-Helix Small Proteins for Molecular Recognition


Jack M. Webster,[a] Rong Zhang,[a] Sanjiv S. Gambhir,[b] Zhen Cheng,*[b] and Faisal A. Syud*[a]


Because of the rapid advancement of molecular biology, nu-
merous biomarkers that are aberrantly expressed in tumor tis-
sues have been identified and studied to correlate their pres-
ence and expression levels with the extent of tumor physiolog-
ical traits such as malignancy, invasiveness, metastasis, and re-
sistance to therapy.[1] Biological molecules that can specifically
recognize these tumor targets and biomarkers are thus highly
important and are under intensive investigation. These biomol-
ecules might provide a unique opportunity for the develop-
ment of drugs for targeted cancer therapy or imaging probes
for cancer molecular imaging.[2]


Recently, many in vitro display technologies (phage, bacteri-
al, yeast, ribosome, and mRNA displayed) in conjunction with
rational protein design and engineering have been used to
construct nonimmunoglobulin protein libraries with well-de-
fined scaffolds. The rapid progress of these protein display
technologies has led to the discovery of many novel small pro-
teins and peptides with high affinity and specificity for a varie-
ty of molecular targets.[3] Among these small proteins, affibody
molecules have received significant attention. Affibody mole-
cules are engineered small protein scaffolds with 58 amino
acid residues, ~7 kDa molecular weight (MW), and a three-helix
bundle structure, and are derived from one of the IgG-binding
domains of staphylococcal protein A (SPA; Figure 1 A).[3a] Affi-


body molecules against desired targets (e.g. , human epidermal
growth factor receptor type 2 (HER2), epidermal growth factor
receptor (EGFR), HIV-1 gp120, etc.) have been quickly identified
and selected by using phage-display library technology.[3a, 4]


HER2, a transmembrane protein and a member of erbB
family of receptor tyrosine kinase proteins, is a well-established
tumor biomarker that is overexpressed in a wide variety of
cancers including breast, ovarian, lung, gastric, and oral can-
cers.[5] HER2 amplification and activation promote tumor cell
proliferation, growth, migration, adhesion, and invasiveness. It
has been found that HER2 over-expression is usually associated
with high-grade aggressive tumors, and a poor prognosis.[5]


Therefore, HER2 has great value as a molecular target for ther-
apeutic intervention, as a prognostic indicator of patient sur-
vival, and as a predictive marker of response to anti-neoplastic
therapy. HER2-binding affibody molecules (both the 7 kDa
monomeric and 14 kDa dimeric affibody constructs) have been
successfully developed and extensively studied in conjunction
with a variety of radiolabels for therapeutic and diagnostic
imaging applications.[6] These research efforts have clearly
demonstrated that 3-helix protein scaffold affibody molecules
are a promising new class of cancer-targeting ligands.


In our previous report, we have shown that between the
7 kDa monomeric and 14 kDa dimeric affibody constructs, de-
spite higher in vitro HER2-binding affinity of the dimeric con-
struct, the monomer has significantly improved in vivo proper-
ties: better tumor uptake and faster clearance from back-
ground organs such as blood and liver; this highlights the
great potential of using monomeric affibody for molecular
imaging.[6a] These results have also motivated us to continue
to explore protein scaffolds that are even smaller than the 3-
helix, 7 kDa affibody. It is expected that further size reduction
of the affibody construct could alleviate unspecific organ
uptake, provide higher target tumor-to-organ uptake ratios,
and provide both better therapeutic and imaging applications.
Moreover, such size reduction also opens opportunities to
more facile and economically viable synthetic generation strat-
egies. Additional advantages that are expected for smaller pro-
tein constructs include the potentially lower immunogenic po-
tential, fast clearance rate, quick tumor accumulation and rela-
tively short in vivo biological half life. In this communication,
we describe strategies that have been successfully used toACHTUNGTRENNUNGdevelop 2-helix small proteins, a smaller version of affibody
constructs for HER2 recognition (Figure 1).


It has been widely reported that for affibody proteins the
binding segment comprises the surface-exposed thirteen
amino acid residues (9, 10, 11, 13, 14, 17, 18, 24, 25, 27, 28, 32,
and 35) localized in the N-terminal helices 1 and 2 (Figure 1,
amino acids highlighted in red). The third helix of the affibody
is expected to only contribute to the structural rigidity of the
molecule, thereby reducing the entropic cost upon bind-


Figure 1. Strategies for developing 2-helix small proteins for molecular rec-
ognition. A) Based on the 3-helix affibody molecule, one helix was removed
to generate B) a free 2-helix protein. C) The truncated 2-helix protein was
further constrained and stabilized by using different methods for affinityACHTUNGTRENNUNGmaturation, such as inclusion of unnatural amino acid aminoisobutyric acid
(Aib) and cyclization of protein through disulfide bridge.
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ACHTUNGTRENNUNGing.[3a, g, f] Therefore, to make an even smaller version of affibody
constructs, our first trial was to truncate the C-terminal helix
from the affibody (Figure 1). By using a high-affinity HER2 affi-
body binder ZHER2:342 with a KD of 22 pM as a template pro-
tein,[6f] a C-terminal helix-truncated small protein 1 was pro-
duced. Unfortunately, surface plasmon resonance (SPR) analysis
by using BIAcore analysis showed that this peptide had non-
detectable binding to HER2-Fc that was immobilized on a chip
(Figure 2). This finding is consistent with previously reported


results, in which the truncation of the corresponding
3-helix construct from the Z-domain of protein A re-
duced the binding affinity against IgG1 by approxi-
mately 105-fold.[7]


To improve the binding affinity of the 2-helix small
protein, the strategy of natural amino acid mutation
was applied to the peptide 1. Braisted et al. have
identified a number of amino acid mutations that are
beneficial to the affinity of their truncated 38-mer
peptide against IgG1, including A13R, I17A, L20D,
F31K, L35I, amongst others.[7] It was found that the
inclusion of the mutations increased the helicity of
their peptide by up to 50 % relative to 11 % for the
wild type. This was still significantly below the helici-
ty of the parent protein, but was sufficient to raise
the affinity up to a KD of 43 nm.[7] We adapted the sequence
mutations specifically listed to our truncated peptide to obtain
peptide 2, but we retained the residues expected to interface
with HER2. The peptide 2 demonstrated a KD of 44 nm against
HER2 by quantitative, kinetics-based SPR analysis. Interestingly,
circular dichroism (CD) analysis revealed that the helix content
of peptide 2 remained fairly low: qualitatively the spectrum
was dominated by a random-coil conformation, and quantita-
tively it showed helix conformation of about 10 %. It is hence
not surprising that the affinity of peptide 2 is still three log
orders lower than ZHER2:342. This also suggested that an increase
in the population of folded peptide and that mimicking the
parent 3-helix affibody was required to further increase theACHTUNGTRENNUNGaffinity.


The use of disulfide bonds, specifically between two natural-
ly occurring cysteine residues, is prevalent in the literature to-
wards stabilizing the structure of truncated proteins and pep-
tides.[8] Visual inspection of the known structure of the affibody
Z domain suggested that the cysteine substitution of Phe5
and Ser39 might allow the formation of a favorable, constrain-


ing disulfide bond.[9] Peptide 3 with the disulfide bond showed
an affinity with a KD of 259 nm (Figure 3). CD spectroscopy
analysis revealed the helix content to be similar to that ob-
tained from the sequence mutations alone, with a helix con-
tent also at about 10 %. It was also found that although pep-
tide 3 bound to HER2, it did not bind to the control proteins
mesenchymal epithelial transition factor (c-Met) and human
IgG (data shown in the Supporting Information) ; this suggests
reasonable specificity of this peptide even though it lacks hel-


icity. To probe whether place-
ment of the disulfide bond was
indeed optimal we toggled the
position of the cysteine residues
around positions 5 and 39, and
also moved the bond along the
axis of the two helices forming
pairs between residues 9 and 34,
9 and 35, 13 and 30, 13 and 31,
16 and 27, and 17 and 27. For di-
sulfides at the axis location simi-


lar to that of peptide 3, relative binding studies by SPR
showed that the original placement of the bond was indeed
optimal. Other constructs showed a decrease in binding by a
factor of 2–3. To move the disulfide bond along the axis, we
chose cysteine positions that balanced being distal from the
binding site but potentially maintaining sufficient distance and
torsion to form a disulfide bond. However, as the bond was
moved along the axis towards the loop connecting the two
helices, complete abrogation of the binding affinity was ob-
served. Because the helical axis rotates slightly moving down
along the axis, presumably it is harder to maintain the optimal
balance of the correct distance and rotation between the heli-
ces to allow optimal binding to HER2.


To explore how rigidity of the disulfide bridge could affect
affinity we used a number of unnatural amino acid analogues
of cysteine (Figure 3). Such mutants allowed the utilization of
the thiol chemistry, which was developed to cyclize the trun-
cated two-helix. Homocysteine is an unnatural amino acid de-
rivative analogous to the naturally occurring cysteine but with
an extra methylene group in the side chain; it is expected to


Figure 2. Amino acid sequence of a 3-helix affibody ZHER2:342 and its mutants, 2-helix small protein 1 and 2. The
HER2-binding site is localized in helices 1 and 2 and is highlighted with black dots (*).


Figure 3. Structural stabilization of mutant small proteins by disulfide bridge formation.
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bestow more flexibility relative to the side chain of naturally
occurring cysteine. The cysteine derivative penicillamine (Pen)
has two methyl groups attached to the b-carbon of the side
chain and is expected to be more sterically hindered. Various
combinations of l-cysteine, and the extended and hindered
side chain containing cysteine variants were studied (Figure 3,
proteins 4–8). By using SPR, relative binding studies identified
the variant containing two extended cysteine to have the high-
est affinity. Kinetic analysis revealed the dissociation constant,
KD, of the construct 7 against HER2 to be 78 nm.


Helix-promoting amino acids are well documented in the lit-
erature, and we hypothesized that such amino acids could ri-
gidify our 2-helix construct further. Aminoisobutyric acid (Aib)
is particularly well-documented in the literature to promote a-
helix formation.[10] We identified positions 8, 12, and 16 on the
N-terminal helix and positions 26, 30, and 34 on the C-terminal
helix as possible sites for mutation to Aib in our construct
(Figure 4, 9–12). We further postulated that such mutations


might by themselves be insufficient to completely recover the
binding affinity, and its impact could be more apparent on a
peptide with some binding affinity. Hence, all mutations were
combined with a disulfide bridge stabilization strategy. A pep-
tide (9) was generated with all the mutations on the N-termi-
nal helix, one (10) with all the mutations on the C-terminal
helix, and one (11) with all six mutations. All peptides con-
tained a disulfide bridge between C5 and C39. It was interest-
ing to find that the inclusion of the mutations completely
abolished all binding to HER2. A possible hypothesis for this
might be that the amino acids that were substituted take part
in, directly or indirectly, the binding interaction with HER2, and
a mere structural stabilization of the helices is insufficient.
Comparison of the Z-domain of protein A, from which the affi-
body scaffold is derived, and the B-domain reveals that the
G29A substitution significantly stabilizes the second helix and
increases the rate of folding.[11] We therefore hypothesized that
at least Aib substitution into this corresponding position in our
2-helix should increase the binding affinity by increasing the
helix stability. Indeed, the Ala29Aib substitution (peptide 12)
generated the expected modest but noticeable increase in af-
finity by a factor of about 1.5 relative to peptide 3.


Finally, we combined the most impactful strategies for fur-
ther improvement of the affinity of the 2-helix for HER2
(Figure 5). A variant of peptide 3 was generated containing


natural and unnatural amino acid mutations (Aib) and the flexi-
ble cysteine analogues (peptide 5). The N-terminal segment
VENK was further removed to allow more facile synthesisACHTUNGTRENNUNGbecause previous NMR spectroscopy studies have shown this
segment to be unstructured and it represents a superfluous
region.[7] SPR analysis showed that peptide 14 and 15 have a
binding affinity of 5 nm. Interestingly, CD spectroscopy re-
vealed peptide 15 to have the highest population of helix con-
formers, which is still low at approximately 15 %.


In summary, by starting with a high-affinity HER2-binding 3-
helix affibody molecule (ZHER2:342), we truncated a helix from
the protein, adapted sequence mutations, and introduced a di-
sulfide bridge to yield a 2-helix small protein 3 with modest
HER2 affinity. We further explored several strategies (alternate
placement and type of the disulfide bridge, inclusion of affini-
ty-promoting, likely helix-promoting amino acid mutations) for
affinity maturation. Finally, with a combination of these strat-
egies, we successfully attained two 2-helix HER2 binders (14
and 15) with the high HER2-binding affinity of 5 nm. Currently,
we are studying the in vivo performance (pharmacokinetics,
tumor-targeting ability, etc.) of the truncated cyclic peptides
by using different radiolabels. Our efforts clearly suggest that
2-helix small proteins against significant tumor targets such as
HER2 can be obtained by rational design and protein engineer-
ing. A systematic set of tools that are described in this research
have great translatability for developing many other 2-helix
small proteins against desired targets. These novel 2-helix scaf-
fold proteins (~4.6 kDa), two-thirds the size of the smallest affi-
body molecule, could become powerful tools in the fight
against cancer.


Experimental Section


All the linear peptides were synthesized by using standard solid-
phase peptide synthesis techniques (Fmoc chemistry with HBTU/
HOBT activation). Cleavage of the peptides from the resin was ac-
complished by using a cocktail consisting of TFA/ethane-1,2-dithiol
(EDT)/water/triisopropylsilane (TIPS) (94:2.5:2.5:1, v/v/v/v) for 4 h
while being stirred at room temperature. Cyclization of the linear
peptides was achieved by I2 oxidation of the two acetamidomethyl
(Acm)-protected thiols to form a disulfide bridge. Both crude linear
and cyclized peptides were purified by a reverse-phase preparative
HPLC with a Vydac protein and peptide C4 column. The mobile
phase was solvent A (0.05 % TFA in water, v/v) and solvent B
(0.05 % TFA in acetonitrile, v/v), and different gradients were used
for purification of the peptides. The flow rate was typically
25 mL min�1. The desired fractions were collected, frozen immedi-
ately, and lyophilized. The identity of the target peptides was con-
firmed by MALDI-TOF-MS or ESI-TOF-MS.


Figure 4. Inclusion of unnatural amino acid (Aib) mutations so as to improve
binding affinity; n.b. : no binding; *: HER2 binding sites of the small pro-
teins.


Figure 5. Affinity improvement strategies; C2 : HomoCys; X: Aib.


ChemBioChem 2009, 10, 1293 – 1296 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1295



www.chembiochem.org





The HER2-binding affinity of proteins were measured in vitro by
using surface plasmon resonance (SPR) detection with a Bia-
core 3000 instrument (GE Healthcare) according to the previously
reported method.[6a] Briefly, the Fc-HER2 (R&D Systems, Minneapo-
lis, MN, USA) was covalently attached to a CM-5 dextran-functional-
ized sensor chip (GE Healthcare) by using EDC and N-hydroxysuccin-ACHTUNGTRENNUNGimide (NHS). A second flow cell on the same sensor chip without
Fc-HER2 immobilization was used as a control. Prior to the kinetic
study, binding of the target analyte was tested on both surfaces
and a surface stability experiment was performed to ensureACHTUNGTRENNUNGadequate removal of the bound analyte and regeneration of the
sensor chip following treatment with NaCl (2.5 m) and NaOH
(50 mm). SPR sensorgrams were analyzed by using the BIAevalua-
tion software (GE Healthcare). SPR measurements were collected at
eight analyte concentrations (0–100 nm protein) and the resulting
sensorgrams were fitted to a 1:1 Langmuir binding model.


All CD spectra were obtained on an JASCO J-815 CD spectropo-
larimeter in the wavelength range of 250–185 nm by using 1 nm
bandwidth, 0.5 nm resolution, 4 s averaging time, three scans per
sample, 0 sdelay, and a path length of 1 mm. Spectra were record-
ed at 20 8C, unless otherwise noted, in a thermostated circular cuv-
ette, with peptide concentrations of 15 mm K2HPO4 (13 mm) buffer
at pH 8. Results were reported as mean residue ellipticity (MRW).
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Functional Analysis of MycE and MycF, Two O-Methyltransferases Involved
in the Biosynthesis of Mycinamicin Macrolide Antibiotics


Shengying Li,[a] Yojiro Anzai,[a, b] Kenji Kinoshita,[c] Fumio Kato,[b] and David H. Sherman*[a]


Deoxysugars are prevalent structural components of many an-
tibiotics and often contribute substantially to their biological
properties.[1–3] Methylation of hydroxy group(s) on the deoxy-
sugar ring is relatively common (Figure 1), as O-methylation
not only protects the reactive hydroxy group from undesired
modifications, such as oxidation or dehydration, but also alters
the solubility and pharmacokinetic properties of the resulting
molecule.[4] Biosynthetically, these O-methylation reactions are
mainly catalyzed by a variety of S-adenosyl-l-methionine (SAM
or AdoMet)-dependent methyltransferases in a site-specific
manner. For example, the two SAM-dependent O-methyltrans-
ferases TylE and TylF in the tylosin biosynthetic pathway of
Streptomyces fradiae sequentially methylate individual hydroxy
groups (C2’’’-OH and C3’’’-OH) in the 6-deoxyallose moiety of
demethylmacrocin to generate the macrolide antibiotic tylo-
sin.[5–8] ElmMI, ElmMII, and ElmMIII are responsible for the con-
secutive methylation of three hydroxy groups of l-rhamnose in
the antitumor polyketide antibiotic elloramycin.[9] Moreover, a
growing number of O-methyltransferases involved in various
deoxysugar methylation reactions such as EryG,[10] OleY,[11]


SpinH, SpinI, and SpinK[12] have been reported in diverse anti-ACHTUNGTRENNUNGbiotic biosynthetic systems.
Mycinamicins represent a family of macrolide antibiotics


with more than 20 members produced by the rare actinomy-
cete Micromonospora griseorubida.[13–15] The antibacterial activi-
ties of some mycinamicin products against Staphylococcus
aureus are higher than those of the clinical macrolide antibiot-
ics erythromycin and leucomycin. More importantly, mycinami-
cins have shown strong activity against a number of antibiotic-
resistant human pathogens.[13] Structurally, the major mycina-
micin products of wild-type strain M. griseorubida A11725,ACHTUNGTRENNUNGincluding mycinamicins I, II, IV, and V, are composed of a 16-
membered ring macrolactone core, an N,N-dimethylated deox-
ysugar desosamine, and a di-O-methylated deoxyhexose myci-
nose (Figure 1). During the past two decades, the biosynthesis
of mycinamicin has been elucidated through strain mutagene-
sis, bioconversion studies,[16, 17] and sequence analysis of the
complete mycinamicin gene cluster,[18] wherein two putative O-


methyltransferase genes mycE and mycF were tentatively as-
signed.


Initial bioinformatics analysis of the corresponding genes re-
vealed that MycE and MycF show high amino acid sequence
similarities to TylE (demethylmacrocin O-methyltransferase)
and TylF (macrocin O-methyltransferase), respectively, in theACHTUNGTRENNUNGtylosin biosynthetic pathway.[18] Accordingly, the function of
MycE was proposed to methylate the C2’’-OH group of 6-
deoxy ACHTUNGTRENNUNGallose in mycinamicin VI, leading to mycinamicin III,
whereas MycF was presumed to transfer a methyl group to the
C3’’-OH group of javose (that is, C2’’-methylated 6-deoxyallose)
in mycinamicin III to generate mycinamicin IV (Scheme 1). The
proposed functions of MycE and MycF were supported by in
vivo precursor feeding studies.[16, 19] Herein, we report the ex-
pression of mycE and mycF in Escherichia coli, and purification
of MycE and MycF to establish their biochemical function forACHTUNGTRENNUNGregiospecific deoxysugar O-methylation in mycinamicin macro-
lide antibiotics.


Comparative analysis revealed that MycE (399 amino acids)
is significantly larger than MycF (222 amino acids). Alignment
of these two O-methyltransferases exhibits low sequence iden-
tity (11.3 %), suggesting they might have evolved from distinct
ancestors. A protein BLAST search revealed a number of O-
methyltransferases with either MycE or MycF as the query pro-
tein. Interestingly, all candidates with high sequence similarities
are O-methyltransferases involved in deoxysugar biosynthesis.
In the phylogenetic tree (Figure 2 A) of selected O-methyltrans-
ferases with high similarities to MycE and MycF, it is evident
that they are located in distinct branches; this indicates their
potentially disparate evolutionary origins. In the sequence
alignment of MycE with corresponding close relatives (Fig-
ure 2 B and C), three conserved motifs (motifs I–III)[9, 20] were
identified that are predicted to contribute to SAM binding. In
contrast, there are only two conserved SAM binding motifs
(motifs I and III) found in MycF.


To confirm the proposed function of MycE and MycF, we
cloned mycE and mycF genes into pET28b for overexpression
in E. coli BL21 (DE3). The recombinant N-terminal His6-tagged
proteins were purified to homogeneity by one-step Ni-NTA
agarose chromatography (Figure 3). With the purified enzymes
in hand, we initially tested the activities of MycE and MycF in
sodium phosphate buffer (50 mm, pH 7.4) at 30 8C using SAM
as methyl donor and mycinamicin VI and mycinamicin III as
substrates (Scheme 1). MycE was unreactive toward both sub-
strates, whereas MycF was able to moderately methylate myci-
namicin III (but not VI), forming mycinamicin IV (data not
shown). Because the dependence of this class of methyltrans-
ferases on a metal cofactor is not uncommon, we next investi-
gated the effect of various divalent metal ions on the activities
of MycE and MycF. Both enzymes achieved optimal activity in
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the presence of 10 mm MgCl2 (Figure 4 A). A number of alter-
native divalent ions including Co2 + , Fe2 + , Mn2+ , and Zn2+ are
capable of supporting suboptimal activities. Interestingly, the
Mg2 + dependence of MycE appears to be more pronounced
than MycF, as MycF remained moderately active in the absence
of Mg2+ . The metal dependence of MycF was further assessed
by the addition of 2 mm of EDTA; however, this treatment
failed to abrogate activity, suggesting that a metal ion might
be dispensable in the O-methyltransferase reaction catalyzed
by MycF. In contrast, EDTA significantly lowered the activity of
MycE even in the presence of 10 mm Mg2+ . The optimal pH
and temperature range for MycE and MycF assays were deter-
mined through comparison of enzymatic activities under vari-


ous reaction conditions. The optimal reaction conditions of the
two O-methyltransferases is pH 9.0 (Figure 4 B), significantly
higher than the corresponding homologues TylE (optimal
pH 7.5–8.5) and TylF (pH 7.5–8.0).[7] At pH 9.0, the maximalACHTUNGTRENNUNGactivities of MycE and MycF were observed at 50 and 37 8C
(Figure 4 C), respectively, higher than those of TylE (42 8C) and
TylF (31 8C).[7]


Under optimal conditions, the in vitro activities of MycE and
MycF were analyzed to reveal that MycE methylated the C2’’-
OH of 6-deoxyallose, converting a majority of mycinamicin VI
to mycinamicin III (Figure 5 B). MycE was incapable of double
methylation to generate mycinamicin IV. The second C3’’-OH
methylation of javose was catalyzed by MycF, with a higher


Figure 1. Antibiotics containing various O-methylated deoxysugars. The methyl groups installed by O-methyltransferases are numbered.


Scheme 1. Physiological reactions catalyzed by MycE and MycF.
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conversion than MycE toward mycinamicin VI (Figure 5 F). Co-
incubation of MycE and MycF with starting substrate mycina-
micin VI resulted in the accumulation of both mycinamicins III
and IV (Figure 5 D). Notably, mycinamicin IV cannot be further
methylated by these two methyltransferases, despite the re-
maining hydroxy group at the C4’’ position in mycinose. Col-
lectively, it is evident that both MycE and MycF possess high
substrate specificity.


Finally, we determined the steady-state kinetic parameters
(Table 1) for MycE and MycF based on substrate consumption
monitored by HPLC. MycE converted mycinamicin VI to myci-
namicin III with a KM value of 26.4�7.0 mm and a kcat value of
5.0�0.5 min�1. In contrast, MycF methylated mycinamicin III
approximately twofold more efficiently (with respect to kcat/KM


value) than MycE toward mycinamicin VI. Notably, these kinetic
data for MycE and MycF are similar to those of TylE and TylF in
the tylosin pathway, as previously reported.[7]


The mycinamicin post-PKS (polyketide synthase) tailoring
pathway includes two glycosylation steps mediated by two
glycosyltransferases (MycB and MycD), four oxidation steps
mediated by two cytochrome P450 monooxygenases (MycCI
and MycG), and two methylation steps catalyzed by MycE and
MycF.[16] These post-PKS modifications not only lead to struc-
tural diversification, but also confer biologically active proper-
ties on the resulting metabolites. We recently confirmed all oxi-
dative tailoring steps in vitro through functional analysis of
two P450 enzymes.[21] This work revealed the importance of
both methylation steps in 6-deoxyallose for substrate recogni-
tion by the MycG monooxygenase. In this study, we have ad-
vanced the knowledge about this pathway by analyzing MycE
and MycF O-methyltransferases in vitro. Taking advantage of
the reconstituted optimal in vitro assay, the substrate specifici-
ty of MycE and MycF and hence the order of sugar modifica-
tion (mycinamicin VI!III!IV) in this pathway was unambigu-
ously determined. This new information will help facilitate
future efforts to manipulate deoxysugar biosynthesis for gener-
ation of novel macrolide antibiotics.


Experimental Section


MycE and MycF gene cloning : Using cosmid pMR01[18] as tem-
plate, mycE and mycF genes were amplified by PCR under standard
conditions with primers as follows: forward, 5’-GGA GTT CCA TAT
GAC CGC ACA GAC CGA A-3’ for mycE and 5’-GGA GTT CCA TAT
GAG CCC GTC GAC CGG A-3’ for mycF (bases in italics represent
the NdeI cutting site); reverse, 5’-ACA TCA AGC TTT CAT GTC GCG
CCT CCG GA-3’ for mycE and 5’-ACA TCA AGC TTT CAG GCC GAG
CGA CGC CA-3’ for mycF (underlined bases indicate the HindIII re-
striction site). The gel-purified cDNAs were double digested by
NdeI and HindIII (New England Biolabs), followed by the ligation of
fragments containing mycE and mycF genes into NdeI/HindIII-treat-


Figure 2. Amino acid sequence analysis of MycE and MycF. A) Phylogenetic
tree of selected O-methyltransferases generated by MegAlign (DNASTAR)
with the Clustal W method. MycE and MycF are highlighted in bold and
italic. The selected O-methyltransferases include MycE and MycF (mycinami-
cin pathway), TylE and TylF (tylosin pathway), ChmMI and ChmMII (chalco-
mycin pathway), SpnH, SpnI, and SpnK (spinosad pathway), BusH, BusI, and
BusK (butenyl spinosyn pathway), SnogY (nogalamycin pathway), OleY (ole-
andomycin pathway), ElmMI, ElmMII, and ElmMIII (elloramycin pathway),
NovP (novobiocin pathway), CumN (coumermycin pathway), and MtfB (my-
cobacterial serovar-specific glycopeptidolipid pathway). B) SAM binding
motifs of MycE and its homologues. C) SAM binding motifs of MycF and its
homologues.


Figure 3. SDS-PAGE analysis of purified MycE and MycF.
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ed pET28b (Novagen) to generate recombinant plasmids pET28b-
mycE and pET28b-mycF for the expression of N-terminal His6-


tagged MycE and MycF, respectively. The identity of the inserted
gene was confirmed by nucleotide sequencing.


Protein expression and purification : Recombinant plasmids
pET28b-mycE and pET28b-mycF were used to transform E. coli
BL21 (DE3) cells with a Z-CompetentTM Kit (Zymo Research). The re-
sulting transformants were grown at 37 8C in 1 L of LB broth con-
taining kanamycin (50 mg mL�1) for 2–3 h until OD600 reached 0.6–
0.8. Isopropyl-b-d-thiogalactopyranoside (IPTG) was then added to
a final concentration of 0.1 mm to induce gene expression, and the
cells were cultured at 18 8C overnight. The culture was centrifuged


Figure 4. Optimization of methylation reactions catalyzed by MycE and
MycF. Effects of A) divalent metal ion, B) pH, and C) temperature.


Figure 5. LC–MS analysis (l = 280 nm) of in vitro conversions catalyzed by
MycE and MycF. A) Mycinamicin VI (M-VI) standard; B) M-VI + MycE; C) M-
VI + MycF; D) M-VI + MycE + MycF; E) mycinamicin III (M-III) standard; F) M-
III + MycF; G) M-III + MycE; H) mycinamicin IV (M-IV) standard. Compound
identity was confirmed by mass spectrometry and comparison with standard
compound regarding retention time and co-injection.


Table 1. Steady-state kinetic parameters of MycE and MycF.


KM [mm] kcat [min�1] kcat/KM [mm
�1 min�1]


MycE 26.4�7.0 5.0�0.5 0.19
MycF 30.7�6.9 13.5�1.1 0.44
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at 5000 g for 10 min to collect cells. The freeze–thaw cell pellet was
resuspended in 30 mL of lysis buffer (50 mm NaH2PO4, 300 mm


NaCl, 10 mm imidazole, 10 % glycerol, pH 8.0) and applied to soni-
cation. Cell debris was removed by centrifugation at 35 000 g for
30 min, and the supernatant was mixed with 1 mL of Ni-NTA agar-
ose (Qiagen) for 1 h at 4 8C. The slurry was loaded onto an empty
column, and the column was washed stepwise with 10 mL of lysis
buffer and 40–60 mL of wash buffer (50 mm NaH2PO4, 300 mm


NaCl, 20 mm imidazole, 10 % glycerol, pH 8.0). The bound His6-
tagged proteins were eluted with elution buffer (50 mm NaH2PO4,
300 mm NaCl, 250 mm imidazole, 10 % glycerol, pH 8.0). The MycE
(~45 kDa) and MycF (~30 kDa) proteins were further purified and
concentrated with 30 kDa and 10 kDa size-exclusion filters
(Amicon), respectively. The final desalting step was attained by
buffer exchange into storage buffer (50 mm NaH2PO4, 10 % glycer-
ol, pH7.4) with a PD-10 column (GE Healthcare).


Enzyme assays : The optimized enzyme assay was carried out in
100 mL of 50 mm Tris-buffer (pH 9.0) containing 2 mm MycE or
MycF, 250 mm substrate (mycinamicin VI for MycE or mycinamicin III
for MycF), 10 mm MgCl2, and 500 mm SAM at 50 8C (for MycE) or
37 8C (for MycE) for 1 h. The reactions were quenched by extraction
with CHCl3 (2 � 200 mL). The resulting organic extracts were dried
and redissolved in 120 mL methanol. LC–MS analysis of the reaction
extract was performed with an LC–MS-2010 EV instrument (Shi-
madzu) by using an XBridgeTM reversed-phase HPLC column (C18,
3.5 mm, 150 mm; Waters) under the following conditions: 20!
100 % solvent B over 18 min (solvent A = deionized H2O + 0.1 %
formic acid; solvent B = CH3CN + 0.1 % formic acid), flow rate:
0.2 mL min�1, UV wavelength: 280 nm.


Steady-state kinetics : The standard reaction buffered with 50 mm


Tris-HCl (pH 9.0) contained 0.3 mm MycE or MycF, 500 mm MgCl2, 2–
100 mm mycinamicin VI for MycE or 3–100 mm mycinamicin III in a
total volume of 396 mL. After pre-incubation at optimal tempera-
ture for 5 min, the reactions with various substrate concentrations
were initiated by adding 4 mL of SAM (50 mm), and three aliquots
(100 mL) were taken at three time points (0, 1, 2 min and 0, 2,
4 min for reactions with substrate concentrations <40 mm and
>60 mm, respectively) within the linear range to thoroughly mix
with 100 mL of methanol for reaction termination. The proteins
were removed by centrifugation at 16 000 g for 15 min. The super-
natant was subject to HPLC analysis to monitor substrate con-
sumption within the linear range, thereby deducing the initialACHTUNGTRENNUNGvelocity of the O-methylation reaction. The HPLC conditions were:
XBridgeTM reversed-phase HPLC column (C18, 5 mm, 250 mm;
Waters) 20!100 % solvent B over 20 min (solvent A = deionized
H2O + 0.1 % trifluoroacetic acid; solvent B = CH3CN + 0.1 % tri-
fluoroacetic acid), flow rate: 1.0 mL min�1, UV wavelength: 280 nm.
All measurements were performed in duplicate, and velocities de-
termined under different substrate concentrations were fit into the
Michaelis–Menten equation to calculate the kinetic parameters.
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Site-specific Protein Cross-Linking with Genetically Incorporated
3,4-Dihydroxy-l-Phenylalanine


Aiko Umeda, Gabrielle Nina Thibodeaux, Jie Zhu, YungAh Lee, and Zhiwen Jonathan Zhang*[a]


The importance of protein–protein interactions can never be
overemphasized in biology. Important interactions are often
weak and/or transient and facilitate cells to turn on and off sig-
nals. It still remains a daunting task to study these weak and/
or transient protein interactions. Although chemical cross-link-
ing is widely used to study protein–protein interactions, the
experiments can be problematic with currently available cross-
linking agents, which often suffer from low efficiency and/or
poor selectivity. Site-specific protein cross-linking is an attrac-
tive option in many studies; however, very few examples of
such methods have been demonstrated. Examples include the


use of a disulfide bond between
two cysteine residues[1] and photo-
reactive unnatural amino acids.[2, 3]


In an effort to provide a better
cross-linking method, herein we
present a novel, site-specific pro-
tein cross-linking assay that utilizes
genetically encoded 3,4-dihydroxy-
l-phenylalanine (l-DOPA, 1).


l-DOPA has been demonstrated as a selective chemical
cross-linker for a peptide–protein interaction in vitro.[4] Upon
oxidation by sodium periodate (NaIO4), l-DOPA forms an ortho-
quinone intermediate that is subsequently attacked by nucleo-
philic side chains of amino acids in proximity on the interact-
ing protein, through either Michael addition or Schiff base for-
mation.[5, 6]


l-DOPA has also been incorporated into a protein in
Escherichia coli using an engineered Methanococcus jannaschii
tRNATyr/tyrosyl-tRNA synthetase pair in response to the amber
stop codon (TAG).[7, 8] Thus, it is becoming feasible to extend
the l-DOPA-mediated peptide–protein cross-linking into pro-
tein–protein cross-linking (Scheme 1).


To demonstrate the experimental scheme shown above, a
therapeutically important Sortase A (SrtA) of Staphylococcus
aureus[9] was chosen as a model protein. SrtADN59, a truncated
SrtA lacking the transmembrane domain, has recently been
identified as a homodimer with a modest binding affinity (Kd =


56 mm).[10] The crystal structure of monomeric SrtADN59
[11] indi-


cates that the surface of this protein is abundant in polar and
charged amino acid residues. A point mutation on its surface,
K137A, has been shown to disrupt the dimerization of SrtADN59


without a significant change in protein conformation.[12] Thus,
it is highly likely that this residue is involved in dimerization of
SrtADN59 by establishing a selective electrostatic interaction
with the residue(s) on the surface of the binding SrtADN59 coun-
terpart. The cognate residue is a potential nucleophile that can
attack the ortho-quinone intermediate formed by the oxidation
of l-DOPA. Therefore, mutation of residue K137 of SrtADN59 to
l-DOPA is likely to result in the cross-linking of the SrtADN59


dimer. In contrast, the C-terminal mutant K206A shows no
effect in the dimerization state of the SrtADN59 protein (Fig-
ure S1 and S2 in the Supporting Information); this suggests
that this residue is unlikely to be involved in the dimerization.
Thus, mutation of K206 to l-DOPA should not result in a posi-
tive cross-linking reaction.


l-DOPA was incorporated into SrtADN59 using the established
method[7, 8] to obtain the C-terminal His6-tagged K137DOPA
mutant, and the subsequent total protein analysis revealed the
excellent yield of the cross-linking reaction (Figure 1). Follow-
ing the incorporation, cross-linking of l-DOPA-containing


Scheme 1. l-DOPA as a site-specific protein cross-linker. A) l-DOPA is site-
specifically incorporated into proteins in response to an amber codon (TAG)
in E. coli. B) Incorporated l-DOPA reacts with the nearby nucleophiles and re-
sults in the covalent cross-linking of protein dimer.
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SrtADN59 subunits was performed in cell lysate using NaIO4 (see
the Experimental Section and Supporting Information). Purified
proteins were resolved by SDS-PAGE followed by Coomassie
Brilliant Blue staining. The result shows a strong band corre-
sponding to the size of the SrtADN59 dimer (35.8 kDa, Figure 1,
lane 2, Dimer). Subsequent mass-spectrometric analysis con-
firmed that this band contains the SrtA protein only (data not
shown). In the absence of l-DOPA (Figure 1, lane 1), a trace
amount of SrtADN59 expression is observed as monomer; this
indicates the basal incorporation of endogenous natural amino
acids, but no dimer is present. Thus, the cross-linking reaction
is caused only by l-DOPA, but not by any endogenous amino
acid or external factors present in the experimental process.
These data suggest confirm the high yield of the cross-linking
reaction that produced the covalent homodimer of SrtADN59.


A redox-cycling staining assay that detects quino-pro-
teins[13, 14] confirmed the presence of l-DOPA within the mutant
proteins K137DOPA and K206DOPA (Figure 2). Monomeric
SrtADN59 (17.9 kDa) is observed in both K137DOPA and
K206DOPA (Figure 2, lanes 2 and 4), indicating the presence of
l-DOPA within the mutant SrtADN59 proteins. Only a trace
amount of dimer can be seen for both K137DOPA and
K206DOPA, which might be the noncovalent dimer. The abun-
dant dimer observed in Figure 1 might not be detected by this
method since the majority should be the product of the cross-
linking reaction which modifies the ortho-quinone originated
from l-DOPA.[6] Together with Figure 1, the results in Figure 2
confirm the high fidelity of l-DOPA incorporation at both resi-
dues tested and suggest that the covalent modification of the
l-DOPA moiety resulted from the cross-linking reaction in the
dimer of K137DOPA.


Western blot analysis of both K137DOPA and K206DOPA
using an anti-His6 antibody verified the superb site-specificACHTUNGTRENNUNGselectivity of the l-DOPA-mediated protein cross-linking assay
(Figure 3). K137DOPA shows the covalent dimer in the pres-
ence of NaIO4 (Figure 3. lane 3); this is consistent with the total
protein analysis (Figure 1). K137DOPA also shows a small


amount of dimer in the absence of NaIO4 (Figure 3, lane 2).
This band could indicate the trace of noncovalent dimer as
seen in Figure 2 and wild type SrtADN59,[10] and/or covalent
dimer that resulted from the minimal oxididation of l-DOPA by
atmospheric oxygen.[6] Interestingly, the same sample also con-
tains the bands that correspond to the size of 1.5-mer (Figure,
lane 3, 1.5-mer). The identity of the components of these
bands and their biological relevance are currently under inves-
tigation. Compared to K137DOPA, K206DOPA shows only a
minimal amount of dimer in the presence of NaIO4 (Figure 3,
lane 6). The lack of copious cross-linking at residue K206 indi-
cates the absence of nucleophiles that are in the close proximi-
ty to this residue and available to react with l-DOPA moiety.
The yields of cross-linked dimer from K137DOPA (Figure 3,
lane 3) and K206DOPA (Figure 3, lane 6) are consistent with the
results from the point-mutation studies[12] (Figures S1 and S2).
The data presented here are the first direct evidence to con-
firm the physical interaction of SrtA at the residue level. Taken
together, these results demonstrate the excellent selectivity of
l-DOPA-mediated protein–protein cross-linking in the context


Figure 1. Cross-linking of the SrtADN59 dimer through l-DOPA at K137. l-
DOPA incorporation was performed for K137DOPA with (lane 2) or without
(lane 1) l-DOPA. Sodium periodate was added prior to the protein purifica-
tion. Purified proteins were resolved by SDS-PAGE and visualized by Coo-
massie Brilliant Blue staining.


Figure 2. Redox-cycling staining of l-DOPA-containing SrtADN59 proteins.
K137DOPA (lanes 1 and 2) and K206DOPA (lanes 3 and 4) were oxidized, pu-
rified and resolved by SDS-PAGE, then transferred to a nitrocellulose mem-
brane. DOPA-containing proteins were visualized with a staining solution
containing nitroblue tetrazolium.


Figure 3. Site-specificity of l-DOPA-mediated cross-linking of SrtADN59 dimer.
K137DOPA (lanes 1–3) and K206DOPA (lanes 4–6) were oxidized and purified,
then analyzed by SDS-PAGE followed by western blotting using an anti-His6


antibody.
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of protein mixtures as well as its position-dependent specifici-
ty.


In conclusion, we have demonstrated an efficient and selec-
tive site-specific protein cross-linking methodology by using
genetically encoded l-DOPA. Successful cross-linking supports
our recent discovery of SrtADN59 dimerization.[10, 12] Furthermore,
we have shown that the efficiency of the cross-linking does
not cost its selectivity. The information from serial cross-linking
experiments at different residues using the same method
would allow us to fairly accurately map the dimerization
domain of SrtA. The methodology presented here can also be
extended to identify, confirm and/or characterize many pro-
tein–protein and protein–small molecule interactions. Highly
reactive l-DOPA allows us to capture even weak or transient
interactions, in cases in which other methods of characteriza-
tions are difficult. l-DOPA-mediated site-specific protein cross-
linking can be a valuable addition to the set of tools currently
available to study protein–protein and protein–small molecule
interactions.


Experimental Section


Escherichia coli BL21 was transformed with the plasmid pET28-
SrtA59K137TAG or pET28-SrtA59K206TAG and pAC-DHPheRS-6TRN.
The culture was grown in glucose minimal media and protein ex-
pression was induced in the presence of l-DOPA (1 mm). The cells
were harvested and resuspended in lysis buffer (50 mm NaH2PO4,
300 mm NaCl, 10 mm imidazole, pH 8.0). Sodium periodate (1 mm)
was added, and the mixtures were incubated on ice for 1 hour.
Cells were then lysed and the His6-tagged proteins were purified
using Ni-NTA agarose beads. (See the Supporting Information.)
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GilR, an Unusual Lactone-Forming Enzyme Involved in Gilvocarcin
Biosynthesis
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Lactones are common structural
moieties found in various impor-
tant secondary metabolite natu-
ral products from microorgan-
isms, fungi, or plants. These in-
clude gilvocarcin V (GV, 1), lova-
statin (2), artemisinin (3), penta-
lenolactone (4), erythromycin A
(5), novobiocin (6), camptothecin
(7), and mycolactone A (8 ;
Figure 1). In many cases lactones
modulate the biological activity
of molecules directly by interact-
ing with target sites (as in camp-
tothecin)[1, 2] or indirectly by pro-
viding structural rigidity to the
molecule (as in erythromycin).
Lactones have also been found
or proposed as intermediates of
biosynthetic pathways, for exam-
ple, in jadomycin, gilvocarcin,
mithramycin, and urdamycin bio-
synthesis, in which interim lac-
tone formation is crucial for the
installation of polar residues of
the final structures.[3–5] Interest-
ingly, the ways through which
nature installs lactones in such
secondary metabolites are found
to be limited to two general
routes, namely: 1) through the
intramolecular condensation be-
tween a hydroxyl group and a
carboxylic acid or an ester
(Scheme 1, route A), and
2) through Baeyer–Villiger oxida-
tion of a cyclic ketone
(Scheme 1, route B). The vast
majority of the macrolide lac-
tones are generated through thioesterase (TE) domain mediat-
ed intramolecular condensation of thioester and alcohol,[6–8]


whereas lovastatin lactone formation is truly pH dependent.[9]


Literature on Baeyer–Villiger monooxygenases (BVMO)-cata-


lyzed lactone formation in natural products is rapidly emerg-
ing.[4, 10] In contrast, lactone generation through the oxidation
of a hemiacetal moiety (Scheme 1, route C) was only found in
primary metabolism, particularly the pentose phosphate path-
way. We report here this rare lactone formation for the first
time as a step in the biosynthetic pathway of a secondary me-
tabolite, gilvocarcin V (GV).


GV, a potent antitumor drug is the principal product of
Streptomyces griseoflavus Gç3592. It exhibits high potency
against various tumor cell lines at a low concentration with
low in vivo cytotoxicity.[11, 12] Gilvocarcin has an UV-fluorescent


Figure 1. Representative natural products with a lactone moiety.
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coumarin-based benzo[d]naptho-ACHTUNGTRENNUNG[1, 2b]pyran-6-one backbone that
is linked through a C-glycosidic
bond to the rare sugar d-fuco-
furanose.[13] The antitumor activi-
ty of GV is achieved through a
light-mediated [2+2]-cycload-
duct formation of its vinyl side
chain with thymidine residues of
the DNA.[14–16] An additional
unique component of GV’s anti-
tumor mechanism-of-action is
the selective GV-mediated cross-
linking of histone H3 and
DNA.[17] The formation of the lac-
tone moiety of GV is particularly
important because it establishes
the third ring, thereby fixing the
aromatic naphthol moiety and
the styrene moiety of the mole-
cule in the same plane and lock-
ing up their free rotation. In-
depth understanding of the mechanism of lactone formation
and its occurrence in the sequence of events of GV biosynthe-
sis is crucial for the generation of GV analogues through com-
binatorial biosynthesis.


Recently, the GV gene cluster has been isolated, and the
roles of various gene products in GV biosynthesis have been
determined through heterologous expression, gene inactiva-
tion, gene complementation, and feeding of pathway inter-
mediates.[3, 13, 18–20] Sequence analysis revealed four candidate
oxygenases (GilOI, GilOII, GilOIII, GilOIV) that could potentially
be involved in the lactone formation.[13] The individual gene
deletion results showed that GilOIII is responsible for theACHTUNGTRENNUNGformation of the vinyl side chain, and the remaining threeACHTUNGTRENNUNGoxygenases partake in a post-polyketide synthase (post-PKS)ACHTUNGTRENNUNGoxidative cascade prior to lactone formation, which includes
the 5,6-bond cleavage of an angucyclinone intermediate
(Scheme 3).[18–20] Previous hypotheses proposed that the oxida-
tive cleavage product was a di-acid, like 19 (Scheme 3), which
then undergoes C�C bond rotation and eventually establishes
GV lactone by following route A of Scheme 1.[18, 21–23] Surprising-


ly, the inactivation of one of the putative oxidoreductase
genes, gilR, led to the accumulation of pregilvocarcin V (PreGV,
11; Scheme 2), the hemiacetal stereocenter of which was
found in an R,S-mixture; this reflects an equilibrium between
the hemiacetal and aldehyde/alcohol forms and suggests a
direct role for GilR in GV lactone formation, but it remains un-
clear when exactly the GilR reaction occurs during GV biosyn-
thesis.[3] We herein describe a detailed biochemical characteri-
zation of oxidoreductase GilR, and demonstrate that the puri-
fied protein catalyzes the dehydrogenation of 11 as the final
step of the GV pathway. We also explored the substrate specif-
icity of GilR for its potential application in combinatorial bio-
synthesis.


GilR (498 aa) belongs to an oxidoreductase family enzyme,
whose amino acid sequence displays identity/similarity to pu-
tative dehydrogenases from various species: 43/57 % to StfE
(CAJ42334) from Streptomyces steffisburgensis, 41/55 % to a de-
hydrogenase (ZP 00377889) from Brevibacterium linens BL2, an
FAD-binding protein (CAC22143) from Streptomyces coelicolor,
and 41/58 % to BusJ and SpnJ from butenyl spinosyn and spi-
nosyn producer Saccharopolyspora pogona and Saccharopoly-
spora spinosa, respectively. Through an in vitro enzyme assay,
SpnJ has been shown to be an oxidase that requires FAD to
convert a secondary alcohol into a ketone in spinosyn biosyn-
thesis.[24] Similarly, StfE has been proposed to serve as a dehy-
drogenase to generate a ketone from a secondary alcohol
during the biosynthesis of steffimycin.[25] Other homologues of
GilR were reported from the genome sequencing project, and
have not been characterized yet. The conserved domain analy-
sis revealed two hits: the N-terminal FAD-binding domain
(pfam01565) and the C-terminal berberine-like domain
(pfam08031). Pfam01565 family proteins belong to plant en-
zymes that utilize FAD as a cofactor and catalyze oxidation re-


Scheme 1. General routes for lactone formation in a variety of secondary
metabolite natural products.


Scheme 2. Generation of PreGV and analogues through chemical reduction of the respective lactone compounds.
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actions, whereas pfam08031 family enzymes oxidize the N-
methyl group of (S)-reticuline into the C8 methylene bridge
carbon of (S)-scoulerine in presence of FAD. To deduce the
exact function of gilR, the gene was cloned into the pET28a
vector, expressed in E. coli, and the generated N-terminal His-
tagged protein was purified by using IMAC. The intense yellow
color of the purified enzyme along with its typical FAD-like UV
spectrum were a clear indication of bound FAD. Further analy-
sis indicated that GilR exists in a monomeric form and FAD in
fact is covalently bound to the enzyme (see the Supporting In-
formation).


To test the activity of GilR, the enzyme was incubated with
11 in presence or absence of FAD. The HPLC–MS analysis of
the assay mixture revealed the dramatic decrease of substrate
11 and the concomitant formation of 1 (see the Supporting In-
formation). The addition of FAD did not alter the GilR catalysis ;
this confirms the saturation of GilR with covalently bound FAD.
The results proved that GilR catalyzes the oxidation of the
hemiacetal moiety of 11 to the lactone that is found in 1. The
accumulation of significant amount of defuco-GV 9 by both
the GilGT (C-glycosyltransferase)- and GilU (deoxysugar 4-keto-ACHTUNGTRENNUNGreductase)-deletion mutants clearly indicated that GilR can also
oxidize defuco-preGV 12 to shunt product 9, and the tethered
defucofuranose residue is not necessarily required for the sub-
strate binding.[19, 26] Whereas the accumulation of 11 by the
GilR-deletion mutant suggested that the C-glycosylation step
occurs prior to the lactone formation, the possibility that the
GilR reaction precedes the GilGT reaction could not be exclud-
ed, because GilGT might be flexible enough to glycosylate


either 9 or 12. To address this
ambiguity over the true sub-
strate of GilR and the biosyn-
thetic sequence, 12 was pre-
pared semi-synthetically through
a one-step diisobutyl aluminium
hydride (DIBALH) mediated re-
duction of 9, and the kinetics of
GilR catalysis were compared for
both substrates. The Km values of
GilR were determined to be
117.0 and 93.4 mm for 11 and 12,
respectively (Table 1). However,
the kcat for 11 was found to be
more than fourfold higher than
for 12, and the ratio of kcat and
Km for 11 appeared to be 3.5-
fold higher than for 12 ; this
clarified the former compound
to be the true substrate of GilR.
The kinetic data reveal that both
the sugar-free substrate 12 and
the sugar-containing substrate
11 bind equally well to the
active site, but the sugar-con-
taining product 1 can more


easily leave the enzyme, possibly due to repulsion of active-
site residues with sugar moiety O-atoms.


One of the major objectives of biosynthetic pathway studies
is to generate natural product analogues through the exploita-
tion of the substrate flexibility of pathway enzymes. Given the
potential importance of the sugar moiety for the biologicalACHTUNGTRENNUNGactivity of the gilvocarcin-type drugs, alteration of the deoxy-
sugar moiety of GV is a major emphasis to generate GV ana-
logues by combinatorial biosynthesis. This requires relaxed
substrate specificity of both GilGT and GilR. To test the flexibili-
ty of GilR regarding the C-glycosidically linked deoxysugar
moiety, prechrysomycin A (13) was prepared through chemical
reduction of chrysomycin A (10). The incubation of 13 with
GilR under identical assay conditions barely generated 10, and
this limited the complete kinetic study of the reaction. Howev-
er, the specific activity of the enzyme for 13 was determined
to be 2500 and 600-fold lower than for 11 and 12, respectively,
thus indicating its poor specificity for a substrate analogue
with a branched pyranose sugar moiety. However, we were


Scheme 3. Proposed pathway for the GV biosynthesis. GilR catalyzes the very last step of the pathway.


Table 1. Kinetic parameters of GilR.


Substrate Km


[mm]
VmaxACHTUNGTRENNUNG[mm min�1]


kcat
[a]ACHTUNGTRENNUNG[min�1]


sp. activity
[U mg�1 min�1]


11 117.0�24.8 268.31�40.77 2.29�0.03 3.62�0.88
12 93.4�12.73 61.24�6.28 0.65�0.086 0.84�0.10
13 n.d. n.d. n.d. 1.4 � 10�3


[a] One active site was assumed per enzyme; n.d. : not determined.
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previously able to generate a GV analogue with an extra hy-
droxyl group at the 4’ position of the d-fucofuranose through
targeted inactivation of ketoreductase gene gilU. This ana-
logue, however, maintained a five-membered sugar residue.[26]


The poor conversion of 13 is caused by the branched pyra-
nose, which likely imposes some steric hindrance in the bind-
ing pocket of GilR, which appears to be optimal for substrates
with a 5-membered sugar residue.


In summary, the above results have clearly established that
GilR, which is an FAD-dependent oxidoreductase, is responsible
for oxidizing hemiacetal 11 to lactone 1. Because preGV exists
as an equilibrium mixture of two diastereomers (R and S con-
figuration at the hemiacetal carbon), one could argue that
through ring opening/closing GilR oxidizes the aldehyde to an
acid, and the lactone forms spontaneously (via route A). How-
ever, this would require a more complex reaction, namely addi-
tion of water followed by dehydrogenation. The sequence of
the gilR gene shows no hint for such a dual activity of its prod-
uct, and an opened lactone form of GV has never been detect-
ed, not even in traces. Thus, the above-discussed direct dehy-
drogenation of the hemiacetal to the lactone is far more likely.
In the primary metabolic pentose phosphate pathway, glu-
cose-6-phoshate (G6P) dehydrogenase catalyzes a similar reac-
tion by converting G6P to 6-phospho-d-gluconolactone. How-
ever, unlike GilR, this enzyme utilizes free NADP+ .[27] Thus, GilR
represents a new class of oxidoreductase in that it uses cova-
lently bound FAD. Interestingly, no other cofactor was needed
for the in vitro assay, and we assume that FADH2 reacts with
dissolved oxygen to regenerate FAD. The results also clarify
that lactone generation is the last step in GV (1) biosynthesis,
and the enzyme is flexible enough to handle both sugar-teth-
ered and sugar-free substrates, but its flexibility is limited by
the nature of the linked deoxysugar. The unusual oxidative lac-
tone generation found for the GV pathway might also play a
role in the biosyntheses of other naturally occurring lactones,
the pathways for which are yet to be elucidated. Intriguingly,
the sequence of events for GV biosynthesis also requires an-
other (intermediate) lactone 16 formation, here suggested to
be a result of a Baeyer–Villiger oxidation, en route to 11 and 1,
when the polyketide synthase product undergoes a series of
dehydrations and oxidations, a decarboxylation and O-methyl-
ations (Scheme 3). GilGT-mediated glycosylation (12 to 11) fol-
lowed by the GilR-catalyzed dehydrogenation finish the bio-
synthesis of 1. In the absence of GilGT, GilR catalyzes dehydro-
genation of 12 to yield shunt product 9. Understanding the
substrate-binding mode of GilR and widening its substrate spe-
cificity through site-directed mutagenesis might be necessary
to generate further GV analogues by combinatorial biosynthe-
sis.
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Position-Dependent Electrostatic Protection against Protein Aggregation
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Xavier Salvatella,[b] Mark E. Welland,*[a] Christopher M. Dobson,*[b] and Tuomas P. J. Knowles*[a]


Proteins can in general perform their functions only by remain-
ing soluble in their biological environment, and much effort
has therefore been devoted to understanding the chemical
and physical properties of amino acid sequences that promote
their solubility.[1–3] The failure of proteins to remain in a soluble
state is increasingly recognised as a central problem in con-
texts ranging from biotechnology to human disease.[4–7] A rela-
tionship between the kinetic stability of polypeptide chains in
solution and their fundamental physicochemical properties has
been established through the finding that global charge and
hydrophobicity are closely linked with the rates at which given
peptides and proteins aggregate to form amyloid structures.[8, 9]


It has also been found that specific patterns of amino acids
form “aggregation-prone” regions that play a key role in deter-
mining the aggregation process.[10–15] Despite their potentially
detrimental effects to biological functionality through facilita-
tion of protein aggregation, such aggregation-prone regions
are nevertheless often naturally present in proteins because
they essentially encode for the formation of b sheets when
these structures are required for folding. Thus, in order to dis-
favour uncontrolled aggregation and promote folding, it has
been proposed that evolution has inserted “gatekeeper” resi-
dues[16, 17] in the sequence in close proximity to the aggrega-
tion-prone regions. Such gatekeeper residues are electrostati-
cally charged and prevent the ordered association of aggrega-
tion-prone regions of different molecules.[10, 12, 16, 18–20]


Gatekeeper residues have been observed in various systems,
but the magnitude and specificity of their effects have re-
mained elusive. Herein we therefore focus on a quantitative
characterisation of the gatekeeping effect through a combina-
tion of biosensor measurements, atomic force microscopy, and
quantitative sequence-based design approaches.[11, 12] To inves-
tigate the influence of the position of charges on aggregation
rates, we generated chemically conservative mutations within
the sequence of the SH3 domain of bovine phosphatidylinosi-
tol 3’-kinase (PI3K-SH3), an 84-residue non-disease-related amy-
loidogenic protein[21] that has proved to be a powerful system
for the study of the mechanism of protein aggregation.[22] We
show that this approach enables quantitative characterisation


of the extreme sensitivity that the kinetics of aggregation has
toward electrostatic effects. We find that specific mutations
that modify the charge of strategically positioned gatekeeper
residues can lead to dramatic changes in the aggregation
rates. Such changes are several orders of magnitude greater
than if the same mutations were incorporated into less sensi-
tive regions. These results demonstrate the importance of the
contributions that quantitative chemical approaches can pro-
vide to the understanding of complex biomolecular systems,
and provide insight into rational strategies for stabilising solu-
ble forms of proteins.


To introduce a supplementary charge under the acidic dena-
turing conditions at which PI3K-SH3 amyloid fibril formation is
most readily observed,[23] the strategy adopted was to change
individual glutamic acid residues into lysine residues. For the
converse effect, subtraction of a charge, the strategy was to
change a lysine residue to a glutamine residue. These muta-
tions were chosen because they have, apart from the change
in charge, only a small effect on the overall physicochemical
properties of the sequence, in particular, its hydrophobicity
and secondary structure propensity. As the global effects of
changes in charge on protein aggregation are relatively well
established,[8, 12] we focus here on elucidating the dependence
of the effect of charge on its position in the sequence of the
protein.


The positions of the mutations chosen for this study were
selected by screening all possible amino acid substitutions
using an algorithm[12] that computes an aggregation propensi-
ty profile for a protein sequence by taking into account physi-
cochemical parameters such as charge, hydrophobicity, and
patterns of varying polarity. Values of this propensity (Zagg) at
individual residues can then be defined, and changes resulting
from specific mutations can be predicted. Mutation of an
amino acid not only alters this Zagg value at the particular posi-
tion of the mutation but also in the adjacent regions. Summa-
tion of the values of the aggregation profile above a threshold
value yields an overall Zagg value for a given sequence.[12] In
order to probe the effect of the position of the charge within
the sequence, we chose two glutamic acid residues in close
proximity with each other; these residues are individually pre-
dicted to lead to a significant decrease in aggregation rate
after being substituted by a residue that is charged at this pH.
In addition, we generated a variant in which the charge was
decreased, located close to the N terminus of the protein, a
region where adding and removing a charge is predicted by
the Zagg scores to have only a small effect.


We probed the rates of fibril growth using a combination of
nanogram mass change measurements by quartz crystal micro-
balance (QCM) sensors and determination of the increase in
fibril length by atomic force microscopy (AFM). The QCM has
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recently been shown to be a very precise measurement tech-
nique for the determination of amyloid fibril elongation
rates.[24] For fast-aggregating mutants (WT, K16Q), the growth
rates were determined from QCM mass shifts (Figure 1 E) and
for slow-growing mutants (E52K, E61K) we found that direct
AFM measurements of the fibril length increase (Figure 2) over
time intervals of days resulted in convenient probe of their
elongation rate. We have previously shown that these two
methods yield rates in good agreement,[24] and their combina-
tion in the present work allows us to probe aggregation reac-


tions with rates spanning more than four orders of magnitude.
A crucial aspect of the present work is that we have developed
a method to accurately control the covalent attachment of the
fibrils to the gold surface of the QCM crystal by a cystamine
spacer (Figure 1 A and B, ref. [25]) ; see the Experimental Sec-
tion. The level of activation of the fibrils with disulfide groups
was adjusted to approximately 5–10 % as demonstrated by
mass spectrometry (Figure 1 B) in order to ensure sufficientACHTUNGTRENNUNGattachment but minimal interference with the seeding ability
of the fibrils. The polymerization reactions for all mutants were
initiated by seed fibrils grown from the wild-type protein.
Cross-seeding experiments with K16Q seeds (data not shown)
yielded similar ratios of the elongation rates as for the dataACHTUNGTRENNUNGobtained by using wild-type seeds (rK16Q:K16Q/rK16Q:WT = 2.6�0.5
versus rWT:K16Q/rWT:WT = 2.0�0.3, for which the indices represent
rseed:monomer) ; this observation shows that the effects on the ag-
gregation rates of single point mutations primarily stem from
the physicochemical changes in the sequence and that differ-
ences induced by the seeding process remain small. In agree-
ment with this result, the AFM images (Figure 2) confirm that
the WT seed fibrils grow with identical morphologies whether
the growth solution contains the wild-type or mutant proteins.
In accord with previous studies,[8, 12] we observe a marked cor-
relation between the overall net charge of the protein and the
absolute fibril elongation rate, with increased charge leading
to a decreased growth rate. This result is attributable to an in-
creased electrostatic repulsion between a fibril and its mono-
meric precursors.


Examination of the specific values of the rates shows that in
agreement with the predicted Zagg profile, the mutation of E to
K at positions 52 and 61 generated significantly different
(more than two orders of magnitude) elongation rates, with


Figure 1. A) Schematic illustration of the surface attachment strategy and
subsequent fibril elongation. To verify that the required level of modification
was performed, fibrils were functionalized and then dissociated into com-
posing monomers by a pH change from 2 to 11. B) The subsequent mass
spectrum shows functionalized (**) and nonderivatized (*) PI3K-SH3 mole-
cules. AFM images of: C) fibrils bound to gold substrates, and D) fibrils ex-
posed to monomeric PI3K-SH3 protein for 2 h (scale bar: 1 mm). E) QCM fre-
quency shifts probing mass loading from fibril growth for WT SH3 protein
and the K16Q mutant under otherwise identical conditions described in the
text. Injection of protein solution is at the time indicated by (*), and the in-
jection of protein-free 10 mm HCl corresponds to (**). The three traces corre-
spond to three frequency overtones (top to bottom: n = 7, 5, 3) measured in
the experiments.


Figure 2. AFM images of WT fibrils bound to gold substrates and incubated
in solutions of slow-growing monomeric mutant PI3K-SH3 proteins under
the conditions detailed in the text for the times indicated; scale bar: 1 mm.
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position 52 being more sensitive to the additional charge than
position 61 (Figure 3). In addition, the K16Q mutant, with a de-
creased net charge in a region predicted from Zagg calculations


to have low sensitivity to changes in charge, shows an elonga-
tion rate of a similar order of magnitude to that of the wild-
type. The high-resolution nature of QCM measurements, how-
ever, where the growth of the same ensemble of fibrils can re-
peatedly be probed with different precursor proteins, allowed
for the reproducible determination of a small but measurable
difference between the elongation rates of WT and K16Q of
approximately a factor of two (Figure 1 E), a value consistent
with the previously proposed overall connection between de-
creased global charge and increased elongation rate.[8, 12]


The present results demonstrate the high sensitivity of fi-
brous protein aggregation to the local chemical environment,
even for otherwise chemically equivalent mutations. Insight
into the origin of the differential response to charge addition
can be gained by examining the aggregation propensity along
the polypeptide chain as shown in Figure 4. The positions with
high susceptibility to charge modification are found at the
edges of aggregation-prone regions, where they are able to in-
terfere most efficiently with the aberrant self-assembly of pro-
teins driven by such regions. On the other hand, in zones that
are not in the vicinity of aggregation-prone segments, changes
in the charge state of the polypeptide chain only have a small
effect on the aggregation rates of the proteins. We note that
addition of charge within an aggregation-prone zone itself is
not possible without modifying the other chemical characteris-
tics of the sequence such as hydrophobicity.


In summary, we have shown that quantitative measurements
over five orders of magnitude of the elongation rates of amy-
loid fibrils can be achieved by the use of QCM sensors in com-
bination with scanning probe microscopy. Application of this
technique in a rational mutational study of the amyloid assem-
bly process of an SH3 protein has enabled us to predict and
confirm the location of specific gatekeeper charges that
strongly modulate and control protein aggregation depending
on the local chemical environment provided by an amino acid
sequence, thus shedding light in a uniquely detailed way on


the aggregation mechanism at the single-residue scale, and
opening up possibilities to stabilise electrostatically[26, 27] soluble
states of proteins with minimally invasive changes to the poly-
peptide sequence.


Experimental Section


WT-PI3K SH3 was expressed as described.[13] To induce fibril forma-
tion, the protein was incubated at a concentration of 1 mm in
aqueous HCl (pH 2.0) at room temperature for 4–5 days; subse-
quently a new monomer solution was seeded with the preformed
fibrils to maximize the fibrillar content. In a second step, fibril solu-
tion (100 mL, 1 mm) at pH 2.0 was mixed with a solution of cysta-
mine dihydrochloride (100 mL, 1 m ; Sigma) and EDC (N-(3-dimethACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGaminopropyl)-N’-ethylcarbodiimide hydrochloride, 1 mg; Sigma).
The volume was then increased to 2 mL with HCl, pH 2.0. The solu-
tion was kept at room temperature for 30 min and then centri-
fuged for 2 h at 8900 g. The supernatant was removed, and theACHTUNGTRENNUNGremaining pellet was re-dissolved in 2 mL HCl, pH 2.0. This purifica-
tion procedure was repeated four times in order to minimize
excess cystamine, which could compete with the fibrils for surface
attachment. The solution of the cystamine-activated fibrils wasACHTUNGTRENNUNGsonicated with a probe sonicator for 30 s (3 s pulses, 3 s off) to de-
crease the length of the structures. Then 100 mL of the solution
was deposited onto each of the QCM chips for 60 min in an atmos-
phere of 100 % humidity. The surface was carefully rinsed with
aqueous HCl (pH 2.0), and the sensor was inserted into the micro-
balance flow cell. After acquisition of a stable baseline, the device
was ready for the kinetic measurements. The PI3K-SH3 mutants
were designed by standard mutagenesis methodology (primers
custom synthesized by Operon, plasmids sequenced by Geneser-
vice) and were expressed and linked to the surface in an identical
way to the WT.
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Histone H3 N-Terminal Peptide Binds Directly to Its Own mRNA:
A Possible Mode of Feedback Inhibition to Control Translation


Kyung Hyun Lee,[a, b, c] Nam Ju Lee,[a] Soonsil Hyun,[a] Yong Keun Park,[b] Eun Gyeong Yang,[c] Jun-Kyu Lee,[a]


Sunjoo Jeong,[d] and Jaehoon Yu*[a]


Messenger RNA (mRNA) delivers information from genes to
proteins. Therefore, concentrations of mRNA in living cells
must be tightly controlled at both transcriptional and transla-
tional stages.[1] One mode for translational control is feedback
inhibition, which is caused by direct binding of metabolic
product(s) to the corresponding mRNA. Most of the controlla-
ble RNA moieties are found as riboswitches in prokaryotes[2]


and in some lower eukaryotes.[3] However, few cis-elements
have been discovered that use their own proteins or peptides
as ligands, especially among house keeping proteins in high
eukaryotes.[4]


Histone is one of the most abundant proteins in cells and its
concentration is closely governed by the amount of DNA pres-
ent. When cells divide, large amounts of histone proteins are
needed to pack DNA at the G1 and S phases.[5] The histone
mRNA level at the end of the S phase is principally controlled[6]


by the stability of mRNA,[7] which is mediated by way of inter-
actions between a stem-loop in 3’-untranslated region (UTR) of
histone and a stem-loop binding protein (SLBP).[8] The stem-
loop RNAs are found in H2a 3’-UTR and other histone mRNA.[9]


Early reports describing histone autoregulation suggested
that a complex of histone proteins and the cognate mRNA is
involved in reducing histone levels.[10] A consideration of these
early observations led us to propose several hypotheses. Firstly,
several mechanisms might be operable for controlling histone
concentrations at the translational level. One of these couldACHTUNGTRENNUNGinvolve binding of trans-elements directly to mRNA; this would
affect histone levels. Finally, pairs of histone mRNA/histone
protein (or peptide) might participate in feedback inhibition by
prohibiting translation, as has been shown to take place in
some RNA binding house-keeping proteins, such as in riboso-
mal proteins[4, 11] and in p53.[12]


At this point in time, no binding motifs in histone mRNAs
and histone proteins have been identified. In order to test the


hypotheses suggested above, we have carried out a search to
uncover cis-elements against the histone H3 N-terminal pep-
tide. Because it is the most heavily post-translationally modi-
fied peptide among histone proteins, the H3 protein partici-
pates in many control mechanisms.[13] Furthermore, since the
H3 N-terminal peptide contains a large amounts of Lys and
Arg, it likely binds to a cis-element, if one exits.


Below, we report that the selection of aptamers against H3
peptide has provided specific hairpin RNAs that possess high
homology with histone H3 mRNA. The identified H3 hairpin
RNA specifically binds to the H3 peptide with low micromolar
affinity. In addition, in vitro translation of the H3 protein is in-
hibited dose-dependently by the H3 N-terminal peptide. Con-
sequently, the hairpin RNA and H3 peptide are one of the rare
cis- and trans-elements on coding regions found among house
keeping proteins in higher eukaryotes.


Since the most important sites of modification are located at
the end of the H3 N terminus,[14] a peptide with 18 amino
acids was thought to have a sufficient length to be recognized
by a cis-element.[15] Standard Fmoc chemistry was utilized to
synthesize a histone H3 peptide with 18 amino acids (N-
ARTKQTARKSTGGKAPRK-biotin). RNA binders to the H3 peptide
were obtained by using the H3 peptide as bait in the SELEX
methodology.[16] Fifty long nucleotides were used as a random
RNA library with a T7 promoter.[17] The selection cycle began
with 20 mg of the RNA library (1.0 � 1014 molecules).


After six selection cycles, pools of RNA were subjected to a
pull-down assay against the H3 peptide. As specific binding to
the cognate peptide was observed (data not shown), the RNA
pools were cloned to afford 20 different sequences.[17] Pull-
down assays performed again on these clones led to the iden-
tification of two selective binding RNA clones (C1 and C2;
Table 1). BLAST searches revealed that C1 and C2 have high ho-
mologies with H3 mRNA (Table 1). In order to confirm the
above finding, we again tried a pull-down approach with total
mRNA from HL60. Indeed, endogenous histone H3 mRNA was
selectively captured by the H3 18-mer peptide (Figure 1).


Encouraged by high homologies to H3, a hairpin mRNA (31-
nt) containing about 13-nt homology with C1 and C2 clones
was chosen for further studies. The 31-nt hairpin RNA (Fig-ACHTUNGTRENNUNGure 2) was transcribed in vitro to measure its binding affinity
against the H3 peptide by using a surface plasmon resonance
technique. The 31-nt hairpin had approximately one micromo-
lar binding affinity (Kd = 1.2 mm using BIAcore in Table 2, 8.2�
1.4 mm using pull-down method in Figure S3) with the cognate
H3 peptide. As negative controls, measurements made with
other well-known hairpin RNAs (RRE, pre-miR-24) showed that
they do not bind to the peptide (Figure S4B, C). Several mu-
tants, constructed in a manner to prevent drastic alteration of
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the secondary structure of the 31-nt hairpin, had reduced affin-
ities or aborted binding to the H3 peptide compared with that
of the wild type hairpin (Figure 3). The data described thus far
suggest that the high affinity is associated with specific inter-
actions between the N-terminal H3 peptide and its own
mRNA, which has a specific hairpin motif. An upper stem of
the hairpin seems to be the most plausible binding region of
the peptide, judged by mutant experiments.


Even though the most struc-
tured and controllable mRNAs
normally form structured motifs
in 5’- or 3’-UTR, the hairpin RNA
identified in this effort is found
in the coding region. This find-
ing that the controllable hairpin
follows a mechanism that is not
mediated by a stem-loop in
3’UTR and SLBP.[18] Hydroxyl radi-
cal footprinting showed that the
binding of the H3 peptide to
213–340 sequences of H3c
mRNA induces a conformational
change around the hairpin struc-
ture; this suggests that binding
has effects on translation effi-
ciency (Figure S5).


Next, we attempted to observe specific interactions between
the hairpin in H3 mRNA and N terminus H3 peptide in an in
vitro translation system. H3 mRNA of Homo sapiens was pre-
pared by using the pCMV-SPORT6-H3c construct.[19] The pep-
tide was then added to determine if translation of the H3 pro-
tein would be inhibited. As shown by the data displayed in


Table 1. Sequences of aptamers and BLAST-searched mRNAs.


RNA Hairpin region (Random region for aptamer) [a]


C1 5’CTTTACTTTAGCGAGGCTTTGGTAGTCAATTGCGCAGGTCCGTCTCCTTC3’
C2 5’AATCCTTTGCTTACCTCTAAGGCCCACCGTCTTAATCCGAGACGGTCTAT3’


H3[b] 5’ ACHTUNGTRENNUNG(262)GCGCAGGACTTTAAGACGGACCTGCGC ACHTUNGTRENNUNG(288)3’
H1.4[c] 3’ ACHTUNGTRENNUNG(1093)CGCGTCCTGAAGTTCTGGCTGGACGCG ACHTUNGTRENNUNG(1067)5’
A. Paf400[d] 5’ ACHTUNGTRENNUNG(10 486)CGCTTCTTGAAATT-TGA-TG------ACHTUNGTRENNUNG(10 504)3’
N. Paf400[e] 5’ ACHTUNGTRENNUNG(10 252)GCCCAGGACTTTAA-ACT-ACCTGCCG ACHTUNGTRENNUNG(10 276)3’
HAF01[f] 3’ ACHTUNGTRENNUNG(416)CGAGACCTGAAATTTGATGG------G ACHTUNGTRENNUNG(396)5’


[a] Gray regions indicate sequences homologous to those of the human histone cluster 2 H3 mRNA hairpin
structure (sequences 262–288). The underlined sequences of C1 and C2 are complementary to H3 mRNA hair-
pin sequences 288–262. [b] Homo sapiens cluster 2 H3a, c mRNA. [c] Bos taurus histone H1.4 mRNA. [d] Asper-
gillus fumigatus Af293 histone acetylase complex subunit Paf400 mRNA. [e] Neosartorya fischeri NRRL 181 his-
tone acetylase complex subunit Paf400 mRNA. [f] Arabidopsis thaliana HAF01 (Histone acetyltransferase
TAFII250 family) mRNA (Bold, conserved hairpin region; Underlined, reversed order of hairpin sequence; Italic,
substituted sequence).


Figure 1. Pull-down assay with total cellular RNAs from HL60 cells. 50 mg of
cellular RNAs were incubated with biotinylated histone H3 N-terminal pep-
tide (0, 10, 100 mm) and pulled-down using streptavidin–sepharose resins.
Each sample was subjected to RT-PCR using H3 (213–320) or GAPDH primers
as a control (Pull-down, PCR with pulled-down RNAs; Sup, PCR with super-
natant RNAs which were not pulled-down).


Figure 2. Predicted hairpin structure of H3c (cluster 2) mRNA from H. sa-
piens.


Table 2. Calculated values of binding affinities of the H3 hairpin RNAs
using BIAcore 3000 instrument. Binding affinities of H3 hairpin RNAs to
the H3 18-mer peptide were calculated by using BIAevaluation software
(1:1 Langmuir binding model). N.C. means not calculable.


H3 hairpin Ka [m�1s�1] Kd [s�1] Kd [m]


wt 1.3 � 104 1.5 � 10�2 1.2 � 10�6


mt1 3.6 � 104 5.2 � 10�2 1.4 � 10�6


mt2 N.C. N.C. N.C.
mt3 N.C. N.C. �1.0 � 10�5


mt4 1.7 � 104 3.9 � 10�2 2.4 � 10�6


mt5 N.C. N.C. N.C.
mt6 3.8 � 104 8.3 � 10�2 2.2 � 10�6


Figure 3. Binding specificity of H3 hairpin RNA to the H3 peptide using BIA-
core. Relative binding affinities (mutant Kd/wild type Kd, which means re-
duced binding degree compared with that of wild type as value 1) of hairpin
mutants (mt1~6) were calculated from BIAcore results. Values are shown in
black boxes. N.C. means not calculable.
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Figure 4 A, the H3 peptide caused dose-dependent inhibition
of H3 protein expression (IC50 = 24�8 mm). Full-length H3 pro-
tein showed the same does-dependent inhibition pattern as
shown in Figure S7. In contrast, expression of luciferase was
not inhibited by the H3 peptide in cases in which its gene was
inserted into the same system (Figure 4 A). The specificity of
the interaction was again confirmed by observing a full recov-
ery of H3 protein expression upon addition of the 31-nt hairpin
RNA (Figure 4 B) in the presence of the N-terminal peptide.
Dose-dependent regeneration of the inhibited H3 protein ex-
pression was observed upon addition of the 31-nt hairpin RNA,
but did not occur upon addition of a general stem-loop RNA
molecule, RRE RNA, which was used as a negative control
(Figure 4 B). The findings demonstrate that the interaction be-
tween the hairpin RNA and H3 peptide is specific and the mea-
sured binding affinity is around micromolar. The observed IC50


value is reasonable when one takes into account the fact that
the concentration of histone is in the micromolar range and
the suggestion by Rose that 10 mm is close to the minimum
histone concentration required for auto-regulation.[20] It is rea-
sonable that the high concentration of histone would be main-
tained through the operation of a feedback inhibitor against
its own mRNA; this would lead to a short-lived adjustment of
histone levels.


Finally, the H3 hairpin, its mutants and the RRE hairpin were
introduced into 5’-UTR of luciferase mRNA, which was trans-
fected into 293A cells. The expression level of the reporter was
reduced to around 60 % with the H3 hairpin. However, no re-
duction was observed with the inserted RRE hairpin and mt2
(noncalculable affinity in BIAcore data) and a 65 % reduction in
expression was observed with mt3 (eight times weaker affinity
relative to wild type in BIAcore data). RT-PCR products suggest
that all transfected constructs have a similar expression level.
The cell-based data above suggest that a specific interaction
with the H3 hairpin is a key player in translation inhibition (Fig-
ures 5 and S8).


In summary, by using the SELEX method against the H3 pep-
tide we have identified a 31-nt hairpin RNA that is located in
the coding region of H3 mRNA and serves as a cis-element.


The short hairpin RNA, which is transcribed in vitro,
has micromolar affinity against H3 peptide. In vitro
translation of the H3 protein was inhibited by the H3
peptide in a dose-dependent manner. Furthermore,
addition of H3 hairpin RNA restored H3 protein ex-
pression. The expression level of transfected lucifer-
ase was reduced to around 60 % with the H3 hairpin,
while no reductions were observed with inserted RRE
hairpin and other controls in a 293A cell-based assay.
Thus, the pair comprised of hairpin RNA in the H3
coding region and the cognate peptide is one of the
rare cis-elements on coding regions found in higher
eukaryotes. A possibility exists that more hairpin
RNAs are inhibited by their products and, as such,
this might serve as general feedback regulation. This
regulatory mechanism might be required for the con-
trol of highly abundant housekeeping proteins in
cells.
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The design of targeted pharmaceuticals is booming, with anti-
bodies or proteins as the most rapidly growing category.[1] In
vivo imaging devices play an important role for their develop-
ment and, although techniques based on fluorescence detec-
tion face some difficulties, the ease of fluorescent tag introduc-
tion into proteins is unsurpassed. Fluorescein isothiocyanate
(FITC) is the most commonly used fluorescent labeling agent
due to its easy reaction with lysine residues. Currently, there is
no radioactive counterpart to FITC with a similar ease of intro-
duction available for the radioactive labeling of proteins for in
vivo imaging purposes. Positron emission tomography (PET) is
an extremely powerful tool for in vivo imaging based on radio-
activity detection, and has been used in the diagnosis of onco-
logical and neurological diseases for many years.[2–4] Increasing-
ly, its usefulness in drug development has been the focus of
several studies.[1, 5–7] The main setback of this technology is the
complex procedure needed to introduce the positron emitter
18F into proteins. With the advent of high-resolution scanners
such as the High Resolution Research Tomograph (HRRT, Sie-
mens), the optimal characteristics of 18F (including its low posi-
tron energy, which results in images of high spatial resolution)
have once more confirmed the important role this nuclide
plays in PET imaging.[8] All 18F-labeling procedures for proteins
published so far are multistep procedures with low overallACHTUNGTRENNUNGradiochemical yields and expensive equipment needs.[9, 10] Fol-
lowing current standard procedures, 18F is (after producing a
water-free, highly nucleophilic [18F]F�/Kryptofix 222�/K+ com-
plex) incorporated into a molecule through a direct nucleophil-
ic substitution on an alkyltosylate, aryltrimethylammonium ion
or nitroaromatic; this generally requires high reaction tempera-
tures and organic solvents to proceed efficiently.[11] These
harsh conditions are unsuitable for proteins, which would be


denatured under these conditions. Thus, the 18F-labeling proce-
dure of proteins has usually been a two- or multistep process
with 18F introduction into a small secondary labeling precursor
under harsh conditions and subsequent reaction of these pros-
thetic groups with the protein of choice under mild, aqueous
conditions. In the majority of cases, the protein-reacting
groups of these secondary labeling precursors target either
thiol moieties through a maleimide group or amino functions
through acylation or alkylation reactions (for a review see
ref. [9]). Unfortunately, most of the protein-reacting functionali-
ties of these precursors decompose under the harsh conditions
of the nucleophilic introduction of 18F into the molecule. An
isothiocyanide moiety would hardly survive the elevated tem-
peratures and basic conditions usually applied for 18F introduc-
tion. Consequently, they have to be either protected or else
generated only after the 18F has been introduced into the sec-
ondary labeling precursor.[12] Even the most recent, improved
methods for 18F introduction into proteins suffer from low
preparative radiochemical yields (usually in the range of 1–5 %)
and long reaction times (90–120 min).[13–15]


Recently, new approaches to radiolabeling involving silicon-
fluorine chemistry have been reported.[16–18] Our group intro-
duced a completely new labeling method based on an organo-
silicon containing fluoride acceptor SiFA (Silicon Fluoride Ac-
ceptor) that is based on an isotopic 18F for 19F-exchange at a
silicon atom.[17, 18] The SiFA method was shown to offer a quick
and efficient introduction of 18F into various peptides in both
one- two-step reactions. Based on the convenient widely used
introduction of fluorescent tags into proteins through an iso-
thiocyanate-containing dye,[19] we decided to investigate the
protein-labeling potential of [18F]SiFA-isothiocyanate ([18F]SiFA–
ITC, Scheme 1), which would primarily target lysine residues.
Isothiocyanates react with primary amino functions to form
stable thioureas (Scheme 2). We chose three proteins of dif-ACHTUNGTRENNUNGferent sizes (rat serum albumin (RSA, 66 kDa), apotransferrin
(76–81 kDa) and bovine IgG (144 kDa)) as sample proteins for
radiolabeling.


Scheme 1. Isotopic exchange reaction of [19F]SiFA-isothiocyanate (3–3.6 mg;
10–12 nmol) in DMSO to form the secondary labeling precursor [18F]SiFA-iso-
thiocyanate within 10 min at room temperature with 95 % radiochemical
yields.
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The efficacy of the synthesis of [18F]SiFA–ITC by isotopic ex-
change under very mild conditions depended on the precursor
concentration ([19F]SiFA–ITC) and on the basicity of the reac-
tion mixture. With increasing concentrations of the carbonate
containing basic [18F]F�/Kryptofix 222�/K+ complex, decompo-
sition of the Si�F bond was observed; this decomposition gen-
erated unbound 18F� . Thus, the less basic potassium oxalate
system was used instead of the more common carbonate
system. Generally, the dried 18F� (37–74 GBq) was dissolved in
900 mL DMSO and used as a stock solution. For each 20–60 mL
of this solution (about 2–3 GBq), 10–12 nmol of [19F]SiFA–ITC
were needed to obtain optimal radiochemical yields (>90 %).
The calculated specific activities of [18F]SiFA–ITC were 100-
160 GBq mmol�1 (2700–4500 Ci mmol�1). Although these specif-
ic activities are by all means in a most acceptable range for
human use in PET, the achievement of higher specific activities
is always preferable. The syntheses of Si ACHTUNGTRENNUNG[18F]-containing build-
ing blocks from SiOH precursors has effectively proven this.[16]


The conjugation of the secondary labeling precursor
[18F]SiFA–ITC to the protein depends on 1) the pH, 2) the lysine
content of the protein, and 3) the protein concentration. We
investigated different reaction buffers between pH 8.0 and 9.5.
Higher pH-values lead to a faster reaction of the isothiocyanate
with the protein, but also to a faster hydrolysis of the Si�F
bond, which is detected as free [18F]fluoride in the reaction
mixture. At pH <9.0, the reaction proceeded too slowly for
the short-lived radioisotope. At pH 9.0 we achieved the highest
conjugation yields for the RSA protein within 10 min. The apo-
transferrin and the bovine IgG reacted more slowly, possibly
due to the presence of fewer lysine residues in the proteins, or
to less accessible ones. The maximal conjugation yields of 30–
45 % for those two proteins were obtained after 10–20 min
(Table 1). Hydrolysis of the Si�F bond was considerably slower
(after 30–40 min) at pH 9.0. Conjugation yields of up to 80 %
were achieved for RSA because of its high lysine content
(0.89 Lys/kDa versus 0.71 Lys/kDa for apotransferrin and
0.38 Lys/kDa for bovine IgG). The amount of [19F]SiFA–ITC used
in the reaction dictates the protein concentration because a
ratio of 100:1 ([18/19F]SiFA–ITC/protein) will most likely result in
significant changes of the nature of the protein due to over-
conjugation. We therefore investigated protein concentrations
corresponding to a range of 10:1, 2:1, 1:1 and 1:6 (1:8 for
Bovine IgG) ratio of [19F]SiFA–ITC/protein and determined the
radiochemical yields for those ratios only (Table 1). The influ-


ence of the SiFA–ITC to protein ratio to the RCY of the labeled
protein is outlined in Figure 1. The highest radiochemical
yields (RCYs) for all investigated proteins are obtained in the
presence of a high protein/SiFA ratio.


The purification of the final radiolabeled proteins was ach-
ieved by either HPLC or centrifugal filters. While HPLC purifica-
tions take about 15-20 min, depending on the retention times


Scheme 2. Conjugation of crude [18F]SiFA–ITC (10–12 nmol, 2–3 GBq) with
protein in buffer at pH 9.0 at room temperature with yields of 30–80 % for
the tested RSA, apotransferrin and bovine IgG.


Table 1. Reaction parameters for the 18F labeling of proteins with
[18F]SiFA–ITC.


Protein entry[a] SiFA–ITC mgACHTUNGTRENNUNG[nmol][a]


Protein mgACHTUNGTRENNUNG[nmol]
SiFA/protein
ratio[b]


Labelling
yields[c] (%)


1. RSA 3
[10]


3840
[60]


1:6 80


2. RSA 0.9
[3]


20ACHTUNGTRENNUNG[0.3]
10:1 30


3. RSA 3.6
[12]


800
[12]


1:1 60


4. RSA 3
[10]


334
[5]


2:1[d] 55


5. apotransferrin 1.5
[5]


2300
[30]


1:6 45


6. apotransferrin 0.9
[3]


23ACHTUNGTRENNUNG[0.3]
10:1 30


7. apotransferrin 3.6
[12]


920
[12]


1:1 30


8. apotransferrin 3
[10]


384
[5]


2:1 40


9. bovine IgG 0.75ACHTUNGTRENNUNG[2.5]
2500


[20]
1:8 40


10. bovine IgG 0.9
[3]


50ACHTUNGTRENNUNG[0.3]
10:1 30


11. bovine IgG 3.6
[12]


1000
[12]


1:1 40


12. bovine IgG 3
[10]


417
[5]


2:1 35


[a] From a stock solution of [18F]SiFA–ITC (2–3 GBq, 3–3.6 mg, 10–12 nmol
in 30–60 mL DMSO). [b] Reactions were done in DMSO/carbonate buffer
(pH 9) mixtures (crude [18F]SiFA–ITC (2–3 GBq, 0.9–3.6 mg, 3–12 nmol in
30–120 mL DMSO) + protein (0.3–60 nmol in 25 mL carbonate buffer
(pH 9)) + carbonate buffer (pH 9) (150–700 mL)). [c] Reaction time wasACHTUNGTRENNUNGbetween 10–20 min and conjugation yields refer to HPLC chromatograms
of the crude reaction mixture (HPLC conditions see the Supporting Infor-
mation), N = 10–15, error margins for RCYs were between 3–5 % [d] these
labeling conditions have been used for conducting the animal experi-
ments.


Figure 1. Conjugation of crude [18F]SiFA–ITC (3–12 nmol SiFA–ITC, 2–3 GBq
[18F]F/K222�/oxalate/K+) to RSA (dark gray), Appotransferrin (gray) and
Bovine IgG (light gray) using different ratios of [18F]SiFA–ITC to protein in
DMSO/carbonate buffer (pH 9) (N = 10–15, columns represent mean values
with error margins of 3–5 % for RCYs; for specific amounts of SiFA–ITC and
proteins see Table 1, RCY = radiochemical yield).


1322 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1321 – 1324



www.chembiochem.org





of the 18F-labeled proteins, the radiochemical purity of the la-
beled proteins was >99 %. With the centrifugal filters, purifica-
tions could be performed generally within 12 min and the radi-
ochemical purity of the product was >95 % but it was not
always reproducible. With increasing amounts of proteins and
increasing molecular weights of proteins, the centrifugal filter
purification worked less efficiently, probably due to clogging
of the filter membrane; this reduced the radiochemical purity
of the 18F-labeled proteins to <90 %. We also used NAP-5 col-
umns (Sephadex G-25 DNA grade, GE Healthcare) for the purifi-
cation of the [18F]SiFA-labeled proteins, but were not able to
achieve consistent radiochemical purities of >95 %, due to oc-
casional smearing of the [18F]SiFA–ITC across the NAP column
contaminating the protein fraction; this might be due to slight
differences of the product yields in the reaction mixtures. For a
reliably high purity of radiolabeled protein without optimiza-
tion, HPLC purification was superior. The yielded [18F]SiFA-pro-
tein conjugates had a shelf-life of more than 1 hour in isotonic
saline and displayed only negligible decomposition. To obtain
preliminary data about the stability of the [18F]SiFA-labeled RSA
(ratio [18F]SiFA–ITC/RSA 2:1, protein entry 4, Table 1) we added
5 MBq of the HPLC-purified compound (in 10 mL of DMSO) to
1 mL of freshly prepared rat serum at 37 8C and drew aliquots
after 30, 60 and 120 min. These aliquots were investigated by
size exclusion HPLC. After 120 min approximately 10–15 % of
the detected radioactivity accounted for smaller compounds;
this proved that most of the [18F]SiFA–RSA was still intact.
These experiments justified the following in vivo study using
animal PET.


To prove the metabolic stability of the 18F label in vivo, we
investigated the radioactivity distribution of [18F]SiFA-RSA (ratio
[18F]SiFA–ITC/RSA 2:1, cf. protein entry 4, Table 1) in vivo in a
rat. RSA is mainly metabolized in the liver and the uptake of
any radioactivity in blood vessels and liver would therefore be
expected. The pronounced liver uptake of the SiFA-labeled
RSA is probably a result of the higher lipophilicity imposed by
the SiFA derivatisation (Figure 2). In our previous publications
we found a less pronounced liver uptake when differently
SiFA-labeled RSA was used in vivo in rats.[20, 21] This suggests
that the position of SiFA labeling in RSA determines the meta-
bolic fate to a certain extent. Radioactivity uptake into the
bone structure would suggest free, unbound 18F� . Radioactivi-
ty uptake into the bladder can either be caused by free fluo-
ride, or by hydrophilic metabolites of the 18F protein. The ob-
tained PET images suggested very low rates of defluorination
of the 18F-silicon thiourea during the first 60–90 min post injec-
tion (Figure 2 and also time–activity curves in the Supporting
Information). Slightly more evident images of the rat’s bone
structure observed in the 110–120 min time frames suggest
that enzymatic steps responsible for the defluorination occur
late in the the18F-silicon thiourea metabolic pathways and do
not compromise image quality. Blood samples drawn at several
time points after injection were analyzed with radio-HPLC to
further determine metabolic stability. No peak corresponding
to [18F]SiFA–ITC and only minor amounts (10–12 %) of com-
pounds of low molecular weight were detected, indicating the
metabolic stability of the thiourea bond. However in the very


late blood samples (160 min p.i.) 65 % of the detected radioac-
tivity could be assigned to small unidentified 18F-labeled com-
pounds (Supporting Information). PET results may be partially
biased by the anesthesia with isofluorane.


In conclusion, we have shown that [18F]SiFA-isothiocyanate is
a versatile secondary labeling precursor for the 18F introduction
into proteins. The preparative radiochemical yields of labeled
proteins are high enough (20–40 % non-decay corrected within
40–50 min) to allow centers without their own cyclotron facility
to produce 18F-labeled proteins in sufficient amounts for in
vivo imaging. Reaction times of 40–50 min including purifica-
tion present a marked improvement over existing methods.
Moreover, we have shown that the label is remarkably stable
under in vivo conditions and particularly suitable for extended
PET imaging protocols. [18F]SiFA–ITC is an applicable radioac-
tive analogue to FITC, allowing the reliable and convenient in-
troduction of 18F into proteins containing lysine residues.


Experimental Section


The syntheses and analytical data, HPLC chromatograms as well as
the pertinent information about the in vivo PET scan can be found
in the Supporting Information.


Animal experiments were approved by the Animal Ethics Commit-
tee of the Lady Davis Institute for Medical Reseach, McGill Universi-
ty and abided by the guidelines of the Canadian Council of Animal
Care.


RadiochemistryACHTUNGTRENNUNG[18F]SiFA-isothiocyanate ([18F]SiFA–ITC): [18F]Fluoride in H2
18O (37–


74 GBq) from the cyclotron was passed over a QMA cartridge pre-
activated with sodium carbonate solution (5 mL) and washed with


Figure 2. PET images obtained from a male Sprague Dawley rat after the in-
jection of [18F]SiFA-RSA. Maximum intensity projection (MIP) after injection
of 7.4 MBq (0.2 mCi) of [18F]SiFA-RSA in a healthy rat. Data were acquired 5 s
post tracer administration over 150 s with the Concorde MicroPET R4 small
animal tomograph and reconstructed on a Linux cluster (Transtec AG, T�bin-
gen, Germany) using 3D OSEM (ordered subsets expectation maximization,
2 iterations) followed by 3D OP-MAP (ordinary Poisson maximum a posteri-
ori, 18 iterations with beta 0.05) in 256 � 256 � 63 voxels (0.4 � 0.4 � 1.2 mm).
To reduce image noise, a post reconstruction 3D Gaussian filter with 3 mm
full width at half maximum (FWHM) was applied. Tracer accumulation was
clearly observed in the great arteries, the liver and the left ventricle of the
heart. Furthermore the right ventricle and atria were noticeable.
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water (10 mL). The 18F� was eluted with a solution of Kryptofix
222� (10 mg, 27.2 mmol), sodium oxalate solution (0.5 m, 5 mL,
2.5 mmol, 335 mg), water (50 mL) and acetonitrile (800 mL). The sol-
vents were evaporated at 90 8C under a stream of nitrogen and
under reduced pressure (700 mbar). The azeotropic drying was re-
peated twice with the addition of 1 mL acetonitrile respectively.
After the third evaporation, the pressure was reduced to 10 mbar
for 1 min to ensure the complete absence of water. The remaining
[18F]F�/Kryptofix 222�/K+ complex was dissolved in DMSO (900 mL)
and used as a stock solution for experiments.


The dried [18F]F�/Kryptofix 222�/K+ complex (2–3 GBq) in DMSO
(20–60 mL) was added to SiFA–ITC (3–3.6 mg; 10–12 nmol; from
stock solution in 10–60 mL DMSO) and allowed to react for 10 min
at room temperature without stirring. Radiochemical yields were
determined with radio-TLC (stationary phase: Si-60 SiO2 plates) in
neat ethyl acetate (Rf = 0.7) and with HPLC (tR = 19.5 min with a
flow of 0.4 mL min�1; Supporting Information). The crude reaction
mixture was used without purification for subsequent protein la-
beling.


18F-labeled protein : A solution of the protein (0.3–60 nmol, Table 1)
in carbonate buffer (0.1 m, pH 9.0, 25 mL) plus additional carbonate
buffer (0.1 m, pH 9.0; 150–700 mL) was added to the crude reaction
mixture of [18F]SiFA–ITC (1–10 equiv SiFA–ITC, 2–3 GBq) in DMSO
(30–120 mL) and left at room temperature for 10–20 min. The solu-
tion was then transferred to a centrifugal filter (Vivaspin Sartorius,
VWR, Canada) and centrifuged at 14 000 g for 3 min. Phosphate
buffered saline (200 mL, pH 7.4) was added three times between
repetitions of the centrifugation step. The resulting solution of the
[18F]SiFA-labeled protein was used directly for in vivo studies. Alter-
natively, the reaction mixture was injected into the HPLC system
(Supporting Information) and the peak at the appropriate retention
time (15–15.2 min) was collected and diluted with isotone saline.
For the animal experiments, a SiFA/RSA ratio of 2:1 was used for
injection (Protein entry 4, Table 1).
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Phenolic Oxime Oligomers Inhibit Alzheimer’s Amyloid Fibril Formation
and Disaggregate Fibrils In Vitro


Gunnar T. Dolphin,[a] Olivier Renaudet,[a] Myriam Ouberai,[a] Pascal Dumy,[a] Julian Garcia,*[a] and
Jean-Louis Reymond*[b]


The formation of insoluble fibrils from misfolded proteins and
their accumulation into amyloid plaques in the brain is an es-
sential aspect of Alzheimer’s, Parkinson’s, and Huntington’s dis-
eases.[1–3] Amyloid fibrils, which induce neurotoxicity through a
variety of mechanisms,[4–8] consist mainly of the amyloid-b (Ab)
peptides Ab1–40 and Ab1–42,[9] the formation of which is trig-
gered by nucleation-dependent polymerization.[10, 11] Therapeu-
tic approaches aimed at reducing amyloid fibril formation in-
clude inhibition of Ab production,[12] immune stimulation to
remove Ab from the brain,[13] and direct inhibition of Ab self-
assembly,[14, 15] in particular by blocking the transition from
monomeric to oligomeric and polymeric Ab species with small
molecule inhibitors. (This was initially discovered using the dye
Congo red).[16] In the latter case the best small molecule inhibi-
tors discovered to date are polyphenol-type compounds with
potencies in the IC50 = 5–10 mm range,[17, 21] such as the natural
products nordihydroguaiaretic acid (NDGA),[18, 22, 23] myricetin,[21]


or the yellow curry pigment curcumin (Figure 1).[18, 24]


We recently reported an efficient high-throughput screen
(HTS) for inhibitors of amyloid fibril formation using an engi-
neered synthetic fibril building block (Ab16–37Y20K22K24)4 display-
ing controllable kinetics of fibril formation.[25, 26] The assay uses
fluorescence detection of the characteristic cross-b sheet struc-
ture of amyloid fibrils by the dye thioflavin T (ThT).[27–29] In our
effort to discover new inhibitors of Ab fibril formation, weACHTUNGTRENNUNGapplied this HTS to a library of oxime oligomers prepared by
an iterative two-step procedure for the oligomerization of hy-
droxy-aromatic aldehydes (Scheme 1),[30–32] and discovered of
two novel inhibitors of Ab fibril formation, 19 and 22 (Fig-ACHTUNGTRENNUNGure 1).


In the search for a suitable source of possible inhibitors of
Ab fibril formation, we noticed the structural analogy between
known polyphenolic inhibitors and our recently reported col-
lection of oxime oligomers.[30] Taking known inhibitors of Ab-
fibril formation into account, the library was extended by pre-
paring the di- and trisubstituted phenolic oxime oligomers 3, 6, 7, 14, 19, as well as carbohydrate 27, and 9, which contains


a dimethylamino group as found in the Ab fibril formation in-
hibitors ThT and the dye methyl yellow (Figure 1).[19] The struc-
tures were confirmed by NMR, MS, and in selected cases by X-
ray crystallography.[30] In total a series of 27 oxime oligomers
spanning mono-, di-, and trimeric oximes were considered for
inhibition screening (Figure 2).


Screening of the oxime oligomer library showed that several
compounds were active in the 10 mm range (Figure 3). The in-
hibition observed with our HTS assay was also measured on
native Ab1–40 fibril formation using the ThT assay (Figure S1 in
the Supporting Information). To test if the observed effect was
indeed due to fibril inhibition, amyloid fibrils were visualized
directly by atomic force microscopy (AFM, Figure 4). All screen-


Figure 1. Structures of inhibitors 19, 22, NDGA, curcumin, myricetin, ThT and
methyl yellow.


Scheme 1. Iterative oxime bond formation.
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ing hits were also tested for inhibition in the presence of pre-
formed Ab1–40 fibrils as seeds (Figure 5). Furthermore, selected
inhibitors were tested for their ability to degrade preformed
Ab1–40 fibrils in vitro using the ThT assay, and the effect was
confirmed in turn by AFM (Figure S2). The results of these ex-
periments are summarized in Table 1.


The simple oximes 6 and 7 showed IC50 values near 20 mm.
However, AFM images of the Ab1–40 assays showed no inhibi-
tion of fibril formation compared to the control (Figure 4 A and
B). Considering that filter-effects can be ruled out for 6 and 7
because they do not absorb at the wavelengths of fluores-
cence excitation or emission,[26] fluorescence inhibition is prob-


ably caused by direct competition against the fluorescent re-
porter ThT for binding to the fibrils, a typical feature of poly-
phenolic compounds.[26] The same effects were observed with
the phenolic bis-oximes 10, 11, 14 with IC50 values in the 10–
30 mm range, but no effective inhibition of fibril formation
when tested by AFM.


By contrast to the smaller oximes and dioximes, the larger
trioxime hits 15, 16, 17, 18, 19, and 22 not only showed good
inhibition in the screening, but also blocked fibril formation as
observed by AFM, as exemplified by compound 19 (Figure 4 C).
The most effective compounds were the trioximes 22 and 19,
with IC50 values in the 10 mm range. The compounds exhibited


Figure 2. Library of oxime oligomers and compounds tested for inhibition of Ab1–40 fibril formation and fibril destabilization.
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comparable potencies under conditions of fibril formation and
in the presence of seeds. In these two cases the compounds
also triggered the deaggregation of established Ab-fibrils with
potencies comparable to the reference natural product NDGA.


The trioximes tested differ by
the substitution patterns of the
hydroxyaldehyde building block.
The stronger inhibitory potency
of 19 is probably related to the
catechol group in the last build-
ing block, as its mono-deoxy an-
alogues 17 and 18 are inactive;
the catechol group is also found
in the known inhibitor NGDA. In-
hibition by the trioxime inhibitor
22 suggests that an ortho-
methyl phenol is also suitable,
although in this case the differ-
ence in the second building
block (3-nitro-4-hydroxy-benzal-
dehyde instead of 3-hydroxy-
benzaldehyde) might also be im-
portant. Ab fibril inhibition by 19
and 22 probably involves hydro-
gen bonding of the aromaticACHTUNGTRENNUNGhydroxyl group; this leads toACHTUNGTRENNUNGextended hydrophobic contacts
that disrupt the Ab fibril. The
smaller analogues such as 7 and
14 seem to engage in similar in-
teractions with the fibrils as seen


Figure 3. Initial HTS assay of fibril inhibition with selected oxime oligomers
(10 mm) using the amyloid fibril model (Ab16–37Y20K22K24)4. Fibril formation
was triggered by adding phosphate buffer pH 7.1 at 25 8C (to a final concen-
tration of 5 mm) to an aqueous solution of the Ab model system (70 mL of
4 mm (Ab16–37Y20K22K24)4)in the presence of 10 mm concentrations of test com-
pounds and was followed in real time by monitoring the binding of the Ab-
sheet-specific dye thioflavin T (ThT, 10 mm) by following fluorescence at
lem = 480 nm (lex = 440 nm), which increases as a function of fibril growth.
The assay was performed on a black 96-well micro plate and emission data
were collected at 480 nm with one minute intervals with excitation at
440 nm.


Figure 4. Representative AFM images after Ab1–40 fibril formation in the presence of different oxime compounds
and NDGA (scan size 10 � 10 mm). The concentration of added compounds is 100 mm. A) Control with no added
compounds. Large aggregates of fibrils are observed, the height of individual fibrils is 4 nm. B) Mono-oxime 6,
long fibrils cross the image. C) Diphenolic trioxime 19, aggregates and a few short fibrils. D) Trioxime 22, smallACHTUNGTRENNUNGaggregates. E) Trioxime 23, small aggregates. F) Control inhibitor, NDGA, small aggregates are seen. Scale barsACHTUNGTRENNUNGindicate a length of 1 mm.


Figure 5. Inhibition studies of Ab1–40 (50 mm) fibril formation with the oxime
compounds, in the presence of sonicated preformed Ab1–40 fibrils (2.5 mm) as
seeds. A) 19, B) 20, C) 22, D) NDGA. Concentrations of the oxime compounds
are: 0 mm (&), 0.1 mm (+ ), 1 mm (~), 10 mm (*) and 100 mm (&). Solid lines are
a nonlinear fitting of the data with a sigmoid function to aid the eye (Igor
Pro, WaveMetrix). Experimental details are in Figure 3. Data are representa-
tive of two independent experiments.
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in the ThT assay, but this binding only displaces the fluorescent
reporter without blocking Ab fibril formation itself. Although
molecular size seems to be essential for activity in the oxime
oligomers, it should be noted that screening of a related series
of ether oligomers[34] assembled from the same building blocks
with the ThT assay gave no hits, excluding a size-only effect.


In summary, screening for inhibition of amyloid fibril forma-
tion using our recently reported microtiterplate fluorescence
assay[26] was implemented for the first time to discover new in-
hibitors in a library of oxime oligomers. Investigation of initial
hits by AFM revealed that the smaller oxime and dioxime hits
inhibited fluorescence without blocking amyloid formation,
presumably by direct competition with the fluorescence label
ThT for binding to the fibrils. This finding confirms previously
reported difficulties with ThT assays,[33] which could potentially
be circumvented by using assays not relying on ThT.[35, 36] On
the other hand the longer trioxime oligomers identified by
screening indeed showed effective reduction in amyloid fibril
formation. Two of these oxime oligomers, compounds 19 and
22, were also active in fibril deaggregation assays both under
fluorescence and by AFM, and thus represent a new class of
Ab fibril formation inhibitors. Optimization of their activity
might be possible by further structural modifications.
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Inhibition[a] (AFM)[b] Seed[c] Degradation[d] (AFM)[e]


2 100 100 –
6 17 (F.)[f] 85 –
7 25 (F.) 12 –


10 10 (F.) 27 –
11 8 (F.) >100 –
14 30 (D.F.)[f] 16 30 (D.F.)
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16 100 (Few F.) 100 >100
17 100 (Few F.) 60 100 (F.)
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NDGA 14 (No F.)
0.16[18]


10
0.14[18]


10 (No F.)
1.00[18]


curcumin 5 (No F.)
0.19[18]


4
0.19[18]


1 (D.F.)
0.42[18]


[a] IC50 values were determined from the ThT assay with 50 mm Ab1–40.
Compounds 1, 3, 4, 5, 8, 9, 12, and 13 were also tested and showed no
activity at 100 mm. [b] AFM was performed after the inhibition study with
100 mm of oligomers. [c] IC50 values in the seeding study are determined
from the ThT assay with 50 mm Ab1–40 in the presence of 2.5 mm pre-
formed fibrils (see Figure 5). [d] IC50 values in the degradation study are
determined from the ThT assay with 25 mm Ab1–40 preformed fibrils (see
Figure S2). [e] AFM was performed after the destabilization study with
100 mm of oligomers. [f] Observation in AFM study: (F.) = fibrils, (D. F.) =


distorted fibrils, (No F.) = no fibrils. [g] Measurement error is �10 %.
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The Engineering of Bacteria Bearing Azido-Pseudaminic Acid-Modified
Flagella
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Pseudaminic acid (Pse) is a nine-carbon a-keto acid that is re-
lated in structure to the sialic acids (Scheme 1).[1] Pse is found
as an O-linked post-translational modification of the flagellin
proteins in the pathogenic bacteria Helicobacter pylori (the
causative agent of human ulcers) and Campylobacter jejuni (a
major cause of food poisoning in humans).[2–4] The flagellins of
these organisms are heavily glycosylated with as many as 19
sites of glycosylation on C. jejuni 81–176 flagellin and ten sites
on H. pylori 1061 flagellin. Because glycosylation of the flagellin
is required for the assembly of functional flagella, Pse biosyn-
thesis is required for both motility and pathogenicity of these
bacteria.


The display of Pse on bacterial flagella presents an exciting
opportunity for cell surface engineering.[5–7] Pioneering studies
from the Bertozzi group have shown that feeding azide-modi-
fied precursors to eukaryotic cells can result in the display of
azide-modified sialic acids on their surface.[8, 9] The azide group
might then act as a bio-orthogonal chemical reporter, as these
azido-sugars can be selectively modified by using reactions
such as the Staudinger ligation.[10] This manuscript describes
the feeding of an azido-labelled Pse precursor to mutant
C. jejuni cells that are deficient in the Pse pathway. This results
in the production of bacteria bearing flagella decorated with
the bio-orthogonal chemical tag, azido-pseudaminic acid (Az-
Pse, 4, Scheme 1).


The biosynthetic pathway of CMP-pseudaminic acid (CMP-
Pse) has recently been elucidated and begins with UDP-GlcNAc
(Scheme 1).[11] The action of an inverting dehydratase, PseB,
and an aminotransferase, PseC, serve to generate UDP-4-
amino-4,6-dideoxy-b-l-AltNAc (UDP-6-deoxy-AltNAc4N).[12–16]


An acetyltransferase, PseH, acetylates the free amino function-
ality and the hydrolase, PseG, cleaves the UDP–glycosidic link-
age to give 2,4-diacetamido-2,4,6-trideoxy-l-altrose (6-deoxy-
AltdiNAc).[17] This compound is condensed with phosphoenol-
pyruvate by pseudaminic acid synthase, PseI, to give Pse.[18] Fi-
nally, Pse is activated for protein glycosylation as a CMP-sugar
by the cytidylyltransferase, PseF.[11]


The first goal of this project was to prepare a neutral precur-
sor that might be taken up by C. jejuni cells and converted into
an azido-labelled Pse derivative in vivo. The only uncharged compound in the Pse biosynthetic pathway is 6-deoxy-Altdi-


NAc and therefore 2-acetamido-4-azidoacetamido-2,4,6-tri-
deoxy-l-Alt (6-deoxy-AltNAc4NAz; 3), became the synthetic
target (Scheme 1, in vitro Az-Pse synthesis). UDP-GlcNAc was
treated with PseB and PseC to give UDP-6-deoxy-AltNAc4N,
and this compound was chemically acetylated with chloroace-
tic anhydride to give UDP-2-acetamido-4-chloroacetamido-
2,4,6-trideoxy-b-l-Alt (UDP-6-deoxy-AltNAc4NAcCl; 1). Subse-
quent hydrolysis of the UDP-glycosidic linkage to give 2-acet-
amido-4-chloroacetamido-2,4,6-trideoxy-l-Alt (6-deoxy-Alt-
NAc4NAcCl), 2, was then achieved under very mild conditions


[a] F. Liu, Prof. Dr. M. E. Tanner
Department of Chemistry, The University of British Columbia
2036 Main Mall, Vancouver, B.C. V6T 1Z1 (Canada)
E-mail : mtanner@chem.ubc.ca


[b] A. J. Aubry, Dr. I. C. Schoenhofen, Dr. S. M. Logan
Institute for Biological Sciences, National Research Council
Ottawa, Ontario K1A 0R6 (Canada)
E-mail : susan.logan@nrc-cnrc.gc.ca


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200900018.


Scheme 1. The biosynthesis of CMP-pseudaminic acid (left) and the synthe-
sis of azido-pseudaminic acid (right).
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by using the enzyme PseG. Treatment of compound 2 with
sodium azide generated the desired precursor 6-deoxy-Alt-
NAc4NAz, 3. For compound 3 to be useful in generating azido-
labelled Pse, it must serve as an alternate substrate for PseI.
This was examined by incubating compound 3 with phospho-ACHTUNGTRENNUNGenolpyruvate (PEP), PseI, and MnII under in vitro conditions
(Scheme 1, in vitro Az-Pse synthesis). This led to the clean pro-
duction of Az-Pse 4, which was fully characterized by 1H NMR
spectroscopy and mass spectrometry.


The generation of azido-labelled bacteria requires that Pse
precursors be taken up from the media by C. jejuni cells. This
was first tested with the natural precursor, 6-deoxy-AltdiNAc.
C. jejuni 81–176 is motile, and produces a diffuse spreading
pattern when grown in semisolid motility agar (Figure 1 A). In


contrast, a mutant strain C. jejuni 81–176 pseG::cat, which is
unable to produce the UDP-6-deoxy-AltdiNAc hydrolase PseG,
lacks flagella and is completely nonmotile as evidenced by the
small, sharply delineated colony that is restricted to the centre
of inoculation within the motility agar plate (Figure 1 B).[19]


When 6-deoxy-AltdiNAc is included in the motility agar (8 mm


final concentration), the motility of C. jejuni 81–176 pseG::cat is
restored as evidenced by a spreading diffuse growth pattern,
but not to wild-type levels (Figure 1 C). This indicates that the
Pse precursor is taken up from the medium at sufficient levels
to generate functional flagella. To test the feasibility of gener-
ating azido-labelled bacteria in this manner, the same motility
assay was performed by using the azido-labelled precursor,
compound 3. C. jejuni 81–176 pseG::cat cells grown in the pres-
ence of compound 3 also displayed the spreading diffuse
growth pattern typical of motile bacteria (Figure 1 D). This
clearly demonstrates that 6-deoxy-AltNAc4NAz 3 is also taken
up by C. jejuni cells and is able to restore motility. Additionally,


it indicates that the compound is accepted by all of the en-
zymes required to synthesize (PseI), activate (PseF), and trans-
fer Pse to the flagellin monomer, as well as by the machinery
required to assemble the flagellin monomers into functional
flagella.


To demonstrate that the azido functionality survived the in
vivo conditions, and that Az-Pse was still amenable to chemical
modification, the bacterial cell surface was probed with a
biotin-linked Staudinger reagent, 5 (Scheme 2).[9, 20–22] Following


overnight growth on MH agar containing 6-deoxy-AltNAc4NAz
3, (8 mm final concentration), C. jejuni 81–176 pseG::cat and
C. jejuni 81–176 cells were harvested into PBS containing Stau-
dinger reagent 5 (2 mm final concentration) and reacted for
2 h at room temperature. Bacterial cells were collected by cen-
trifugation and biotinylated proteins were detected by using
Streptavidin-HRP on western blots of whole-cell lysates. A bio-
tinylated protein was detected in both C. jejuni 81–176 pseG::


Figure 1. Motility of C. jejuni 81–176 and C. jejuni 81–176 pseG::cat. A) C. je-
juni 81–176 in MH agar. B) C. jejuni 81–176 pseG::cat in MH agar. C) C. jejuni
81–176 pseG::cat in MH agar containing 6-deoxy-AltdiNAc. D) C. jejuni 81–
176 pseG::cat in MH agar containing 6-deoxy-AltNAc4NAz.


Scheme 2. Generation of azido-pseudaminic-acid-bearing bacteria and prob-
ing with biotin-linked Staudinger reagent 5.
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cat and C. jejuni 81–176 cells grown in the presence of 3 (Fig-
ure 2 A, lanes 1 and 4). No streptavidin-reactive bands were
present in either strain when grown in the absence of 6-


deoxy-AltNAc4NAz (lanes 2 and 3). To confirm that this strepta-
vidin-reactive band was flagellin, the whole-cell lysates were
probed with an antiflagellin antibody (Figure 2 B lanes 1–3)
and the reactive bands in each strain were shown to have an
identical migration pattern to the streptavidin-reactive band.
This experiment demonstrates that the azido functionality was
still intact and was displayed on the surface of the bacterial
flagella. The absence of any other streptavidin-reactive pro-
teins in whole-cell lysates of both C. jejuni 81–176 and C. jejuni
81–176 pseG::cat grown with 3 indicates that the flagellin pro-
teins are the only cell-surface-associated proteins that are gly-
cosylated with Pse. The incorporation of 6-deoxy-AltNAc4NAz
in wild-type C. jejuni 81–176 flagellin demonstrates clearly that
this substrate competes readily with the natural substrate and
is well tolerated by the pathway biosynthetic enzymes.


The ability to incorporate reactive chemical handles selec-
tively onto the flagella of pathogenic bacteria provides a
useful tool for further studies. Such tags could be used for la-
beling of cells to be used in in vivo animal models of infection,
biophysical studies of bacterial motility, or in studies probing
flagella assembly and surface accessibility of glycan modifica-
tions on flagellin proteins. More exotic uses could include
using labelled bacteria as drug delivery vehicles or taking ad-
vantage of the immunogenicity of the flagellin proteins in the
development of novel conjugate vaccines. Current efforts are
underway to visualize Az-Pse on the flagella of intact bacterial
cells.


Experimental Section


Chemical synthesis : Experimental details describing the synthesis
of compounds 1–5 can be found in the Supporting Information.


Motility assays : Strains were grown overnight on MH
agar at 37 8C under microaerophilic conditions. Motility
stab assays were performed in four-well tissue culture
plates (Nunc, Fisher Scientific, Ottawa, Canada). Test
wells contained 0.4 % semi-solid MH agar (1 mL) or 0.4 %
semi-solid MH agar (1 mL) containing either 6-deoxy-Alt-
diNAc or 6-deoxy-AltNAc4NAz, 3 (8 mm final concentra-
tion). A loopful of an overnight culture was stab inocu-
lated into the centre of the agar in each well and then
incubated for 24 h at 37 8C under microaerophilic condi-
tions. The growth pattern was observed and recorded.


Cell surface tagging of Az-Pse with Staudinger re-
agent, 5 : C. jejuni 81–176 and C. jejuni 81–176 pseG::cat
were inoculated onto MH agar or agar containing 6-
deoxy-AltNAc4NAz (2 mL), 3 at 8 mm final concentration
in 5 cm Petri plates (Nunc, Fisher Scientific). Following
overnight growth at 37 8C, cells were harvested from the
surface of the agar by using a loop and resuspended in
PBS that contained Staudinger reagent 5 (2 mm final
concentration) and reacted for 2 h at RT. Bacterial cells
were then collected by centrifugation, washed twice in
PBS and lysed in SDS-PAGE solubilisation buffer by heat-
ing to 100 8C for 10 min.


Streptavidin HRP detection of biotinylated Az-Pse : Fol-
lowing SDS-PAGE of whole-cell lysates on 12.5 % acryl-
amide gels as described by Laemmli,[23] proteins were
transferred to polyvinylidene difluoride (PVDF) mem-
brane (Biorad, Mississauga, ON, Canada) as described by
Towbin et al.[24] Western blotting was performed by


using Streptavidin-HRP (Cedar Lane, Hornby, ON, Canada) and de-
veloped with a chemiluminescence kit (Pierce, Rockford, IL, USA)
according to the manufacturer’s directions. The theoretical masses
of the unglycosylated proteins FlaA and FlaB are 59 543 and
59 704 Da, respectively. A Coomassie-blue-stained SDS-PAGE gel of
these samples is shown in Figure S5.
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Lactone Size Dependent Reactivity in Candida Antarctica Lipase B: A
Molecular Dynamics and Docking Study


Martijn A. J. Veld,[a] Linda Fransson,[b] Anja R. A. Palmans,*[a] E. W. Meijer,[a] and Karl Hult*[b]


In the past decades, enzymes have emerged as potent cata-
lysts for the preparation of well-defined functional polymers.[1, 2]


Lipases, for example, readily polymerize a variety of (functional)
monomers and lactones.[2] Interestingly, macrolides (lactones
with ring size �12 atoms)—which are notoriously difficult to
polymerize chemically—can be readily converted into polyes-
ters of high molecular weight by lipase catalysis.[3] The lipase-
catalyzed ring-opening polymerization of lactones of varying
ring size was systematically studied by our lab and others.[4, 5]


Polymerization rate differences of approximately one order of
magnitude were found between small and large lactones
using Candida antarctica lipase B (CALB; E.C. 3.1.1.3) as a cata-
lyst (Scheme 1, right).[4] In contrast, alkaline hydrolysis of the


same lactones showed an extremely large reactivity difference
of four orders of magnitude with the fastest reaction rates ob-
served for the small lactones (Scheme 1, left).[6] The reaction
rates for chemical ring opening polymerization of lactones di-
rectly follow the reaction rates as found for the alkaline hydrol-
ysis.[5, 7] The ring strain caused by the cisoid ester bond in com-


bination with a low activation enthalpy for ring opening is re-
sponsible for the high chemical reactivity of the small lactones
d-valerolactone (VL) and e-caprolactone (CL).[8]


The considerable difference in chemical and enzymatic reac-
tivity for the small, cisoid lactones is intriguing and poorly un-
derstood to date. Recently, we proposed that the low reactivity
of the small lactones compared to the macrolides in CALB-cat-
alyzed reactions may be due to unfavorable positioning of the
cisoid ester bond in the enzyme active site; this unfavorable
positioning would slow down the rate-determining step in the
catalytic cycle (Supporting Information, Figure S1).[9]


We here provide support for this proposal by combining
molecular dynamics (MD) simulations, which might reveal pos-
sible differences in reaction intermediates, with automatic
docking to study substrate binding. The combination of dock-
ing and MD studies is extensively used in the field of drug dis-
covery for inhibitor design,[10] but has to our knowledge not
been used to elucidate reactivity differences of monomers in
enzyme catalyzed polymer synthesis. On the other hand, MD
calculations with manually positioned, covalently bound sub-
strates have been used to explain reactivity differences in
lipase catalyzed reactions.[11, 12] We also experimentally deter-
mined the substrate specificity (kcat/KM) values for CALB for a
series of lactones. We selected lactones encompassing a cisoid
(VL, CL) and predominantly (heptanolactone, HL) or fully trans-
oid (dodecanolactone and pentadecanolactone, DDL and PDL,
respectively) ester bond conformation.


Accurate data for the substrate specificity (kcat/KM) values of
CALB for the selected lactones VL, CL, HL, DDL, and PDL can
be determined directly from competition experiments.[13] Such
experiments eliminate differences in reaction conditions and
thus directly show intrinsic reactivity differences between mul-
tiple substrates. The substrate specificity values of CALB were
determined for the various lactones by one-pot ring opening
competition experiments using an excess of 1-propanol as nu-
cleophile (SI-S2). Two separate one-pot competition experi-
ments were performed as rate differences between the fastest
(PDL) and slowest (CL) lactones were too large to determine
accurately from a single experiment (Table 1 and Figure S1).
The obtained specificity data are in general agreement with
the previously determined kinetic data from the CALB-cata-
lyzed ring opening polymerization.[4] As expected, the sub-
strate specificity (kcat/KM) values of CALB are larger for the
transoid lactones (HL, DDL and PDL) than for the cisoid VL and
CL (Table 1)[14]


In fact, a 16-fold difference was observed for lactones with
either a completely transoid (PDL) or cisoid (CL and VL) ester
conformation, which is notably smaller than 9000-fold differ-
ence between VL and PDL found for the alkaline hydrolysis
(Table 1).
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Scheme 1. Overview of reactivity differences for cisoid (n = 3, 4) and transoid
(n�5) lactones in alkaline hydrolysis (left) and enzyme catalyzed ring open-
ing polymerization (right).
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Reactivity differences between the small, cisoid and large,
transoid lactones should originate from the rate-determining
step—that is, the formation of the acyl-enzyme intermediate in
the catalytic mechanism.[7, 15] To form the acyl-enzyme complex,
nucleophilic attack of the serine 105 residue takes place onto
the carbonyl group of the bound substrate. After attack, a tet-
rahedral intermediate is formed and the distinction between a
cisoid and transoid ester conformation no longer exists. There-
fore, reactivity differences should not arise after tetrahedral in-
termediate formation.


Docking studies were performed to identify the energetically
most favorable enzyme-substrate complexes for the various
lactones (Details in SI-S3) by using the Lamarckian genetic al-


gorithm (LGA) in Autodock 4.0.[16] As conformational sampling
of cyclic structures is impossible in Autodock due to program
limitations,[17] all known low-energy conformations of VL, CL
and HL[18] were docked as rigid entities into an energy-mini-
mized CALB structure (Table 2). All conceivable conformations
were taken into account, as the most stable lactone conforma-
tion is not necessarily the catalytically important one. Due to
the large number of possible conformations of the macro-
lides,[6] DDL and PDL had to be omitted from the docking stud-
ies.[19]


Each lactone conformation was docked 256 times into the
active site and only docking positions with a root mean square
deviation (RMSD) of �0.50 � from the solution with lowest
energy were taken into account during analysis to avoid the
influence of outliers. In most cases, the number of lactone con-
formations in this cluster of solutions was close to 256
(Table 2). The LGA showed good convergence towards a single
solution. Docking of HL conformations 2 and 3, gave a large,
second cluster of solutions with almost identical energy (SI-
S6.2). Docking results for VL, CL, and HL were first analyzed
based on interaction energies (Einter) between the lactone and
the enzyme active site (Table 2). For an estimation of the total
free energy of the docked state (Etotal), the ground-state energy
of the lactone conformation (Eintra) has to be added to the ob-
served docking energy.[20] Here the internal energy was set to
0 kcal mol�1 for the lactone conformation with lowest ground
state energy. Observed docking energies (Einter) of the investi-
gated lactone conformations with the CALB active site were
not significantly different. All values were between �4.3 and
�3.3 kcal mol�1 (Table 2), showing no preferential interaction of
any of the lactone conformations with the enzyme active site.
Therefore, Etotal was largely determined by the ground state
energy of the lactone (Eintra) (Table 2). All possible states are in
thermodynamic equilibrium with each other and their relative


importance is determined by
the Boltzmann distribution. Both
VL, the first CL, and all HL con-
formations need to be consid-
ered as catalytically important
since their energy was within
2.7 kcal mol�1 from the lowest
state, corresponding to 1 % exis-
tence at 298 K. Secondly, the
docking results were analyzed
based on geometrical con-
straints. To form a productively
bound first tetrahedral inter-
mediate from the Michaelis–
Menten complex, the position of
the substrate in the active site
needs to be such that: 1) nucle-
ophilic attack of serine 105 onto
the lactone carbonyl carbon
atom can take place easily, and
2) all catalytically critical hydro-
gen bonds (Figure 2 A) can be
formed. If all these conditions


Table 1. Relative reaction rates for the CALB-catalyzed ring opening of
lactones in toluene at 45 8C in two separate competition experiments (A/
B) and the chemical ring opening in dioxane/water. Substrate specificity
values are normalized to DDL.


Substrate, main
conformation[a]


Exp[b] ðkcat=K MÞlactone


ðkcat=K MÞDDL
[c]


104k2,


[L s�1 mol�1][d]
ðk2Þlactone


ðk2ÞDDL


VL (C) A 0.61�0.01 55 000 9170
CL (C) A 0.57�0.02 2550 425
HL (C + T) B 1.8�0.01 3530 588
DDL (T) A/B 1.0 6.0 1
PDL (T) B 9.8�0.34 6.5 1.1


[a] (C): cisoid ester conformation, (T): transoid ester conformation. [b] Two
sets of experiments (A/B) with three lactones each were performed: Vtot =


8.0 mL, solvent toluene, [lactone] = 0.10 mol L�1 per lactone, 0.03 mol L�1


1,3,5-tri-tert-butylbenzene (internal standard), 0.60 mol L�1 propan-1-ol,
25 mg dry Novozym 435, T = 45 8C. [c] Data obtained by linear regression
of initial ring opening rates in competition experiments. [d] Literature
data of the second order rate constants for the chemical ring opening of
lactones in dioxane/water (60:40 vol %) extrapolated to 0 8C.[6]


Table 2. Overview of docking results for rigid lactone conformations into a energy minimized CALB structure.
Only docked positions with a RMSD value � 0.50 � from the best solution were taken into account during
analysis.


Conformation[a] Eintra
[b]


[kcal mol�1]
Dihedral
angle[c]


Struct.[d] Einter
[e]


[kcal mol�1]
Etotal


[f]


[kcal mol�1]
Docking
score


VL 1 0.0 3/C 220 �3.9 �3.9 0.00
VL 2 1.2 �17/C 182 �3.9 �2.6 0.00


CL 1 0.0 8/C 226 �4.0 �4.0 0.00
CL 2 2.6 3/C 256 �3.4 �0.8 0.00
CL 3 4.3 16/C 256 �4.3 0.0 0.00
CL 4 5.0 108/T 249 �3.3 1.7 0.00


HL 1 0.0 �137/T 255 �3.5 �3.5 0.32
HL 2 0.8 �138/T 129 �3.4 �2.6 0.49
HL 3 0.9 128/T 150 �3.6 �2.7 0.06
HL 4 1.3 10/C 256 �3.5 �2.2 0.00


[a] Lactone conformations were numbered according to increasing ground state energy (Eintra). [b] Relative
energy of the lactone ground state conformation after MM2 energy minimization. [c] Dihedral angle of Cw-
Oalkyl-Ccarbonyl-C1 as an indication for the degree in which this conformation is cisoid (C) or transoid (T).
[d] Number of docked substrate positions out of 256 docking runs taken into account during analysis. RMSD
values are �0.5 � with respect to the best solution. [e] Average docking energy as determined by Autodock
4.0. [f] Average total energies: Etotal = Eintra + Einter.


ChemBioChem 2009, 10, 1330 – 1334 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1331



www.chembiochem.org





are fulfilled, one can speak of an ideal near attack conforma-
tion (NAC).[21]


To compare the correctness of a docked position with re-
spect to the ideal NAC, a normalized, geometry based scoring
function was set up using the aforementioned criteria (SI-
S3.1.6). It was determined that the higher the docking score
(Table 2), the closer the resemblance with the ideal NAC. A
graphical representation of all docked positions is given in SI-
S6.2.


The docking score of 0.0 (Table 2) found for all VL and CL
conformations is indicative of unfavorable positioning of these
lactones in the enzyme active site. Generally, hydrogen bond-


ing of the substrate carbonyl oxygen in the oxyanion hole was
present and attack of the serine 105 nucleophile onto the sub-
strate carbonyl group was possible. However, the alkyl oxygen
of these substrates was positioned incorrectly with respect to
the histidine 224 residue. Due to the lack of the catalytically
active hydrogen bonds, successful formation of the acyl
enzyme intermediate was not expected. On the other hand,
two out of three transoid HL conformations (HL 1, Figure 1 A,
and HL 2) showed higher docking scores (0.32 and 0.49, re-
spectively) indicating highly favorable positioning in the active
site. Additionally, the average docking score of the second
cluster of solutions for HL conformation 2 (data shown in SI-


6.2.1.8) was high as well (0.21, Einter =�3.4 kcal mol�1).
The more cisoid HL conformation (HL 4, Figure 1 B)
fitted poorly into the active site.


MD simulations were performed to demonstrate
that an identical, productively bound first tetrahedral
intermediate structure for VL, CL, HL, DDL and PDL
exists, thereby excluding reactivity differences from a
later stage (SI-S5). Tetrahedral intermediates of all five
lactones were manually positioned in the active site
of an energy minimized CALB structure such that all
catalytically required hydrogen bonds—the threeACHTUNGTRENNUNGhydrogen bonds in the oxyanion hole and the two
hydrogen bonds towards the histidine 224 residue—
were present (Figure 2 A).[12] Ring conformations of
the substrate were adapted to rule out steric clashes
with the enzyme or highly unfavorable dihedral
angles in the substrate backbone. After energy mini-


Figure 1. Docking results for: A) productively bound transoid HL conformation 1 (average docking score = 0.32, 255 structures) ; B) unproductively bound
cisoid HL conformation 4 (average docking score = 0.00, 256 structures). The substrate carbonyl and alkyl oxygen atoms are indicated with a yellow and
purple sphere, respectively. Dotted lines for the present hydrogen bond interactions were drawn to guide the eye.


Figure 2. A) Schematic representation of the first tetrahedral intermediate showing the
numbering of the catalytically required hydrogen bond towards the oxyanion hole
(bonds a–c) and histidine 224 (bonds d and e); B) Overview of average H-bond distances
from the 1 ns MD simulations on the first tetrahedral intermediate for various substrates
(error bars show 1 standard deviation).
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mization, the structures were subjected to 1 ns MD simula-
tions. As the MD simulations could not provide reliable ener-
gies, the geometry of the tetrahedral intermediates was ana-
lyzed for all simulations from snapshots taken at 200 fs inter-
vals.


The lengths of the five critical hydrogen bonds (Figure 2 A)
were identical for all simulated lactone tetrahedral intermedi-
ates. In all cases, the oxyanion was kept in place tightly by
three strong hydrogen bonds, while the hydrogen bonds to-
wards the histidine 224 residue showed slightly more variation
(Figure 2 B). The conformational stability of the tetrahedral in-
termediates was monitored by evaluating the dihedral angles
around the substrate backbone. Most flexibility was observed
for the backbone of the large lactones (DDL and PDL), while
the tetrahedral carbon center was highly rigid in all cases on
the time scale of the simulations. The MD simulations showed
the existence of a similar and productively bound tetrahedral
intermediate in the CALB active site for all lactones. Large reac-
tivity differences can thus be excluded to arise from this stage
and should originate from an earlier point in the catalytic cycle
as suggested by the docking studies.


The unfavourable distribution between unproductive and
productive binding of the substrate results in low enzymatic
reactivity for the small, cisoid lactones as suggested in our hy-
pothesis. The docking studies showed that the preferred bind-
ing modes for all cisoid lactone conformations were unproduc-
tively bound complex, zero docking score), whereas the
transoid conformations were productively bound complex,
non-zero docking score). A schematic representation of this sit-
uation is given by the energy diagrams given in Figure 3, in
which the zero energy level is arbitrarily set to the sum of the
energy of the free enzyme and the ground state of the lactone
conformation.


The situation for the cisoid lactones VL and CL is depicted in
Figure 3 A: as the modeling shows we could find only unpro-
ductive binding of these lactones ( complexes). Since cisoid
lactones do show reactivity in CALB, a correctly bound
complex that is higher in energy must exist. Thus, a direct
competition exists between correctly ( ) and incorrectly
( ) bound enzyme-substrate complexes, corresponding to
competitive inhibition of the enzyme by unproductively bound
substrate. This agrees well with the experimentally measured
specificity values that are significantly lower (0.6 relative to


DDL) for these substrates than expected from their intrinsically
high chemical reactivity. Figure 3 B shows the situation for the
transoid HL conformations 1 and 2: here the preferred binding
mode is productive. The bound substrate can readily be con-
verted into a catalytically productive first tetrahedral intermedi-
ate and competitive inhibition by the substrate only plays a
minor role. The good acceptance of this transoid lactone is di-
rectly observed from the high experimentally determined spe-
cificity value of 1.8 relative to DDL. The macrolides DDL and
PDL possess a large number of highly flexible, preferentially
transoid lactone conformations that can be quickly intercon-
verted. Since the active site of the enzyme has been engi-
neered for low-energy transoid ester conformations, these
compounds can readily react as directly observed from the
high specificity value of PDL (9.8 compared to DDL). Competi-
tive inhibition by wrongly bound substrate is not expected to
have a major impact on the reactivity in this case.


In conclusion, with the powerful combination of docking
and MD studies we acquired a better understanding of appa-
rently low reactivity of the cisoid lactones VL and CL in CALB-
catalyzed reactions. For these cisoid lactones, docking studies
revealed competitive inhibition by wrongly bound substrate.
An identical catalytically productive first tetrahedral intermedi-
ate was observed by MD for all investigated lactones, exclud-
ing large reactivity differences from this state in the catalytic
pathway. Hence, the reactivity of lactones in CALB-catalyzedACHTUNGTRENNUNGreactions is governed by the cisoid or transoid nature of the
ester bond and can therefore not entirely be attributed to hy-
drophobicity differences as suggested in literature. Moreover,
the docking studies showed similar energy values for the inter-
action between substrate and enzyme of all investigated sub-
strates. Currently, we apply this methodology to understand
the remarkable switch in enantioselectivity for the CALB-cata-
lyzed ring opening of w-methylated lactones when going from
a 7-membered (S-selective) to an eight-membered (R-selective)
ring.[9]
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Nature evolved DNA to store genetic information. New applica-
tions, including those in the field of nanostructuring, are
emerging rapidly for this biomacromolecule. For example, DNA
can be used to build artificial shapes,[1] polyhedra[2] and func-
tional nanodevices.[3, 4] Further, DNA-coated nanoparticles[5] can
be used as diagnostic devices with extreme sensitivity.[6] The
structural roles of DNA in setting up nanoscale assemblies[7]


and lattices are being discussed.[8, 9] This confirms that rule-
based DNA duplex formation occurs in non-natural chemical
contexts. Less clear, though, is how embedding DNA duplexes
in nanostructured environments affects thermodynamic stabili-
ty, kinetics of hybridization, and cooperativity of formation.


Short DNA duplexes are known to melt cooperatively into
single strands. The dissociation process, commonly monitored
with UV-melting curves, can be described with a two-state
model.[10] Most building blocks of DNA-mediated nanoassem-
blies bind through more than one strand. Multivalent binding
should lead to an increase in binding constant.[11] For three-di-
mensional nanostructures built from DNA-coated nanoparti-
cles, a surprisingly small change in the melting point over that
of linear duplexes is observed, however.[12, 13] The same is true
for micrometer-scale crystallites formed from DNA-coated
spheres.[14] Further, the bigger the assemblies become, the
more difficult it should become to achieve cooperative transi-
tions because molecular information has to be transferred over
larger and larger distances. Again, this is not what one finds
for DNA-coated nanoparticles and polymer-based DNA-den-
drimers,[15] which have melting transitions that are exceptional-
ly sharp and thus highly cooperative. Either phenomenon can
be explained by a model that takes the electrostatic situation
of closely packed DNA strands and the cloud of the surround-
ing counter ions into account.[12]


While nanoscale objects made of DNA are well established,
the generation of quasi-infinite crystalline structures through
DNA duplex formation has remained a challenge, probably as


a consequence of the complex energetics and cooperativities
of duplex formation during the assembly process. Crystallites
have been detected in assemblies of DNA-coated gold nano-
particles,[16, 17] but single crystals with unit cells held together
by base pairing are rare.[18] Porous nanoscale crystals that host
catalysts in their cavities or aid structure elucidation for pro-
teins remain difficult targets.[3d]


Here we present DNA hybrids designed to assemble into
new materials through more than one DNA chain. These
behave differently from DNA-coated nanoparticles and poly-
mer-DNA. Their hybridization properties are also different from
three-arm DNA hybrids with a large planar core.[19] The melting
point of our hybrids is much higher than that of linear control
duplexes, and the transitions are not highly cooperative. Fur-
ther, the smaller the designed lattice constant, the greater the
effect of salt on the stability of the assemblies. A hybrid with
two base pairs per duplex forms a new material that precipi-
tates from aqueous solution as a solid at micromolar concen-
tration. In the current study, no attempts were made to crystal-
lize the hybrids, and it would be inappropriate to assume that
single crystals, suitable for X-ray diffractometry, will form under
melting curve conditions.


We chose hybrids with DNA strands that are preoriented by
an organic core (Figures 1 and 2). This design places four DNA
strands at the corners of a tetrahedron. While the core is nec-


essarily tetrahedral, due to steric conflicts, a certain flexibility
exists for the DNA chains, particularly in single-stranded form.
The core also avoids a blurring of melting curve data caused
by simultaneous melting of a geometry-defining DNA branch-


Figure 1. Proposed self-assembly of tetrahedral hybrids consisting of an or-
ganic core (black) and four DNA strands (blue) into a diamond-like lattice.
During the assembly process up to three DNA duplexes are formed simulta-
neously.


[a] M. Meng, Dr. C. Ahlborn, Dr. M. Bauer, O. Plietzsch, Dr. S. A. Soomro,
A. Singh, Dr. T. Muller, Prof. S. Br�se, Prof. C. Richert
Institut f�r Organische Chemie and Center for functional Nanostructures
(CFN), Universit�t Karlsruhe (TH)
76131 Karlsruhe (Germany)
Fax: (+ 49) 721-608-4825
E-mail : cr@rrg.uka.de


[b] A. Singh, Prof. C. Richert
Current address :
Institut f�r Organische Chemie, Universit�t Stuttgart
70569 Stuttgart (Germany)


[c] Dr. W. Wenzel
Institute for Nanotechnology, Research Center Karlsruhe
76344 Eggenstein–Leopoldshafen (Germany)


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200900162.


ChemBioChem 2009, 10, 1335 – 1339 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1335







ing element and the duplexes of the sticky ends. Our hybrids
consist of a tetrakis(p-hydroxyphenyl)methane (TPM) core and
four DNA strands. Molecular modeling suggests that their
structure is suitable for forming four duplexes without steric
conflicts (Figure 3). Modeling gives core-to-core distances in
the low nanometer range. For example, for the assembly of
(TTAA)4TPM the distance is 2.5 nm. We sampled short DNAACHTUNGTRENNUNGsequence lengths, assuming that highly cooperative binding


events would take place. One possible event that forms three
duplexes simultaneously is shown in Figure 1. We note that
DNA hybrids with organic cores have been studied before,[3b–d]


for example, in the context of two-dimensional assemblies[20]


and replication,[21] and so have hybrids with inorganic[22] and
dendrimer[23] cores. These studies have focused on hybrids
with longer DNA strands and did not lead to a new solid mate-
rial at micromolar hybrid concentrations in aqueous buffer.


A general synthetic scheme was developed to prepare the
tetrahedral DNA hybrids. It involves on-support phosphityla-
tion, microwave-assisted coupling of the unprotected core,
and a combination of 3’- and 5’-phosphoramidites that is simi-
lar to earlier routes to branched structures.[22, 23, 24] Control hy-
brids with non-self-complementary DNA sequences were also
prepared, together with linear DNA controls (Figure 2). All
compounds were characterized mass spectrometrically, and
were purified chromatographically to homogeneity. For some
hybrids, this required ion-exchange HPLC under denaturing
conditions to suppress assembly processes during separation.


Figure 4 shows a typical melting profile for a DNA hexamer
motif, both by itself (linear control duplex), and in the context
of a hybrid. Three features are striking. First, the melting point
is more than 40 8C higher for the hybrid than for the linear
duplex (Table 1). Secondly, the sharpness of its melting does
not increase for the hybrid. The transition breadth determined
from first derivatives is 25 8C for the hybrid and 17 8C for the
linear control. Thirdly, a noticeable hysteresis between heating
and cooling curve is observed for the tetrahedral structure
under the experimental conditions (1 8C heating/cooling per
minute) ; this is a feature atypical for short duplexes. Thus, the
assembly takes longer to form than the linear DNA duplex
upon cooling, and it is slower to break up upon heating. This


Figure 3. Structure of a core molecule of (TTAA)4TPM surrounded by four
DNA duplexes, as obtained by molecular modeling, highlighting the absence
of steric conflicts after hybridization to four complementary hybrids. Core
region: red; duplex regions: white, and the peripheral region including trun-
cated cores: blue.


Figure 2. Compounds employed in this study.


1336 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1335 – 1339



www.chembiochem.org





suggests the formation of larger structures. There is also a re-
duced hyperchromicity for the hybrid, as expected for incom-
plete duplex formation at the fringes of nanoscale assemblies.
A control hybrid with a more flexible and a less symmetrical
aliphatic core molecule also showed high temperature melting
with hysteresis (see Figure S5 in the Supporting Information).
This suggests that the effects observed are not limited to hy-
brids with a TPM core.


The stability of the assemblies of hybrids scales with the sta-
bility of the underlying duplexes. Figure 5 shows an overlay of
melting curves for hybrids forming hexamer, tetramer and
dimer duplexes. The melting point decreases with duplex
length, and the effect is modulated by base composition.
Weak base pairs between adenine and thymine are less stabi-
lizing than the strong base pairs between cytosine and gua-
nine, so that the melting point of the hybrid with dimer arms
is only slightly lower than that of the hybrid with tetramer
arms. The melting points observed for the hybrids are not far
from those expected for linear duplexes formed by continuous
strands that are four times the length of one “arm” of the hy-
brids (for example, 45 8C calculated for TTAATTAATTAATTAA,
compared to 40 8C for (TTAA)4TPM at 4 mm concentration;
Table S1). For the tetramer or dimer sequence alone, the linear
controls do not show melting above 10 8C (Tables 1 and 2).


Rapid off-rates and strong background absorbance complicate
experiments with a sufficient excess of linear competitor DNA
over the strongly assembling hybrids (compare Figure S14 and
S15). But, the control hybrids with a non-self-complementary
DNA sequence do not give cooperative melting transitions
(Figure 6); this confirms that the assembly process is se-
quence-specific and is not a simple consequence of some
structural feature of our hybrids.


Addition of salts of monovalent (Na+) or divalent (Mg2 +) cat-
ions to the buffered solution led to another unexpected effect.
The shorter the DNA, and thus the smaller the dimensions of
the assembly, the stronger the effect of salt on the melting
point (Table 2). Whereas the hexamer-displaying hybrid gives a
melting point largely unaffected by the addition of NaCl and
MgCl2, the tetramer hybrid gives a strong melting point in-
crease in the presence of the salts. Comparison of the data at
4 mm (Table 1) and 15 mm hybrid concentration (Table 2) shows
a measurable increase in melting points in all but two cases, as
expected for an intermolecular assembly process and a
modest increase in concentration. Again, the effect is stronger


Figure 4. UV-melting (heating curves: open symbols, cooling curves: filled
symbols) of a hybrid with four self-complementary hexanucleotide DNA
arms (4 mm) and the corresponding linear control (16 mm) in 10 mm TEAA
buffer, 150 mm NaCl, pH 7. Raw data of melting curves can be found in the
Supporting Information.


Table 1. UV-melting points [8C] of duplexes or assemblies formed by
DNA hybrids and their non-self-complementary controls at 4 mm hybrid
concentration or 16 mm strand concentration for linear controls.


Compound Buffer[a] +NaCl[b] +MgCl2
[c]


AGGCCT 18 24 27ACHTUNGTRENNUNG(AGGCCT)4TPM 62 70 70ACHTUNGTRENNUNG(GTCCAG)4TPM n.t.[d] n.t. n.t.
TTAA n.t. n.t. <15ACHTUNGTRENNUNG(TTAA)4TPM 19 26 40ACHTUNGTRENNUNG(CAAA)4TPM n.t. n.t. n.t.


[a] 10 mm TEAA buffer, [b] +150 mm NaCl, [c] +100 mm MgCl2, [d] No co-
operative transition.


Figure 5. UV-melting of hybrids (4 mm) with decreasing DNA chain length in
10 mm TEAA buffer, pH 7.


Figure 6. UV-melting of a hybrid (heating curves: open symbols, cooling
curves: black symbols) with four self-complementary nucleotide DNA chains
(4 mm), as well as that of a control hybrid with non-self-complementary DNA
(4 mm) and a linear control (16 mm) in 10 mm TEAA buffer, pH 7.
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for (TTAA)4TPM than for (AGGCCT)4TPM. The unusually strong
enhancement of affinity of the DNA chains for each other in
the case of the dimer hybrid (CG)4TPM culminates in the for-
mation of a solid precipitate from the aqueous solution. At or
below room temperature this compound showed discontinu-
ous melting profiles, caused by scattering on particles forming
in the cuvette (see Figure 7). UV absorbance and MALDI meas-


urements as well as control experiments demonstrate that the
solid formed is indeed composed of the hybrid and not just an
inorganic salt. A strong concentration dependence of this phe-
nomenon was observed for the smallest hybrid. At 4 mm, no
precipitate forms, at 15 mm the onset of precipitation is ap-
proximately 15 8C, and at 120 mm, precipitation starts at ap-
proximately 20 8C.


According to the available data from solutions ranging from
4–15 mm (hexamer and tetramer hybrid) and 4–150 mm (dimer
hybrid), no signs of sharpening of the transition[19] are seen
when lowering the concentration. Further, the temperature of
the onset of precipitation increases both with increasing salt
concentration and with increasing hybrid concentration for
(CG)4TPM, again showing no signs of caged dimer formation.


Staining with a duplex-specific dye confirms that base pairing
does occur in the assemblies formed by (CG)4TPM (Figure 8).


Our results are significant for the field of DNA-mediated
nanostructuring and crystallization on the nanoscale. Earlier
work on electrostatically tuned inorganic nanoparticles has
shown that successful crystallization requires tempering the
strong and cooperatively occurring forces between these parti-
cles by using organic coatings that reduce the attraction to
van der Waals and weak electrostatic interactions, and thus
allow for reversibility and the formation of near perfect crystal-
lites.[25] Similarly, our results show that a CG dinucleotide per
DNA arm is sufficient to drive the assembly process and lead
to a new material. Hybrids with longer DNA strands give
higher melting points than their linear counterparts, statistical-
ly coated nanoparticles, or three-arm hybrids.[19] We expect the
effect of multivalent binding to be even more pronounced for
octahedral cores inducing the formation of six duplexes per
hybrid.


In our assemblies, multiple duplex-forming events apparent-
ly result in massive increases in binding strength, but the co-
operativity of the transition does not increase. So, the electro-
static situation must be different from that of nanoparticle-
based assemblies involving long DNA duplexes in close prox-
imity.[12] Perhaps, once the duplexes are short enough and sep-
arated by rigid organic cores, there is no longer a counter ion
cloud that acts cooperatively. The TPM core probably also pre-
vents a near parallel position of the duplexes. Still, we observe
that the assemblies of the shorter DNA strands show a stron-
ger salt dependence than longer strands; this indicates that
close packing of the negatively charged backbones does occur.


Our results may also help to explain why earlier studies on
oligonucleotide hybrids with inorganic cores and DNA chains
of much greater length have led to assemblies without crystal-
line structure.[22] The future design and experimental realization
of DNA-based three-dimensional nanostructures, including de-
signed crystals with nanoscale unit cell dimensions, should
take these findings into account. Such crystals have long been
regarded as a goal of DNA-based nanostructuring.[3] If two
base pairs per duplex are sufficient for assembly, even for


Table 2. UV-melting points [8C] of assemblies formed by DNA hybrids at
15 mm concentration.


Compound Buffer[a] +Na+ [b] +Mg2 + [c]ACHTUNGTRENNUNG(AGGCCT)4TPM 61 70 70ACHTUNGTRENNUNG(GTCCAG)4TPM n.t.[d] n.t. n.t.ACHTUNGTRENNUNG(TTAA)4TPM 20 29 42ACHTUNGTRENNUNG(CAAA)4TPM n.t. n.t. n.t.
(CG)4TPM n.t. <15 solid[e]


(CC)4TPM n.t. n.t. n.t.


[a] 10 mm TEAA buffer, [b] +150 mm NaCl, [c] +100 mm MgCl2, [d] No co-
operative transition. [e] precipitation at � 15 8C.


Figure 7. UV-monitored assembly process of (CG)4TPM hybrids (15 mm) with
just two nucleotides per DNA chain in 10 mm TEAA buffer, pH 7, 150 mm


NaCl. *: Absorbance at 260 nm prior to, and *: after addition of 100 mm


MgCl2, resulting in precipitation upon cooling at 1 8C min�1. The increase in
apparent hyperchromicity at low temperature is caused by scattering during
the initial phase of precipitation. Inset : The photograph shows the cuvette
after settling of the precipitate at 4 8C.


Figure 8. Fluorescence image of samples stained with duplex-specific-fluo-
rescent dye YoYo-1. Samples of (CG)4TPM in the presence of 100 mm MgCl2,
together with positive (genomic DNA) and negative controls, including non-
self-complementary (CC)4TPM. All samples were spotted in duplicate. See
the Supporting Information for details and numerical fluorescence values.
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simple tetrahedral designs, minimal sticky ends may be used.
This conclusion is corroborated by very recent findings involv-
ing very large nanoparticles.[26] Very short duplexes may also
mean smaller activation energies for breaking down imperfect
structures in dynamic assembly/disassembly processes and
would lead to the thermodynamically most stable, perfect crys-
tal lattices more readily. The broad transitions upon cooling
observed in our study are encouraging for those who wish to
generate crystals based on duplex formation. Automated DNA
synthesis and the progress in the synthesis of hybrids may
thus lead to new roles for DNA in generating three-dimension-
al lattices. These may be the result of a fascinating property of
what is already a most fascinating biopolymer.


Experimental Section


Hybrid synthesis : Tetrakis(4-hydroxyphenyl)-methane[27] (TPM) was
synthesized in two steps, starting from 4,4’,4’’-trimethoxytrityl chlo-
ride in 77 % yield. The first strand of the DNA hybrid was construct-
ed in a 5’!3’ direction, using 5’-phosphoramidites. After phosphi-
tylation with 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite,
TPM was coupled for 30 min in a microwave-assisted coupling cat-
alyzed by tetrazole (0.45 m in acetonitrile). Chain assembly of the
remaining three DNA strands was achieved by automated synthe-
sis with conventional 3’-phosphoramidites. Removal of the base-
labile protecting groups and cleavage from the solid support were
carried out with conc. aqueous ammonia at 55 8C for 5 h. Hybrids
with dimer or non-self-complementary tetramer chains were puri-
fied by a two-stage cartridge purification on C18 phases. Hybrids
with self-complementary tetramer or hexamer sequences were pu-
rified by preparative ion exchange HPLC. Samples were desalted
by size-exclusion chromatography using Sephadex G-25. For de-
tailed protocols and analytical data, please see the SupportingACHTUNGTRENNUNGInformation.


UV-melting analysis : UV-melting curves were acquired on a
Perkin–Elmer Lambda 750 spectrometer as heating and cooling
curves with detection at 260 nm and gradients of 1 8C min�1. The
melting temperatures were determined from the extremum of the
first derivative of 95-point smoothed curves.
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A Chemical Approach to Immunoprotein Engineering: Chemoselective
Functionalization of Thioester Proteins in Their Native State
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The complement proteins C3
and C4 and the pan-protease in-
hibitor a2-macroglobulin (a2M)
are highly abundant serum pro-
teins (C3: 1.2 g L�1, C4: 0.2–
0.4 g L�1, a2M: 1–2 g L�1) that
play a key role in host defense.[1–3]


All these proteins (~1400–1800
residues; a2M is a homotetram-
er) possess an internal 15-mem-
bered thiolactone ring formed
by the joining of cysteinyl and
glutamyl side chains in theACHTUNGTRENNUNGconserved sequence CGEQ
(Scheme 1 A).[3–5] Under normal
physiological conditions, the
thioester domains are buried
within the protein core and
shielded from solvent.[3, 6, 7] Upon
activation, usually by proteolytic
cleavage of the anaphylotoxin
domain in C3 and C4 or the bait
region of a2M, the proteins un-
dergo a conformational transi-
tion during which the thioester
moves a considerable distance
(~80 �) to the surface, thus facilitating attack by foreign parti-
cle nucleophiles.[7, 8] It is the reaction between this thioester
and biologically relevant oxygen, nitrogen, or sulfur nucleo-


philes that facilitates covalent attachment of C3 and C4 to the
surface of foreign particles or a2M to proteases.[3, 5, 7]


Protection of the thioester bond before proteolytic activa-
tion is not absolute, and it has long been known that smallACHTUNGTRENNUNGnucleophiles such as water can induce a similar conformational
rearrangement.[5, 9] For C3, this slow hydrolysis (t1/2 ~166 h) is
thought to trigger activation of the alternative complement
pathway in vivo.[9] In addition, small nucleophiles such as am-
monia, hydroxylamine, hydrazine, putrescine, and methyl-,
ethyl-, and isopropylamine have similarly been shown to
access the thioester site, although the steric hindrance to this
process is highlighted by the fact that isopropylamine reacts
750-fold slower than methylamine and tert-butylamine does
not react at all.[9–11] Given that the reaction of thioester proteins
(TEPs) with sterically hindered nucleophiles is slow,[5, 10, 11] it has
not been demonstrated whether the intrinsic chemical reactivi-
ty of the thioester locus can be exploited to incorporate large
functional molecules into TEPs in their native state. If the barri-
ers to such an approach could be overcome, it would, for the
first time, allow the synthesis of structurally well-defined TEP-
derived conjugates with chemically engineered functionalities
and provide a direct method to characterize the processing
and interaction of these important immunoproteins in vivo.


Scheme 1. A) The putative reaction between a hydrazide probe and the 15-membered thiolactone ring of TEPs
(thioester function in red). B) Molecules 1–6 used in this study: nucleophile (maroon), spacer (blue), functional tag
(green).
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With this in mind, we studied the reaction between a panel
of hydrazide probes 1–6 (Scheme 1 B) and native state C3, C4,
and a2M. The key structural elements of 1–6 are a chemoselec-
tive hydrazide nucleophile, the presence of a spacer (of varying
length and composition), and a functional molecular tag
(biotin, fluorescein, or peptide).


As a method to follow the reaction of these probes with the
TEPs, we made use of the fact that chemical- or heat-induced
denaturation of TEPs induces an autolytic cleavage reaction.[12]


Thus, proteins with an intact thioester undergo autolytic cleav-
age when denatured, but proteins in which the thioester has
been disrupted, for example by water or other nucleophiles,
will not (Figure S1 in the Supporting Information).[5, 12]


The proteins C3, C4, and a2M (3 mg) were incubated with
probes 1–6 (0–25 mm) in phosphate-buffered saline (PBS;
10 mm phosphate, 140 mm NaCl, pH 7.4) at 37 8C for 24 h and
then treated under autolysis conditions (Table S1, footnote [a]
in the Supporting Information). For each hydrazide probe, the
extent of thioester modification was qualitatively examined by
comparing the decrease in autolytic fragment formation rela-
tive to the decrease induced by methylamine (50 mm ; Table S1
and Figures S2–S5).[11, 13, 14] To confirm this modification, C3, C4,
and a2M were also incubated with hydrazides 1–6 at 5 mm, a
concentration determined from the autolytic cleavage data to
effect measurable protein adduct formation, and the labeling
was analyzed by Western blot (probes 1–3, 5, 6) or fluores-
cence detection (probe 4). Gratifyingly, hydrazide probes 1–6
all modified the TEPs but to varying extents (Figures 1 B and
S6). Importantly, for all cases in which TEP modification was
observed, only the thioester-containing a chains of C3
(113 kDa) and C4 (92 kDa), not the b chain of C3 (72 kDa) or
the b and g chain of C4 (72 and 32 kDa, respectively) were
functionalized by the probes (Figure 1 A and C).


Hydrazides 1 and 4 react with C3, C4, and a2M to approxi-
mately the same extent, matching MeNH2 (50 mm) reactivity at
~5–10 mm for C3 and C4 and ~25 mm for a2M (Figures S2 a
and 3 b). In contrast, probes 2 and 3 exhibit measurable modi-
fication of the TEPs, but even at 25 mm do not achieve the
same extent of modification as MeNH2 (50 mm ; Figures S2 b
and 3 a). The peptide-containing hydrazides 5 and 6 displayed
only slight reaction with C3 and C4 and no measurable modifi-
cation of a2M at concentrations up to 25 mm (Figures 1 C and
S4). Interestingly, the reactivity of the hydrazide and linker
component of probes 5 and 6 paralleled that of 5 and 6 in
toto (as determined by autolytic cleavage inhibition). Thus, it
did not modify a2M, but showed better reaction with C3 and
C4 (at >10 mm), suggesting that the molecular size and com-
position of the linker/spacer is the critical factor in determining
successful TEP adduction (Figure S5 a).


Seeking to gain a partial understanding of the kinetics un-
derlying the hydrazide labeling, a pseudo-first-order kinetics
study of the reaction of hydrazide probe 1 (5.0 mm) and C3
(8.6 mm) in PBS (pH 7.4) at 37 8C was undertaken. The results re-
vealed that the conversion of C3 to form conjugate C3–1 pro-
ceeds efficiently with a measured half-life (t1/2) for loss of C3 of
5.8 h (and a rate constant for C3 modification by 1 of k’hydrazid =


(3.36 � 10�5) s�1; Figure S9). In addition, kinetics studies in


which probe 4 concentrations were varied at a fixed C3 con-
centration revealed that adduct formation proceeds with a sig-
moidal dependence on hydrazide concentration, representa-
tive of a classic receptor–ligand type process (Figure S10 and
Methods section in the Supporting Information).


Previous studies on the chemical modification of these pro-
teins maintained that accessibility of the thioester was limited
by the steric hindrance and the overall size of the attacking
nucleophile.[10, 11] Our results indicate a more complex system
in which access depends on the specific protein (C3 and C4
were generally more readily modified than a2M), and the com-
position of both the spacer and the tag being adducted. In-
depth structural effects of linker and tag on TEP modification
are currently being studied in further detail.


The enzymatic processing of the C3 and C4 conjugates
formed after reaction with hydrazides 1 and 4–6 was then
studied by using the complement regulatory protease Factor I
in the presence of Factor H or soluble complement receptor
type 1 (sCR1 or CD35; Figures S7 and 1 B and D). Western blot
and fluorescent analyses revealed these conjugates were enzy-
matically processed as if they were physiologically reacted im-
munoproteins, albeit slower, suggesting that such TEP conju-
gates may find use in vivo.


The decreased rate of enzymatic processing was highlighted
by the fact that the C3–a73 conjugates of all probes studied
were not completely digested after 12 h incubation with Fac-
tor I. In addition, conjugates C3–4 and C4–4 showed resistance
to cleavage; C3–4 exhibited only slight processing, and C4–4
required twice the concentration of Factor I/sCR1 to achieve
complete processing (Figure S8).


The tag-dependent nature of this processing is highlighted
by the fact that C4–6 was not only slowly processed, but also
displayed partial cleavage fragments which correspond to each
of the potential Factor I cleavage sites on C4 (Figures S7 and
1 B and D). Overall, this slow processing is consistent with pre-
vious work, which showed that the alternative pathway activa-
tors, C3–H2O and cell-bound C3b, are resistant to processing
by regulatory enzymes and also alludes to a possible role that
endogenous nucleophiles might play in activating the alterna-
tive pathway.[15, 16]


ABPP is a functional proteomics tool that uses active-site-
directed chemical probes to characterize enzymes in native
biological samples.[17] Having shown that the biotin–hydrazide
probe 1 specifically labels the thioester domain of all the TEPs
studied, we wondered whether probe 1 could react and ‘pro-
file’ TEP processing within the complex biological milieu of the
plasma proteome. Thus, human plasma (citrated) was incubat-
ed with biotin–hydrazide probe 1 (5 mm) for 12 h at 37 8C, and
biotinylated proteins were captured on neutravidin–agarose
beads. The sequestered proteins were then resolved by West-
ern blot SDS-PAGE under reducing conditions, with both strep-
tavidin (to detect biotinylated peptide fragments) and anti-TEP
polyclonal antibodies (to detect all chain fragments of C3, C4,
and a2M; Figure 2). These analyses revealed that a2M wasACHTUNGTRENNUNGsequestered from plasma, as were C3 (a and b chains), and C4
(a, b, and g chains). In addition, there was evidence of consid-
erable proteolytic processing of C3–1 and C4–1 in plasma, fur-
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ther supporting the notion that TEP–large-molecule conjugates
would be susceptible to the normal proteolytic processing in a
biological setting (Figure 2). The Western blot results of the
neutravidin affinity capture were corroborated using on-bead
trypsin digest of the neutravidin bead and subsequent proteo-
mic analysis of the peptide fragments detected (see the Sup-
porting Information). Interestingly, in addition to C3, C4, and
a2M being detected by the proteomic analysis, Factor H was
also detected, suggesting a possible coprecipitation of Fac-
tor H complexed with the hydrazide 1-treated C3.


In summary, we have shown for the first time that the thio-
ester proteins C3, C4, and a2M can be functionalized with
large molecules by attack on the thioester when the proteins
are in the native state. The conjugates thus formed are struc-
turally well defined and behave in the same way as activated
TEPs, binding to and being processed by downstream cofac-
tors (Factor H), receptors (sCR1), and enzymes (Factor I). At
present, we are studying the scope and consequences of this
phenomenon, but the ability to modify these central proteins
of the immune system with large nucleophiles possessing


Figure 1. Analysis of TEP modification. A) Primary chain representation of TEPs C3, C4, and a2M; anaphylatoxin domain or bait region (purple), and the thio-
ester domain (red). Note: a2M is a homotetramer of ~748 kDa, and each monomer possesses a thioester region. B) Observed in vitro enzymatic processing of
probe-reacted C3 and C4 (i.e. , with anaphylatoxin domain intact). Molecular weights for the thioester domain fragments under reducing conditions are given
in blue. C) Western blot SDS-PAGE or fluorescent analyses of TEPs incubated with 1, 4, 5, or 6 (detected with either streptavidin–HRP conjugate, fluorescence,
anti-FLAG mAb, or anti-V5 mAb, respectively). Lanes that are labeled with a probe number (1, 4, 5, or 6) represent TEP (3 mg) incubation with probe (5 mm)
in PBS (pH 7.4) at 37 8C for 36 h and were then dialyzed. Lanes headed with � represent incubation of TEP under identical buffer conditions, but in the ab-
sence of probe. Visible bands are the C3 a chain (113 kDa), C4 a chain (92 kDa), and a2M monomer (187 kDa). D) Western blot analysis of Factor I processing
of C3 conjugates with 1, 4, 5, or 6 and C4 conjugates with 1, 4, 5, or 6. After incubation of the TEP and probe as described in Figure 2 C, C3–(1, 4, 5, or 6)
and C4–(1, 4, 5, or 6 ; 3 mg; 1.4 mm) were incubated for 12 h at 37 8C in the presence or absence of Factor H and Factor I (0.5 mg of each) for C3 conjugates
and sCR1 and Factor I (0.5 mg of each) for C4 conjugates. C4–4 was cleaved with sCR1 (1 mg) and Factor I for the same time period. Labeled fragments were
detected by Western blot SDS-PAGE as described in Figure 2 C.
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complex and broad-ranging chemical functionality has signifi-
cant biological implications and applications in the fields ofACHTUNGTRENNUNGimmunodiagnostics, immunotherapy, and vaccine design.
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Figure 2. ABPP of human plasma (100 mL) incubated for 12 h at 37 8C with biotin–hydrazide 1 (5 mm). The SDS-
PAGE gels were probed with streptavidin–HRP and polyclonal anti-C3, -C4 and -a2M antibodies. In the streptavidin
Western blot, only biotinylated peptide fragments were assigned that correspond to known TEPs or fragments
thereof that are known to contain the thioester. Red arrows on the polyclonal antibody blots correspond to
bands that should contain the thioester and also appear on the streptavidin–HRP blot. Blue arrows correspond to
fragments of the proteins known not to contain the thioester and therefore should not appear on the streptavidin
blot. The assignment of bands to specific fragments in the gels should be used as a guide rather than a definitive
analysis due to the complexity of the samples and the potential for cross-reactivity and domain specificity of the


polyclonal antibody samples.
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The Natural Products Beauveriolide I and III : a New Class of b-Amyloid-
Lowering Compounds


Daniel P. Witter,[b] Yanping Chen,[a] Joseph K. Rogel,[b] Grant E. Boldt,[b] and Paul Wentworth, Jr.*[a, b]


Alzheimer’s disease (AD) is now the most common form ofACHTUNGTRENNUNGdementia, affecting up to 15 million people worldwide. A
common pathogenic event that occurs in all forms of AD is
the progressive accumulation of amyloid-b peptide (Ab) in
brain loci responsible for cognition.[1] Genetic and epidemio-
logical data support a role for altered cholesterol homeostasis
in the pathogenesis of AD,[2] with polymorphisms in a number
of cholesterol-related genes being linked to elevated central
levels of Ab.[3] Recent studies suggest that intracellular levels of
cholesteryl esters (CEs) correlate closely with Ab production
and secretion,[4–6] and that the cellular enzyme responsible for
CE production, acyl-CoA cholesterol acyltransferase (ACAT),
might play a central role in the regulation of Ab processing.
Kovacs and co-workers[5, 6] have recently shown that the ACAT
inhibitors CP-113,818 and DuP-128 decrease Ab secretion in
Chinese hamster ovary (CHO) cells stably transfected with
human amyloid precursor protein (APP751). Dorsal implantation


of CP-113,818 in a transgenic murine model of familial ADACHTUNGTRENNUNGresulted in the reduction of brain Ab plaque load.[4]


The depsipeptide natural products beauveriolide I (1) and
beauveriolide III (2) were originally isolated from the fungal


strain Beauveria sp. FO-6979 during a screening program forACHTUNGTRENNUNGinhibitors of lipid droplet accumulation in murine macrophag-
es.[7] The assignment of the absolute stereochemistry of the 3-
hydroxy-4-methyloctanoic acid (HMA) as 3S,4S and the first
formal syntheses of all stereoisomers of 1 and 2 were reported
in 2006.[8] Depsipeptides 1 and 2 prevent lipid droplet accumu-
lation in primary mouse peritoneal macrophages through the
inhibition of ACAT and importantly, they are orally active and
reduce atherogenic lesions in mouse models of atherosclero-
sis.[9] These depsipeptides are currently being studied as a new
approach for the treatment of atherosclerosis.[9, 10]


Given our ongoing interest in the pathogenesis of athero-
sclerosis[11] and AD,[12] and our expertise in synthetic ap-
proaches to cyclodepsipeptides[13] we wondered whether 1
and 2 may be a valid chemical scaffold that would, for the first
time, link orally active ACAT inhibition to therapeutically rele-
vant neuronal Ab reduction. Towards this goal, we report
herein a new flexible homochiral synthesis of the fungal depsi-
peptide natural products beauveriolides I and III, and reveal
that these cyclodepsipeptides are potent inhibitors of cellular
Ab40 and Ab42 secretion in vitro.


Our synthesis of 1 and 2 commences with a cis-crotylation
of PMB-protected aldehyde 3 that proceeds with high diaste-
reoselectivity (>98:2) and enantioselectivity (>95:5) to give
cis-alcohol 4 (Scheme 1). Homologation of 4 proceeds by initial
TBS protection of the secondary alcohol, hydroboration of the
terminal double bond, TPAP-mediated oxidation of the resul-
tant primary alcohol, and Wittig olefination to give the TBS-
protected cis-alkene 5 a (>85 % Z as determined by 1H NMR
analysis).


A key aspect in the synthesis of depsipeptides is the strategy
for macrocycle formation, either lactonization or lactamization.
Our synthesis, which prepares the key (3S,4S)-HMA in a
masked form (compound 5 a), is amenable to both ap-
proaches. However, for brevity only the macrolactamization ap-
proach is described in Scheme 1. Thus, the TBS group of 5 a is
removed, and the secondary alcohol 5 b is esterified with
either N-Boc-d-Leu-OH (for 1), or N-Boc-d-allo-Ile-OH (for 2)
with Sc ACHTUNGTRENNUNG(OTf)3 catalysis: conditions that result in no measurable
racemization of the amino acid esters 6 a or 6 b.


Completion of the syntheses of 1 and 2 are then entirely
parallel and involve PMB removal, primary alcohol oxidation,
coupling of H2N-l-Phe-l-Ala-CO-tBu, alkene reduction, and pro-
tecting group removal to give amino acids 7 a or 7 b. The criti-
cal macrolactamization reaction was carried out with HATU/
HOAt activation and proceeded in >70 % yield with both 7 a
and 7 b to give 1 and 2, respectively.


With synthetic 1 and 2 in hand, we studied the ability of
these depsipeptides to decrease cholesterol esterification in
the stable transgenic CHO cell line (7WD10) expressing human
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APP751.
[14] Cultured 7WD10 cells incubated with depsi-


peptide 1 or 2 (5 mm) in media and cosolvent (DMSO,
0.1 %, v/v) exhibit lower cellular CE levels within 12 h.
This decrease in CE reaches a maximum level (~5 %
CEs relative to vehicle-treated cells) after 24–48 h in-
cubation with 1 and 2 (data not shown). Depsipepti-
des 1 and 2 exhibit a dose-dependent decrease in CE
levels in 7WD10 cells, with IC50 values of 0.08�0.02
and 0.17�0.08 mm, respectively after 96 h incubation
(Figure 1 A). These values are similar to those of 1
and 2 in primary murine macrophages.[9] Importantly,
the cellular total cholesterol (TC), that is, the sum of
free cholesterol (FC) and CE, remains essentially un-
changed in the CHO cells throughout incubation
with 1 and 2 (data not shown). This null effect of the
beauveriolides on TC causes a shift in cellular choles-
terol from esterified to nonesterified and is in agree-
ment with what has been observed for other ACAT
inhibitors, such as CP-113,818 and DuP-128, in other
cell lines.[6] This shift supports the notion that the de-


crease in CE levels by 1 and 2 is
due to ACAT inhibition alone
and not a result of either re-
duced endogenous cholesterol
biosynthesis through the inhibi-
tion of HMG-CoA reductase, or
reduced uptake of cholesterol
from media. This lowering of cel-
lular CEs is expressed macro-
scopically as a decrease in the
number of cytoplasmic lipid
droplets. Using fluorescence mi-
croscopy and cellular lipid drop-
let staining with Oil Red O dye,
we observe this macroscopic
effect as an almost complete
lack of lipid droplets in 1- and 2-
treated 7WD10 cells relative to
control cells (Figures 1 B–D).


We next investigated whether
beauveriolide treatment has any
impact on Ab secretion from this
cell line using an ELISA-based
method that can quantify both


Scheme 1. Synthesis of 1 and 2 : a) cis-2-butene, tBuOK, nBuLi, �78 8C!�50 8C, (+)-B-methoxydiisopinocamphor-
ylborane, BF3·OEt2, 78 %; b) TBSOTf, 2,6-lutidine, 95 %; c) 9-BBN, THF, H2O2, NaOH, 82 %; d) TPAP, NMO, 96 %;
e) EtPPh3, NaHMDS, 83 %; f) TBAF, 97 %; g) DIC (2.4 equiv), DMAP (2.0 equiv), N-Boc-d-Leu (2.0 equiv), Sc ACHTUNGTRENNUNG(OTf)3


(0.4 equiv), 87 %; h) DIC (2.4 equiv), DMAP (2.0 equiv), N-Boc-d-allo-Ile (2.0 equiv), Sc ACHTUNGTRENNUNG(OTf)3 (0.4 equiv), 79 %; i) DDQ,
CH2Cl2/H2O; j) Dess–Martin, CH2Cl2 ; k) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH/H2O; l) EDC, HOBt, H2N-l-Phe-l-
Ala-COO-tBu, CH2Cl2, 55 % over four steps: i–l ; m) H2, Pd/C (5 %),
EtOAc (quant) ; n) TFA/CH2Cl2 ; o) HATU, HOAt, collidine, DMF; 1:
74 %, 2 : 71 %. 9-BBN: 9-borabicyclo ACHTUNGTRENNUNG[3.3.1]nonane; DDQ: 2,3-di-
chloro-5,6-dicyano-1,4-benzoquinone; DIC: 1,3-diisopropylcarbo-
diimide; DMAP: 4-dimethylaminopyridine; DMF: N,N-dimethyl-
formamide; EDC: N’-(3-dimethylaminopropyl)-N-ethylcarbodii-
mide; HATU: O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluro-
nium hexafluorophosphate; HMDS: 1,1,1,3,3,3-hexamethyldisila-
zane; HOAt: 1-hydroxyazobenzotriazole; HOBt: 1-hydroxybenzo-
triazole; NMO: N-methylmorpholine-N-oxide; PMB: p-methoxy-
benzyl; TBAF: tetra-n-butylammonium fluoride; TBS: tert-butyldi-
methylsilyl ; Tf : trifluoromethanesulfonyl; TPAP: tetra-n-
propylammonium perruthenate.


Figure 1. Depsipeptides 1 and 2 decrease cholesteryl ester (CE) levels and fat droplets in
the stable transgenic CHO cell line 7WD10 expressing human APP751. A) Cellular CE levels
as a percentage of vehicle-treated cells after incubation with 1 (&) or 2 (~) for 96 h;
values are plotted as the mean �SEM of at least three experiments. B)–D) Fluorescence
microscopy of fixed live 7WD10 CHO cells stained with Oil Red O dye, which stains lipid
droplets red (indicated with white arrows), and lysenin, which stains membrane sphingo-
myelin (green), after 48 h culture with: B) vehicle (DMSO 0.1 %, v/v, in media), C) 1 (1 mm),
or D) 2 (1 mm) ; scale bar = 10 mm.
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Ab40 and Ab42 (Figure 2). Incubation of 7WD10 cells with 1 and
2 (1 mm) for up to four days causes a decrease in Ab40 and Ab42


secretion, the intensity and time profile of which is compound
dependent (Figure 2 A). The time dependence of the decrease
in Ab secretion induced by 1 (~25 and 10 % reduction in Ab40


and Ab42 levels after four days, respectively) reaches a maxi-
mum effect after one to two days, paralleling this depsipepti-
de’s effect on lowering CE levels (see above). Beauveriolide III
(2) is more effective at lowering Ab secretion (~45 and 65 % re-
duction in Ab40 and Ab42 levels after four days, respectively)
than 1, and the time dependence of compound 2 in decreas-
ing Ab levels does not parallel the CE effect as closely as 1,
with Ab40 and Ab42 levels still decreasing after incubation for
four days (Figure 2 A).


The time-dependent effects of the beauveriolides 1 and 2
on Ab secretion were next validated in a concentration-effect
study (Figures 2 B and C). Significant reductions in Abtotal


(Ab40 + Ab42) levels relative to vehicle-treated cells (DMSO,
0.1 %, v/v) were observed after incubation for 96 h with either
1 or 2 at 1 and 5 mm. The most effective compound at decreas-
ing Ab secretion is depsipeptide 2, which induces a mean de-
crease in Abtotal of 39�10 % (*p<0.05) at 1 mm and 57�14 %
(*p<0.05) at 5 mm (Figure 2 B). Depsipeptide 2 also had a more
profound effect on decreasing Ab42 secretion than 1, with re-
ductions of 58�12 % (*p<0.05) and 59�14 % (*p<0.05), re-
spectively (Figure 2 C).


To assess whether the decrease in Ab secretion induced by
compound 2 corresponds to measurable changes in intracellu-
lar Ab localization, immunolabeling was performed with the


anti-Ab antibody 4G8 and an anti-Rab5 antibody (Fig-
ures 3 D–I). This microscopy study revealed that beau-
veriolide III treatment does not alter the known early
endosomal localization and trafficking of Ab, as
merged images of vehicle-treated (DMSO, 0.1 %, v/v)
and depsipeptide 2-treated cells show the same
degree of colocalization of Ab and Rab5 (the early
endosome-localized Rab GTPase;[15] Figures 2 F and I).


The nature of the link between ACAT inhibition, CE
homeostasis, and the biogenesis of Ab is still an on-
going area for study and has been linked to either in-
tracellular Ab accumulation and mistrafficking[16] or a
change in the enzymatic processing of APP.[17] Our
microscopy studies of 7WD10 cells treated with the
ACAT inhibitor beauveriolide III reveal no indication
of either altered localization or accumulation of Ab


(Figure 2 I) and no mistrafficking of normal lipids such
as sphingomyelin (Figure 1 D). These observations are
in line with a mechanism of decreased biogenesis of
Ab recently proposed by Kovacs and co-workers[17]


that involves enzymatic N-terminal processing of APP
and APP degradation dependent on cellular CE
levels.


In conclusion, we have developed a flexible homo-
chiral synthesis of the fungal-derived beauveriolide
natural products, and have shown them to be ex-
tremely effective at lowering cellular Ab secretion in
the transgenic CHO cell line 7WD10 that expresses
human APP751. What makes this study particularly sig-
nificant is the potency and rapid onset with which
these depsipeptides, especially beauveriolide III (2),
decrease the cellular secretion of Ab42. While the
major peptide generated by APP processing is Ab40,
the more hydrophobic Ab42 is the predominant pep-
tide found in senile AD plaques, and therefore reduc-
ing central levels of this peptide is seen as a clearly
unmet therapeutic need. Incubation with compound
2 at 1 mm decreases Ab42 secretion by ~58 % after
four days and ~30 % after two days relative to vehi-
cle-treated cells. Previous studies with the ACAT in-
hibitor CP-113,818 on cellular Ab42 secretion (using a
CHO cell line expressing human APP751) revealed no


Figure 2. Depsipeptides 1 and 2 decrease Ab secretion from the CHO cell line 7WD10,
and do not perturb trafficking of Ab. A) Time-dependent changes in Ab40 (~) and Ab42


(&) secretion by 7WD10 cells incubated with either 1 (c) or 2 (c) at 1 mm as deter-
mined by ELISA analysis of Ab40 and Ab42 in conditioned media standardized to total pro-
tein. B) Concentration dependence of 1 (red bars) and 2 (green bars) on Abtotal secretion
from the 7WD10 cell line. C) Concentration dependence of 1 (red bars) and 2 (green
bars) on Ab42 secretion from the 7WD10 cell line. Data in A)–C) are expressed as the
mean �SEM of at least three separate experiments and are recorded as a percent of ve-
hicle-treated cells (0.1 % DMSO, v/v). Statistical analysis was performed by using a stu-
dent t test ; significance: *p<0.05 and **p<0.01. Lower panels show confocal microsco-
py images of 7WD10 cells incubated with D)–F) vehicle (0.1 % DMSO, v/v), or G)–I) beau-
veriolide III (1 mm) for 48 h. Cells were fixed with paraformaldehyde and immunolabeled
with either a rabbit anti-Rab5 antibody with an Alexa-488-labeled (green) secondary anti-
body (D, G), or the murine anti-Ab antibody 4G8, with an Alexa-543-labeled (red) secon-
dary antibody (E, H). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI).
Images were recorded with a Zeiss LSM510 confocal microscope at 63 � , and image anal-
ysis and merges were performed with LSM image examiner software (v 4.2). Note: yellow
color in the merged images (F, I) corresponds to colocalized Rab5 and Ab ; scale
bar = 10 mm.
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measurable decrease in Ab42 secretion after incubation for four
days at a concentration of 1 mm. In fact, a tenfold greater con-
centration of CP-113,818 (10 mm) was required to induce the
same decrease in Ab42 secretion as depsipeptide 2.


As mentioned above, current ACAT inhibitors such as CP-
113,818 and DuP-128 are limited by low bioavailability. They
are absorbed poorly from the gut and are rapidly metabolized
in blood or tissue. This is the case for the lipidic pyridylamide
CP-113,818, for which an in vivo study to assess Ab in mice in-
volved a 60-day release pellet formulation that was implanted
under the skin.[4] In contrast, beauveriolide III has shown oral
bioavailability in both apoE knockout and LDL receptor knock-
out mouse models of atherosclerosis.[9] Therefore, if our discov-
ery that these compounds are highly effective at decreasing
Ab secretion in vitro can be translated to an in vivo setting,
then coupled with the known pharmacokinetic properties of
the beauveriolides, it may well be demonstrated that these
depsipeptides are excellent new candidates for reducing the
senile plaque burden in AD.
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Disulfide Bond Substitution by Directed Evolution in an
Engineered Binding Protein
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Introduction


Molecular recognition is undoubtedly one of the most impor-
tant aspects of biological function, and correspondingly under-
lies much of the development of pharmaceuticals. Until recent-
ly, antibodies were the unique avenue leading to the creation
of binding molecules with tailored specificity. However, the
poor folding and expression properties of most antibody frag-
ments still present an obstacle for many applications, including
in the intracellular environment.


Alternatives to antibodies have been explored by applying
directed evolution methods to other proteins.[1–4] The general
idea is to use combinatorial approaches to create a new bind-
ing site on a protein scaffold displaying good expression and
folding properties.[5, 6] Very efficient binders in terms of affinity
and specificity have been obtained, each scaffold being suited
to a particular field of application: designed ankyrin repeat
proteins (DARPins) for protein–protein interactions,[1, 7–9] engi-
neered lipocalin derivatives for binding various low-molecular-
weight compounds[10] and now as specific drug carriers target-
ed to intracellular receptors.[4]


Further, polyvalent scaffolds permitting both protein–protein
recognition and small-molecule binding simultaneously would
unlock a wide range of applications, including vectors for tar-
geting small-molecule pharmaceuticals to specific tissues. It is
with this goal in mind that we have been exploring the neo-
carzinostatin (NCS) protein. Wild-type NCS is a 113 amino-acid
enediyne-binding chromoprotein and is naturally secreted by
Streptomyces. It is currently used as an antitumour agent and
constitutes an advanced model for protein-assisted drug tar-
geting.[11] Besides its clinical interest, NCS is an enticing candi-
date for a polyvalent scaffold, for several reasons. First, pure re-
combinant protein can be obtained from E. coli by periplasmic


expression with a high yield,[12] and by cytoplasmic expression
although much less efficiently.[13] Second, NCS can be engi-
neered for the binding of both low-molecular-weight targets
and proteins. The well-defined binding crevice for its native
chromophore has already been engineered to specifically bind
a chosen hapten, testosterone.[14, 15] The protein also displays
three surface loops that are topologically equivalent to the hy-
pervariable loops of an immunoglobulin domain.[16] This prop-
erty allowed Nicaise et al.[17] to engineer NCS for protein–pro-
tein interaction (antilysozyme). Nevertheless, the presence of
two disulfide bonds in wild-type NCS especially limits its rou-
tine use in the reducing environment of the cell. Therefore, the
aim of the present work was to design a cysteine-free NCS
scaffold without altering its favourable expression properties
and stability.


Disulfides often considerably complicate protein folding, and
introduce a dependence on the redox conditions that might
be undesirable. Yet, in small proteins disulfides can provide a
means of stabilizing an otherwise labile structure. Finding a
way to systematically replace disulfides in a targeted manner is
thus a problem of general interest. However, there is no trivial
approach to replacing disulfide bonds as their role in protein
structure, stability and folding differs from protein to pro-


The chromoprotein neocarzinostatin (NCS) has been intensively
studied for its antitumour properties. It has recently been rede-
signed as a potential drug-carrying scaffold. A potential limit of
this protein scaffold, especially for intracellular applications, is
the presence of disulfide bonds. The objective of this work
was to create a disulfide-free NCS-derived scaffold. A generic
targeted approach was developed by using directed evolution
methods. As a starting point we used a previously engineered
NCS variant in which a hapten binding site had been created.
A library was then generated in which cysteine Cys88 and


Cys93 and neighbouring residues were randomly substituted.
Variants that preserved the hapten binding function wereACHTUNGTRENNUNGselected by phage display and further screened by colonyACHTUNGTRENNUNGfiltration methods. Several sequences with common features
emerged from this process. The corresponding proteins were
expressed, purified and their biophysical properties character-
ised. How these selected sequences rescued folding ability and
stability of the disulfide-free protein was carefully examined by
using calorimetry and the results were interpreted with molec-
ular simulation techniques.
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tein.[18] In some cases, problems associated with disulfide
bonds have been circumvented: several approaches have been
used to develop intrabodies by using hyper stable immunoglo-
bulin domains[19] or Camelidae immunoglobulin domains,[20]


but these examples remain target- or cell specific.[21, 22] It has
been shown that in some cases disulfide bonds can be re-
moved, provided the loss of folding stability is at least partly
compensated by stabilizing amino acid substitutions elsewhere
in the structure.[18, 23] Systematic cysteine mutagenesis has been
suggested to find the best substitutions for the replacement of
a disulfide bond in BPTI.[24] However, it is unfeasible to apply
such an exhaustive approach to each protein scaffold. The use
of directed evolution presents the advantage of exploring an
enormous number of diverse sequences, which opens the
door to identifying novel solutions for disulfide bond replace-
ment. A directed evolution approach has been reported in a
limited number of cases: for an antibody fragment[25, 26] and for
the gene-3 protein of the filamentous phage, fd.[27] In both
cases, consensus solutions that compensated the loss of the
disulfide bond were found by using error-prone PCR, and thus
positions throughout the protein sequence were randomised.
However, it would be desirable to use a more targeted ap-
proach to finding disulfide bond replacement solutions.


NCS displays two disulfide bonds that are strictly conserved
in the enediyne chromoprotein family:[11] the disulfide bond
Cys37–Cys47, which is located in the chromophore binding
crevice, and Cys88–Cys93, which is located in a short loopACHTUNGTRENNUNGbetween two b strands (Figure 1).[28] Our previous attempts to


remove these disulfide bonds from wild-type NCS (NCS-wt) by
standard alanine mutations failed: the corresponding mutants
were either unexpressed or poorly expressed by using either a
periplasmic or cytoplasmic expression system in E. coli. This
suggested that simple replacement of either disulfide bond by
alanine residues destabilises the NCS structure. We thus decid-
ed to use directed evolution to remove the two disulfide
bonds of NCS by randomizing residues local to the corre-


sponding cysteines. This led to efficient and exhaustive explo-
ration of the sequence space and revealed several stable cys-
teine-free NCS variants. A simple generic approach was devel-
oped for this purpose to select mutations that are tolerated by
the protein architecture and which would not necessarily be
predictable by a rational approach.


Results


Design and construction of the library


As a starting point for the directed evolution approach, we
used the single-disulfide NCS-3.24 previously described.[14] Resi-
dues Cys37 and Cys47, which lie in the binding crevice, were
already substituted in this variant into tryptophan and tyrosine,
respectively, in the course of a previous directed evolution
study[14, 15] (Figure 1). Moreover this mutant presents a distinct
advantage over wild-type NCS for the selection of cysteine-free
NCS variants—its engineered testosterone-binding function.
This allows the selection of functional, and thus folded, pro-
teins by phage display. On the contrary, the NCS-wt binding
properties would not allow this approach because the natural
chromophoric ligand is highly unstable when not bound to
the protein and thus unsuitable for selection procedures.[29]


The NCS cysteine-free library (pHDiex-NCS-RdCys) was de-
signed and generated from the variant NCS-3.24. The two re-
maining cysteine residues (Cys88 and Cys93) are located in a
highly constrained six amino acid loop (CTTAAC). As the muta-
tion of the cysteine residues was likely to change the rigidity
and/or conformation of the short loop, we decided to random-
ize the six residues of the entire loop. Among the five known
homologues of NCS, Cys88 and Cys93 are strictly conserved
and the rest of loop 89–92 presents variability in sequence and
length.[11] The six positions were randomised with degenerate
codons VNN (V = A, C or G; N = A, C, G or T); this allowed the
presence of all amino acids except cysteine and its neighbours
TNN in the genetic code (Tyr, Trp, Phe). This mutagenesis
scheme theoretically codes for 1.7 � 107 different protein se-
quences. A library of 107 variants was cloned in the pHDiex-0
vector (see the Experimental Section and ref. [14]) by using
complementary degenerated primers, which created cohesive
ends compatible with restriction sites previously introduced in
the vector. Randomly picked clones from this naive library
were sequenced. Sixty percent were in the correct reading
frame with the expected variability, with no apparent bias in
amino acid composition for the randomised residues (data not
shown).


Selection and screening by phage display


General and direct selection for folded proteins remains an un-
solved issue.[30, 31] To bypass this problem, we chose to select
the protein variants of our library for their function, that is, tes-
tosterone binding, assuming that specific interaction of NCS
with testosterone only occurs when the protein is folded. Fur-
thermore, the remaining disulfide bond in NCS-3.24 (Cys88–
Cys93) is located relatively far from the testosterone binding


Figure 1. Crystal structures of NCS–ligand complexes. A) NCS-wt complexed
with its natural enediyne chromophoric ligand (PDB ID: 1nco).[28] B) Variant
NCS-3.24 complexed with two testosterone molecules (PDB ID: 2cbo).[15] Pro-
teins and their ligands are represented in light grey; b strands A to G are in-
dicated. The two disulfide bonds of NCS-wt are represented in black: Cys37–
Cys47 in the crevice binding site and Cys88–Cys93 in a constrained loop
before the F b strand. The variant NCS-3.24 displays only one disulfide bond
(Cys88–Cys93). The figure was prepared with PyMOL (http://www.pymol.org).
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site; thus in most cases its mutation should not directly inter-
fere with selection and the selected mutants should be both
folded and functional.


Selection was performed by phage display by using biotiny-
lated testosterone bound to streptavidin-coated magnetic
beads. After three rounds of selection, phage ELISA was used
to test the functionality of a sample of individual clones (36
clones for the second round and 36 clones for the third
round). After the second round of selection, two clones were
positive (2/36; 5.5 %) and after the third round, eighteen
clones were positive (18/36; 50 %). The increasing proportion
of positive clones by phage-ELISA was indicative of an efficient
selection procedure for testosterone binding, and thus for
folded proteins exposed on the phage surface.


Sequences of the selected clones


The sequences of the eighteen positive clones from the third
round of selection screened by phage-ELISA were analysed
(Table 1). None of the sequenced clones contained cysteine.
One nucleotide sequence was found three times (clone 55). Fi-
nally, sixteen different sequences were identified. The results of
the observed enrichment coupled with the sequence analysis
indicated that testosterone binding of a cysteine-free NCS ex-
posed on the phage surface was a functional selection power-


ful enough to select a variety of structural solutions among a
vast number of unfoldable sequences. A detailed analysis of
the sequences revealed consensus solutions for Cys88–Cys93
replacement (Table 1).


The redundant clone with the sequence Ala88 Thr Lys Thr
Val Thr93, seems to be favoured and also contains motifs con-
served in several other variants. Residues Ala88 or Thr89 are
present in thirteen variants, eight of which contain both. Basic
residues are present in eight sequences in position 90. The res-
idue Thr91 is present in six sequences and is associated with
Lys90 in four. The alternative for position 91 seems to be a his-
tidine residue, which is present in six sequences. Position 92 is
the most diversified. However, the presence of four sequences
with proline residues and three with glycine residues at this
position is to be noted as these amino acids are essentially
absent in the other positions. These residues are expected to
be favoured in constrained loop geometries. Finally, at posi-
tion 93 three families can be distinguished, one with either
Thr93 or Ser93 (nine variants), one with Met93 (four variants),
and the last with Asn93 (two variants), which can be thought
of as possessing the polar properties of serine and threonine
and the steric properties of methionine. We also note that the
cysteine pair Cys88–Cys93 is replaced by the exclusive associa-
tions of Met93 with Ala88 and Asn93 with Thr88, while Thr/
Ser93 is associated with Val, Thr or Ala88.


Table 1. Sequences of the selected clones after functional selection and cytoplasmic expression screening.


Screen[a] Clone DNA sequence Protein sequence[b] Solubility[c] Binding[d]


VNN VNN VNN VNN VNN VNN 88 89 90 91 92 93


Periplasmic screen


51 GCA ACA ACA AAT GAA ATG A T T N E M
52 GCG ACA AAA ACG GTA AGC A T K T V S + +


53 GCA CGG AAA GTA CCC AGT A R K V P S +


54 ACC GAG GCA GTG CCA AAC T E A V P N
55 GCC ACC AAA ACC GTG ACG A T K T V T + +


56 GCA ACG CAC CAC AAA ATG A T H H K M
57 GCA ACT CGG CAC GTA AGT A T R H V S
60 GCC ACA ATC CAT CCA GTA A T I H P V + +


61 GCG ACA CAA CAC CAG ATG A T Q H Q M + +


62 ACA AGC AAG ACG GGA AGT T S K T G S –
63 ACC ACA ACG ACA ATA AAC T T T T I N + +


64 GTG ACA GAT CTG GTA ACC V T D L V T + +


66 GTT GGG AAA ACA GGG AGC V G K T G S –
67 GCT GAT ATA ACG GGG ACT A D I T G T –
68 GCT GAG AAA CAT CCT ATG A E K H P M + +


69 GCA ACA AAA CAC CAT ACC A T K H H T
Consensus A T K/R T/H X S/T


Cytoplasmic screen


A6 GCT ACA AGG ACT CAA ACG A T R T Q T + +


A7 GCG CGG CGA ACA GCG AAT A R R T A N –
C7 GCA AAT AAG GTT CCC ATG A N K V P M + +


C8 GCA ACC GAA AGT GAA ATG A T E S E M + +


D7 GCG ACA ATA GTA CCG ACG A T I V P T –
D10 GCG ACC CGG GTC GAA ACG A T R V E T –
E8 GCA ACA GCA CAT GAG ATG A T A H E M + +


Consensus A T X X E/Q M
NCS-3.24 TGC ACC ACC GCG GCA TGC C T T A A C – +


[a] The periplasmic screen was performed by phage-ELISA and the cytoplasmic screen was performed by CoFi blot on the DOmpT clones. [b] Amino acids
found with a strong consensus (�60 % of the sequences) are indicated in bold; amino acids found with a moderate consensus (40–60 %) are underlined.
[c] Solubility was assessed by Western blot analysis after expression in liquid cultures at 30 8C for the periplasmic screen and at 37 8C for the cytoplasmic
screen. [d] Binding of the purified proteins was tested by ELISA for their ability to bind immobilized testosterone.
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Periplasmic expression of the selected variants


Certain proteins, such as antibody fragments, are occasionally
expressed in folded and functional form at the low level re-
quired for display on a phage particle, but the same proteins
can be unfolded or insoluble when expressed at high concen-
tration in bacterial culture.[32, 33] In order to directly evaluate the
expression and folding properties of the selected proteins,
eleven NCS variants were chosen with the different pairs of
residues 88–93 identified through the sequence analysis. The
same conditions used for the selection procedure were em-
ployed: production at 30 8C in the periplasmic space of E. coli.
Among the eleven proteins produced, eight were expressed in
soluble form as shown by Western blot analysis (Table 1) and
seven could be purified with a yield of 2 to 5 mg per litre of
culture. Among these seven variants, no apparent bias for pre-
ferred consensus mutations could be detected. An ELISA ex-
periment performed with the seven purified proteins revealed
that all seven variants were clearly still able to specifically bind
testosterone (Table 1). The observed signal was similar for NCS-
3.24 and for all mutants: soluble testosterone (100 mm or 1 mm


THS) competed with immobilised testosterone in a dose-
dependent response for binding the NCS variants. Clone 52
(named hereafter NCS-C52), which displays a sequence close
to the consensus, was the best expressed in periplasm and
was chosen for further characterisation along with certain
other clones described below.


Taken together, these results show that a range of different
cysteine-free NCS variants, with distinct consensus sequence
elements, can be obtained by directed evolution. After three
rounds of selection, 50 % of the clones were positive for testos-
terone binding by phage ELISA, and 63 % of those variants
could be exported to the periplasm of E. coli and obtained as
pure, soluble and functional proteins. These new variants were
further screened for their cytoplasmic expression properties.


Screening for cytoplasmic expression


As we have demonstrated that NCS is tolerant to the removal
of its two disulfide bonds by directed evolution, the cysteine-
free variants are potentially well suited for the development of
intracellular applications. In order to find the most soluble var-
iants expressed in the bacterial cytoplasm, the clones obtained
after the third round of phage display selection were trans-
ferred into a cytoplasmic expression format.


The periplasmic export sequence (OmpT) was removed from
the pool of phagemids obtained after the third round of selec-
tion. The resulting sublibrary contained 106 clones. We as-
sumed that no bias was introduced in this step and that diver-
sity of this sublibrary reflected diversity obtained after the se-
lection process. No periplasmic export sequence could be de-
tected by a restriction analysis of this DNA population. This
sublibrary (pCytex-NCS-RdCys) was further screened for cyto-
plasmic expression at 37 8C in the E. coli strain BLR ACHTUNGTRENNUNG(DE3)pLysS.
While periplasmic proteins were previously expressed at 30 8C,
cytoplasmic expression was performed at 37 8C. As high tem-
perature increases protein aggregation, this more stringent


screening condition was chosen to isolate stable soluble
clones. Furthermore, with the aim of developing intrabody ap-
plications we chose to select folded NCS scaffolds at the usual
growth temperature (37 8C) for diverse cell types.


A sample of 60 individual clones was grown in a 96-well
matrix plate. This matrix was replicated on agar plates, and the
colonies were screened for total expression by a colony lift
assay,[34] and for soluble expression by a colony filtration blot
(CoFi blot ; Figure 2).[35, 36] For these two methods, the proteins


recovered on the nitrocellulose filter were revealed by fluores-
cent immunodetection of the C-terminal His-tag (see the Ex-
perimental Section). The colony lift experiment indicated that
96 % (58/60) of the screened colonies expressed the cytoplas-
mic protein (Figure 2 A). This technique, however, while allow-
ing elimination of unproductive clones, does not discriminate
between soluble and insoluble expression. With the CoFi blot,
soluble expressed proteins are specifically revealed. The CoFi
blot experiment revealed that 13 % (8/60) of the sample were
over-expressed as soluble proteins (Figure 2 B). The eight posi-
tive clones (Figure 2 C) from the CoFi blot were sequenced;
two were identical (C7 and C10).


The sequence of these seven variants revealed a strong con-
sensus with an alanine in position 88 for all variants, a threo-
nine in position 89 for five variants, and in position 93 either a
methionine or a threonine (Table 1). Positions 90 to 92 were
more variable but charged residues were found six times in
position 90. These consensus mutations (Ala88, Thr89, Thr93 or


Figure 2. Screening for cytoplasmic expression of the cysteine-free NCS var-
iants. Screening by: A) colony lift, and B) CoFi blot experiments followed by
fluorescent detection of the His-tag. Colony lift detects total protein expres-
sion and CoFi blot detects soluble proteins expressed at 37 8C and filtered
after a lysis step. C) Composition of the matrix plate used for the colony lift
and CoFi blot experiments. The grey wells contained the screened clones of
the library. The wells named “C-3.24” contained NCS-3.24 expressed in the
cytoplasm, “P-3.24” contained NCS-3.24 expressed in the periplasmic com-
partment (soluble), “C-Ank” contained a highly soluble cytoplasmic protein
as a positive control (ankyrin), “C-D” contained a deleted NCS-3.24 used as a
negative control for cytoplasmic expression. Positive clones obtained from
the CoFi blot experiment after analysis of the signal intensity are represent-
ed in the grey wells.


1352 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1349 – 1359


P. Minard et al.



www.chembiochem.org





Met93) found here after the cytoplasmic expression screen,
had also been found after the periplasmic expression screen
by phage display (Table 1). However, while the mutation
Cys93Met was only found in 22 % of the clones after the first
screen, it represented 42 % of the clones after the cytoplasmic
screen.


In order to validate the CoFi blot results, the expression of
the seven different positive clones was tested at 37 8C in liquid
culture (Table 1). The total cellular extracts and soluble frac-
tions were analysed by Western blot. One variant was weakly
expressed (NCS-D10), two were expressed but weakly soluble
(NCS-A7, NCS-D7) and four were expressed and mainly present
in the soluble fraction (NCS-A6, NCS-C7, NCS-C8, NCS-E8; data
not shown). Among these four soluble variants, the mutation
Cys93Met was found three times. These four variants were fur-
ther characterised in order to evaluate the effect of disulfide
bond removal on the structure and stability of the NCS scaf-
fold.


Functional and structural assessment of the selectedACHTUNGTRENNUNGmutants


The four soluble cytoplasmic variants (named hereafter NCS-
A6, NCS-C7, NCS-C8, NCS-E8), the periplasmic variant (NCS-
C52), the only rational mutant we could purify (Cys88Ala–
Cys93Ala named hereafter NCS-wt-D2) and the NCS-wt and
NCS-3.24 proteins were produced and purified for further char-
acterisation.


An ELISA experiment clearly showed that all four cytoplas-
mic soluble variants were still able to bind testosterone specifi-
cally (Figure 3). No signal was observed in the absence ofACHTUNGTRENNUNGimmobilised testosterone. Soluble testosterone competed with
immobilised testosterone for the binding of each purified pro-
tein. The efficiency of the competitor was similar for each var-
iant and for the protein NCS-3.24; this indicates that the affini-
ties were in the same range.


Disulfide bond removal could induce a loss in ligand affinity
as reported for the intrabody VL12.3, which is a potential inhib-
itor of huntingtin aggregation in Huntington’s disease.[26] To
demonstrate quantitatively that affinity was maintained in our
binding selections, we performed isothermal titration calorime-
try (ITC) experiments for the protein variants NCS-wt, NCS-3.24
and NCS-E8 (Figure 4). These experiments were performed by


using the same biotinylated testosterone exposed on streptavi-
din as in the selections. No binding signal was observed for
NCS-wt whereas binding signals were observed with NCS-3.24
and NCS-E8. Also, no binding signal was observed when these
proteins were mixed with streptavidin alone; this indicates
specificity for testosterone binding. The titration curve indicat-
ed a stoichiometry of two NCS molecules bound per streptavi-
din tetramer. This result is consistent with our previously pub-
lished structural study showing that one NCS protein binds
two testosterone molecules exposed on each side of the strep-
tavidin tetramer.[15] Dissociation constants measured in solution
were (1.9 � 10�6) m and (2.6 � 10�7) m for NCS-3.24 and NCS-E8,
respectively; this indicates that the disulfide-free evolved
mutant NCS-E8 preserved, and even improved, its ability to
bind testosterone. This result is consistent with the selection
procedure as disulfide-free mutants were selected for testoster-
one binding.


To ensure that the mutations did not significantly modify
the protein structure, the recombinant proteins were further
characterised by circular dichroism. CD spectra were recorded
for NCS-wt, NCS-3.24 and different mutant proteins under
identical conditions at 25 8C (Figure 5 A, B). All spectra have
similar shapes and display the characteristic signal of an all
b protein with a maximum at 195 nm and minimum at
210 nm. The spectra also showed the positive contribution at
approximately 223 nm, which is specific to apo-NCS and has


Figure 3. Testosterone binding of cytoplasmic NCS variants. The purified pro-
teins (50 nm) were tested by ELISA for their ability to bind to immobilised
testosterone in the absence (black) and in the presence of 100 mm (dark
grey) and 1 mm (light grey) free testosterone hemisuccinate (THS), and to
bind to the ELISA plate in the absence of immobilised testosterone (control ;
white). The fraction of residual binding signal is represented after back-
ground correction and normalisation. Average absorbance for two experi-
ments is represented.


Figure 4. Microcalorimetric titration of testosterone binding with NCS-E8,
NCS-3.24 and NCS-wt. The reaction cell was loaded with a solution contain-
ing 10 mm streptavidin tetramer complex saturated with biotinylated testos-
terone. Injections of 2 mL of 150 mm NCS-E8 (~), NCS-3.24 (*) and NCS-wt (&)
were carries out every 150 s from a 40 mL syringe. Control experiments were
performed by injecting either NCS-3.24 (not shown) or NCS-E8 (~) into a cell
containing streptavidin (10 mm) alone. The solid line is the curve fit to the
data by the Origin program. This fit yields values for Kd and stoichiometry.
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been reported to represent “no typical” secondary struc-
ture.[17, 37, 38] These data indicate that the mutations induced
little change in the conformation of the protein. For all mu-
tants, the positive contribution at 223 nm is significantly
higher than that observed with NCS-3.24 for which loop 88–93
was not modified and slight differences between the mutants
were observed in this region. This strengthens the hypothesis
according to which this positive contribution is related to this
loop but not to the disulfide bond itself.


Thermal stability of selected mutants compared to NCS-3.24
and NCS-wt


Differential scanning calorimetry (DSC) was used to analyse the
thermal stability of the selected mutants compared to that of
NCS-wt, NCS-3.24 and the rational mutant NCS-wt-D2 (Fig-
ure 5 C). The unfolding of the wild-type protein resulted in a
transition peak centred at 69.3 8C (Table 2). When analysed by
a single-transition model, a DHvH/DHcal ratio of 0.96 was ob-
tained; this suggests a two-state model[39] with a calorimetric
enthalpy DHcal of 111 kcal mol�1. The unfolding of NCS-3.24ACHTUNGTRENNUNGresulted in a transition peak centred at 62.4 8C. The loss of the
first disulfide Cys37–Cys47 (along with accompanying hapten-
binding mutations) was thus seen to decrease the melting
temperature by approximately 7 8C. This shift was accompa-
nied by a decrease in the denaturation enthalpy to 73.7 kcal
mol�1.


For the five disulfide-free mutants obtained from NCS-3.24
with our targeted directed evolution approach, an additional
decrease in the melting temperature was observed, with a
shift comprised between 6 and 11 8C compared to NCS-3.24.
Except for the NCS-C7 mutant, the DHvH/DHcal ratios were
again near unity; this suggests a two-state model as for the
wild-type protein. Moderate decreases in denaturation enthal-
py were observed for these mutants compared to NCS-wt
(74.5 to 101.4 kcal mol�1 vs. 111 kcal mol�1 for NCS-wt). A
second scan of each sample performed after cooling showed
that we recovered 10–40 % of the enthalpy for all the tested
disulfide-free mutants. No reversibility was observed for NCS-
3.24.


For comparison, NCS-wt-D2, which was the only rational
mutant that could be purified, was much more unstable than
the mutants obtained by directed evolution. The decrease of
melting temperature (Tm) was about 19 and 26 8C compared to
NCS-3.24 and NCS-wt, respectively. An asymmetrical transition
was also observed for this mutant, the denaturation enthalpy
decreased significantly (46.5 kcal mol�1 vs. 73.7 kcal mol�1) and
the ratio DHvH/DHcal was 1.9; this suggests that aggregation
occurs. For this mutant 66 % reversibility was obtained.


The thermal stability of the four soluble mutants identified
after expression in the most stringent conditions (cytoplasmic
expression) is in the same range as the thermal stability of the
mutant NCS-C52 obtained after periplasmic expression (Tm


55.9 8C for NCS-C52 and 56.2 8C for NCS-E8). It is remarkable to
note that all the mutants expressed as soluble proteins also
presented partial reversibility upon thermal denaturation, con-
trary to NCS-3.24 for which thermal denaturation was fully ir-ACHTUNGTRENNUNGreversible. The propensity of the selected proteins to resistACHTUNGTRENNUNGaggregation during denaturation suggests that the procedure
used here has selected against aggregation-prone folding in-
termediates.


Molecular simulations of NCS-E8 compared to NCS-3.24


We selected the NCS-E8 mutant, which exhibited a high stabili-
ty and degree of cytoplasmic expression, for interpretation
using molecular modelling and simulation. A homology-mod-


Figure 5. Biophysical properties of the NCS variants assessed by CD and
DSC. A) CD spectra of the NCS variants -wt, -wt-D2, -3.24 and the mutant
-E8 obtained by directed evolution; B) CD spectra of the NCS variants -E8,
-A6, -C7, -C8 and -C52 obtained by directed evolution; C) DSC traces of the
NCS variants -wt, -wt-D2, -3.24, -E8 and -C52.
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elled structure of NCS-E8 was obtained by using NCS-3.24
(PDB ID: 2cbm) as a template (95 % identity). Molecular dynam-
ics (MD) simulations were used to validate this model and to
obtain structural insights into this example of a solution toACHTUNGTRENNUNGdisulfide replacement, and compared with results obtained for
NCS-3.24 with the original disulfide bond.


MD of the NCS-3.24 structure provided residue mobilities
that correlated well with measured NMR spectroscopy order
parameters for NCS-wt;[40] in particular, the region of highest
mobility was confirmed to be the FG loop bordering the bind-
ing cavity.[16] The modelled protein NCS-E8 behaved very simi-
lar to NCS-3.24, judging by root mean square (rms) Ca distan-
ces from the starting structure of (1.4�0.2) � in both cases
and nearly identical Ca fluctuation profiles (data not shown).
Overall, these results suggest that the modelled NCS-E8
mutant has dynamic properties that are similar to those of the
starting NCS-3.24 and the wild-type protein.


In NCS-E8, the mutated loop region exhibited no additional
fluctuation compared to NCS-3.24 in which the loop is con-
strained by the disulfide bond. In the modelled structure,
Met93 appears to act as a flexible anchor for beta strand F.
Throughout the simulations, the methionine side chain was
found principally in an extended conformation, which closely
approximated the geometry of the original disulfide bond. In
this conformation Met93 atoms Cb, Cg and Sd in NCS-E8 occupy
positions that superpose nearly exactly on their respective
counterparts Cys93-Cb, Cys93-Sg and Cys88-Sg in NCS-3.24, such
that the Sd of Met93 is in van der Waals contact with the Cb of
Ala88 (Figure 6). The geometry of the arrangement is also con-
sistent with favourable interactions of the Met Sd with nucleo-
philes and electrophiles highlighted in statistical analyses of
protein structures.[41]


Discussion


The role of disulfide bonds in protein structure, stability and
folding is often crucial but differs from protein to proteinACHTUNGTRENNUNGdepending on chain orientation, accessibility and electrostaticACHTUNGTRENNUNGenvironment.[18] In addition, disulfide bonds complicate the
design of protein scaffolds intended to be functional in various
redox environments. How ACHTUNGTRENNUNGever, the payoff for developing such


scaffolds is substantial, including
in particular the possibility of de-
veloping targeting vectors for
therapeutic applications or intra-
bodies for studying fundamental
molecular processes in the cell.
In this work our goal was to
create such a scaffold, with the
specific objective of obtaining
soluble and stable NCS mutants
in the reducing environment of
the cytoplasm. Wild-type NCS
binds its natural ligand very
tightly and some other com-


pounds with lower affinity;[11, 42] the range of compounds po-
tentially bound by the protein can also be extended by engi-
neering its natural crevice.[14] Indeed, NCS variant 3.24 has al-
ready been engineered to bind a new ligand (testosterone)[14]


and is well-suited to screening for folded proteins. Only oneACHTUNGTRENNUNGdisulfide bond (Cys88–Cys93) remains in this variant; we have
used directed evolution to find viable solutions for a cysteine-
free scaffold.


Table 2. Thermodynamic parameters of the heat denaturation of the NCS variants monitored by DSC.


NCS
variant[a]


No. of
disulfide bonds


DHcal


[kcal mol�1]
DHvH


[kcal mol�1]
Tm


[8C]
DHvH/DHcal Recovery in


2nd scan [%]


wt 2 111 107 69.3 0.96 97
3.24 1 73.7 79.4 62.4 1.07 0
E8 0 88.4 99.1 56.2 1.12 40
C7 0 56 109 55.2 1.94 26
A6 0 94.4 88.6 52.3 0.94 10
C8 0 101.4 92.9 51.8 0.92 36
C52 0 74.5 57.3 55.9 0.77 24
wt-D2 1 46.5 88.2 43.2 1.90 66


[a] Variants E8, C7, A6 and C8 were screened for their cytoplasmic soluble expression. The variant NCS-C52 was
screened by phage-ELISA for testosterone binding. The variant wt-D2 (Cys88Ala–Cys93Ala) is the only rationally
engineered mutant presenting enough stability to be expressed and purified.


Figure 6. Structure of NCS-3.24 superimposed on that of the modelled
mutant NCS-E8, showing the mutated disulfide bond. Structures are dis-
played in a line representation for NCS-4.24 and ball-and-stick representa-
tion for NCS-E8. Mutated residues Ala88 and Met93 are shown in the princi-
pal conformation observed in the molecular dynamics simulations. The bind-
ing cleft is at the top of the figure, with the immunoglobulin-like domain to
the left. The side chain of Gln36 is indicated for both structures. The van der
Waals spheres of the Met93 d sulfur and the Ala88 b carbon are shown as
semitransparent surfaces. The last two residues of the protein are omitted
for clarity; the figure was prepared with VMD.[51]
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Rational engineering versus directed evolution for disulfide
bond replacement


Disulfide bond replacement can be approached either by ra-
tional engineering or by directed evolution techniques. In prac-
tice, the rational approach often defaults to substituting one
or both cysteines by small hydrophobic residues, as it is not a
trivial problem to predict mutations that allow compensation
of the energetic and structural properties of disulfide bonds.
When this approach was applied to the NCS-wt and NCS-3.24
scaffolds, the mutants Cys88Ala–Cys93Ala were either not or
poorly expressed. The only mutant we could purify (NCS-wt-
D2) was destabilised by more than 25 8C in terms of Tm. Resi-
dues Cys37–Cys47, located in the ligand-binding crevice, could
not be replaced by alanines at all : all rational mutants carrying
these mutations were unexpressed. These results highlight the
context dependent role of disulfide bonds.


Directed evolution, on the other hand, allows a large region
of the sequence space to be explored in parallel and favours
the discovery of novel solutions. A key point in a directed evo-
lution approach to disulfide bond replacement is the necessity
to select folded variants from a random library. While in gener-
al such a folding selection is still an unsolved problem, func-
tional selection (e.g. , binding or catalysis) is much easier. The
natural binding function of NCS-wt was useless for such a pur-
pose, because of the high instability of the natural ligand; so
we exploited the variant NCS-3.24, which had been evolved to
bind a more convenient ligand.[14] The location of the disulfide
bond targeted for replacement (Cys88–Cys93) allowed ran-
domisation of the disulfide bond and the selection of folded
proteins with binding functions essentially intact.


Stringency of cytoplasmic expression


The selection process used in our work combines a function-
plus-folding selection of disulfide-free mutants based on peri-
plasmic expression (phage display) and a screening step for cy-
toplasmic expression. Three rounds of functional selection led
to a diverse population of well-folded variants with good ex-
pression properties in the periplasm. After transfer to a cyto-
plasmic expression system, the percentage of soluble clones
and the diversity of adapted sequences decreased dramatically.
These results suggest that only a subset of the mutants select-
ed on phage particles are also able to fold efficiently in the cy-
toplasm. Thermal denaturation of all soluble clones from the
periplasmic and cytoplasmic screens is partially reversible, and
their thermal stabilities are in the same range. This suggests
that additional selection pressures could be acting in cytoplas-
mic expression that would be not directly related to thermal
stability but rather to folding and misfolding pathways.[43]


Indeed, cytoplasmic expression can lead to very high ex-
pressed protein concentrations, while in periplasmic expression
NCS mutants are exported to the periplasm for folding and
then secreted into the extracellular medium where protein
concentration is very low.


Mutations selected in the disulfide-free NCS mutants


Using three rounds of phage display selection, we identified
several solutions to replacing the Cys88–Cys93 disulfide bond
on the NCS scaffold. The constrained structure of the loop de-
fined by this bridge is probably important for folding but
viable solutions can be obtained without the associated disul-
fide bond. However, as seen by the need for several selection
rounds, clearly not all amino acid sequences are compatible
with the disulfide-free loop. The solutions for the replacement
of disulfide 88–93 exhibited consensus signals, which are, as
expected, stronger for buried positions (88 and 93) than for
solvent-exposed positions (89 to 92). Solvent exposed posi-
tions 89, 90 and 92 accept mainly polar or charged residues.
The NMR structure of NCS-wt (PDB ID: 2g0k)[42] shows H-bond
networks between residues in this loop and their neighbours.
Concerning position 91, no charged residue was observed in
sixteen sequences; this suggests that such a residue destabilis-
es the structure. According to the modelled structure of NCS-
E8, the conformation of the side chain at this position (His91)
masks a buried hydrophobic side chain (Val86) while interact-
ing with polar groups of the main chain. Such a conformation
would not be adopted by a charged side chain, which would
be most favoured when extended into the high dielectric
medium of the solvent. Other residues seen at this position
(Thr, His, Val, Asn, Leu) in the mutant proteins also suggest the
importance of masking a hydrophobic patch that would other-
wise be exposed.


In the two cysteine positions 88 and 93, we observed a
strong consensus for Ala88 combined with a polar residue or a
methionine in position 93. Alanine is a small, surface-compati-
ble residue without the high flexibility that would be conferred
by a glycine. In position 93, the model of NCS-E8 suggests that
the methionine acts as an anchor for the long b strand, F, in
the absence of the wild-type disulfide link. The anchoring of
strand F, one end of which participates in the “thumb” struc-
ture and the other in the b barrel, could be essential to main-
taining the structural integrity of the NCS scaffold itself. An ad-
ditional role for such an anchor might be to simply fix the ge-
ometry of the binding pocket—if this strand were too flexible
in the unbound state, ligand binding would be corresponding-
ly burdened by an unfavourable entropic contribution. Of the
naturally occurring amino acids, methionine is well-adapted to
playing the role of such an anchor thanks to its linear topolo-
gy, which allows it to maintain packing in the protein interior.
Further, the Met sulfur would appear to satisfy electrostaticACHTUNGTRENNUNGinteractions in the protein interior made by the disulfide that
could play a role in stability.[41] The asymmetric pair Met–Ala
thus appears to mimic the disulfide bond and could constitute
a generic suggestion for disulfide replacement.


Conclusions


A major goal of the current work was to evolve NCS into a di-
sulfide-free polyvalent scaffold suitable for cytoplasmic expres-
sion. A key aspect of our approach was to exploit an evolved
binding function in this protein to allow us to select well-ex-
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pressed and stable molecules. The strategy we have demon-
strated, while not a folding selection per se, could nevertheless
be used to select for structure- and stability-related targets for
any protein presenting a natural or engineered binding func-
tion.


Experimental Section


Construction of the library : All constructs were prepared by using
the phage display and expression vector pHDiex previously de-
scribed.[14] The NCS-3.24 gene was cloned between the restriction
sites NotI and HindIII. A MluI restriction site is located in posi-
tion 272 of the gene. An NCS-deleted vector pHDiex-0 was ob-
tained by replacing the fragment of the NCS-3.24 gene MluI–
HindIII by a small cassette containing the restriction site SmaI. This
vector pHDiex-0 was further used as a negative control for protein
expression.


The library was constructed by cloning a degenerated cassette
with cohesive ends compatible with the MluI and HindIII restriction
sites into pHDiex-0. The cassette was generated with three oligo-
nucleotides: a degenerate oligonucleotide randomizing the protein
sequence Cys88 Thr89 Thr90 Ala91 Ala92 Cys93 “NCS-Dcys-rd”
(CGC GCT GGG GAA CTG TGG ACV NNV NNV NNV NNV NNV NNC
AGG TGG GCT TGA GTG ATG CAG CAG GCA ACG GAC CCG AAG
GTG TGG CAA TC) and two nondegenerate oligonucleotides gener-
ating the cohesive extremities of the cassette “O1” (AGC TGA TTG
CCA CAC CTT CGG GTC CGT TGC CTG CTG CAT CAC TCA AGC CCA
CCT G) and “O2” (GTC CAC AGT TCC CCA G). The oligonucleotides
were hybridised and ligated in linearised pHDiex-0 vector (1 mg).
The resulting ligation product was digested with SmaI to eliminate
background arising from the initial pHDiex-0 vector, purified on a
Qiagen column and finally electroporated into the E. coli Xl1 Blue
MRF’ strain; this yielded a library of 107 clones (pHDiex-NCS-
RdCys). The randomized region remained single stranded in vitro
but was corrected into double-stranded DNA in vivo by bacterial
polymerases after the electroporation step.


Phage display selection : The XL1 Blue MRF’ bacteria from the
phagemid library were infected with the helper phage M13KO7
(New England Biolabs) and phages were allowed to replicate, over-
night, at 30 8C. Culture supernatants were precipitated with PEG
(20 % PEG 6000, 2.5 m NaCl) and solubilised in TBS (20 mm Tris-HCl,
pH 7.5, 150 mm NaCl). The phage library was panned by using
streptavidin magnetic beads (Roche Diagnostics) coated with bio-
tinylated testosterone (Sigma) essentially as described.[14] For the
three rounds of selection, 1013 phages were incubated for 1 h in
TBST (20 mm Tris-HCl, pH 7.5, 150 mm NaCl, 0.1 % Tween 20) with
the bead suspension (50 mL) in a total volume of 1 mL. Unbound
phages were removed by washing eight times in TBST. Bound
phages were eluted with glycine (0.1 m, pH 2.4) and neutralised
with Tris-HCl (1 m, pH 7.4). Exponentially growing XL1 Blue MRF’
cells were infected with the eluted phages and spread onto 2YT
plates containing glucose (1 %, w/v) and ampicillin (200 mg mL�1).
The recovered bacteria were further used for the following selec-
tion round.


Screening for testosterone binding by phage ELISA : Individual
clones obtained after the second and third selection rounds were
screened for testosterone binding by phage ELISA. Individual colo-
nies from these two selection rounds were randomly picked and
grown, overnight, at 37 8C in a 96-well microplate in 2YT (150 mL)
containing ampicillin (200 mg mL�1), tetracycline (12 mg mL�1) and
glucose (1 %). This master plate of clonal culture in the E. coli strain


XL1 Blue MRF’ was used as a preculture plate for phage production
and as a matrix stored at �80 8C in the presence of glycerol (20 %).
Exponentially growing cells (100 mL) were infected for 1 h at 37 8C
with 1010 particles of helper phage M13KO7 and transferred into
2YT (1.5 mL) containing ampicillin (200 mg mL�1) and kanamycin
(50 mg mL�1) in a deep-well culture plate (ABgene). The phage par-
ticles were produced, overnight, at 30 8C. Phage ELISA was per-
formed as described by using the phage supernatant for each well
(100 mL).[14] A Maxisorp ELISA plate (Nunc) was coated with strepta-
vidin–biotinylated testosterone complex.[14] Bound phages were re-
vealed with a horseradish peroxidase conjugated anti-M13 mono-
clonal antibody (Amersham) and detected at 450 nm by using BM
Blue POD as a substrate (Roche Diagnostics) after the addition of
H2SO4.


Deletion of the periplasmic export sequence : The vector
pHDiex[14] contains the periplasmic export presequence OmpT,
which allows phage surface exposure and periplasmic expression
of the proteins. For the cytoplasmic expression screening, the pre-
sequence OmpT was deleted from the pHDiex vector library ob-
tained after the third round of selection. The pool of phagemids
was digested with NdeI and NotI successively and purified on a
Qiagen column. A cassette with cohesive ends compatible with
the digested phagemid was generated by annealing the two pri-
mers “strep-rev” (GGC CGC TTT CTC GAA CTG AGG ATG AGA CCA
CGC CA) and “strep-sens” (TAT GGC GTG GTC TCA TCC TCA GTT
CGA GAA AGC). The cassette was ligated into the vector by using
T4 DNA ligase. The ligation product was digested by AvrII, purified
and electroporated into the E. coli Xl1 Blue MRF’ strain to yield the
pCytex-NCS-RdCys sublibrary for cytoplasmic expression.


The same procedure was performed with individual pHDiex phage-
mids (pHDiex-0 and NCS-3.24) to result in the pCytex-0 and
pCytex-NCS-3.24 vectors used for the cytoplasmic expression tests.


Screening for cytoplasmic expression : The pCytex-NCS-RdCys li-
brary was transformed in the E. coli strain BL21-DE3-plysS. Individu-
al colonies were randomly picked and grown at 37 8C, overnight,
in a 96-well microplate in 2YT (100 mL) containing ampicillin
(200 mg mL�1) and glucose (1 %). Glycerol (20 %) was added in each
well and the plate was stored at �80 8C. This master plate was
used as a matrix for the cytoplasmic expression screening experi-
ments (colony lift and CoFi blot).


Colony lift : The master plate was replicated on a 2YT agar plate
containing ampicillin (200 mg mL�1) and glucose (1 %). After incuba-
tion at 37 8C, overnight, colonies were transferred onto a nitrocellu-
lose membrane. The membrane was placed, with colonies facing
up, on a 2YT agar plate containing ampicillin (200 mg mL�1) and
IPTG (500 mm) and bacteria were grown at 37 8C for 4 h. The nitro-
cellulose membrane was recovered, washed with water to elimi-
nate the bacteria blocked with TBS-Tween (0.1 %) before the detec-
tion step (see below). No lysis step was performed at this stage;
the NCS mutants are probably toxic in the cytoplasm at high con-
centration and might trigger bacterial lysis.


CoFi blot : This was performed as described.[35, 36] The master plate
was replicated on a 2YT agar plate containing ampicillin
(200 mg mL�1) and glucose (1 %). After incubation at 37 8C, over-
night, colonies were transferred onto a Durapore filter (0.45 mm;
Millipore). The filter was placed, with the colonies facing up, on a
2YT agar plate containing ampicillin (200 mg mL�1) and IPTG
(500 mm) and protein expression was induced at 37 8C for 4 h. The
filter was placed on top of a nitrocellulose filter and a sheet of
3 MM Whatman paper presoaked in lysis buffer (20 mm Tris-HCl.
pH 7.5, 150 mm NaCl, 0.2 mg mL�1 lysozyme, 100 U benzonase (No-
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vagen), and one complete EDTA-free protease inhibitor cocktail
tablet (Roche) in 50 mL buffer). The “filter sandwich” was incubated
at 25 8C for 30 min and lysis was continued with three freeze-thaw
cycles (10 min at �80 8C and 10 min at 37 8C). The nitrocellulose
membrane was removed from the sandwich and treated as with
the colony lift membrane before analysis.


Protein detection : Expressed proteins were immunodetected on
nitrocellulose filter with a mouse anti-His antibody (Qiagen) fol-
lowed by an AlexaFluor 680 labelled anti-mouse antibody (Molecu-
lar Probes). Fluorescence detection was performed by using the
Odyssey� Infrared Imaging System (Li-Cor) with excitation at
680 nm and emission at 700 nm. Positive clones were detected by
using a quantitative fluorescence signal analysis.


Expression and purification of the selected variants : E. coli BLR-ACHTUNGTRENNUNG(DE3)pLysS strain (Novagen) was used as expression host for NCS
mutants. Periplasmic expression was performed at 30 8C for 36 to
48 h in 2YT medium in the presence of ampicillin (200 mg mL�1).
Under these conditions the proteins were efficiently secreted and
purified as previously described.[15]


For cytoplasmic expression, E. coli cells transformed with the
pCytex-NCS vectors were grown at 37 8C in 2YT medium (1 L) to
which ampicillin was added (200 mg mL�1). When the OD600 reached
0.7, protein expression was induced with IPTG (0.5 mm) for 4 h.
Bacterial pellets were suspended in phosphate buffer (50 mm,
pH 7.9) submitted to three freezing/defreezing cycles and treated
with lysozyme and benzonase for 30 min. After centrifugation, the
His-tagged protein was purified from supernatant by using nickel
affinity chromatography (Ni-NTA-agarose, Qiagen) followed by size-
exclusion chromatography (Hiload 16/60, Superdex 75).[15] For each
mutant protein, purity of the final sample was checked with an
overloaded SDS-PAGE gel, which had to show one well-resolved
band with no visible contamination.


ELISA analysis : The functionality of the purified proteins was
checked by ELISA as described[14] with 50 nm protein. A Maxisorp
ELISA plate (Nunc) was coated with streptavidin–biotinylated tes-
tosterone complex. Bound proteins were detected with an anti-
His6-tag horseradish peroxidase conjugated monoclonal antibody
(Roche Diagnostics). TBS, streptavidin and BSA coated wells were
used as negative controls. Proteins were also incubated in the
presence of a free competitor (100 mm and 1 mm testosterone
hemisuccinate (THS)) to check the specificity of the testosterone
binding.


Isothermal titration microcalorimetry : ITC experiments were per-
formed at 25 8C with an ITC 200 isothermal titration calorimeter
(Microcal). Aliquots (2 mL) of NCS variant (150 mm ; NCS-wt, NCS-
3.24 or NCS-E8) were injected from a computer-controlled micro-
syringe (40 mL) at intervals of 150 s into a solution of streptavidin–
biotinylated testosterone complex (10 mm streptavidin tetramer,
50 mm biotinylated testosterone, cell volume 200 mL) that was
stirred at 1000 rpm. All solutions were prepared in the same buffer
containing sodium phosphate (50 mm) and ethanol (0.83 %). Con-
trol experiments were performed by injecting either NCS-3.24 or
NCS-E8 into a cell containing streptavidin alone (10 mm). Experi-
mental data were fitted to a theoretical titration curve by using
Origin� software (MicroCal�). This fitting uses the relationship be-
tween the heat generated by each injection and DH (enthalpy
change in kcal mol�1), Ka (association binding constant in m


�1), n
(number of NCS binding sites per streptavidin–testosterone tetra-
mer), total protein concentration and free and total ligand concen-
trations.[44]


Circular dichroism : CD spectra were recorded from 185 to 250 nm
on a Jasco dichrograph equipped with a thermostatically-con-
trolled cell holder and connected to a computer for data acquisi-
tion. Data were acquired from 10 to 13 mm samples in phosphate
buffer (20 mm, pH 7.5) in quartz cells with a 1 mm path length.


Differential scanning calorimetry : Thermal stability was studied
by DSC by using a differential scanning calorimeter VP-DSC (Micro-
cal). DSC measurements were made with an apo-NCS solution
(0.15 to 0.3 mg mL�1) in phosphate buffer (20 mm, pH 7.5). The
buffer from the dialysis bath was used as a reference. All solutions
were degassed just before loading into the calorimeter. Scanning
was performed at 1 K min�1. The percentage of recovery of the
native protein after heat denaturation was evaluated by rescanning
after the denatured sample had cooled.


The heat capacity of the solvent alone was subtracted from that of
the protein sample. These corrected data were analysed by using a
cubic spline as a baseline in the transition. Thermodynamic param-
eters, calorimetric enthalpy (DHcal) and van’t Hoff enthalpy (DHvH),
were determined according to the standard relationship provided
by Privalov and Potekhin.[45] All calculations were performed with
ORIGIN software (Microcal).


Molecular modelling and simulations : Molecular simulations were
performed by using the crystal structure of the apo form of the
starting protein NCS-3.24 (PDB ID: 2cbm)[15] as well as a modelled
structure of the disulfide-free mutant NCS-E8. Structural models
of the NCS-E8 mutant were generated by homology modelling
(>95 % sequence identity) with Modeller[46] by using 2cbm as tem-
plate and allowing modifications to residues within 5 � of the mu-
tated region. The model with the lowest objective function was re-
tained. Molecular dynamics simulations (1 ns heating and equilibra-
tion plus 3 ns production for each molecule) were used to study
the NCS-3.24 structure and to validate the NCS-E8 model, similar to
the approach taken by Schmidt Am Busch et al.[47] Simulations
were carried out with Charmm[48] by using the param27 all-atom
force-field with CMAP.[49] After standard energy minimisation and
heating stages,[50] isothermal–isobaric (NPT) dynamics were per-
formed at 300 K and 1 atm pressure, with approximately 10 600 ex-
plicit TIP3 water molecules in a truncated icosahedral unit cell with
periodic boundary conditions, 10 � nonbonded-energy-term cut-
off with force shifting, SHAKE constraints on bonds involving hy-
drogen atoms, and a 2 fs integration step. Structural variations
throughout the simulations were measured by calculation of root
mean square (rms) Ca distance of the structure with respect to the
minimised structure used at the beginning of the heating and
equilibration phase and by rms Ca fluctuations.


Abbreviations : NCS: neocarzinostatin; DSC: differential scanning
calorimetry; MD: molecular dynamics; CD: circular dichroism; IPTG:
isopropyl b-d-thiogalactopyranoside; THS: testosterone hemisucci-
nate; TBS: Tris buffer saline; BSA: bovine serum albumin.
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Thermodynamic and Computational Studies on the
Binding of p53-Derived Peptides and Peptidomimetic
Inhibitors to HDM2
Anja Gr�sslin, Celine Amoreira, Kim K. Baldridge,* and John A. Robinson*[a]


Introduction


The interaction of p53 with the human equivalent of the
mouse double minute 2 protein (HDM2) has become an inter-
esting model system for the design of new protein–protein in-
teraction inhibitors.[1] Such studies have been spurred on by
the important antitumor activity of the transcription factor
p53, which functions to prevent the emergence and propaga-
tion of cancer-prone cells.[2] Inhibitors of the p53–HDM2 inter-
action have also attracted pharmaceutical interest for their po-
tential value in cancer therapy.[3, 4]


HDM2 binds a short N-terminal segment of p53 (residues
15–29) in an amphipathic a-helical conformation with a disso-
ciation constant (KD) of about 600 nm.[5] An X-ray structure
(PDB ID: 1YCR) reveals side chains of three residues (Phe19,
Trp23, and Leu26) aligned along one face of the p53 helix, and
these dock into hydrophobic pockets on the surface of HDM2
(Figure 1). Two hydrogen bonds between the ligand and the
protein are also identified: one between the Phe19 backbone
amide NH of p53 and the carbonyl group of the Gln72 side
chain in HDM2, and another between the p53 Trp23 indole NH
and the HDM2 Leu54 backbone carbonyl.


A large number of peptidic and small-molecule p53/HDM2
inhibitors that target the p53-binding pockets on HDM2 have
been described in recent years (reviewed in refs. [1] and [4]).
One example is the linear phage-derived peptide 1, which in-


hibits the p53–HDM2 interaction with an IC50 value of 8.9 mm,
as determined by competition ELISA.[6] Improvement of this
lead compound gave peptide 2, with an IC50 value of 314 nm.
A further significant increase in affinity was achieved by incor-
poration of a halogen at the 6-position of the tryptophan
indole moiety. This discovery was prompted by a careful analy-
sis of the p53·HDM2 crystal structure,[5] which revealed a small
cavity at the bottom of the Trp binding pocket that might be
filled by a substituent the size of a methyl group or a chlorine
atom at the indole 6-position. Indeed, peptides containing 6-
chloro-, 6-methyl-, and 6-fluorotryptophan (6Cl-Trp, 6Me-Trp,
6F-Trp; 3–5) had significantly improved binding affinities
(IC50 = 5 nm (3), 10 nm (4), and 14 nm (5)).[6] Recently, a crystal


The human double minute 2 protein (HDM2) binds a short
peptide derived from the N terminus of the tumor-suppressor
protein, p53. This peptide (p53 residues 15–29) is flexible in
free solution, but upon binding to HDM2 it folds into an am-
phipathic a-helical conformation. Three residues along one
face of the p53 helix (Phe19, Trp23, and Leu26) dock into hy-
drophobic pockets on the surface of HDM2. A conformationally
constrained cyclic b-hairpin peptidomimetic of p53, with resi-
dues Phe1, 6-chloro-Trp3, and Leu4 in one strand of the b-hair-
pin, was shown earlier to dock into the same pockets on
HDM2. Here, we show by isothermal titration calorimetry that
the entropy loss upon binding of the constrained peptide to
HDM2 is, as would be expected, much lower (TDS
�10 kcal mol�1 at 300 K) than that for the linear peptide. How-
ever, the entropic advantage enjoyed by the constrained pep-
tide is largely offset by a reduced enthalpic contribution, rela-
tive to the linear peptide, to binding of the cyclic mimetic. To
explore the electronic nature of the interactions between the


energetically important residues in each ligand and HDM2,
hybrid quantum mechanical and electrostatic Poisson–Boltz-
mann computational studies were performed. The calculations
reveal that significant stabilizing van der Waals interactions
and polarization effects occur between the Trp side chain in
each ligand and aromatic and aliphatic residues in HDM2.
These stabilizing interactions are enhanced when a 6-chloro
substituent is incorporated into the Trp, in agreement with the
experimental studies. In addition, the calculations suggest that
at least one stabilizing hydrogen bond is formed, between the
Trp indole-NH in both ligands and HDM2. Other hydrogen-
bonding interactions also arise, however, along the a-helical
backbone of the linear peptide upon binding to HDM2, but
are not mimicked in the constrained inhibitor–HDM2 complex.
The formation of these hydrogen bonds upon helix folding
could contribute significantly to the enhanced enthalpy ob-
served in binding of the linear peptide to HDM2.
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structure of peptide 3 bound to HDM2 confirmed that the Cl
substituent indeed binds in and fills the Trp23 binding
pocket.[7] Indeed, it is notable that chloro- and bromoaromatic
groups in many small-molecule HDM2 inhibitors, including var-
ious cis-imidazolines[4] (also called Nutlins) and benzodiazepine-
diones,[8] bind with their halogen atoms located in the Trp23
binding pocket on HDM2.


We have previously reported cyclic b-hairpin peptidomimet-
ics that mimic the a-helical epitope in p53 and bind to
HDM2.[9, 10] The optimized mimetic 7 contains Phe1, 6Cl-Trp3
and Leu4, along one strand of the hairpin (Scheme 1). A crystal


structure of cyclic peptide 7 bound to HDM2 confirmed the b-
hairpin backbone conformation of the inhibitor with the Phe1,
6Cl-Trp3 and Leu4 side chains occupying the expected p53
binding pockets (for Phe19, Trp23, and Leu26) on HDM2
(Figure 1).[9]


In this work, we set out to compare the thermodynamic sig-
natures and the electronic natures of the stabilizing interac-
tions occurring between p53-derived linear peptides (13–15)
or cyclic b-hairpin inhibitors (6–8) and the p53 binding pockets
on HDM2, using both experimental and theoretical methods.


Figure 1. Top panels : the p53-derived peptide 13 a·HDM2 complex (PDB ID:
1YCR, left), and the b-hairpin peptidomimetic 7·HDM2 complex (PDB ID:
2AXI, right). The conformations of the Phe86 and Phe91 side chains (in pink
with CPK surface) are also shown. Lower panels : close-up views of the H-
bond interactions involving the Trp indole NH in 1YCR (left) and 2AXI (right).


Scheme 1. Structures of cyclic b-hairpin peptidomimetics (6–12) and linear
p53-derived peptides (13–19) used in this work. The standard single-letter
amino acid code is used for the linear peptides, except for the 6-substituted
tryptophans (6Cl- or 6Me-W).
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Results


Experimental studies


The affinities of cyclic peptidomimetics and linear p53-derived
peptides (residues 15–29) towards recombinant HDM2
(rHDM2) were measured in three ways. Firstly, a previously re-
ported competitive surface plasmon resonance (SPR) binding
assay,[10] was used to determine IC50 values. This assay involves
immobilization of a biotinylated p53-derived linear peptide
(16, Scheme 1) on a streptavidin-coated SPR biosensor surface,
with rHDM2 and various concentrations of the inhibitor in the
flow buffer. The IC50 is the concentration of inhibitor in the
flow buffer required to reduce rHDM2 binding to the surface
(SPR signal) by 50 %. Secondly, dissociation constants (KD


values) were measured by SPR with biotinylated linear or cyclic
peptides (10–12 and 16–18) immobilized on streptavidin-
coated biosensor surfaces, with various concentrations of
rHDM2 in the flow buffer. It was not possible to immobilize
the rHDM2 directly on the biosensor surface without loss of
biological activity. For biotinylation of the cyclic mimetics, a 4-
hydrazino group was introduced into the pyrrolidine ring of
the d-Pro residue (see the Supporting Information), and biotin
was coupled to this through a short poly(ethylene glycol)
linker (Scheme 1). The crystal structure of the 7·HDM2 com-
plex[9] showed that the 4-position in d-Pro is solvent-exposed
and that a new substituent here is unlikely to influence HDM2
binding. Thirdly, KD values for unmodified ligands (6–8 and 13–
15) were determined by isothermal titration calorimetry (ITC)
in free solution.


The IC50 value measured for cyclic peptide 9 (0.53�0.05 mm)
was essentially the same as that found for 6 (0.53�0.06 mm),
showing that (as would be expected) the acetylated hydrazino
group does not significantly alter the interaction of the mimet-
ic with rHDM2. The KD values for binding of the biotinylated
cyclic peptides 10–12 and the biotinylated linear peptides 16–
18 to rHDM2, measured by SPR, are shown in Table 1. In addi-
tion, the affinity of the linear peptide 19, which corresponds to
the loop of cyclic peptide 7 without the d-Pro-l-Pro template,
was measured. An IC50 value of 35 mm was determined by the
competition assay, but the affinity was too weak to be deter-
mined by ITC. We conclude, therefore, that the constrained
conformation of the macrocyclic peptide (7), and not just the
loop sequence, is important for recognition by HDM2.


The interactions of the unmodified linear peptides 13–15
and the cyclic peptides 6–8 with rHDM2 were next studied by
ITC. Typical isotherms are shown in Figure 2, and the resulting
thermodynamic parameters are given in Table 2 and are sum-
marized in Figure 3 A.


Finally, the effects of substituting each residue in the cyclic
peptide 7 (except the template residues d-Pro-l-Pro) by ala-
nine (an alanine scan) on the binding affinities to rHDM2 were
determined. The results (Table 3) show that the most pro-
nounced losses in affinity (>300-fold) are seen upon substitu-
tion either of 6Cl-Trp3 or Phe1, whereas substitutions of Leu4,
Asp5, or Trp6 each caused approximately tenfold losses in af-
finity. The Glu2Ala and Glu7Ala mutants also show reduced af-
finities, although these side chains are solvent-exposed, do not
make contacts with HDM2, and so would not be expected to
contribute significantly to binding.[9] In these two cases, how-
ever, the solubilities of the peptides in water are dramatically
reduced, and both peptides aggregate even at low concentra-
tions in aqueous solution, as evidenced by extremely broad
1H NMR signals in spectra measured in aqueous solution (data
not shown). In addition, the ITC data for these two mutants
showed biphasic isotherms, which were not consistent with a
simple 1:1 binding model, although inhibitory activity could be
detected by SPR (not shown). The altered binding affinities for
these two mutants, therefore, reflect complex processes arising
from a major change in the physical properties of the peptides,
affecting solubility and aggregation.


Table 1. Dissociation constants (KD) determined by SPR for the interac-
tions of 10–12 and 16–18 with rHDM2 at 298 K. Measurements were per-
formed in triplicate and the means and deviations are shown.


Ligand
(substituent)


KD [mm] Normalized 1/KD


[DG kcal mol�1]


10 (X = H) 0.12�0.01 1
11 (X = Cl) 0.065�0.02 1.85 (0.36)
12 (X = Me) 0.27�0.07 0.43 (�0.50)
16 0.67�0.07 1
17 (+ Cl) 0.055�0.005 12.2 (1.48)
18 (+ Me) 0.11�0.01 6.1 (1.07)


Figure 2. ITC isotherms for the binding of: A) linear peptide 13, and B) cyclic
peptidomimetic 7 to rHDM2.
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Computational studies


As an aid in the characterization
of the electronic nature of the
interactions between HDM2
and the three linear p53-derived
peptides (13–15) and the three
cyclic b-hairpin peptidomimet-
ics (6–8), we have used several
strategies involving computa-
tional quantum chemistry and
hybrid quantum/classical elec-
trostatic methods (see the Sup-


porting Information, computational methods).
Firstly, unconstrained density functional theory optimizations


were performed on each ligand, to provide accurate structure
and electronic property data. These data were also used for
subsequent hybrid-classical electrostatic studies. Unconstrained
geometry searches were also performed on ligand plus select-
ed surrounding HDM2 residue fragments, for better under-
standing of the electronic natures of these interactions.


Starting from the structure of the HDM2·7 complex (PDB ID:
2AXI) assessment of van der Waals interactions between the
ligand containing the 6-X-Trp component (where X = H, Cl or
Me) and the HDM2 residues Phe86/Phe91 was carried out.ACHTUNGTRENNUNGAssessments were made for both the crystal structure confor-
mation, and after an unconstrained geometry optimization, of
each complex. Computations were performed both in vacuum
and in a low-dielectric environment to mimic the protein. The
results are shown in Table 4.


The indole NH of the 6-X-Trp residue in each of the three li-
gands 3, 7, and 13 a bound to HDM2 (PDB ID: 2V2, 2AXI, and
1YCR) is close enough (2.7 � for O···N in 2AXI) to hydrogen
bond to the backbone carbonyl group of Leu54 in HDM2
(Figure 1). We therefore used the X-ray structure of the
7·HDM2 complex (2AXI) and computational methods to esti-
mate the strength of this ligand–protein H-bond, how it
changes when the 6-X-Trp substituent is varied, and thus
whether it is likely to contribute to the stabilization of the
ligand–HDM2 complex. The results of these calculations are
shown in Table 5.


Next, hybrid quantum/classical electrostatic methods were
used to investigate the entire ligand–HDM2 complex computa-
tionally, for each of the modified ligands considered. These
computations incorporate the accurate QM structural and
atomic charge data for the peptides. The calculated total bind-
ing energy (DEtot binding) was calculated by the Adaptive Pois-
son–Boltzmann Solver (APBS) method,[11] which includes elec-
trostatic interactions (DEtot elect) arising from both Coulombic
(DEelect) and polar solvation (DEsolvation) contributions, as well as
nonpolar solvation effects (DEtot nonelect) arising from cavitation
and dispersion terms; that is [Eqs (1), (2), (3)]:


DEtot binding ¼ DEtot elect þ DEtot nonelect ð1Þ


where:


DEtot elect ¼ DEelect þ DEsolvation ð2Þ


Table 2. Ligand binding to rHDM2 measured by isothermal titration calorimetry at 298 K. Measurements were
performed at least in duplicate and the means and deviations are shown.


Ligand DH8 TDS Stoichiometry KD Normalized 1/KD


(substituent) [kcal mol�1] [kcal mol�1] [mm] [DG kcal mol�1]


6 (H) �4.6�0.1 +5.1�0.2 0.94�0.03 0.073�0.005 1.0
7 (Cl) �4.6�0.1 +5.8�0.4 0.92�0.02 0.025�0.002 2.92 (0.63)
8 (Me) �3.9�0.1 +5.7�0.2 0.94�0.1 0.10�0.02 0.73 (�0.19)
13 (H) �14.1�0.7 �5.4�0.7 0.91�0.1 0.43�0.03 1.0
14 (Cl) �15.8�0.6 �6.1�0.5 1.01�0.1 0.08�0.01 5.38 (1.00)
15 (Me) �14.7�0.6 �5.1�0.7 1.00�0.09 0.09�0.06 4.78 (0.93)


Figure 3. A) Comparison of the experimentally measured thermodynamic
signatures of binding to rHDM2 for the linear (13–15) and cyclic (6–8) pep-
tides. B) Comparison of the calculated binding energies determined by the
APBS method (see text) for the linear and cyclic peptides. C) Theoretical
electrostatic binding energy differences determined for the ligands with
X = Cl or X = Me, relative to the corresponding peptide containing trypto-
phan (X = H).
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Each of these energies is evaluated for the complex (E) and for
the separated protein (Eprotein) and the ligand (Eligand) ; that is :


DE ¼ Ecomplex�ðEprotein þ E ligandÞ ð3Þ


The results of these calculations are represented in schematic
form in Figure 3.


Discussion


Background information


The binding of HDM2 to helical and hairpin peptide ligands
represents an interesting model system with which to explore


the molecular basis of specific, high-affinity protein–ligand and
protein–protein interactions. Although such interactions are
key to many biological processes, it is still extraordinarily diffi-
cult to use high-resolution structural information on proteins
and the complexes that they form either to predict bindingACHTUNGTRENNUNGaffinities or to design de novo new molecules able to bind se-
lectively and with high affinity to a chosen target.


In previous work, we showed how cyclic b-hairpin peptido-
mimetics such as 7 could be designed to mimic the helical epi-
tope in p53 and to bind with high affinity to HDM2. Four crys-
tal structures of peptide ligands bound to HDM2 are currently
available: 1) with bound linear p53-derived peptide 13 a (PDB
ID: 1YCR, resolution 2.6 �),[5] 2) with bound phage-derived
linear peptides, including 3 (PDB ID: 1T4F and 2V2, resolution
1.8 �),[7, 8] and 3) with bound cyclic peptide 7 (PDB ID: 2AXI,
resolution 1.4 �).[9] These structures reveal that residues along
one face of the helix in 13 a (Phe19, Trp23, and Leu26) and the
analogue 3 (Phe1, 6-chloro-Trp5, and Leu8) dock into three hy-
drophobic pockets on the surface of HDM2. In addition, resi-
dues Phe1, 6-chloro-Trp3, and Leu4 in one strand of the b-hair-
pin mimetic 7 dock similarly into the corresponding pockets
on HDM2. The relative positions both of the HDM2 residues
and of the Phe/(Cl)Trp/Leu triad in each ligand are very similar
(with some qualification; see below) in the three structures
1YCR + 2V2 + 2AXI (Figure 4).


NMR spectroscopy studies have also provided important in-
sights into the complex dynamic behavior of the p53–HDM2
system. Firstly, the N-terminal region of p53 (approximately
residues 1–100 of the 393 amino acid protein), which includes
the transactivation domain and a proline-rich region, is devoid
of tertiary structure and largely lacks secondary structure ele-
ments in aqueous solution.[12, 13] N-terminal p53-derived pep-
tides adopt at best loosely folded, or nascent, helices and only
become fully helical upon binding to HDM2.[14] Secondly,
ligand-free HDM2 also appears by NMR spectroscopy to under-
go significant conformational changes upon binding to p53,
and to be considerably more flexible than the ligand-bound
form.[15, 16] Moreover, the p53-binding cleft in ligand-free HDM2
is mostly occluded as a result of the inward movement of two
helices comprising the walls of the p53 binding cleft.[16] Before


Table 3. The effects of an alanine scan with inhibitor 7 (residues 1 to 8 are shown). The d-Pro-l-Pro template was not altered. Mean values for DH, TDS,
and Kd are derived from at least two independent ITC experiments. Mean inhibitory activities (IC50) and standard deviations are derived from at least three
independent SPR-based inhibition assay experiments.


Peptide Residue DH TDS Kd [mm] IC50 [mm]
1 2 3 4 5 6 7 8 [kcal mol�1] [kcal mol�1] ACHTUNGTRENNUNG(ITC) ACHTUNGTRENNUNG(SPR)


7 F E (6Cl)W L D W E F �4.6�0.1 +5.8�0.2 0.025�0.002 0.14�0.06
20 A E (6Cl)W L D W E F �4.8�0.2 +2.1�0.2 9.0�0.4 7�3
21 F A (6Cl)W L D W E F –[a] –[a] –[a] 1.1�0.4
22 F E A L D W E F –[a] –[a] –[a] 23�8
23 F E (6Cl)W A D W E F �6.1�0.4 +2.7�0.4 0.35�0.04 0.55�0.07
24 F E (6Cl)W L A W E F �2.2�0.1 +6.7�0.03 0.28�0.03 0.35�0.05
25 F E (6Cl)W L D A E F �7.3�0.1 +1.5�0.1 0.36�0.01 0.70�0.01
26 F E (6Cl)W L D W A F –[a] –[a] –[a] 0.60�0.1
27 F E (6Cl)W L D W E A �8.4�0.2 +1.2�0.2 0.095�0.003 0.18�0.02


[a] “–” indicates an interaction either too weak to analyze or, in the case of peptides 21 and 26, showing biphasic behavior.


Table 4. Calculated interaction energies [kcal mol�1] between Phe86/
Phe91 of HDM2 and X-Trp in the cyclic peptidomimetics (6–8) in the crys-
tal structure PDB 2AXI.


Trp-X E [kcal mol�1] Shortest X to Phe hydrogen distances [�][a]


gas phase e= 4 X–Phe86-H X–Phe91-H


X = H 0.7 0.0 2.7, 2.8 2.2, 2.4
X = Cl 2.4 1.5 3.3, 3.1 2.9, 2.8
X = Me 1.2 0.7 2.7, 3.0 2.3, 2.4


[a] X–Phe86 distance of the two closest Phe hydrogens; X–Phe91 distance
of the two closest Phe hydrogens; the shortest distances found in the
crystal structure are 3.4 � and 3.6–3.7 �, respectively.


Table 5. Assessment of H-bond energies [kcal mol�1] and distances be-
tween Leu54 of HDM2 and X-Trp in the cyclic peptidomimetics 6–8.


System H-bond energy, dipole moment, and N···H···O distances[a]


2AXI + X-Trp E [kcal mol�1] Dipole H-bond distances
e = 1 e = 4 (D) N�O N�H/H···O


X = H 4.5 2.1 3.8 2.96 1.02/2.00
X = Cl 5.2 2.5 5.0 2.92 1.01/2.06
X = Me 4.6 2.3 4.9 2.88 1.01/2.06


[a] M06-2X/DZ ACHTUNGTRENNUNG(2d,p) theory was used; calculated with the crystal struc-
ture (2AXI) and with the substituents X = H and X = CH3 hydrogen bond
optimized.
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ligand binding can occur, these two subdomains must move
apart to expose the deep hydrophobic p53-binding pockets. In
addition, the N-terminal segment of apo-HDM2 folds back,
forming a lid over the shallow end of the p53-binding cleft,
and this must also move away to allow access to the binding
site.[17]


These data suggest a complex mechanism of binding of p53
to HDM2, which involves both displacement of water mole-
cules from the surfaces of p53 and HDM2 and substantial con-
formational changes in both binding partners. In particular, the
p53-binding pockets on HDM2 (once exposed) are quiteACHTUNGTRENNUNGhydrophobic in nature. The extent of their hydration prior to
ligand docking is so far unknown, but would be expected to
have a significant influence upon the thermodynamics of
ligand binding.[18] In contrast, the cyclic b-hairpin p53 peptido-
mimetics appear by NMR spectroscopy to adopt relatively
stable hairpin structures in free solution, so only relatively
minor conformational changes appear necessary upon binding
to HDM2.[10] Of course, these dynamic properties complicate a


structure-based interpretation of thermodynamic binding data.
However, one aim of this work was to characterize the differen-
ces in standard free energies of the three linear p53-derived
peptides (13–15) and three cyclic b-hairpin peptidomimetics
(6–8) in their binding to HDM2. Given the close similarities of
the final ligand–protein structures, the data should then be in-
formative with regard to the differences in binding between
the linear and the cyclic peptides, and also for the interactions
experienced by the 6-substituted tryptophans (6-Cl and 6-Me)
within the Trp23 binding pocket.


Substituent effects upon ligand binding


Binding affinities were measured experimentally by two differ-
ent methods: surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC). Given that very similar, but nonident-
ical ligands were used for the two studies (Scheme 1), the
close agreement observed between the affinities determined
by these two different methods is reassuring (Tables 1 and 2).


We have shown here that the ligand side chain contributing
most to binding between mimetic 7 and HDM2 is that of the
6-chloro-Trp3 residue (Table 3). We have also shown that the
presence of the 6-Cl substituent on the indole ring of this
ligand enhances the binding affinity—relative to the unsubsti-
tuted case—by a factor of 2–3, whereas the presence of a 6-
Me substituent weakens the binding interaction by a factor of
almost 2 (Table 1 and 2). This result was unexpected, because
earlier studies with the linear peptides (2–5) showed that intro-
duction of a 6-Cl, 6-Me, or 6-F substituent in the Trp side chain
improved ligand affinity (IC50) substantially, by factors of 63, 31,
and 22, respectively.[6] Here we have also studied the affinities
of p53-derived linear peptides (13–15 and 16–18) containing
6-Cl and 6-Me substituents in their Trp side chains towards
HDM2. Now, through the introduction either of a 6-Cl or of a
6-Me group, affinity (KD) improves by factors of up to 12 and 6,
respectively (Table 1), results that are in much closer agree-
ment to those obtained earlier with the analogues 2–5. How-
ever, the question that then arises is why do the substituent
effects on affinity differ so much in the linear and in the cyclic
peptide ligands? The answer to this question is most likely
linked to the quite different thermodynamic signatures that
the linear and cyclic peptides show upon binding to HDM2.


Thermodynamic signatures


The standard free energies of binding of the linear (13–15)
and the cyclic (6–8) peptides were measured by ITC. Although
the binding of both is enthalpically driven (negative DH8), the
enthalpic effects are three to four times (i.e. , �10 kcal mol�1)
higher with the linear peptides at 298 K (Table 2; Figure 3 A).
This is presumably because the flexibilities of the linear pep-
tide allow more favorable enthalpic interactions in the com-
plexes than is possible for the more rigid cyclic peptides.


In addition, the binding of each cyclic peptide is character-
ized by a positive entropic TDS8 term, whereas those of the
linear peptides show negative TDS8 values of similar magni-
tude. In other words, a constrained ligand experiences a re-


Figure 4. A) Backbone superimposition of the p53-binding pockets in three
X-ray crystal structures: HDM2·13 a (PDB ID: 1YCR), HDM2·7 (PDB ID: 2AXI),
and HDM2·3 (PDB ID: 2V2). The Trp and 6Cl-Trp shown in red are from the li-
gands (Trp in 1YCR, and Cl-Trp in 2AXI and 2V2). Only HDM2 residues within
5 � of this (Cl)Trp are shown as stick representations. B) An alternative view
shows the residues in HDM2 forming the Trp23 binding pocket together
with their nearest distances [�] from (Cl)Trp in the ligand. Note that the side
chains of Phe86 and Leu57 adopt alternate conformations in the 2AXI struc-
ture.
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duced entropic penalty upon binding, as one might expect.
One of the prime arguments frequently cited when designing
conformationally constrained peptide ligands for protein re-
ceptors is that the constrained molecule should suffer a small-
er entropic penalty, relative to the flexible linear peptide
ligand, upon receptor binding, and this is certainly observed in
this system. It is also clear, however, that the entropic penalty
involved in binding the flexible linear peptide is largely offset
in this system by an enhanced enthalpic gain upon interaction
with HDM2.


When two hydrophobic molecules associate in aqueous so-
lution, with consequent burial of hydrophobic surface, a posi-
tive standard entropy of binding (TDS8) would be expected,
due to the release of ordered water molecules from the hydro-
phobic surfaces of protein and ligand into bulk water. Exam-
ples of negative values of both DH8 and TDS8 in the associa-
tion of molecules in water (with negative DG8 values) are not
exceptional, and have been known for a long time.[19] Although
not consistent just with hydrophobic interactions, a negative
standard entropy of binding could arise when, for example,ACHTUNGTRENNUNGattractive van der Waals interactions and hydrogen bonds are
formed in the low-dielectric environment of the protein inter-
face, and/or because of the requirement for folding of the
linear p53-derived peptide into a regular a helix upon binding.
It is again worth emphasizing, however, that the complex dy-
namic properties of the p53/HDM2 system complicate a struc-
ture-based interpretation of thermodynamic binding data.


Theoretical studies: interactions involving the substituents


Advances in computational methods promise greatly to facili-
tate the complex process of structure-based protein ligand
design and the understanding of ligand–receptor interactions.
Theoretical studies were therefore undertaken in an attempt to
analyze the electronic natures of the interactions occurring be-
tween the various linear and cyclic peptides and HDM2 in a
quantitative way; this information might in turn be helpful for
deeper understanding of the substituent effects on the bind-
ing affinity and thermodynamic signatures discussed above.


The available X-ray crystal structures (vide supra) suggest
(qualitatively, at least) that similar ligand–HDM2 interactions
arise upon binding of both the linear and the cyclic peptides
to HDM2. Upon closer analysis, however, some subtle structur-
al differences become apparent. The crystal structure analysis
of the HDM2·7 complex, for example, identified alternate side
chain conformations for HDM2 residues Phe86 and Leu57,
which are buried deep within HDM2 and comprise part of the
ligand X-Trp23 binding pocket. The energetically important X-
Trp side chain of each ligand (where X = H, Cl, Me) binds close
to both aliphatic (Leu57, Ile61, Val93, Ile99, and Ile103) and aro-
matic (Phe86 and Phe91) side chains in HDM2. In particular,
the Phe86/Phe91 phenyl hydrogen atoms point towards the
ligand-Trp indole 6-position (Figure 4). In the 2AXI structure it
seems that the side chain of Phe86 can rotate, relative to its
position in 1YCR and 2V2, most likely due to close interaction
with the Cl substituent in the inhibitor 7. A conformational
grid search starting with the HDM2-7 structure (PDB ID: 2AXI)


was performed. The results of this analysis (not shown) suggest
that even in the crystal there is sufficient flexibility in the bind-
ing site to allow the Phe86 and Phe91 side chains to adopt a
wide range of c2 torsion angles.


Starting from the geometry given in the PDB structure 2AXI,
the energies of interaction between the 6-substituents on the
X-Trp ligands and the nearby Phe86/Phe91 residues were cal-
culated. In the gas phase, the interaction energies are 2.4, 1.2,
and 0.7 kcal mol�1 for X = Cl, X = Me, and X = H, respectively,
whereas in a protein-like environment these interactions de-
crease to 1.5, 0.7, and 0.0, respectively (Table 4). The magni-
tudes of the interaction energies between these side chains
and the X-Trp do depend upon the precise interaction geome-
tries, and in particular upon the dielectric in the binding
pocket (see the Supporting Information).


Overall, for 6-X-Trp in all ligands, the calculations suggest
that small but significant stabilizing van der Waals interactions
of the order of 0.7–1.5 kcal mol�1 can occur between either a
polarizable Cl substituent or a Me substituent and the partial
positive charge of the phenyl hydrogens of the Phe86/Phe91
side chains. However, with the methods available at present,
the calculations are probably not sufficiently accurate to pro-
vide a reliable ranking of such individual small interaction ener-
gies, particularly given that the entire protein cannot be con-
sidered in this analysis. The calculations support the notion
that introduction of the 6-Cl or 6-Me substituents into theACHTUNGTRENNUNGenergetically important Trp binding pocket should provide en-
hanced ligand affinity, due to the resulting van der Waals inter-
actions with HDM2 residues Phe86 and Phe91, and provide a
quantitative estimate for these interactions. This only partly ac-
counts for the total effect on the affinity of the cyclic and
linear peptides observed with the Trp substitutions. Other fac-
tors must also have an important role. For example, it can be
observed in the crystal structure that there are also important
van der Waals interactions arising from other residues in the
binding site just above the plane of the indole ring (Figure 5),
which also contribute to the overall stability of the ligand in
the binding site. Depending on the substitution (X = Cl, CH3, H)
the resulting electronic nature of the p system will change,
with corresponding strengthening or weakening of these van
der Waals interactions.


Theoretical studies: hydrogen bonds


The indole NH groups of the 6-X-Trp residue in all three li-
gands (3, 7, and 13 a) are close enough (2.7 � for O···N in 2AXI)
to hydrogen-bond to the backbone carbonyl group of Leu54
in HDM2 (Figure 1). We therefore used computational methods
to estimate the strength of this ligand–protein H-bond and
thus whether it is likely to contribute to the stabilization of the
ligand·HDM2 complex. In the case of Cl substitution, the calcu-
lations predict that this interaction is worth 2.5 kcal mol�1 in a
protein-like dielectric environment (Table 5), and would be
even less in an environment with a dielectric similar to that of
bulk water. Interestingly, theory also predicts that introduction
of the 6-Cl substituent on the indole ring will strengthen the
H-bond in the crystal structure geometry by �0.4 kcal mol�1,
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relative to the ligand containing no substituent. A similar but
smaller (�0.2 kcal mol�1) strengthening effect is also seen
when a 6-Me substituent is introduced.


These results provide a quantitative estimate of the stabiliz-
ing influence of one ligand–protein hydrogen bond in an envi-
ronment with a protein-like interior dielectric. By extension it
seems likely that the formation of multiple H-bonds along the
backbone of the linear p53-derived peptide, as it folds into a
helical conformation and binds to HDM2, may well have a sig-
nificant impact on the thermodynamics of the overall binding
reaction. The calculations furthermore highlight another way in
which the 6-X substituent in the ligand can influence the sta-
bility of the ligand–HDM2 complex: namely through effects on
H-bonding, in addition to the direct van der Waals interactions
discussed above.


Theoretical studies: calculated binding energies


Currently, accurate prediction of ligand–receptor binding affini-
ties by theoretical methods remains a major technical chal-
lenge. Nonetheless, the available structural and experimental
binding data make these ligand–HDM2 interactions an inter-
esting model system to examine with state-of-the-art theoreti-
cal methods. The approach we have used here to calculate
binding energies, and in particular, binding energy differences
between the various ligands of HDM2, involves solving the lin-
earized Poisson–Boltzmann equation to determine electrostatic
interaction energies. The calculated total binding energy differ-
ences (DEtot binding) provided by the adaptive Poisson–Boltzmann
solver (APBS) method[11] includes electrostatic interactions
(DEtot elect) arising from both Coulombic (DE) and polar solvation
(DEsolvation) contributions, as well as nonpolar solvation effects
(DEtot nonelect) arising from cavitation and dispersion terms. The
calculations, however, do not fully account for the changes in
entropy that occur upon binding, and so the calculated bind-


ing energy differences (DEtot binding) are not quantitatively com-
parable to the experimentally determined standard free energy
of binding (DG8), nor to experimentally determined DH8 and
TDS8 values. The values both of DEtot binding and of DDH8 will
certainly be influenced by changes in the electrostatic proper-
ties of the bound ligand as the structure is varied (for example,
linear vs. cyclic ligand, chloro vs. methyl substituent, etc.), and
so correlations between binding energy differences predicted by
theory and those observed experimentally might be expected,
and are indeed found, as discussed below.


With this in mind, a comparison was made of the experi-
mentally determined thermodynamic parameters (Table 2) and
the calculated electrostatic interaction energy differences. The
results of the comparison are summarized in Figure 3, and
show interesting correlations between experimental and theo-
retical data. For example, a stronger total binding energy
(DEtot binding) is calculated for the linear peptide 13 a than for its
cyclic counterpart 7 (Figure 3 B, red bars), which correlates with
the larger DH8 values determined for the linear peptides than
for the cyclic peptides by ITC (Figure 3 A, orange bars). Interest-
ingly, this is shown to arise computationally from a difference
in the nonpolar contributions to solvation (DEtot nonelect) in the
two systems (green bars), since the direct ligand–receptor total
electrostatic interactions (DEtot elect) are not greatly different
(Figure 3 B, orange bars). Thus, DEtot elect =DEelect + DEsolvation (see
above), and so DEelect (Figure 3 B, yellow hatched) is more fa-
vorable in the linear molecules than in the cyclic ones, DEsolvation


(Figure 3 B, blue hatched) is more unfavorable in the linear
molecules than in the cyclic systems, with the net result
(stated above) that the DEtot elect values (orange bars) are not
hugely different for these two systems (Table 6).


When we consider the changes in the calculated total bind-
ing energy (DEtot binding) caused by varying the substituent in
the 6-X-Trp residue (relative to the case in which X = H), a
small increase is found for both substituents (Cl and Me; Fig-
ure 3 C, red bars). However, the advantage of having X = Cl
over X = Me is predicted by calculation to be more pro-
nounced in the cyclic ligands than in the linear ligands. The
gain in calculated total binding energy is thus much smaller
for X = Me in the cyclic case, whereas the introduction of Cl
and Me gives a significant gain for the linear ligand. Indeed,
for X = Me the DEtot elect component is unfavorable for both the
linear and cyclic peptides, but much more so in the cyclic case
than for the linear peptide (Figure 3 C, orange bars). For this


Figure 5. Interactions of Cl-Trp (in PDB 2AXI) with the nonaromatic side
chains of HDM2 (Ile57: yellow, Ile61: green, Ile99: pink; Val93: red) and Leu4
(orange) of the ligand (compare with Figure 4).


Table 6. Computational results for energetic contributions to the binding
energies between the HDM2 receptor and p53 peptidomimetics 2AXI-(6–
8) and 1YCR-(13–15). Results are expressed relative to tryptophan (X = H)
in terms of energy difference (DD).


Complex DDEtot elect
[a] DDEtot nonelect


[b] DDEtot bind
[c] DDEexpt


[d]


2AXI-7 (X = Cl) �0.95 �4.14 �5.09 �0.65
2AXI-8 (X = Me) 1.83 �3.12 �1.30 0.17
1YCR-14 (X = Cl) �1.51 �1.90 �3.42 �0.72
1YCR-15 (X = Me) 0.34 �3.03 �2.69 �0.66


[a] Total electrostatic contribution; [b] total nonelectrostatic contribution;
[c] total binding energy; [d] experimentally determined binding energy.
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reason, DEtot binding is also much smaller for the cyclic ligand
with introduction of X = Me. Experimentally, we observe that
addition either of a Me or of a Cl substituent in the linear pep-
tides increases affinity, whereas addition of Cl in the cyclic
ligand improves affinity but addition of Me slightly weakens it
(Table 2). Interestingly, this experimentally observed weakening
of affinity upon addition of Me in the cyclic ligand (but not the
linear ligand) is reflected in the results of the calculations
shown in Figure 3 C.


This trend can also be illustrated with a surface electrostatic
representation. Thus, in Figure 6 the calculated differences in
molecular electrostatic potentials (MEPs) are shown for the


complexes with linear (top) and cyclic (bottom) ligands, for the
case of X = Me relative to X = H (left-hand side), and for the
case of X = Cl relative to X = H (right-hand side). The largest ef-
fects are observed in complexes with the cyclic peptides, in
which additional positive charge is indicated by blue and addi-
tional negative charge is indicated by red. We emphasize that
the calculations are not sufficiently accurate to provide reliable
quantitative estimates of such small energetic effects, but the
calculations highlight what types of subtle differences in elec-
trostatic properties of the ligands may result upon addition
either of Cl or of Me as a substituent in the Trp residue.


The ability of this theoretical approach to reflect experimen-
tally determined thermodynamic features of the binding reac-
tions correctly for this series of peptide ligands and to provide
insights into the electronic natures of the interactions is nota-
ble. Such peptide–protein interactions remain interesting tar-
gets for the further development of the peptidomimetic ap-
proach to protein–ligand design, as well as of computational
methods for the analysis of protein–ligand interactions, espe-
cially for the difficult case of discovering protein–protein inter-
action inhibitors.
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Introduction


Many key physiological and pathological events occur through
interactions between carbohydrate and sugar-binding proteins
called lectins. Host–pathogen recognition offers many exam-
ples of such interactions. The first step of influenza virus infec-
tion, for example, involves the viral-hemagglutinin-mediated
adhesion of the virion to sialic acid residues present on the
surfaces of endothelial cells. A similar approach is exploited by
bacteria and parasites.


Therefore, understanding of the structure–function relation-
ships of this molecular recognition process may provide access
to innovative therapeutic strategies. Nevertheless, because nat-
ural carbohydrate–lectin interactions are usually weak, glyco-
chemists have devoted much effort to the design of high-affin-
ity artificial ligands, including glycosides bearing hydrophobic
aglycons[1] and, more recently, glycoclusters,[2] to take advant-
age of the so-called cluster effect.[3–5] It is worth noting that in
the case of glycoclusters the affinity is not only related to the
multivalency.[6] In fact, different authors have demonstrated the
importance of the spatial distributions of the glycoside resi-
dues for obtainment of high affinities.[7]


Calix[4]arenes can be synthesized in various blocked confor-
mations, thus providing a series of well-defined geometries for
the display of sugar ligands. A recent study demonstrated that
N-glycosylated calix[n]arenes of variable valencies and geome-
tries are capable of distinguishing among lectins of a family.[8]


Here we report the synthesis of C-glycosylated calix[4]arenes
in which four galactose residues are linked through alkyl tria-
zole tethers to the upper rim of the macrocycle cavity whereas
an azido group is present on the opposite side. Next, the calix-
sugars were grafted through copper-mediated azide–alkyne
cycloaddition (CuAAC) onto mono- or dipropargyloxymethyl-
propanediol moieties, allowing the synthesis of oligonucleo-


tides bearing one or two calixarene glycoclusters, respectively.
Finally, their affinities towards the lectins PA-IL[9] and RCA 120,
galactose-specific lectins from Pseudomonas aeruginosa and Ri-
cinus communis, respectively, were compared to those dis-
played by linear and antenna-type glycoclusters.[10, 11] The eval-
uation of the affinity of each glycomimic was performed on a
DNA-based glycoarray platform as previously described[12] by
direct fluorescence scanning and by determination of its IC50


value.[13]


Interactions between proteins and carbohydrates are involved
in a large number of crucial biological events. Many efforts
have been devoted to the design and synthesis of unnatural
saccharides displaying high affinities towards targeted lectins.
Among others, glycoside clusters have proven to be valuable
tools for these recognition studies. However, the spatial ar-


rangements of the sugar residues are a key issue in the design
of high-affinity glycoclusters. Here, the affinities of linear and
antenna- and calixarene-based galactoside clusters against two
lectins, derived from Pseudomonas aeruginosa and Ricinus com-
munis, have been compared by means of glycoarrays.
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Results and Discussion


Synthesis of C-galactosyl calix[4]arene clusters


We designed the calix[4]arene-based glycoclusters 1 and 2,
each functionalized with a single azido group, with the aim of
introducing these multiglycosylated molecules into oligonucle-


otides by means of copper-catalyzed azide–alkyne cycloaddi-
tions (click chemistry).[14] The calix[4]arenes were chosen as
platforms because they can be easily derivatized at both the
upper (wide) and lower (narrow) rims and they are endowed
with well-organized three-dimensional architectures.[15] Of the
four possible conformations (cone, partial cone, 1,2-alternate,
1,3-alternate) adopted by calix[4]arenes, the cone structure
allows a spatially close arrangement of the four sugar ligands
on one side of the macrocycle.


The synthesis of densely substituted calix[4]arenes 1 and 2 is
briefly described. The key intermediate 7 was first targeted,
through standard calixarene chemistry from the known[16] tet-
raallyl-calix[4]arene 3 (Scheme 1). Compound 7 featured four
azidopropyl groups at its upper rim and only one free hydroxy
group at its lower rim, whereas the other three hydroxy
groups were protected as O-propyl ethers to insure a blocked
cone conformation of the macrocycle. Unfortunately though,
the regioselective, direct protection of three phenolic hydroxy
groups in a calix[4]arene derivative is not a trivial task. In fact,
the synthesis of lower-rim dialkylated[17] and tetraalkylated[18]


calix[4]arenes in the cone conformation is a straightforward
transformation, whereas the preparation of the corresponding
trialkyl ethers is troublesome and often requires multistep
methods.[19, 20] One well-known procedure[18, 21] for the synthesis
of tri-O-alkylated calix[4]arenes involves the treatment of a tet-
rahydroxy derivative with an excess of an alkyl halide in the
presence of BaO and Ba(OH)2. However, when the tetraallylca-
lix[4]arene 3 was subjected to these reaction conditions, both
the di- and the tripropyl ethers were formed in low yields
(about 25 % each). The target tetraazidated calixarene 7 was
thus prepared from the starting compound 3 by use of an


ACHTUNGTRENNUNGalternative strategy to differentiate one of the four hydroxy
groups at the lower rim. Taking advantage of our previous
studies on the synthesis of calix[4]arene-based glycoclus-
ters,[22–25] we monoglycosylated 3 by treatment with commer-
cially available a-d-mannofuranose diacetonide (4, 1.1 equiv)
under Mitsunobu conditions,[22] and the three residual hydroxy
groups were then protected as O-propyl ethers to give com-
pound 5 in 80 % isolated yield (two steps). The first step of this
new procedure afforded a monoprotected calix[4]arene in a
yield similar to or even better than those registered by previ-
ous methods based on the use of NaOMe[20] (70–80 %), LiOH[26]


(73–85 %), K2CO3
[27] (37–88 %), CsF[27] (60–85 %), or (Bu3Sn)2O[28]


(47–80 %) and very simple alkyl halides.[29]


With compound 5 to hand, with all hydroxy groups suitably
protected, the multiple hydroboration-oxidation of the four
allyl groups at the upper rim was readily carried out to give
the tetrol 6. Subsequent transformation by azidation with di-
phenylphosphoryl azide and sodium azide, followed by remov-
al of the mannofuranose fragment by acidic hydrolysis, afford-
ed the tetraazide 7.


In order to obtain the glycocluster 1, which features the
azido group in close proximity to the macrocycle cavity, the
free hydroxy group of 7 was alkylated with the short N-Boc
ethylamino chain to give 8 (Scheme 2). The adoption of the
fixed-cone conformation in the calix[4]arene macrocycle by 8
was supported by the presence of signals for the equatorial
and axial protons of the methylene bridges as doublets at
about 3.1 and 4.3 ppm, respectively, in its 1H NMR spectrum.
Click chemistry was then performed on the tetraazide 8 as


Scheme 1. Preparation of the key intermediate (7) bearing four azido func-
tions and a single hydroxy group.
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ACHTUNGTRENNUNGdescribed in earlier reports from our laboratory.[24, 25] According-
ly, 8 was allowed to react with a stoichiometric amount
(4.0 equiv) of the known[30] ethynyl tetra-O-acetyl-b-d-C-galac-
topyranoside 9 in the presence of CuI and H�nig’s base to give
the triazole-tethered tetravalent glycosylated calix[4]arene, 10.
Quite remarkably, the four click reactions on the same sub-
strate 8 must all have occurred quite efficiently, because com-
pound 10 was obtained in 75 % yield, corresponding to a 93 %
average yield for each cycloaddition reaction. This good result
is very likely due to the postulated[25] complexation of a cop-
per(I)-triazolide intermediate with the sugar alkyne, which is
therefore placed in proximity to the unreacted azido groups
and can readily undergo an intramolecular cycloaddition. The
regioisomeric assignment of the 1,4-disubstituted 1,2,3-triazole
rings was established by 13C NMR spectroscopy as described in
our earlier works.[24] Removal of the N-Boc group from 10
under acidic conditions, followed by a diazotransfer reaction[31]


to convert the amino function into the azido group, afforded
11. Finally, this compound was converted into the target cal-
ix[4]arene 1, bearing carbohydrate residues at its upper rim
and a single azido group at its lower rim, by treatment with
ammonia in methanol.


To obtain the glycocluster 2, featuring a long tether holding
the azido group at the lower rim, the calix[4]arene derivative 7
was derivatized as the ethyl ester 12 (Scheme 3), which was
subjected to the standard click reaction with the sugar alkyne


9 to give the glycocluster 13 in high yield (80 %). Also in this
case, the fixed cone conformation of the calix[4]arene scaffold
and the 1,4-disubstitution pattern of the triazole rings were
readily confirmed by 1H and 13C NMR analyses, respectively.
Transesterification of 13, followed by basic hydrolysis, afforded
compound 14, in which not only the ester group at the lower
rim of the macrocycle but also those of the sugar residues had
been removed. Finally the azido group was introduced into 14
by N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide-activated
(EDC-activated) amidic coupling[32] of the free carboxylic group
with the commercially available 11-azido-3,6,9-trioxaundecan-
1-amine (15) to give the target product 2. Compounds 1 and 2
were purified by reversed-phase column chromatography and
characterized by NMR spectroscopy and MS analysis.


Synthesis and characterization of glycocluster-
oligonucleotide hybrids


The assembly of glycoclusters 1 and 2 with oligonucleotide
chains was carried out in order to immobilize the resulting gly-
coconjugates on a microarray surface. To this end, oligonucleo-
tides were prepared with a DNA synthesizer by standard phos-
phoramidite chemistry[33] on CPG (controlled pore glass) solid
support, a porous borosilicate material frequently used for
DNA synthesis. Two different solid-supported materials, 16[34]


and 17[35] (Scheme 4), featuring one and two alkyne residues,
respectively, were used for the synthesis of oligonucleotides
18 and 19 ; each displayed the same sequence (CTG CCT CTG
GGT TCA)[12] and was labeled on the 5’ end with the fluores-
cent dye Cy3. Treatment of 18 and 19 with concentrated aque-


Scheme 2. Synthesis of the glycocluster 1 by copper(I) mediated azide–
alkyne cycloaddition and diazo-transfer reaction.


Scheme 3. Synthesis of the glycocluster 2 by CuAAC and treatment with
long-chain aminoazide 15.
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ous ammonia released the oligonucleotides from the solid sup-
port and removed the protecting groups (that is, b-cyanoethyl,
benzoyl, and isobutyryl) (Scheme 4). The oligonucleotides 20
and 21 were isolated, their purities were established by analyti-
cal HPLC, and they were characterized by MALDI-TOF mass
spectrometry.


Because the alkyne-functionalized oligonucleotides 20 and
21 were water-soluble compounds, we set out to carry out
their coupling with the azide-functionalized glycoclusters 1
and 2 (Scheme 5), respectively, in water using CuSO4 and
sodium ascorbate as the source of copper(I). Both reactions
were performed under microwave irradiation[10] conditions in
order to achieve high reaction rates and therefore to avoid
some phosphodiester hydrolysis due to the presence of cop-
per(I) ion.[36] The crude products from the click reactions were
purified by preparative HPLC and characterized by MALDI-TOF
mass spectrometry to give the final glycoconjugates 22 and
23.


Preparation of DNA-based glycoarrays to probe lectin–
carbohydrate interactions


Our methodology[12] for the surface immobilization of glyco-
conjugates on the microarrays was as follows: 1) construction
of DNA chips, 2) hybridization of the prepared glycocluster-
oligonucleotide conjugates bearing the complementary DNA


sequence and the fluorescent dye Cy3, and 3) addition of the
fluorescently labeled lectins Cy5 or Alexa647 (Scheme 6).


Accordingly, the 3’-amino-oligonucleotides, the sequence of
which was complementary to that of the glycoconjugates pre-
pared, were first covalently immobilized on functionalized[37]


52-well glass slides.[38] Then, the glycocluster oligonucleotide
derivatives 22 and 23, the previously tested[12] galactosyl con-
jugates 24 a–d, and the additional galactosyl conjugate 25,
which had ten galactose residues, were hybridized onto the
chip in order to compare their lectin-binding properties. More-
over, the trimannosyl conjugate 24 e was also immobilized as a
negative control.


Scheme 4. Solid-phase oligonucleotide synthesis (SPOS) of 5’-fluorescently
labeled DNA 3’-mono- or dialkynes: 1) Cl2CHCO2H/CH2Cl2 (2.5 %), 2) phos-
phoramidite derivative + benzylthiotetrazole, 3) Ac2O, N-methylimidazole,
2,6-lutidine, 4) I2 ( 0.1 m), THF/H2O/pyridine. The grey ball represents long-
chain alkyl CPG; B* = Abz, Cbz, Gibu, or T and B = A, C, G or T.


Scheme 5. Synthesis of the calixarene-based glycocluster oligonucleotide de-
rivatives 22 and 23.


Scheme 6. Schematic representation of the method used to study lectin–car-
bohydrate interactions.
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Glycoconjugate 25 was synthesized as described for the syn-
thesis of 24 a–e, but in this case the alkyne functions were in-
troduced by using a dialkyne phosphoramidite derivative.[11, 34]


Thus, starting from universal solid supported propane-1,3-diol,
five dialkyne phosphoramidite derivatives were incorporated
by phosphoramidite chemistry. The introduction of the ten gal-
actose residues was performed by microwave-assisted[10] click
chemistry, and then the oligonucleotide was synthesized and
labeled with a Cy3 phosphoramidite. The desired glycoconju-
gate 25 was obtained after ammonia treatment and HPLCACHTUNGTRENNUNGpurification.


Scanning of the Cy3 fluorescence signal with a Gene-
Pix 4100A microarray scanner displayed a homogeneous hy-
bridization of all conjugates, except for 25, which included an
oligonucleotide sequence that was different from that in the
linear glycoconjugates 24 a–e (Figure 1). Two different Cy3 sig-
nals were observed for compound 24 e (each value was the
mean of four spots on the same row). For one row, the signal
intensity was similar to that observed for compounds 24 a–d,
whereas for the other row it was approximately one third. Fur-


ther experiments confirmed that compound 24 e hybridizes
similarly to compounds 24 a–d.


We next studied the interactions of 22 and 23 with two dif-
ferent galactose-binding lectins: PA-IL[9] (Pseudomonas aerugi-
nosa lectin) and RCA 120 (Ricinus communis agglutinin). PA-IL,
which is the first lectin isolated from the Gram-negative bacte-
rium P. aeruginosa,[39] features a narrow-specificity spectrum for
molecules containing d-galactose. This protein is made up of
four identical monomers, in which four calcium-dependent
binding sites are located. After hybridization, the Alexa 647-la-
beled PA-IL was deposited in each well at 2.8 mm concentra-
tion, and after incubation and washing of the glass slide with
Tween 20 in PBS solution (0.02 %), the chip was scanned at 532
and 635 nm. The fluorescence signal of each conjugate was
determined as the average mean fluorescence signal of four
spots (Figure 2). The fluorescence image of Cy3 (Figure 2, left)
showed that the glycoconjugates were still present after lectin
incubation, whereas the fluorescence image of Alexa647
(Figure 2, right) was observed as a result of the binding of PA-
IL. The selectivity of PA-IL for the corresponding galactose de-
rivatives 24 a–d and 25 was demonstrated by the Alexa647
fluorescence signal at background level for the mannose-bear-
ing glycoconjugate 24 e (Figure 3). The relative affinities of PA-
IL towards the glycoconjugates can be directly monitored
through the intensity of the lectin’s fluorescence signal.


Figure 1. Mean fluorescence intensities (MFIs) at 532 nm (a.u.) of the Cy3-la-
beled glycoconjugates 22–25 after immobilization on the DNA chip.


Figure 2. Fluorescence images recorded at 532 nm (left) and at 635 nm
(right) after incubation of immobilized glycoconjugates 22–25 with
Alexa 647-labeled PA-IL.
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As previously observed with RCA 120,[12] glycoconjugates
possessing three galactose residues (24 b and 24 d) had better
affinities towards PA-IL than those with only one residue (24 a
and 24 c), due to the expected cluster effect.[4, 5] The nature of
the linker (L1 and L2) between the galactose residues has little
effect (24 b vs. 24 d). Surprisingly, lower affinities were ob-
served when the number of galactose moieties was increased.
Thus, the deca-galactosyl conjugate (25) displayed a fluores-
cence signal weakened by a factor of two, whereas for both
glycoconjugates 22 and 23, as well as for the negative control
24 e, they were at background level, thus indicating that 22
and 23 did not have affinities towards PA-IL lectin (Figures 2
and 3).


Actually, it was expected that PA-IL should recognize 22 and
23 highly effectively, because they each featured a triazole ring
b-d-linked to the galactose moiety, a molecular motif closely
related to phenyl b-d-galactoside, the most potent known
ligand for PA-IL. Two possible explanations for this finding can
be advanced by considering either : 1) that steric hindrance
might arise, or 2) that glycosylated calixarenes can sequester
calcium ions, thus removing them from the binding site of the
lectin. 1H NMR experiments were therefore carried out to eval-
uate the complexation abilities of glycoclusters 1 and 2 toward
calcium(II) ions. The addition of anhydrous Ca ACHTUNGTRENNUNG(ClO4)2 to a solu-
tion of 1 in CD3OD led to an upfield shift (about 0.1 ppm) and
a broadening of the signals due to the four aromatic protons
resonating at d= 6.47–6.40 ppm and to two (d= 2.1 ppm) of
the four upper-rim benzyl-type methylene groups. Downfield
shifts of other signals in the central part of the spectrum (d=


4.5–3.7 ppm) were also observed. In a similar way, after treat-
ment of glycocluster 2 with Ca ACHTUNGTRENNUNG(ClO4)2, its 1H NMR spectrum (in
CD3OD) showed some changes. In particular, the signals of two
(d= 7.9 ppm) of the four H-5 triazole atoms were slightly shift-
ed downfield whereas the signals of four aromatic protons
(d= 6.3 ppm) and four upper-rim aliphatic protons (d=


2.0 ppm) underwent upfield shifts of about 0.1 ppm. To con-
firm the cation selectivity of the recognition process, the same
experiments were repeated with replacement of Ca ACHTUNGTRENNUNG(ClO4)2 with
anhydrous NaClO4 in the CD3OD solutions. In this case, the
spectra of 1 and 2 did not show any significant modification,
suggesting that both glycoclusters can complex Ca2+ ions
when installed on the oligonucleotide chains and exposed to
the lectin. This conclusion contrasted with the finding that no
molecular recognition was detectable even on increasing the
amounts of calcium ions in the tris/HCl buffer used instead of


phosphate buffer. Therefore, we conclude that calcium seques-
tration cannot be taken as a causative effect for the lack of
binding of 22 and 23 to PA-IL lectin. At this stage a convincing
explanation for that observation is open to conjecture and
may rather be related to steric hindrance.


These data showed that PA-IL recognizes glycoclusters with
linear spatial structures more efficiently than it does those with
antenna (25) and calixarene (22 and 23) structures. This result
suggests that too close proximity between the galactose moi-
eties has a negative effect on the recognition by PA-IL.


A similar affinity study was then performed with RCA 120,
another lectin that recognizes galactose residues. RCA 120[40] is
a heterodimeric protein with a MW of 60 kDa, made up of two
S�S-linked chains A and B, the latter containing two carbohy-
drate-binding sites specific for galactose. Cy5-labeled RCA 120
was deposited in each well at 2 mm concentration and, after in-
cubation and washing of the glass slide with Tween 20 in PBS
solution (0.02 %), it was scanned at 532 and 635 nm. The fluo-
rescence image of Cy3 (Figure 4, left) confirmed that the glyco-


conjugates were still present after lectin incubation, whereas
the fluorescence image of Cy5 (Figure 4, right) was observed
as a result of the binding of RCA 120 with galactose residues.


The fluorescence signal of each conjugate was determined
as the average of the fluorescence signals of four spots. As
would be expected, the Cy5 signal was at background level for
the mannose-bearing glycoconjugate 24 e, highlighting the se-
lectivity of RCA 120 for galactose (Figure 5). Interestingly, and
in contrast with the data obtained with PA-IL, we found that
all galactosylated glycoconjugates were able to bind RCA 120.
Therefore, in this case, the use of the unnatural calixarene scaf-
fold and triazole linker did not prevent the molecular recogni-
tion of the sugar ligand by the lectin. The glycoconjugate 23,
bearing eight galactose residues, displayed an affinity similar
to that observed for 24 b, the most active compound, featur-
ing only three galactose moieties. The ratio of the intensities
of the Cy5 signals for 23 and 22 was in the 1.2–2 range (from
independent experiments), whereas the ratio of the galactose
residues linked to these glycoconjugates was 2. Surprisingly,
RCA 120 bound with a lower affinity to compound 25, bearing
ten residues in an antenna-based spatial arrangement. These
results indicate that the three-dimensional orientation of the
sugar units is more important than their number. In fact 24 b,
bearing three galactose residues in a linear arrangement, was


Figure 3. Mean fluorescence intensities (MFIs) at 635 nm (a.u.) of Alexa 647-
labeled PA-IL after incubation with immobilized glycoconjugates 22–25.


Figure 4. Fluorescence images recorded at 532 nm (left) and 635 nm (right)
after incubation of immobilized glycoconjugates 22, 23, 24 b, 24 e, and 25
with Cy5-labeled RCA 120.
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the most potent ligand out of the seven glycoconjugates
tested in this study.


In order to provide a quantitative analysis of the binding af-
finities between lectin RCA 120 and glycoconjugates 22 and
23, the corresponding IC50 values were measured as previously
reported[41] and compared with the IC50 values determined for
24 a and 24 b.[13] We determined IC50 values as the concentra-
tion of lactose required for the removal of 50 % of RCA 120
bound to the immobilized glycoconjugates. The glycoconju-
gates 22 or 23 were immobilized by hybridization at the bot-
toms of the microwells and further incubated with mixtures of
Cy5-labeled RCA 120 (2 mm) containing increasing concentra-
tions of lactose (0.05 mm to 30 mm). Fluorescence images at
532 and 635 nm were then obtained after washing of the glass
slides to remove the unbound lectins (Figure 6). Each experi-
mental point is an average value of four spots.


The Cy5 fluorescence intensities were tabulated against log-
arithmic lactose concentrations (Figure 7).


The IC50 values for the monogalactose 24 a,[13] the trigalac-
tose 24 b,[13] the tetragalactose 22, and the octagalactose 23
glycoconjugates are displayed in Table 1.


As would be expected, we found that the affinity of RCA 120
increased along with the number of galactose residues, due to
higher local galactose concentrations. IC50 measurements con-


firmed that RCA 120 had affinities for compounds 24 b and 23
in the same range. Moreover, the IC50 value for 23 was 2.7
times higher than that for 22, leading to an affinity per residue
increased by a factor of 1.3, whereas values in the 1.2–2 range
were obtained when analyzed by fluorescence of Cy5 (Fig-ACHTUNGTRENNUNGure 5). Therefore, as already reported,[5] the measured cluster
effect depends on the assay conditions.


Conclusions


This study has shown that each class of galactose cluster
(linear, calixarene, and antenna) is recognized with different af-
finities by PA-IL and RCA 120 lectins. Our results showed that
the spatial arrangement is more important than the number of
galactose residues, because the linear trivalent clusters (24 b
and 24 d) were better able to bind lectins than antenna (25)
and calixarene (22 and 23) ones with 10, four, and eight galac-
tose moieties, respectively. Furthermore, we showed that PA-IL


Figure 5. Mean fluorescence intensities (MFIs) at 635 nm (a.u.) of Cy5-labeled
RCA 120 after incubation with immobilized glycoconjugates 22, 23, 24 b,
24 e, and 25.


Figure 6. Typical fluorescence images recorded at 532 nm (left) and 635 nm
(right) after incubation of 22 or 23 with Cy5-labeled RCA 120 and increasing
concentrations of lactose.


Figure 7. Competitive curves of Cy5-RCA 120 with 22 (top) and 23 (bottom)
immobilized on DNA chips in the presence of increasing concentrations of
lactose. Mean fluorescence intensities (MFIs) at 635 nm (a.u.).


Table 1. IC50 values for the binding between glycoconjugates and
RCA 120.


Glycoconjugate Valency IC50 [mm] Relative
potency[a]


Potency per
galactose residue[b]


24 a 1 5.6�2.8[13] 1 1
24 b 3 385�45[13] 69 23


22 4 114�14 20 5
23 8 305�22 54 7


[a] Ratio of multivalent glycoconjugates to monovalent glycoconjugate
24 a IC50 values. [b] Ratio of relative potency to the number of galactose
residues.
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is more selective than RCA 120, because galactosyl-calixarene
derivatives 22 and 23 were not recognized by PA-IL.


The importance of the spatial arrangement of the glycoside
residues in the lectin recognition process has been assessed
for the asialoglycoprotein receptor.[12, 42, 43] It was shown that
the trigalactose cluster with the largest distance between the
sugar residues presents the optimal recognition.[39, 42] The rec-
ognition study was performed by direct fluorescence scanning
and by the determination of the IC50 values, with both tech-
niques leading to similar results.


The carbohydrate microarray used in this study required
only minute amounts of material. The synthesis of the glyco-
conjugates could therefore be performed on a fairly small
scale, but the miniaturization through the microarray technolo-
gy provided the biological data for a complete study.


Experimental Section


Synthesis of 5’-Cy3-oligonucleotides with 3’-mono- or 3’-di ACHTUNGTRENNUNGal-ACHTUNGTRENNUNGkyne functions : The oligonucleotides were synthesized on a DNA
synthesizer (ABI 394) by standard phosphoramidite chemistry from
the starting monoalkyne 16 or dialkyne 17 solid supports (synthe-
sized as previously described[36]). Detritylation was performed with
DCA in CH2Cl2 (3 %) for 35 s for the dimethoxytrityl groups and for
60 s for the monomethoxytrityl group (Cy3). For the coupling step,
benzylmercaptotetrazole (0.3 m in anhydrous CH3CN) was used as
activator, and commercially available phosphoramidites (A, T, C, G,
Cy3; 0.075 m in anhydrous CH3CN) were introduced with a 20 s
coupling time. The capping step was performed with acetic anhy-
dride by use of a commercial solution (Cap A: Ac2O/pyridine/THF
10:10:80 and Cap B: 10 % N-methylimidazole in THF) for 15 s. Oxi-
dation was performed with a commercially available solution of
iodine (0.1 m I2, THF/pyridine/water 90:5:5) for 13 s.


Synthesis of 5’-Cy3-CCG CGT TGG ATT AGC (PePO galactosyl2)5


propanol (25): Starting from the propane-1,3-diol-bound solid sup-
port, five 3-(4,4’-dimethoxytrityloxy)-2,2-bis(propargyloxymethyl)-
propyl (2-cyanoethyl N,N-diisopropyl)-phosphoramidite[11] units
were coupled according to the phosphoramidite elongation cycle
(see above), and this was followed by the first three nucleotides.
Solid-supported DMTr-AbzGibuCbz decaalkyne derivative (0.6 mmol)
was transferred into a microwave vial, and 1-azido-3,6-dioxaoct-8-yl
2,3,4,6-tetra-O-acetyl-b-d-galactopyranoside[12, 44] (30 mmol, 15.2 mg,
in 100 mL of methanol), CuSO4 (1.2 mmol, 6 mL of 200 mm water so-
lution) and sodium ascorbate (6 mmol, 24 mL of 250 mm water solu-
tion) were added. The sealed vial was irradiated with microwaves
for 20 min at 60 8C with magnetic stirring. After filtration, washing
with methanol/water and dry acetonitrile, and drying in a desicca-
tor, the beads were transferred to a DNA column and the sequence
was completed on the DNA synthesizer with a Cy3 at the 5’ end.
After deprotection and HPLC purification the pure 25 was charac-
terized by MALDI-TOF MS; m/z calcd for C353H531N87O208P21: 9972.02
[M�H]� ; found: 9971.03.


General procedure for deprotection : The beads were treated with
concentrated aqueous ammonia (~1 mL) at 55 8C for 6 h, and the
supernatant was then withdrawn and concentrated to dryness. The
residue was dissolved in water for subsequent analyses.


CuI-catalyzed cycloadditions for mono- and dicalix[4]arene oli-
gonucleotide conjugates 22 and 23 : Compound 1 (4 equiv,
100 mL of a 0.02 m solution in water), CuSO4 (5 equiv, 2.5 mmol,
13 mL of a 0.2 m solution in H2O), freshly prepared sodium ascor-


bate (25 equiv, 12.5 mmol, 64 mL of a 0.2 m solution in H2O), and
water (300 mL) were added to monoalkyne oligonucleotide 20
(0.5 mmol). The mixture was heated at 60 8C for 1 h in a sealed
tube by use of a microwave synthesizer Initiator from Biotage
(temperature monitored with an internal infrared probe). Saturated
aqueous EDTA solution (500 mL) was then added to the mixture,
and the resulting solution was desalted on NAP10. The crude prod-
uct was purified by reversed-phase preparative HPLC to yield pure
compound 22 (111 nmol), determined by spectrophotometry at
550 nm (e(Cy3) = 150 000). tR (HPLC) = 15.42 min; MALDI-TOF MS: m/z
calcd for C264H345N68O124P16: 6950.62 [M�H]� ; found: 6949.63.


The synthesis of conjugate 23 (70 nmol) was performed as de-
scribed above with the use of 21 and 6 equiv of 2. tR (HPLC) =
17.18 min; MALDI-TOF MS: m/z calcd for C366H490N85O157P16: 9087.98
[M�H]� ; found: 9090.22.


Fabrication of microarrays[12]


Silanization of the glass slides : Borosilicate glass slides (Schott) con-
taining 52 microreactors[38] (2 mm diameter, 65–100 mm deep) were
functionalized by the protocol developed by Dugas et al.[37] In
brief, after piranha treatment, the slides were heated under dry ni-
trogen at 150 8C for 2 h. Next, dry pentane (250 mL) and tert-butyl-
11-(dimethylamino)silylundecanoate (300 mL) were added at room
temperature. After 20 min of incubation, the pentane was evapo-
rated and the slides were heated at 150 8C overnight. Functional-
ized slides were obtained after washing in THF and rinsing in
water. Deprotection of the ester function was performed with
formic acid (7 h at room temperature). N-Hydroxysuccinimide
(0.1 m) and diisopropylcarbodiimide (0.1 m) in dry THF were used
for the activation of the acid functions.


Immobilization of DNA strands : 3’-Amino-modified oligonucleotides
were purchased from Eurogentec. Sequence 1 (S1: 5’-GTG AGC
CCA GAG GCA GGG-(CH2)7-NH2), sequence 2 (S2: 5’-GCT AAT CCA
ACG CGG GCC AAT CCT T-(CH2)7-NH2) and sequence 3 (negative
control, S3: 5’-ATG CCC TCT TTG ATA TT-(CH2)7-NH2) were used. The
desired sequence (1 mL of a 25 mm solution in 10 � PBS at pH 8.5)
was deposited at the bottom of the corresponding well. The cou-
pling reaction was performed overnight at room temperature.
Water was then allowed slowly to evaporate. The slides were
washed with SDS (0.1 %) at 70 8C for 30 min and rinsed with deion-
ized water.


Blocking : After immobilization, all slides were blocked with bovine
serum albumin (BSA). Blocking was performed with a BSA solution
(4 %) in 1 � PBS (pH 7.4), at room temperature for 2 h. The glass
slides were then washed in 1 � PBS (pH 7.4)/Tween 20 (0.05 %) 3 �
3 min followed by 1 � PBS (pH 7.4) two to three times, rinsed with
deionized water, and dried by centrifugation.


Hybridization of the glycoconjugates on DNA array : Glycoconjugates
bearing a DNA tag were hybridized with a solution (1 mL) at the
desired concentrations (5 � SSC, 0.1 % SDS), placed at the bottom
of the corresponding well, and allowed to hybridize overnight at
room temperature in a H2O-vapor-saturated chamber. The slides
were washed in 2 � SSC, SDS (0.1 %) at 51 8C for 1 min, followed by
2 � SSC at room temperature for an additional 5 min, and were
then rinsed with deionized water and dried by centrifugation.


Probing microarrays


Cy5 labeling of RCA 120 lectin : RCA 120 (Sigma) was labeled by use
of an Amersham Biosciences Cy5 Ab Labeling Kit according to the
manufacturer’s protocol. Protein concentration and the dye/protein
ratio were estimated by optical density (nanodrop), with reading
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of the absorbance at 280 and 650 nm. Lectin concentration was es-
timated to be 4 mm, bearing an average of four dyes per protein.


Labeling of PA-IL lectin (a gift from Dr. Anne Imberty, CERMAV)
with Alexa647 was performed by use of the microscale labeling kit
from Invitrogen. Protein concentration was estimated according to
the manufacturer’s protocol by reading of the absorbance at 280
and 650 nm. The final lectin concentration was estimated at 28 mm


with a degree of labeling of 0.4.


The labeled lectin was diluted in 1 � PBS (pH 7.4), CaCl2 (final con-
centration 5 mm), and 20 % BSA (final concentration 2 %) to the de-
sired concentration. For IC50 experiments, lactose was added to the
solutions at different final concentrations. Each solution (1 mL) was
placed at the bottom of each well and incubated at 37 8C in a H2O-
vapor-saturated chamber for 2 h. The slides were then washed in
1 � PBS (pH 7.4)/Tween 20 (0.02 %) for 10 min, dried by centrifuga-
tion, and scanned.


Fluorescence scanning : Fluorescent scanning was performed with a
Microarray scanner, GenePix 4100A and software package (Axon In-
struments; lex 532/635 nm and lem 575/670 nm). The fluorescence
signal of each conjugate was determined as the average of the
mean fluorescence signals of four spots.
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Introduction


Proteins are fluctuating, dynamic systems and are able to
assume a large number of nearly isoenergetic low-energy con-
formational substates.[1–3] Each of these exists in thermal equi-
librium, and so may interconvert. A consequence is that pro-
teins are now commonly thought of as fluctuating free-energy
landscapes, capable of populating (transiently) these nearly
isoenergetic minima. This is consistent with single-molecule
studies[4–6] and atomistic simulations[7, 8] that point to free-
energy landscapes for enzyme–substrate complexes with mul-
tiple reactant states and paths. Reactive configurations that
correspond to landscape minima are each capable of produc-
tive catalysis by proceeding via the same reaction chemistry,
but the microscopic rate constant for each reaction will differ
across these reactant configurations. Consequently, the rate
enhancements achieved by enzymes are a statistically weight-
ed average of a diverse population of rate constants spanning
several orders of magnitude.


There is now increased recognition of the contributions
made by multiple reactant states and paths to the overall ob-
served rate of an enzymatic reaction.[9] A number of examples
exist in which the contribution of different conformational sub-
states are inferred: examples include dihydrofolate reductase
(DHFR),[8] thermophilic alcohol dehydrogenase (tmADH)[10] and
dihydroorotate dehydrogenase (DHOD).[4] However, it remains


difficult to monitor conformational substates experimentally,
let alone perturb them. We have previously studied the reduc-
tive half-reaction (RHR) of wild-type morphinone reductase
(MR) in detail.[11–13] The RHR involves hydride transfer from the
C4 R hydrogen of b-nicotinamide adenine dinucleotide (NADH)
to the N5 atom of flavin mononucleotide (FMN). The RHR pro-
ceeds in three steps and H-transfer—which is concomitant
with FMN reduction—is kinetically resolved from the preceding
steps involving coenzyme binding and formation of the MR–
NADH binary complex:


FMN reduction is observed directly in a rapid-mixing,ACHTUNGTRENNUNGstopped-flow instrument by following the decrease in absorb-
ance at 464 nm. Also the binary complex, [MR·NADH]CT, has a


We show that hydride transfer from NADH to FMN catalysed
by the N189A mutant of morphinone reductase occurs along
parallel “chemical” pathways in a conformationally rich free-
energy landscape. We have developed experimental kinetic
and spectroscopic tools by using hydrostatic pressure to ex-
plore this free-energy landscape. The crystal structure of the
N189A mutant enzyme in complex with the unreactive coen-
zyme analogue NADH4 indicates that the nicotinamide moiety
of the analogue is conformationally less restrained than the
corresponding structure of the wild-type NADH4 complex. This
increased degree of conformational freedom in the N189A
enzyme gives rise to the concept of multiple reactive configu-
rations (MRCs), and we show that the relative population of
these states across the free-energy landscape can be perturbed
experimentally as a function of pressure. Specifically, the amp-ACHTUNGTRENNUNGlitudes of individual kinetic phases that were observed inACHTUNGTRENNUNGstopped-flow studies of the hydride transfer reaction are sensi-


tive to pressure; this indicates that pressure drives an altered
distribution across the energy landscape. We show by absorb-
ance spectroscopy that the loss of charge-transfer character of
the enzyme–coenzyme complex is attributed to the altered
population of MRCs on the landscape. The existence of a con-
formationally rich landscape in the N189A mutant is supported
by molecular dynamics simulations at low and high pressure.
The work provides firm experimental and computational sup-
port for the existence of parallel pathways arising from multi-
ple conformational states of the enzyme–coenzyme complex.
Hydrostatic pressure is a powerful and general probe of multi-
dimensional energy landscapes that can be used to analyse ex-
perimentally parallel pathways for enzyme-catalysed reactions.
We suggest that this is especially the case following directed
mutation of a protein, which can lead to increased population
of reactant states that are essentially inaccessible in the free-
energy landscape of wild-type enzyme.
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characteristic p–p absorbance centred at 555 nm, which is at-
tributed to the formation of a charge-transfer (CT) complex.


In earlier work, we studied the MR active-site mutant
N189A,[14] and showed that this mutation enables a number of
conformational substates to be more significantly populated
than in the wild-type enzyme. As a consequence, we were able
to monitor a number of these substates, termed multiple reac-
tive configurations (MRCs), by using stopped-flow methods. In
particular, we observed a multiphasic absorption change at
466 nm for FMN reduction by NADH in N189A MR. This con-
trasts with the single phase observed with wild-type MR. The
reaction transient for the N189A enzyme was fitted to a multi-
exponential function [Eq. (1)] with at least three rate con-
stants.[14]


DA ¼
XNo: of states


i¼1


Ai expð�ktÞ ð1Þ


Where Ai is the amplitude and ki is the rate constant of the
ith exponential component that was obtained from theACHTUNGTRENNUNGstopped-flow trace, and DA is the total absorbance change. In
this analysis each exponential component was considered to
reflect a major reactive configuration, which has become kinet-
ically accessible. We term these configurations R1–R3, respec-
tively.[14] By using stable isotope analysis and thermodynamic
and kinetic characterisations, we showed that each reactive
configuration proceeds by the same chemical mechanism, but
that the rate constants for hydride transfer to FMN varied by


over three orders of magnitude (~200–0.2 s�1).[14] Each of these
reactive configurations may therefore be considered to repre-
sent parallel pathways for FMN reduction.


In this work, we have extended our analysis of the N189A
mutant MR to explore the free-energy landscape for hydride
transfer following pressure perturbation. We show that pres-
sure perturbs the free-energy landscape for the N189A MR–
NADH binary complex and causes the population of MRCs to
shift significantly. X-ray crystallographic data support the con-
cept of parallel reaction pathways induced by mutation of
Asn189 and molecular dynamics simulations corroborate the
experimental evidence for fluctuations in the free-energy land-
scape with pressure. We suggest that hydrostatic pressure is a
powerful and general probe of multidimensional energy land-
scapes that can be used to analyse experimentally parallel
pathways for enzyme-catalysed reactions. This is especially the
case following directed mutagenesis of the active site, which
can lead to increased population of reactant states that are es-
sentially inaccessible in the free-energy landscape of wild-type
enzymes.


Results and Discussion


Crystal structure of N189A MR–NADH4 complex


We have previously reported the X-ray crystal structure of
wild-type MR in complex with the non-reactive NADH ana-
logue 1,4,5,6-tetrahydroNADH (NADH4).[14] We have now deter-
mined the structure of N189A MR in complex with NADH4 at a
resolution of 2.3 � (Figure 1 and Table S1 in the Supporting In-
formation). The overall structure of N189A MR–NADH4 is similar
to that of the wild-type protein, although major differences are
visible in the region A187–L192 (Figure 1). We modelled two
conformations of this chain based on the observed electron
density. One conformation corresponds to that in wild-type


Figure 1. Stereoview of the N189A MR–NADH4 complex overlaid with the wild-type MR–NADH4 complex. For the mutant structure, selected residues in the
active site as well as the bound FMN and NADH4 are shown in atom-coloured sticks. For comparison, the corresponding wild-type structure is depicted in
narrow grey-scale sticks. In the N189A MR structure, the loop containing the N189A mutation is observed in two distinct conformations and is coloured re-
spectively with blue and green carbons (the latter similar of the wild-type structure). A section of the 2 Fo�Fc electron density map corresponding to the or-
dered moiety of NADH4 is shown as a blue mesh. A section of the residual Fo�Fc electron density map is shown as a green mesh situated above the FMNACHTUNGTRENNUNGisoalloxazine ring. This could not be interpreted in terms of a single conformation of the NADH4 nicotinamide moiety.
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enzyme, whereas the second indicates displacement of the
peptide toward residues W106 and Y72 (Figure 1). It is interest-
ing to note that the latter conformation precludes a stacking
of the NADH4 nicotinamide with the FMN as seen in the wild-
type enzyme. In case of the N189A MR mutant, unambiguous
electron density is observed for the adenosine-phosphate
moiety of the bound NADH4 (Figure 1). In contrast, a region of
less well-defined density is observed above the si face of the
FMN isoalloxazine ring. We infer that this is attributed to a lim-
ited occupancy of the nicotinamide-ribose moiety of NADH4 in
this position, which is possibly linked to the position of the
A187–L192 conformation. This clearly suggests mobility of the
nicotinamide group when bound to N189A MR. This contrasts
with the structure of the NADH4-bound wild-type enzyme, in
which the nicotinamide density is well defined.[14]


The structure of the N189A MR–NADH4 complex is consis-
tent with our previous kinetic and molecular dynamics analysis
of hydride transfer from NADH to FMN in the N189A mutant
MR.[14] We had suggested that during hydride transfer MRCs
are populated as a consequence of removing the restraining
interaction between the carboxamide group of NADH and
Asn189. This is consistent with the localised disorder of the
nicotinamide group in the N189A MR–NADH4 complex and the
well-defined position of the remaining adenosine-phosphate
moiety of the coenzyme.


High pressure molecular dynamics and energy landscapes
for enzyme–NADH complexes


We performed high-pressure molecular dynamics (MD) simula-
tions of wild-type and N189A MR in complex with NADH and
FMN at 1 bar (1 bar = 100 kPa = 0.98 atm) and 2 kbar (RMSDs
for 10 ns simulation shown in Figure S1) to 1) provide atomistic
understanding of pressure-induced structural perturbation and
2) support experimental studies of hydride transfer kinetics in
both enzymes as a function of pressure. The conformational
states that we observe define the energy landscapes for the
enzyme–NADH complexes of wild-type and N189A enzymes.


Our previous MD simulations of N189A MR at 1 bar suggest-
ed increased conformational freedom for the nicotinamide
group compared to wild-type enzyme.[14] There is also a better
overlap of the nicotinamide and isoalloxazine rings in a subset
of conformations for the mutant enzyme. We have also shown
with wild-type MR that on increasing the pressure from 1 bar
to 2 kbar an equilibrium distribution of conformational states
is favoured in which the average donor–acceptor distance (i.e. ,
distance between the C4–N5 atoms of the nicotinamide coen-
zyme and FMN, respectively) is shortened.[15] We now extend
this analysis to the N189A MR–NADH complex which allows
comparison with the wild type MR–NADH complex. The simu-
lations show that across the landscape the population frequen-
cy, and in particular the average C4-N5 distances, change with
pressure for both wild-type and N189A MR (Figure 2 A, B). The
C4-N5 distance decreases for wild-type (3.93 to 3.74 �) and
N189A (3.88 to 3.77 �) MR on moving from 1 bar to 2 kbar. We
have monitored the change in dihedral angle (NADH N1-NADH
C4-FMN N5-FMN N10) on moving from 1 bar to 2 kbar (Fig-


ACHTUNGTRENNUNGures S2 and 2 C, D). At 1 bar the dihedral is similar in wild-type
MR compared to N189A MR being, 35.4�0.088 and 35.2�
0.128, respectively. Further, at high pressure (2 kbar) the di-ACHTUNGTRENNUNGhedral in wild-type MR and N189A MR is decreased, although
to a greater extent with the mutant being, 34.2�0.068 and
31.3�0.078, respectively. These data therefore suggest that
whilst the donor–acceptor distance is shorter in wild-type MR
at high pressure, the relative position of the isoalloxazine and
nicotinamide rings is more significantly different in N189A MR.
These data might reflect the increased conformational freedom
of N189A MR relative to wild-type MR.


Exploring the energy landscape by pressure perturbation of
hydride-transfer chemistry in N189A MR


We showed previously that mutation of Asn189 to alanine re-
sulted in complex kinetic behaviour in the reductive half-reac-
tion of MR.[14] In stopped-flow studies of FMN reduction by
NADH we observed three exponential phases in the kinetics of
flavin reduction, each reflecting hydride transfer, and demon-
strating hydride transfer occurs in a series of parallel reactions
(cf. wild-type enzyme) for the reactive enzyme–coenzyme com-
plex. We define this population of reactive conformations as
MRCs. In reality, the number of reactive states will be greater
than three, but detection of these is compromised by using
ensemble stopped-flow measurements. We focus below on the
experimentally observed states, but the general conclusions
apply to all conformations of the enzyme–coenzyme complex.


Figure 2. Molecular dynamics simulations of wild-type MR and N189A MR at
1 bar and 2 kbar. Data reported in the text are extracted from the centre of
the Gaussian fits, which are shown as solid lines. Panels A and B show the
variation in C4–N5 distance for wild-type (A) and N189A MR (B) at 1 bar
(black) and 2 kbar (red). Distances were binned at 0.1 �. Panels C and D
show the NADH–FMN dihedral angle (NADH-N1–NADH-C4–FMN-N5–FMN-
N10) for wild-type (A) and N189A MR (B) at 1 bar (black) and 2 kbar (red). Di-
hedral angles were binned at 28.
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By using our stopped-flow methods[14] we have analysed
how the distribution across the MRCs in N189A MR–NADH
varies with pressure. Any shift in the distribution of conforma-
tional states can be approximated in relative terms by the var-
iation in amplitude of the individual exponential components
corresponding to each MRC. Figure 3 shows the variation in


amplitude and observed rate of FMN reduction for each of the
kinetically accessible reactive configurations over the pressure
range 1–2000 bar. These data are summarised in Table 1. The
variation in population of a reactive configuration relative to
other configurations may be modelled by using Equation (2):


AiP
A
ðp,TÞ ¼ K iðp,TÞ


1þ K iðp,TÞ ¼
expðln K i,0�DV Ap=RpTÞ


1þ expðln K i,0�DV Ap=RpTÞ ð2Þ


Here, Rp = 83.13 cm3 mol�1 bar K�1 when the pressure, p, is
measured in bar, Ki,0 is the equilibrium constant for the change
in population of the ith reactive configuration extrapolated to
0 bar and VA is analogous to V� in Equation (3), being the ap-
parent difference in the volume associated with this equilibri-
um transition.


From Figure 3 and Table 1 it is clear that the relative popula-
tion of each of the MRCs is sensitive to changes in hydrostatic
pressure. This is apparent from the variation in the amplitude
of each configuration (DVA1 = 23.1�2.7, DVA2 =�9.5�1.5 and
DVA3 =�23�2.5 cm3 mol�1). In short, the amplitude data show
that R1 becomes less populated and R2–3 more populated as
the pressure increases from 1–2000 bar. The pressure depend-
ence of the observed rate constants for each MRC is extracted
from Equation (3),[13]


kobsðp,TÞ ¼ k0expð�DV�p=RpTÞ ð3Þ


Where k0 is the rate constant extrapolated to 0 bar, and DV�


is the apparent difference between the volume of the reactant
state and the transition state and has units of cm3 mol�1. Only
the observed rate constants for R1, show a significant pressure
dependence, with reactive configurations R2–R3 giving pres-
sure-independent rate constants within experimental error.
Specifically, DV


�


k1
=�5.7�1.7, DV


�


k2
= 2.4�3.6 and DV


�


k3
=


�0.8�1.3 cm3 mol�1. The increased conformational freedom in
N189A MR that is suggested by our high-pressure MD simula-
tions might explain the smaller pressure dependence of the
observed rate of FMN reduction in N189A MR compared to
wild-type MR (DV� = 18.3�0.6 cm3 mol�1). That is, it seems
plausible that increased conformational freedom might
“dampen” the effect of high pressure and give smaller values
for DV�. This idea is also supported by the smaller C4–N5 dis-
tance decrease that was observed in the molecular dynamics
simulations of N189A MR compared to wild-type MR at high
pressure.


Pressure dependence of charge-transfer absorption for the
N189A MR–NADH4 complex supports a conformationally
rich energy landscape


We have monitored the change in charge-transfer (CT) absorp-
tion across the pressure range of 1 to 2000 bar for the N189A
MR–NADH4 complex by using the method we reported recent-
ly for wild-type enzyme.[15] The CT complex that is formed prior
to hydride transfer with the natural coenzyme (NADH) has a
broad absorbance centred at ~555 nm attributed to the p–p


interactions between the nicotinamide and flavin isoalloxazine
rings. A similar absorption band is produced with the unreac-
tive NADH4 ligand. We formed the CT absorption by mixing
the enzyme with a saturating concentration (>10 � Kd) of the
unreactive NADH analogue, NADH4. With wild-type MR, the CT
absorbance (eCT) increases with increasing hydrostatic pressure
[DeCT = 0.09�0.01 mm


�1 cm�1 kbar�1 at 25 8C (Figure 3, inset)] .


Figure 3. Pressure dependence of the relative amplitude and observed rate
that was extracted from stopped-flow transients of the reductive half-reac-
tion of N189A MR. The amplitude data were fitted to Equation (2) for each
reactive configuration, black (R1), red (R2) and blue (R3). The data are extrapo-
lated to negative pressure values to demonstrate the properties of Equa-
tion (2). Inset : pressure dependence of the rate constants obtained byACHTUNGTRENNUNGstopped-flow measurements for R1–3. Solid lines in the main panel are fits to
Equation (3). Conditions: N189A MR (75 mm) and NADH (40 mm) at 4 8C.


Table 1. The pressure dependence of the amplitude and observed rate
constant for each phase attributable to hydride transfer in N189A MR.


K0
[a] DVA [cm3 mol�1][b] k0 [s�1][b] DV� [cm3 mol�1][b]


N189A MR
R1 3.9�0.6 23.1�2.7 79.5�8.1 �5.7�1.7
R2 0.15�0.01 �9.5�1.5 10.6�1.9 2.4�3.6
R3 0.10�0.02 �23.0�2.5 0.55�0.04 �0.8�1.3
Wild-type MR[c]


– – 18.3�0.6 �14.39�0.69


[a] Values were obtained by fitting the amplitude data to Equation 2,
while [b] values are from linear fits of the rate constant data to Equa-
tion (3). All measurements were made at 4 8C in 50 mm Tris–HCl, 2 mm 2-
mercaptoethanol, 5 U mL�1 glucose oxidase, 50 mm glucose, pH 8.0 and
were measured at 466 nm on a log time scale over 20 or 50 s with ~8000
data points and fitted to 3-exponentials by using Kinetic Studio. Concen-
tration used: 75 mm MR N189A vs. 40 mm (final concentrations) NADH
and wild-type MR vs. 5 mm (final concentrations) NADH. [c] Data from
Hay et al.[13]
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Based on Mulliken’s[16] and latterly Ewald’s[17] work with small-
molecule systems, we have suggested that increasing pressure
shortens the distance between the ring planes of the nicotin-ACHTUNGTRENNUNGamide and isoalloxazine. This shortening of the CT bond (im-
proved overlap of the p–p orbitals) increases the extinction co-
efficient, eCT, for the wild-type MR–NADH4 complex.


The reactive configuration R1 of N189A MR is structurally
similar to the CT complex of wild-type MR.[14] Configuration R1


contributes to the CT spectrum, whereas configurations R2 and
R3 are not expected to contribute significantly to the CT ab-
sorption spectrum based on geometry considerations.[14] That
kinetic decay of the CT complex is monoexponential in N189A,
whereas hydride transfer is multiexponential, has been used to
argue that configurations R2 and R3 do not contribute to the
CT absorption spectrum.[14] Given this context, we investigated
the effects of pressure on the CT absorption properties of the
N189A MR–NADH4 complex (Figure 4). Unlike for wild-type MR,


where the CT absorption increases with pressure (DeCT = 0.09�
0.01 mm


�1 cm�1 kbar�1), the CT absorption of the N189A MR de-
creases with pressure (DeCT =�0.09�0.01 mm


�1 cm�1 kbar�1). A
priori, this is inconsistent with our MD simulations, which sug-
gest that the C4–N5 distance decreases at elevated pressure.
However, the trend is rationalized by the negative pressure de-
pendence of DVA1, which acts to increase the population of
configurations R2 and R3 (which have no CT absorption) at the
expense of configuration R1, as the pressure is elevated
(Figure 3). By using the population decrease for R1 (44 % over
the experimental pressure range as assessed from Equation (2);
Figure 3) we can estimate the decrease in eCT attributed to the
loss of R1, being ~0.24 mm


�1 cm�1 kbar�1. Consequently, we cal-


culate the approximate pressure dependence of CT absorption
intensity for R1 in the absence of population redistribution
(that is, at “fixed” R1) as DeCT~0.15 mm


�1 cm�1 kbar�1. This value
is slightly elevated to that obtained for wild-type MR (DeCT =


0.09�0.01 mm
�1 cm�1 kbar�1 at 25 8C) and is consistent with


closer p–p interaction and the faster hydride transfer kinetics
from R1 (N189A) compared to wild-type enzyme.[14]


Conclusions


Mutation of an enzyme active site can increase the population
of conformational states to the extent that they become ob-
servable experimentally. We have shown this to be the case in
the enzyme–coenzyme complex of MR. We have shown that
both kinetic and spectroscopic studies (performed as a func-
tion of pressure) point to a multidimensional free-energy land-
scape in the enzyme–coenzyme complex from which hydride
transfer occurs by using parallel chemical pathways. Our work
indicates that variable pressure kinetic and spectroscopic stud-
ies are useful experimental methods for exploring multidimen-
sional energy landscapes in enzyme catalysis. These ap-
proaches might be generally applicable to studies of enzyme
mechanism in the analysis of conformational substates that
contribute to productive catalysis.


Experimental Section


All materials were obtained from Sigma–Aldrich, except NADH
(Melford Laboratories, Chelsworth, UK). Wild-type MR and N189A
MR were purified as described previously,[14] and the enzyme con-
centration was determined by e ACHTUNGTRENNUNG(462 nm) = 11.3 mm


�1 cm�1. As for
wild-type MR, the N189A enzyme is stable at room temperature for
>12 h as judged by several criteria (retention of full catalytic activi-
ty, dynamic light scattering analysis, retention of characteristic
FMN absorption spectrum, and the lack of formation of aggre-
gates/precipitation or lack of flavin release from the protein).
NADH4 was prepared as described previously.[15] Coenzyme solu-
tions were prepared fresh, and their concentrations were deter-
mined by eACHTUNGTRENNUNG(340 nm) = 6.22 mm


�1 cm�1 (NADH) or eACHTUNGTRENNUNG(288 nm) =
16.8 mm


�1 cm�1 (NADH4).


Crystals of MR N189A mutant were obtained by using the sitting
drop vapour diffusion method at 277K from ~35 % PEG 400, 0.1 m


Hepes (pH 7.5) and 0.1 m MgCl2, as described previously.[14] Crystals
were soaked for approximately 60 s in a 100 mm NADH4 2.1 m am-
monium sulfate solution followed by rapid immersion in oil and
flash-cooling in liquid N2. Diffraction data were collected from a
single cryofrozen crystal at Diamond Light Source (Didcot, UK). The
data were indexed and integrated by using Mosflm[18] and scaled
by using SCALA in CCP4 suite.[19] Refinement and model building
were carried out by using Refmac 5[20] and COOT.[21]


Molecular dynamics simulations of wild-type MR and N189A MR
were performed under constant-pressure conditions by using
AMBER8[22] with the AMBER 03 force field.[23] The structure of wild-
type MR was taken from the PDB file 2R14. The structure of N189A
MR was built by deleting the carboxamide part of the side chain of
Asn189. The initial system setup has been described in detail else-
where.[14, 15] In brief, the final system comprised 31 673 atoms for
wild-type MR and 31 657 atoms for N189A. This includes 357 pro-
tein residues, the FMN and NADH cofactors and 18 Na+ ions to


Figure 4. Difference visible absorption spectra (1 kbar minus 1 bar) of
NADH4-bound N189A MR (black), NADH4-bound wild-type MR [red, data
from Hay et al. ,[15] and coenzyme-free N189A MR (blue). The inset shows the
pressure dependence of the CT absorbance at 555 nm by using the same
colour scheme as the main panel. The solid grey lines show fits to e =


De·p +e0, with De=�0.09�0.01 and + 0.09�0.01 mm
�1 cm�1 kbar�1 for


NADH4-bound N189A MR and wild-type MR, respectively. Conditions:
100 mm N189A MR, 40 mm NADH4 at 4 8C.
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neutralize the charge, solvated in a truncated octahedral water box
by using the TIP3P model with 10 � between the edge of the box
and the protein. This system was first heated to 298K under con-
stant-volume conditions, then equilibrated under constant-pres-
sure conditions (1 bar and 2 kbar) for 2 ns. Production trajectories
were collected for 10 ns and these were analysed with PTRAJ, im-
plemented in AMBER8. The NADH-C4–FMN-N5 distance trajectories
were also analysed by binning the data at 0.1 � intervals and fit-
ting these data to a Gaussian.[15]


High-pressure static absorbance measurements and rapid reaction
kinetic experiments were both performed with a Hi-Tech Scientific
HPSF-56 high-pressure stopped-flow spectrophotometer (TgK Sci-
entific, Bradford on Avon, UK). All reactions at high pressure were
performed in 50 mm Tris–HCl, 2 mm 2-mercaptoethanol, pH 8.0
and 5–10 units mL�1 glucose oxidase and 50 mm glucose were
added for stopped-flow measurements.[13] All stopped-flow experi-
ments were performed with saturating post-mixing concentrations
(>10 � Kd) of NADH. The conditions that were used confer to
pseudo-first-order reaction kinetic behaviour. Spectral changes ac-
companying FMN reduction were monitored at 466 nm, and rate
constants were determined by fitting Equation (1) to stopped-flow
transients by using either 1 (wild-type MR) or 4 (N189A MR) expo-
nentials. For N189A MR the fourth exponential was required only
for appropriate fitting of the other three.[14] At pressures above
1500 bar, the data were fitted to a double-exponential function as
a second slow phase became apparent. This phase had no measur-
able isotope effect. Rate constants and errors were estimated by
taking the standard deviation of 3–6 measurements at each condi-
tion.
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Probing the Role of Backbone Hydrogen Bonding in a
Critical b Sheet of the Extracellular Domain of a Cys-Loop
Receptor
Kristin R. Gleitsman,[a] Henry A. Lester,[b] and Dennis A. Dougherty*[a]


Introduction


An essential feature of allosteric proteins is that they are in-
nately dynamic molecules, with the Cys-loop superfamily of
ligand-gated ion channels providing a classic example. These
neurotransmitter receptors are involved in mediating fast syn-
aptic transmission throughout the central and peripheral nerv-
ous systems.[1–5] They are among the molecules of learning,
memory, and sensory perception, and they are implicated in
numerous neurological disorders, including Alzheimer’s dis-
ease, Parkinson’s disease, and schizophrenia. The muscle sub-
type of the nicotinic acetylcholine receptor (nAChR) is the pro-
totypical Cys-loop receptor. It is a pentamer of homologous
subunits arranged pseudo-symmetrically around a central ion-
conducting pore. The extracellular domain largely consists of
b-sheet structure and contains the agonist binding site. The
agonist binding site itself is shaped by discontinuous flexible
loop regions that meet at the interface between subunits. The
primary contributors to the agonist binding site are in the
a subunit, with additional contributions from the complemen-
tary subunits (g and d). The transmembrane domain of each
subunit is made up of four membrane-spanning a helices, with
one from each subunit lining the pore. Binding of a small-mol-
ecule agonist in the extracellular domain triggers a series of
conformational changes that leads to the opening of the chan-
nel gate some 60 � away.


Long-range communication is clearly critical in the function
of these receptors.[6, 7] Various models for how this communica-
tion occurs have been proposed, from specific side chain inter-
actions to more rigid large-scale domain movements.[8–11]


Recent linear free-energy analysis of the nAChR has given rise
to the notion of a “conformational wave”[8] that emanates from
the agonist binding site to the gate of the channel in the
transmembrane domain. It seems likely that some movement


must occur in the immediate region of the binding interaction,
with simple side chain movements making up only a part of
the ensuing conformational wave. Significant movements
along the peptide backbone may also play a critical role in the
initiation of channel gating.


To investigate the involvement of the peptide backbone in
binding-induced conformational changes that lead to channel
gating, we incorporated a series of a-hydroxy acid analogues
into the b-sheet-rich extracellular domain of the nAChR
(Figure 1). Upon incorporation of an a-hydroxy acid into a pro-
tein, the backbone amide functional group is replaced by an
ester, with two major consequences (Scheme 1). First, the ester
bond disrupts the backbone hydrogen bonding pattern associ-
ated with b-sheet structure. The ester lacks the NH hydrogen
bond donor, and the ester carbonyl is a weaker hydrogen
bond acceptor than the amide carbonyl. Previous studies on a
small three-stranded b-sheet protein found that the effect of
weakening a hydrogen bond acceptor (the carbonyl) is less de-
stabilizing than removing the hydrogen bond donor (the NH)
by about 0.8 kcal mol�1.[12] Second, while the s-trans planar con-
formational preference, bond lengths, and bond angles are
generally similar to those of amide bonds, the ester bond pos-
sesses much greater backbone flexibility due to a substantial


[a] K. R. Gleitsman, Dr. D. A. Dougherty
Division of Chemistry and Chemical Engineering
California Institute of Technology
1200 E. California Boulevard, Pasadena, CA 91106 (USA)
Fax: (+ 1) 626-564-9297
E-mail : dadougherty@caltech.edu


[b] Dr. H. A. Lester
Division of Biology, California Institute of Technology
1200 E. California Boulevard, Pasadena, CA 91106 (USA)


Long-range communication is essential for the function of
members of the Cys-loop family of neurotransmitter-gated ion
channels. The involvement of the peptide backbone in bind-
ing-induced conformational changes that lead to channel
gating in these membrane proteins is an interesting, but unre-
solved issue. To probe the role of the peptide backbone, weACHTUNGTRENNUNGincorporated a series of a-hydroxy acid analogues into the b-
sheet-rich extracellular domain of the muscle subtype of the
nicotinic acetylcholine receptor, the prototypical Cys-loop re-
ceptor. Specifically, mutations were made in b strands 7 and 10


of the a subunit. A number of single backbone mutations in
this region were well tolerated. However, simultaneous intro-
duction of two proximal backbone mutations led to surface-ex-
pressed, nonfunctional receptors. Together, these data suggest
that while the receptor is remarkably robust in its ability toACHTUNGTRENNUNGtolerate single amide-to-ester mutations throughout these
b strands, more substantial perturbations to this region have a
profound effect on the protein. These results support a model
in which backbone movements in the outer b sheet are impor-
tant for receptor function.
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decrease in the rotation barrier around the C�O versus the C�
N single bond.


In the present work, amide-to-ester mutations were made in
two critical b strands that connect the agonist binding site to
the transmembrane region of the receptor (Figure 1). To our


knowledge, this is the first sys-
tematic study of amide-to-ester
mutations in a b sheet of a large
allosteric receptor. Specifically,
mutations were made in b


strands 7 and 10 (b7 and b10,ACHTUNGTRENNUNGrespectively) of the a subunit,
and found to disrupt the exten-
sive backbone hydrogen bond-
ing network in what has been
termed the outer b sheet of the
extracellular domain. The ration-
ale behind studying these
strands was twofold. First, b7
connects the critical cation–p


binding residue in loop B
(aW149)[13] to the eponymous
Cys-loop, which directly contacts
the transmembrane region. The
b10 extends from loop C, which
contains two other aromatic
binding box residues,[14, 15] and
connects directly to the first
transmembrane helix. Second,
recent studies strongly implicate
the outer b sheet in connecting
agonist binding to channel
gating.[10, 16–19] A study of b7 and
b10 in the neuronal a7 nAChR
suggests that the rigidity of this
region is crucial in transducing
channel gating.[17] Furthermore,
previous studies show that a
triad of residues in this region is
important in initiating channel


gating.[10] These residues are the C-loop residue aY190, along
with aK145 and aD200, on b7 and b10, respectively. Thus, it
seemed reasonable to assume that the outer b sheet was im-
portant for connecting agonist binding to channel gating, and
that backbone dynamics and hydrogen bonding might be in-


Figure 1. Two views of the nAChR. A) Overall layout of the receptor. One of the five subunits is shown in blue,
with b7, b9, and b10 highlighted in red, yellow, and green, respectively. B) The hydrogen bonding network of the
outer b sheet of the nAChR. Turquoise balls indicate the positions at which the backbone NH was mutated to an
oxygen atom. The black dashed lines indicate hydrogen bonds that are completely removed or attenuated as a
result of mutation. The image is based on the cryoelectron micrograph of the full Torpedo receptor (PDB ID:
2BG9).[18]


Scheme 1. Schematic representation of the backbone amide versus the backbone ester bond in the context of a b sheet.
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volved. Given that the balance between rigidity and flexibility
is believed to be central to the structure and function of allo-ACHTUNGTRENNUNGsteric proteins,[7] involvement of the peptide backbone in me-
diating allosteric communication in the nAChR would not be
surprising. Previous studies of backbone esters in ion channels
have focused on the role of backbone flexibility in a-helical do-
mains,[20–22] seeking local movements that directly influence
channel gating. Here we hope to better understand how hy-
drogen bonding in a critical b-sheet region that is distal to the
channel gate influences receptor function.


Surprisingly, a number of single backbone mutations in this
region were well tolerated, producing only modest shifts in
EC50 and wild-type-like macroscopic current sizes (Imax) in the
majority of cases. However, simultaneous introduction of two
backbone mutations, either in the same b strand separated by
a single amino acid or at amino acids sharing a hydrogen
bond between the two b strands, led to surface-expressed,
nonfunctional receptors. Together, these data suggest that
while the receptor is remarkably robust in its ability to tolerate
single amide-to-ester mutations throughout these b strands,
more substantial perturbations to this region have a profound
effect on the protein. Therefore, it would seem that backbone
movements in the outer b sheet are important for receptor
function. This adds to a growing body of evidence that points
to the importance of this region in mediating the conforma-
tional changes that emanate from the agonist binding site to
the gate of the channel.


Results


Single amide-to-ester mutations in b7 and b10 haveACHTUNGTRENNUNGminimal impact on receptor function


Nine a-hydroxy acids were incorporated into b7 and b10 of
the a subunit extracellular domain, perturbing a total of 13ACHTUNGTRENNUNGhydrogen bonds (Figure 1). In some cases, the a-hydroxy ana-
logue of the native amino acid was not available. In these in-
stances, conventional mutagenesis was employed to find an al-
ternative amino acid side chain that had both minimal effect
on receptor function and an available a-hydroxy analogue. The
effect of the amide-to-ester mutation was then compared with
the analogous side-chain mutant, instead of the wild-typeACHTUNGTRENNUNGreceptor. Most amide-to-ester mutations produced modest
changes in EC50 (less than twofold; Figure 2, Table 1). In three
cases (aM144, aL199, and aV206) larger, although still not im-
mense, shifts in the 3.5–4-fold range were observed. ACh-in-
duced whole-cell currents of receptors with single a-hydroxy
mutations were similar to the currents produced by incorpora-
tion of the native amino acid by nonsense suppression.


As EC50 is a composite of both binding and gating phenom-
ena, small shifts in EC50 may mask a large effect on receptor
behavior. Recently, we developed a method to evaluate wheth-
er a loss of function (increase in EC50) mutation in the extracel-
lular domain strongly impacts receptor gating (rather thanACHTUNGTRENNUNGagonist binding).[23] The method, termed ELFCAR (Elucidating
Long-range Functional Coupling in Allosteric Receptors), is
based on mutant cycle analysis and produces a value for W,


Figure 2. Characteristics of nAChR with backbone mutations in b strands 7
and 10. A) EC50 shifts for backbone mutations made at nine positions in
b7and b10. Modest effects on receptor function are observed in all cases.
B) Current traces for backbone mutations made at nine positions in b7and
b10.


Table 1. EC50 and Hill coefficient values (�SEM) for mutations made in
this study.


EC50 [mm] nH


wild-type 46�2 1.8�0.13
aM144Leu 15�0.3 1.7�0.06
aM144Lah 50�0.8 1.7�0.03
aL146Lah 26�0.8 1.3�0.05
aT148Tah 33�3 1.0�0.06
aL199Lah 11�0.5 1.6�0.10
aI201Iah 82�6 1.5�0.12
aT202Tah 24�1 1.4�0.09
aY203Yah 39�0.8 1.9�0.07
aF205Tyr 90�2 1.5�0.05
aF205Yah 67�62 1.4�0.13
aV206Vah 170�10 1.9�0.20
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the coupling between extracellular domain residue and a
known gating mutation (in this case bL9’S). This method uses
whole-cell data to determine whether a mutant that produces
a moderate to large increase in EC50 has a substantial impact
on receptor gating, as indicated by W>2. ELFCAR is especially
valuable in interpreting moderate increases in EC50, where a
dramatic effect on gating might otherwise be missed. An W


value near 1, however, does not preclude a modest effect on
gating. The three a-hydroxy mutants in this study that pro-
duce increases in EC50—at positions 144, 201, and 206—all
produce an W value near 1 (0.97, 0.65, and 0.69, respectively),
suggesting no dramatic impact on receptor gating. This
method is not applicable to gain-of-function mutations, so the
remaining six mutants could not
be evaluated using ELFCAR.
Combined, the data suggest that
single a-hydroxy mutations in
this region do not substantially
impair receptor gating.


Simultaneous incorporation of
two a-hydroxy acid mutations
in b7 and b10 produces non-
functional, surface-expressed
receptors


The impact of disrupting theACHTUNGTRENNUNGpolypeptide backbone at more
than one location was investi-
gated by simultaneously incor-
porating two a-hydroxy acids.
This was done in two different
ways: amide-to-ester mutations
were made either in the same
b strand separated by a single
amino acid (aM144 and aL146
in b strand 7), or at amino acids
sharing a hydrogen bond be-
tween the two b strands (aL146
and aI201; Figure 1). Simultane-
ous incorporation of the same a-
hydroxy (Lah) or amino (Leu, in
the case of wild-type recovery)
acid was done in both scenarios.
This allowed for double suppres-
sion using the standard non-
sense suppression methodology
(see the Experimental Section).
As a large shift in EC50 value
might have been anticipated,
the double mutation experi-
ments were carried out in the
presence of the bL9’S gating
mutation. For mutations that pri-
marily affect binding or have a
only moderate effect on channel
gating this mutation lowers the


EC50 by about 40-fold, allowing reliable EC50 measurement of
potentially highly deleterious mutations without complications
from open channel block at high agonist concentrations.


For both double-mutation (Lah) experiments, no whole-cell
current was observed in response to high (>1000 mm) doses
of ACh. Wild-type recovery (Leu) by nonsense suppression
gave normal whole-cell currents in the range of 5–15 mA. Lack
of an electrophysiological response can indicate that protein
folding, subunit assembly, receptor transport, or receptor func-
tion have been impacted.


To determine whether nonfunctional mutant receptors were
expressed at the plasma membrane, the localization of these
mutant receptors was studied using single molecule total in-


Figure 3. Analysis of dysfunctional nAChRs containing two amide-to-ester mutations by TIRF microscopy. A) Punc-ACHTUNGTRENNUNGta density for receptors labeled with Leu refers to recovery of the wild-type peptide backbone by nonsense sup-
pression; Lah refers to incorporation of leucine a-hydroxy; 76-mer indicates the negative control experiment (co-
injection of mRNA with a tRNA molecule that has not been charged with an amino or hydroxy acid). The puncta
density for both Leu and Lah are significantly higher than that of either the 76-mer or uninjected oocyte controls
(t-test values for Lah versus 76-mer are: P = 0.0009 (L146I120) ; P<0.0001 (L146M144); for Lah versus uninjected:
P = 0.0003 (L146I120) ; P<0.0001 (L146M144). Data are compiled from �6 non-overlapping images from �2
oocytes. B) Representative TIRF images corresponding to the data in (A); scale bar: 6 mm.
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ternal reflectance fluorescence (TIRF) microscopy. Mutant and
wild-type (recovery by nonsense suppression) receptors were
first labeled with biotin conjugated to a-bungarotoxin and
subsequently labeled with streptavidin conjugated to the fluo-
rophore Alexa488. Fluorescent puncta corresponding to single
receptors were clearly visible on the cell surface (Figure 3 B).
For the double a-hydroxy-containing receptors, the number of
puncta was between 50 and 70 % of the value observed for
wild-type receptor (recovery by nonsense suppression; Fig-
ure 3 B, Table 2). Based on previous extensive studies with this


approach,[24] it is clear that double-mutant receptors are sur-
face expressed at a level that would allow significant whole-
cell current to be observed, if the receptors were functional.
That is, the calculated expected whole-cell currents from the
a-hydroxy double-mutant receptors based on puncta density
are on the order of 3–5 mA (Table 2). Because we can easily
detect this magnitude of ACh-induced current, our results
clearly show that nonfunctional receptors have been expressed
on the oocyte surface. The calculated expected whole-cell cur-
rents from the wild-type receptors based on puncta density
are on the order of 6–7 mA, in agreement with the electrophy-
siological data.


Note that a-bungarotoxin is a potent inhibitor of the nAChR
that binds tightly in the same region[25] as ACh and requires
properly folded receptor for tight binding. Thus, successful a-
bungarotoxin binding indicates that the overall structure of
the extracellular domain and binding site were not grossly per-
turbed. These results indicate that simultaneous incorporation
of two a-hydroxy mutations in this region leads to nonfunc-
tional, surface-expressed receptors.


Discussion


The b-sandwich structure consisting of “inner” and “outer”
b sheets, first revealed in the AChBP structure[14, 15] and later
confirmed in images of the full nAChR,[18, 26] is accepted as a
critical structural feature of Cys-loop receptors. In the present
work, we probed the robustness of this structure by selectively


removing or weakening backbone hydrogen bonds that define
the structure through the use of backbone ester substitution.
The remarkable generality of nonsense suppression techniques
for incorporating unnatural residues into receptors and chan-
nels expressed in Xenopus oocytes makes this study possible.
One could have imagined several outcomes for such experi-
ments. If movement within the sheets is critical to receptor
function, backbone mutations could facilitate receptor gating,
perhaps even creating constitutively active receptors. Alterna-
tively, if an intact b sandwich is essential for receptor function,
backbone mutations could disable the receptor.


Here we have focused on the outer b sheet of the extracellu-
lar domain, and in particular on b7 and b10, which have been
proposed to play key roles in receptor function. Perhaps sur-
prisingly, individual amide-to-ester mutations throughout both
strands resulted in functional receptors with only modest
changes in EC50. Evidently, the outer b sheet is relatively
robust, and the receptor can absorb the loss of a single hydro-
gen bond in this region. Interestingly, however, simultaneous
replacement of two nearby residues with their a-hydroxy ana-
logues produced surface-expressed, but nonfunctional recep-
tors. Using receptor labeling with fluorescent a-bungarotoxin,
and single-molecule imaging by TIRF microscopy, we demon-
strate that the number of double-mutant receptors expressed
on the oocyte is more than adequate to produce measurable
currents, if the receptors were functional. Tight binding by a-
bungarotoxin requires proper folding in the region of the ago-
nist binding site, which is quite near the mutations considered
here. In fact, in the a-bungarotoxin-bound crystal structure of
the a1 subunit,[27] residues at the top of both b7 and b10 are
in close proximity to the bound a-bungarotoxin molecule. Suc-
cessful binding of a-bungarotoxin to the double-mutant recep-
tors, as detected by TIRF microscopy, strongly suggests that
the structure of this region is not greatly perturbed.


The implication is that the crucial outer b sheet of the
nAChR is not overly fragile—it can tolerate the disruption
caused by a single backbone substitution—but it must be
intact for receptor function, and apparently two proximal back-
bone mutations are too disruptive. Folding, assembly, and
transport to the cell surface, however, can still occur in the
double mutants discussed herein.


These results can be understood in the context of emerging
models of the conformational changes in the extracellular
domain that lead to receptor activation. Recent MD simula-
tions[19, 28] have pointed to a pivotal role for b10 in communi-
cating the inward motion of the agonist binding-site-shaping
C-loop to the motions of the transmembrane domain that
eventually produce channel opening. The proposed upward
and outward motion allows aR209 on b10 to approach aE45
on the b2–b3 linker, resulting in an interaction between these
two residues: an interaction that was previously concluded to
be important for coupling agonist binding and channel gating
based on mutant-cycle analysis of single-channel data.


The b7 likewise harbors a residue (aK145) that has been im-
plicated in connecting agonist binding with channel gating.
When agonist binds and the C-loop closes in, a salt bridgeACHTUNGTRENNUNGbetween aK145 on b7 and aD200 on b10 breaks, and aK145


Table 2. Puncta densities and corresponding estimated current sizes
from TIRF microscopy experiments.


# Puncta per
image frame


Calculated
current size [mA]


aI201L146
Leu 265�36 7.5�1.0
Lah 179�33 5.1�0.9
76-mer 51�10 1.4�0.3
uninjected 27�5 0.8�0.2


aL146M144
Leu 214�15 6.1�0.4
Lah 121�4 3.4�0.1
76-mer[a] 56�5 1.6�0.1
uninjected 37�4 1.0�0.1


[a] 76-mer refers to unaminoacylated tRNA.
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forms a hydrogen bond with aY190 on the C-loop.[10] This elec-
trostatic rearrangement was proposed to initiate conformation-
al changes that contribute to opening of the central ion-con-
ducting pore.


Studies of engineered disulfide linkages between b7 and
b10 in the a7 nAChR also suggest that the outer b sheet plays
a role in transmitting agonist binding-induced conformational
changes to the channel gate.[17] Specifically, in the background
of a non-desensitizing mutation, one engineered disulfide-con-
taining receptor could be activated by divalent cations alone,
which normally play a role as allosteric modulators. This im-
plies that reduced mobility in the outer b sheet of these recep-
tors results in a lower barrier to channel activation. These and
other researchers[16] have suggested that this b sheet may act
as a lever, where binding at one end tilts the lever, resulting in
a movement at the other, transmembrane-adjacent, end. A cer-
tain amount of rigidity in this region seems to be fundamental
to normal receptor function.


Using this lever analogy, our results suggest that two or
more nearby a-hydroxy acid mutations lead to a more flexible
and thus ineffective lever that is unable to communicate ago-
nist binding events to the transmembrane region of the recep-
tor. Thus, disruption of hydrogen bonding in the outer b sheet
would seem to interrupt the conformational wave that con-
nects the agonist binding-induced motions of the C-loop to
the subsequent motions of the transmembrane region.


It is also possible that the loss of hydrogen bonding be-
tween these strands could lead to misalignment of the binding
box residues, impairing agonist binding to the receptor. How-
ever, it seems less likely that the binding region of the receptor
is grossly malformed, as a-bungarotoxin is still able to bind to
the mutant receptors.


Conclusions


In conclusion, we find that the network of hydrogen bonds
formed in the outer b sheet of the nAChR is fairly robust, toler-
ating single amide-to-ester mutations throughout. However,
eliminating two proximal hydrogen bonds completely destroys
receptor function, adding further support to gating models
that ascribe important roles to these b strands of the nAChR
extracellular domain.


Experimental Section


Unnatural hydroxy acid suppression : Synthetic a-hydroxy acids
were conjugated to the dinucleotide dCA and ligated to truncated
74-nucleotide tRNA as previously described.[29] Typically, tRNA
(25 ng) was injected per oocyte along with mRNA in a total
volume of 50 nL per cell. The mRNA was prepared by in vitro
runoff transcription using the Ambion (Austin, TX) T7 mMessage
mMachine kit. The site of interest was mutated to the amber stop
codon by standard means, verified by sequencing through both
strands. Mouse muscle embryonic nAChR in the pAMV vector was
used. A total of 4.0 ng of mRNA was injected in an a/b/g/d subunit
ratio of 10:1:1:1. The ratio of tRNA to mRNA was typically 1:1. In
addition, the a subunits contain an hemagglutinin epitope in the
M3M4 cytoplasmic loop for Western blot studies. Control experi-


ments show that this epitope does not detectably alter EC50. As a
negative control for suppression, truncated 74-nucleotide tRNA or
truncated tRNA ligated to dCA to give a 76-mer was co-injected
with mRNA in the same manner as fully charged tRNA. Data from
experiments in which currents from these negative controls was
greater than 10 % of the experimental were excluded. The positive
control for suppression involved wild-type recovery by co-injection
with 74-nucleotide tRNA ligated to wild-type amino acid. For sup-
pression at multiple sites, the tRNA/mRNA ratio was increased to
2:1.


Electrophysiology : Stage V–VI oocytes of Xenopus laevis were
used. Oocyte recordings were made 12–48 h post-injection in two-
electrode voltage clamp mode using the OpusXpress 6000A instru-
ment (Axon Instruments, Union City, CA, USA). Oocytes were super-
fused with a Ca2+-free ND96 solution at flow rates of 1 mL min�1


before application, (15 s) 4 mL min�1 during drug application, and
3 mL min�1 during wash. Holding potentials were �60 mV. Data
were sampled at 125 Hz and filtered at 50 Hz. Acetylcholine chlo-
ride was purchased from Sigma–Aldrich/RBI. Solutions ranging
from 0.01 to 5000 mm were prepared in Ca2 +-free ND96 from a
1 m stock solution. Dose–response data were obtained for a mini-
mum of eight concentrations of agonists and for a minimum of
five cells. Dose–response relations were fitted to the Hill equation
to determine EC50 and Hill coefficient values. The dose–response
relations of individual oocytes were examined and used to deter-
mine outliers. The reported EC50 values are from the curve fit of
the averaged data.


Total internal reflection fluorescence microscopy : Xenopus oocy-ACHTUNGTRENNUNGtes were prepared for single-molecule TIRF microscopy as follows:
24–48 h after injection of mRNA and tRNA, oocytes were incubated
in a solution of biotin (0.5 ng mL�1) conjugated to a-bungarotoxin
(Molecular Probes, Invitrogen, Eugene, OR, USA) for 4–12 h. This
was followed by two wash steps with a solution of bovine serum
albumin (BSA; 5 mg mL�1) and one wash with Ca2 +-free ND96. Sub-
sequently, oocytes were incubated in a solution of streptavidin
(0.2 ng mL�1) conjugated to the fluorophore Alexa488 (Molecular
Probes, Invitrogen, Eugene, OR, USA) for 15–30 min, followed by
two additional wash steps each with BSA and Ca2 +-free ND96. The
vitelline membrane of labeled oocytes was removed with forceps
following incubation (5–10 min) in a hypertonic solution (220 mm


sodium aspartate, 10 mm HEPES, 10 mm EDTA, 2 mm MgCl2,
pH 7.38). Devitellinized oocytes were transferred to an imaging
chamber with a clean glass cover-slip mounted on the microscope
stage with the animal pole oriented toward the cover-slip. The
TIRF microscope used to collect the data consists of a Melles-Griot
Ar ion laser coupled to a fiber optic that extends to an Olympus
TIRF illuminator adapted to a standard inverted IX-71 Olympus mi-
croscope (Center Valley, PA, USA). A wavelength of 488 nm was
used to excite and detect the Alexa488 fluorophores by using the
Z488 filter cube from Chroma Technology Corporation (Rocking-
ham, VT, USA). A 100 � 1.45 NA Olympus TIRF objective was used.
Images were captured with a Photometrics Cascade front illuminat-
ed CCD camera from Princeton Instruments (Trenton, NJ, USA). An-
dor iQ from Andor Technology (South Windsor, CT, USA) was used
to acquire the data. The data were subsequently processed and an-
alyzed with ImageJ (National Institutes of Health). Puncta were
manually counted, and densities from �6 images and �2 oocytes
were compiled and averaged. Expected current sizes were calculat-
ed as:


[(# puncta)/(image frame area)] � (average oocyte area) � (single
channel conductance).


1390 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1385 – 1391


D. A. Dougherty et al.



www.chembiochem.org





Acknowledgements


We thank Dr. Rigo Pantoja for advice and assistance with TIRF
measurements. This work was supported by the NIH (NS 34407;
NS 11 756). K.R.G. was partially supported by an NSF Graduate
Research Fellowship.


Keywords: allosterism · backbone esters · ion channels ·
mutagenesis · receptors


[1] P. J. Corringer, N. Le Novere, J. P. Changeux, Annu. Rev. Pharmacol. Toxi-
col. 2000, 40, 431.


[2] T. Grutter, J. P. Changeux, Trends Biochem. Sci. 2001, 26, 459.
[3] C. N. Connolly, K. A. Wafford, Biochem. Soc. Trans. 2004, 32, 529.
[4] H. A. Lester, M. I. Dibas, D. S. Dahan, J. F. Leite, D. A. Dougherty, Trends


Neurosci. 2004, 27, 329.
[5] S. M. Sine, A. G. Engel, Nature 2006, 440, 448.
[6] J. P. Changeux, S. J. Edelstein, Science 2005, 308, 1424.
[7] Q. Cui, M. Karplus, Protein Sci. 2008, 17, 1295.
[8] C. Grosman, M. Zhou, A. Auerbach, Nature 2000, 403, 773.
[9] W. Y. Lee, S. M. Sine, Nature 2005, 438, 243.


[10] N. Mukhtasimova, C. Free, S. M. Sine, J. Gen. Physiol. 2005, 126, 23.
[11] X. Xiu, A. P. Hanek, J. Wang, H. A. Lester, D. A. Dougherty, J. Biol. Chem.


2005, 280, 41655.
[12] S. Deechongkit, P. E. Dawson, J. W. Kelly, J. Am. Chem. Soc. 2004, 126,


16762.
[13] W. Zhong, J. P. Gallivan, Y. Zhang, L. Li, H. A. Lester, D. A. Dougherty,


Proc. Natl. Acad. Sci. USA 1998, 95, 12088.


[14] K. Brejc, W. J. van Dijk, R. V. Klaassen, M. Schuurmans, J. van Der Oost,
A. B. Smit, T. K. Sixma, Nature 2001, 411, 269.


[15] T. K. Sixma, A. B. Smit, Annu. Rev. Biophys. Biomol. Struct. 2003, 32, 311.
[16] R. J. Law, R. H. Henchman, J. A. McCammon, Proc. Natl. Acad. Sci. USA


2005, 102, 6813.
[17] J. T. McLaughlin, J. Fu, A. D. Sproul, R. L. Rosenberg, Mol. Pharmacol.


2006, 70, 16.
[18] N. Unwin, J. Mol. Biol. 2005, 346, 967.
[19] M. Yi, H. Tjong, H. X. Zhou, Proc. Natl. Acad. Sci. USA 2008, 105, 8280.
[20] P. M. England, Y. Zhang, D. A. Dougherty, H. A. Lester, Cell 1999, 96, 89.
[21] T. Lu, A. Y. Ting, J. Mainland, L. Y. Jan, P. G. Schultz, J. Yang, Nat. Neurosci.


2001, 4, 239.
[22] Y. Nagaoka, L. Shang, A. Banerjee, H. Bayley, S. J. Tucker, ChemBioChem


2008, 9, 1725.
[23] K. R. Gleitsman, J. A. P. Shanata, S. J. Frazier, H. A. Lester, D. A. Dougher-


ty, Biophys. J. 2009, 283, 3168–3178.
[24] R. Pantoja, E. A. Rodriguez, M. I. Dibas, D. A. Dougherty, H. A. Lester, Bio-


phys. J. 2009, 96, 226.
[25] S. Nirthanan, M. C. Gwee, J. Pharmacol. Sci. 2004, 94, 1.
[26] A. Miyazawa, Y. Fujiyoshi, N. Unwin, Nature 2003, 423, 949.
[27] C. D. Dellisanti, Y. Yao, J. C. Stroud, Z. Z. Wang, L. Chen, Nat. Neurosci.


2007, 10, 953.
[28] X. Cheng, H. Wang, B. Grant, S. M. Sine, J. A. McCammon, PLoS Comput.


Biol. 2006, 2, e134.
[29] M. W. Nowak, J. P. Gallivan, S. K. Silverman, C. G. Labarca, D. A. Dougher-


ty, H. A. Lester, Methods Enzymol. 1998, 293, 504.


Received: February 20, 2009


Published online on April 29, 2009


ChemBioChem 2009, 10, 1385 – 1391 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1391


Backbone Hydrogen Bonding in a Cys-Loop Receptor



http://dx.doi.org/10.1146/annurev.pharmtox.40.1.431

http://dx.doi.org/10.1146/annurev.pharmtox.40.1.431

http://dx.doi.org/10.1016/S0968-0004(01)01921-1

http://dx.doi.org/10.1042/BST0320529

http://dx.doi.org/10.1016/j.tins.2004.04.002

http://dx.doi.org/10.1016/j.tins.2004.04.002

http://dx.doi.org/10.1038/nature04708

http://dx.doi.org/10.1126/science.1108595

http://dx.doi.org/10.1110/ps.03259908

http://dx.doi.org/10.1038/35001586

http://dx.doi.org/10.1038/nature04156

http://dx.doi.org/10.1085/jgp.200509283

http://dx.doi.org/10.1074/jbc.M508635200

http://dx.doi.org/10.1074/jbc.M508635200

http://dx.doi.org/10.1021/ja045934s

http://dx.doi.org/10.1021/ja045934s

http://dx.doi.org/10.1073/pnas.95.21.12088

http://dx.doi.org/10.1038/35077011

http://dx.doi.org/10.1146/annurev.biophys.32.110601.142536

http://dx.doi.org/10.1073/pnas.0407739102

http://dx.doi.org/10.1073/pnas.0407739102

http://dx.doi.org/10.1016/j.jmb.2004.12.031

http://dx.doi.org/10.1073/pnas.0710530105

http://dx.doi.org/10.1016/S0092-8674(00)80962-9

http://dx.doi.org/10.1038/85080

http://dx.doi.org/10.1038/85080

http://dx.doi.org/10.1002/cbic.200800133

http://dx.doi.org/10.1002/cbic.200800133

http://dx.doi.org/10.1016/j.bpj.2008.09.034

http://dx.doi.org/10.1016/j.bpj.2008.09.034

http://dx.doi.org/10.1254/jphs.94.1

http://dx.doi.org/10.1038/nature01748

http://dx.doi.org/10.1038/nn1942

http://dx.doi.org/10.1038/nn1942

http://dx.doi.org/10.1371/journal.pcbi.0020134

http://dx.doi.org/10.1371/journal.pcbi.0020134

http://dx.doi.org/10.1016/S0076-6879(98)93031-2

www.chembiochem.org






DOI: 10.1002/cbic.200900054


Cloning and Sequencing of the Biosynthetic Gene Cluster
for Saquayamycin Z and Galtamycin B and the Elucidation
of the Assembly of Their Saccharide Chains
Annette Erb, Andriy Luzhetskyy, Uwe Hardter, and Andreas Bechthold*[a]


Introduction


Actinomycetes are Gram-positive bacteria that have been iso-
lated from soil as well as from marine habitats. Representatives
of this genus are a particular rich source of bioactive natural
products, including valuable antibiotics, antitumor agents,ACHTUNGTRENNUNGimmunosuppressants, and enzyme inhibitors; further, many of
these compounds are glycosylated.[1] Recently, a new actino-
mycete strain, Micromonospora sp. T�6368, has been success-
fully cultivated and shown to produce two novel glycosylated
compounds: saquayamycin Z and galtamycin B. Both metabo-
lites show cytostatic effects against human tumor cell lines,
and saquayamycin Z additionally exhibits antibiotic activity
against Gram-positive bacteria.[2] Besides saquayamycin Z and
galtamycin B, the strain M. sp. T�6368 produces the monogly-
cosylated tetracenequinone galtamycinone and several nongly-
cosylated metabolites, among these 3-deoxyrabelomycin and
retimycin.


Saquayamycin Z and galtamycin B are structurally related
compounds that both possess a similar polyketide aglycone,
which is an angucycline in the case of saquayamycin Z and a
tetracenequinone in the case of galtamycin B (Figure 1).
Common to both substances is a tetrasacchaide side chain
that is attached via an unusual C�C linkage to C9 of the re-
spective polyketide. In contrast to galtamycin B, saquayamy-
cin Z incorporates an additional sugar chain: a pentasaccharide
that is attached to 3-O of the aglycon. Saquayamycin Z carries
nine deoxy sugars in total and is therefore the largest angucy-
cline that has been reported to date.[3]


The biosynthesis of the pentasaccharide chain especially
raised our interest because it might involve glycosyltransferas-
es that have new functions. First, the attachment of the sugar
at the 3-O position of the saquayamycin aglycones requires a
glycosyltransferase with new substrate specificity because no
other aglycones that have been reported so far carry a saccha-
ride chain at this position. Second, the pentasaccharide chain


consists of three l-rhodinoses that alternate with two d-olivo-
ses. The structure of the aglycones suggested that the biosyn-


The Gram-positive bacterium, Micromonospora sp. T�6368 pro-
duces the angucyclic antibiotic saquayamycin Z and the tetra-
cenequinone galtamycin B. The structural similarity of both
compounds suggests a common biosynthetic pathway. The
entire biosynthetic gene cluster (saq gene cluster) was cloned
and characterized. DNA sequence analysis of a 36.7 kb region
revealed the presence of 31 genes that are probably involved
in saquayamycin Z and galtamycin B formation. Heterologous


expression experiments and targeted gene inactivations were
carried out to specifically manipulate the saquayamycin Z and
galtamycin B pathways; this demonstrated unambiguously
that both compounds are derived from the same cluster. The
inactivation of glycosyltransferase genes led to the production
of novel saquayamycin and galtamycin derivatives, provided
information on the assembly of the sugar chains, and showed
that tetracenequinones are formed from angucyclines.


Figure 1. Chemical structures of saquayamycin Z and galtamycin B.


[a] A. Erb, Dr. A. Luzhetskyy, U. Hardter, Prof. Dr. A. Bechthold
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Stefan-Meier-Strasse 19, 79104 Freiburg (Germany)
Fax: (+ 49) 761-203-8383
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thetic pathway would contain additional glycosyltransferases
of flexible substrate specificity as shown for the glycosyltrans-
ferases involved in the biosynthesis of landomycin A.[4]


Here, we report the cloning, sequencing, and functional
analysis of the saquayamycin Z and galtamycin B biosynthetic
gene cluster in M. sp. T�6368. In an effort to examine details of
saquayamycin Z and galtamycin B biosynthesis, knockout mu-
tants were generated in five glycosyltransferase genes. Struc-
ture elucidation of novel derivatives that accumulated in the
mutant strains, together with the annotation analysis of the
cluster sequence led to a detailed proposal for the biosynthe-
sis, especially for the assembly of the sugar chains.


Results and Discussion


Cloning and identification of the saquayamycin Z biosyn-
thetic gene cluster


The chemical structures of the saquayamycin Z and galtamy-
cin B aglycones indicated that a type II polyketide synthase
(PKS II) is involved in the biosynthesis of both compounds. The
so-called “minimal PKS” consists of two ketosynthase units
(KSa and KSb) and an acyl carrier protein (ACP). Additional PKS
subunits, including ketoreductases, cyclases, and aromatases
define the folding pattern of the intermediate. In addition to
the PKS II, the deoxy sugars attached to both aglycones sug-
gest that a 4,6-deydratase operates during biosynthesis.[5,6]


Therefore, a genomic cosmid library of M. sp. T�6368 in E. coli
was screened with both a probe of the ketosynthase a gene of
PKS II and an NDP-glucose-4,6-dehydratase gene probe. Five
cosmids were identified by these initial screenings and were
subjected subsequently to a second screening approach. A
PCR was carried out with primers that were directed against
conserved gene sequences of a cyclase that is probably in-
volved in the formation of the fourth ring. This resulted in
three positively hybridizing clones. The DNA of these cosmids
was analyzed subsequently by restriction mapping, which re-
vealed that they contained overlapping DNA fragments. These
fragments were subcloned and partially sequenced. Based on


restriction and sequence analysis, two cosmids, 20 and 23,
were chosen for complete sequencing.


A contiguous region of 36.7 kbp could be assembled accord-
ing to the sequencing results. The 34 kpb that was assigned to
the saq gene cluster was flanked upstream by a 1.1 kpb
region, and downstream by a 1.6 kbp region. The average G +


C content of 72.7 % is well in line with the reference value for
Actinomyces sp. DNA.[7] Annotation analysis revealed 31 open
reading frames (ORF), of which 30 could be assigned a func-
tion in the formation of saquayamycin Z (Table 1). The genetic
organization of the biosynthetic gene cluster is shown in
Figure 2.


Sequence analysis of Genes/enzymes putatively involved in
aglycone formation and modification


Three ORFs (saqA (6), saqB (7), and saqC (8)) located at the 5’-
end of the cluster are homologous to a set of genes derived
from Streptomyces species, and exhibit 67 to 82 % identity to
the gene products on the amino acid level. SaqA and SaqB re-
semble the subunits a and b of a minimal ketoacylsynthase,
and SaqC is the acyl carrier protein homologue; together this
constitutes the expected minimal PKS. Two deduced proteins
of the saq cluster, SaqF (5) and SaqL (10), show similarity toACHTUNGTRENNUNGcyclases involved in angucycline formation. SaqF shares 76 %
identical amino acids with LndF from the landomycin E pro-
ducer S. globisporus.[8] SaqL is 70 % identical with SimA5, which
is derived from S. antibioticus T�6040.[9] The cluster also har-
bors (keto)reductase genes (saqD (9), saqN (12), saqO (13)) and
genes encoding oxygenases (saqE (4), saqM (11)) that are prob-
ably involved in the biosynthesis of the saquayamycin agly-
cone.


Genes/enzymes putatively involved in the biosynthesis and
transfer of deoxy sugars


In saquayamycin Z four different deoxy sugars are attached to
the aglycone: l-rhodinose, d-olivose, l-2-deoxyfucose and the
ketosugar l-aculose. Fifteen genes are predicted to be in-
volved in the formation and transfer of these deoxyhexoses.


Figure 2. Organization of the biosynthetic gene cluster of saquayamycin Z and galtamycin B.
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The conversion of glucose-1-phosphate to dNDP-4-keto-2,6-di-
deoxy-d-glucose, the common intermediate of all four sugars,
involves NDP-d-glucose synthesis (SaqG; 24), a 4,6-dehydration
(SaqH; 25), a 2,3-dehydration (SaqS; 30), and a 3-ketoreduction
(SaqT; 31). At this stage, the biosynthetic pathways to the vari-
ous deoxy sugars branch out. The trideoxyhexose NDP-l-rhodi-
nose is formed by subsequent 3-deoxygenation (SaqQ; 27), 5-
epimerization (SaqZ1; 19), and 4-ketoreduction (SaqZ3; 26).
The biosynthesis of NDP-d-olivose is accomplished by a 4-ke-
toreduction that is catalyzed by SaqR (29). The final steps
toward NDP-l-2-deoxyfucose are 5-epimerization (SaqZ1; 19)
and 4-ketoreduction (SaqZ3; 26). Finally, six glycosyltransferas-
es (SaqGT1–SaqGT6; 14, 16–18, 23, 28) catalyze the attach-
ment of all nine deoxy sugars to the aglycone. The ketosugar
l-aculose is probably generated from l-rhodinose via oxidore-
duction (SaqW; 32).[10]


Genes/enzymes putatively involved in the regulation and
self-resistance and genes/enzymes of unknown function


Three genes, saqI (2), saqR1 (20), and saqK (21), could be iden-
tified in the biosynthetic gene cluster and are probably in-


volved in the regulation of the saquayamycin Z biosynthesis.
Located at the 5’-end of the cluster is saqI, which encodes a
protein with similarity to transcriptional activators of the StrR
family, whereas saqR1 and saqK are the only genes transcribed
on the antisense strand, which is also typical of regulatory
genes.[11] SaqR1 shows similarities to several regulators of the
MerR family, and SaqK belongs to the TetR family of regulators.


Two deduced proteins are probably involved in conferring
saquayamycin resistance to the producing strain. SaqJ (15) and
SaqJ1 (22) resemble transport proteins that are likely responsi-
ble for transport of the secondary metabolites across the mem-
brane.


The product of saqP (3) shows homology to various proteins
of unknown function located within other angucycline biosyn-
thetic gene clusters.


Characterization of genes of the saq cluster


To confirm the involvement of the saq gene cluster in saquaya-
mycin Z and galtamycin B biosynthesis and to investigate the
sugar chain formation, we sought the rational design of novel
derivatives by targeted gene inactivation. A promising candi-


Table 1. Deduced functions of ORFs located within the saquayamycin Z and galtamycin B gene clusters of Micromonospora sp. T�6368.


ORF
(running number)


aa[a] Most similar protein
(aa identity [%])


Accession No. Proposed function


orf-1’ (1) >142[b] Strop_0581; Salinispora tropica CNB-440 (54) YP_001157439 unknown function
saqI (2) 382 KasT; S. kasugaensis (49) BAC53615 transcriptional regulator
saqP (3) 299 PgaK; 250; S. sp. PGA64 (48) AAK57521 unknown function
saqE (4) 490 CabE; S. sp. H022 (71) 2A2A hydroxylase
saqF (5) 109 LndF; S. globisporus (76) AAU04837 cyclase
saqA (6) 422 PgaA; S. sp. PGA64 (82) AAK57525 ketosynthase
saqB (7) 407 LanB; S. cyanogenus (71) AAD13537 chain length factor
saqC (8) 90 ORF3; S. griseus (67) CAA54860 acyl carrier protein
saqD (9) 254 SimA6; S. antibioticus (77) AAK06787 ketoreductase
saqL (10) 314 SimA5; S. antibioticus (70) AAK06788 cyclase
saqM (11) 491 Sim7; S. antibioticus (57) AAL15585 monooxygenase
saqN (12) 253 LanV; S. cyanogenus (65) AAD13552 ketoreductase
saqO (13) 194 UrdO; S. fradiae (67) AAF00220 reductase
saqGT1 (14) 424 UrdGT1a; S. fradiae (53) AAF00214 glycosyltransferase
saqJ (15) 469 PgaJ; S. sp. PGA64 (52) AAK57531 transporter
saqGT2 (16) 443 UrdGT1a; S. fradiae (56) AAF00214 glycosyltransferase
saqGT3 (17) 404 LanGT1; S. cyanogenu (57) AAD13555 glycosyltransferase
saqGT4 (18) 396 UrdGT1c; S. fradiae (58) AAF00217 glycosyltransferase
saqZ1 (19) 199 LanZ1; S. cyanogenus S136 (69) AAD13558 NDP-hexose 3,5-epimerase
saqR1 (20) 162 S. violaceoruber T�22 (63) CAA09641 transcriptional activator
saqK (21) 207 S. avermitilis MA-4680 (55) NP_825878 transcriptional regulator
saqJ1 (22) 518 UrdJ; S. fradiae (58) AAF00219 transporter
saqGT5 (23) 383 UrdGT2; S. fradiae (65) 2P6P_A C-glycosyltransferase
saqG (24) 353 LanG; S. cyanogenus S136 (69) AAD13545 NDP-hexose synthetase
saqH (25) 326 Med-ORF17; S. sp. AM-7161 (78) BAC79030 NDP-glucose 4,6-dehydratase
saqZ3 (26) 322 UrdZ3; S. fradiae (47) AAF72549 NDP-hexose 4-ketoreduktase
saqQ (27) 436 UrdQ; S. fradiae (83) AAF72550 NDP-hexose 3,4-dehydratase
saqGT6 (28) 416 SnogZ; S. nogalater (46) CAB59003 glycosyltransferase
saqR (29) 251 LanR; S. cyanogenus S136 (70) AAD13548 4-ketoreductase
saqS (30) 467 LanS; S. cyanogenus S136 (73) AAD13549 NDP-hexose 2,3-dehydratase
saqT (31) 336 LanT; S. cyanogenus S136 (66) AAD13550 oxidoreductase
saqW (32) 498 AknOx; S. galilaeus ATCC 31615 (57) ABI15166 oxidoreductase
orf-2 (33) 151 AclJ ; S. galilaeus (51) BAB72053 unknown function
orf-3 (34) 197 Strop_0020; Salinispora tropica CNB-440 (38) YP_001156883 DSBA-oxidoreductase


[a] Amino acid; [b] incomplete ORF.
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date was saqGT5, which encodes a protein that is ho-
mologous to UrdGT2, a C-glycosyltransferase that is
involved in urdamycin A production. Inactivation of
urdGT2 has successfully been applied to generate the
novel nonglycosylated urdamycins I, J, and K.[12]


To gain insight into the assembly of the deoxy
sugar chains, putative glycosyltransferase genes were
selected for heterologous expression (saqGT2) andACHTUNGTRENNUNGinactivation (saqGT1, saqGT2, saqGT3, and saqGT6).
Therefore, a protocol for DNA transfer from E. coli via
conjugation had to be developed. Crucial aspects of
the conjugation protocol for the strain were the ratio
of E. coli and M. sp. T�6368 cells, the choice of
medium, and the time that was used for the conjuga-
tion process. The mutations were achieved either by
a shift of the reading frame (saqGT1, saqGT5) or by
replacing the gene of interest by the spectinomycin-
resistance cassette aadA (saqGT2, saqGT3, saqGT6). In-
activation plasmids were introduced into the chro-
mosome of the wild type by homologous recombina-
tion. The mutant strains of saqGT1 and saqGT5 were
also complemented in trans with a full-length copy
of the respective gene under control of the constitu-
tive promoter, ermE*. This restored wild-type produc-
tion in both cases.


Inactivation of saqGT5 and expression of glycosyl-
transferases in the saqGT5 deletion mutant


The production profile of the mutant strain
M. sp. T�6368 DsaqGT5 was analyzed by HPLC/elec-
trospray ionization mass spectrometry (ESI-MS) and
compared to that of the wild type. The mutant was
neither able to produce saquayamycin Z nor the tet-
racenequinone galtamycin B or any other tetracene-
quinone. Instead, 3-deoxyrabelomycin (3, Figure 3 E),
a nonglycosylated angucyclic derivative which has
also been detected in the wild type,[3] accumulated.
This result demonstrates that SaqGT5 is a d-olivosyl-
transferase that forms a C�C glycosidic linkage. Fur-
thermore, it proves that both saquayamycin Z and
galtamycin B biosynthesis are encoded by the same
gene cluster.


In a combinatorial biosynthetic approach, we ex-
pressed in the saqGT5 mutant the olivosyltransferase
genes urdGT2, simB7, and lanGT2, which are all in-
volved in the biosynthesis of different angucyclines
(Figure 4). UrdGT2 is derived from the urdamycin A
producer Streptomyces fradiae T�2717.[12] SimB7 is a
C-glycosyltransferase that is involved in simocycli-
none biosynthesis,[9] and LanGT2 forms an O-glycosi-
dic linkage during the landomycin A biosynthesis.[13]


As expected, UrdGT2 was able to restore wild-type
production of saquayamycin Z and galtamycin B. Sur-
prisingly, expression of simB7 only led to the produc-
tion of the monoglycosylated galtamycinone and did
not restore wild-type production, which had been


Figure 3. HPLC/ESI-MS analysis of crude extracts of Micromonospora sp. T�6368. A) Wild
type, B) DsaqGT1, C) DsaqGT2, D) DsaqGT3, E) DsaqGT5 and F) DsaqGT6 ; Reti : retimycin.


Figure 4. Chemical structures of urdamycin A, simocyclinone D8 and landomycin A. Only
glycosyltransferases mentioned in this manuscript are shown.
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ACHTUNGTRENNUNGexpected. Expression of the O-glycosyltransferase lanGT2 wasACHTUNGTRENNUNGexpected to lead to O-glycosylated derivatives. However, it did
not have any effect on the production profile of the saqGT5
mutant (data not shown).


Inactivation of saqGT2


The HPLC/ESI-MS analysis of the mutant strain M. sp. T�6368
DsaqGT2 revealed galtamycinone and one new compound (7,
Figure 3 C), which exhibited the characteristic UV/Vis spectrum
of a saquayamycin derivative. The corresponding molecular
mass was determined as m/z 485 [M�H]� . This metabolite was
identified as aquayamycin (Scheme 1) by comparison to anACHTUNGTRENNUNGauthentic standard. Aquayamycin is a mono-glycosylated an-
gucycline, the structure of which has been known since the
1970s.[14] This suggested that SaqGT2 transfers the first sugar
of the pentasaccharide.


Inactivation of saqGT3


Besides galtamycinone (8, Figure 3 D), which also accumulates
in the wild type, HPLC/ESI-MS analysis of extracts of the
mutant M. sp. T�6368 DsaqGT3 identified one novel com-
pound, now referred to as SaqAE3 (9, Figure 3 D), with a mo-
lecular ion of m/z 599 [M�H]� . SaqAE3 showed the characteris-
tic UV/Vis spectrum of a saquayamycin. To elucidate its struc-
ture, SaqAE3 was purified from a scaled-up fermentation and
subjected to 1D (1H, 13C, NOE-1D) and 2D (1H,1H COSY, HSQC,
HMBC) NMR spectroscopy. The resulting spectra of the orange
powder were compared to the assignments of saquayamycin Z
as published by Strçch and co-workers.[3] The 13C NMR spectro-
scopic data of the aglycone were in full agreement with those
of saquayamycin Z. In contrast to saquayamycin Z, however,
only signals for two of the nine deoxy sugars were present in
the NMR spectra of SaqAE3. These two sugars were the b-d-oli-
vose of the aglycone (1’H (dH = 4.9) to C 9 (dC = 138.3)) and the
a-l-rhodinose, which is connected to 3-O of the aglycone (1D
H (dH = 5.25) to C3 (dC = 82.4)). The position of both sugars is
the same as in saquayamycins A, B and Z.[3] The structure of
the product SaqAE3 (Scheme 1) showed that saqGT3 encodes
the glycosyltransferase that transfers d-olivose to 4A-O of the
l-rhodinose. Interestingly, the biosynthesis of the tetrasacchar-
ide chain at C4’ seems to depend on the activity of SaqGT3 be-
cause no saquayamycin derivative with an intact tetrasacchar-
ide chain was detected in the saqGT3 mutant.


Inactivation of saqGT6


Analysis of extracts of the saqGT6 deletion mutant by HPLC/
ESI-MS revealed galtamycinone and two new peaks, SaqAE61
and SaqAE62, which exhibited UV/Vis spectra that were typical
of saquayamycin (10 and 11, Figure 3 F). The corresponding
molecular masses were determined as m/z 729 [M�H]� for
SaqAE61 and m/z 1087 [M�H]� for SaqAE62. The molecular
mass of SaqAE62 reflected a mass difference of 354 Da com-
pared to saquayamycin Z; this is consistent with the loss of the
three deoxy sugars, l-2-deoxyfucose, l-rhodinose, and l-acu-


lose of the tetrasaccharide chain. The mass difference of
358 Da compared to SaqAE62 suggests that SaqAE61 lacks an-
other three deoxy sugars (two l-rhodinoses and one d-olivose)
and is therefore a precursor of SaqAE62. Based on the produc-
tion of galtamycinone, SaqAE61, and SaqAE62, which all con-
tain the first sugar of the tetrasaccharide, we concluded that
SaqGT6 attaches the second deoxy sugar of the tetrasacchar-
ide chain, an l-2-deoxyfucose.


Inactivation of saqGT1


The HPLC/ESI-MS analysis of the mutant M. sp. T�6368
DsaqGT1 showed that both saquayamycin Z and galtamycin B
were absent in the mutant. Instead, two novel compounds,
named SaqAE1 and GaltaAE1, which exhibited the typical UV/
Vis spectrum of saquayamycin and galtamycin, respectively,
were detected (5 and 6, Figure 3 B). The corresponding molec-
ular ions of m/z 1218 [M�H]� for SaqAE1 and 579 [M�H]� for
GaltaAE1 reflected a mass difference of 224 Da in both cases in
reference to saquayamycin Z and galtamycin B, respectively.
This was consistent with the loss of the last two deoxy sugars
of the tetrasaccharide chain, l-rhodinose and l-aculose, and
shows that SaqGT1 transfers l-rhodinose onto the growing tet-
rasaccharide side-chain.


Heterologous expression of saqGT2


To confirm the function of SaqGT2, the gene saqGT2 was heter-
ologously expressed in Streptomyces fradiae Ax, an aquayamy-
cin-producing mutant (Scheme 1) that contains only one glyco-
syltransferase (UrdGT2).[15] Because of an observed different
codon usage of Streptomyces and Micromonospora species,
two rare codons were substituted by PCR to optimize transla-
tion. In contrast to the original expression of the unmodified
gene of saqGT2, which did not lead to any new product, ex-
pression of the modified gene led to a new compound with
the characteristic UV/Vis spectrum of a saquayamycin. The sub-
stance exhibited the same molecular ion peak (m/z 599
[M�H]�) and the same retention time as SaqAE3; this indicates
that SaqGT2 is indeed the first glycosyltransferase that is in-
volved in the assembly of the pentasaccharide chain that con-
nects a-l-rhodinose to 3-O of the aglycone.


Model for saquayamycin Z and galtamycin B biosynthesis


The functional study of the saq gene cluster combined with
the results from the inactivation and expression experiments
allows a proposal for the biosynthesis of both compounds,
with a detailed insight into the assembly of the sugar chains,
as presented in Scheme 1. The pathway is comprised of three
main parts: 1) formation and modification of the polyketide
aglycone, 2) biosynthesis of the four deoxysugars d-olivose, l-
rhodinose, l-2-deoxyfucose, and l-aculose and 3) attachment
of sugars by glycosyltransferases.


The assembly of the aglycone begins with the biosynthesis
of the decaketide, which is catalyzed by the enzymes SaqA,
SaqB, and SaqC that form the type II minimal polyketide syn-
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Scheme 1. Model for the biosynthesis of saquayamycin Z and galtamycin B.
Proven paths are indicated by solid black arrows, shunt pathways are shown
with open arrows, hypothetical pathways are displayed as dashed arrows.
The names of proven intermediates or shunt products are highlighted in
gray; the structures of found galtamycin derivatives are boxed in gray for a
better differentiation.
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thase.[16] The decaketide chain is modified by the ketoreductas-
es SaqD and SaqN, the cyclases SaqF and SaqL, and the reduc-
tase SaqO. The oxygenases SaqE and SaqM introduce a keto
group and a hydroxyl group to the aglycone, respectively, re-
sulting in the angucyclic aglycone.


All our results indicate that the identified gene cluster is re-
sponsible for the biosynthesis of both saquayamycin Z and gal-
tamycin B, because in various mutants, the production of both
compounds was affected. Because no galtamycin derivative
was detectable in the saqGT5 mutant, we conclude that the
tetracenequinone galtamycin B is derived from the angucyclic
saquayamycin Z, most probably through a rearrangement. This
might be catalyzed by a so-far unknown mechanism.


The accumulation of 3-deoxyrabelomycin in the saqGT5
mutant indicates that SaqGT5 is a C-glycosyltransferase, which
transfers b-d-olivose to C9 of the angucyclic aglycone. Interest-
ingly, the production of saquayamycin Z and galtamycin B
could be restored by expressing either saqGT5 or urdGT2 in
this mutant. Expression of simB7 only led to the accumulation
of galtamycinone, which might indicate that SimB7 is not able
to interact with other glycosyltransferases in a putative
enzyme complex.


SaqGT2 is responsible for the second enzymatic glycosyla-
tion step, the attachment of l-rhodinose at 3-O of the agly-
cone. This was shown by the accumulation of aquayamycin
and galtamycinone in the saqGT2 mutant and by the produc-
tion of SaqAE3 by S. fradiae Ax x saqGT2.


SaqAE3 was the major compound that was produced by the
saqGT3 mutant; this indicates that SaqGT3 is the olivosyltrans-
ferase that attaches the second sugar of the pentasaccharide.
SaqGT3 shows the highest similarity to LanGT1, an iteratively
acting olivosyltransferase that is involved in landomycin A bio-
synthesis (Figure 4).[4] Therefore we suggest that SaqGT3 is also
acting iteratively and is responsible for the attachment of the
second and the fourth sugar (both d-olivoses) during the bio-
synthesis of the pentasaccharide chain.


The transfer of the third and the fifth sugar of the pentasac-
charide, both l-rhodinoses, is probably accomplished by
SaqGT4, which is similar to the rhodinosyltransferase UrdGT1c
(Figure 4) that is involved in urdamycin A biosynthesis.[15]ACHTUNGTRENNUNGUnfortunately, we did not succeed in generating a mutant of
saqGT4, although several experiments have been performed.
Interestingly, in the cluster, saqGT4 overlaps with saqGT3,
which itself overlaps with saqGT2. Because both SaqGT2 and
SaqGT3 act during the biosynthesis of the pentasaccharide,
this might be an additional hint that SaqGT4 is also involved in
the assembly of this chain.


The production of SaqAE62 and galtamycinone in the
saqGT6 deletion mutant identified SaqGT6 as the glycosyltrans-
ferase that transfers an l-2-deoxyfucose onto the 4-O of the d-
olivose; this establishes a 4!1 linkage between those two
sugars. Interestingly, most l-deoxysugars that are components
of saccharide chains of natural products (e.g. , mithramycin,
chromomycin A3, landomycin, and urdamycin A) are connected
via 3!1 linkages to d-olivose.[17–20] Therefore, SaqGT6, which
differs from other angucycline glycosyltransferases and shows
less than 46 % identity on amino acid level is a unique enzyme


with special regioselectivity. Together with the results from the
saqGT2 and saqGT3 mutants that accumulated derivatives that
contained only the first sugar of the tetrasaccharide, we con-
clude that the enzymatic activity of SaqGT6 depends on the
presence of the pentasaccharide chain at 3-O.


SaqGT1 transfers the third saccharide, an l-rhodinose, onto
the growing tetrasaccharide chain. This was demonstrated by
the formation of the biosynthetic intermediates SaqAE1 and
GaltaAE1 that were produced by the saqGT1 mutant.


SaqW is similar to the oxidoreductase AknOx, which converts
l-rhodinose via cinerulose A to l-aculose in the biosynthesis of
the anthracycline aclacinomycin.[10] We propose that SaqGT1
attaches the third and the fourth sugars (both l-rhodinoses) in
a similar fashion to the tandem addition of two l-2-deoxyfuco-
ses to rhodosaminyl aklavinone catalyzed by AknK.[21] We sug-
gest that SaqW is involved in the subsequent conversion of
the last sugar to an l-aculose moiety. Further studies on what
controls the level of iteration will be performed, similar to the
studies carried out with glycosyltransferases involved in lando-
mycin biosynthesis.[22]


Interestingly, the mono-glycosylated galtamycinone instead
of the expected fully glycosylated galtamycin B accumulated in
the saqGT2 and saqGT3 mutants. This suggests that glycosyl-
transferases that act on the tetrasaccharide chain are only
acting on the angucycline and not on the tetracenequinone.


Conclusions


We have cloned and sequenced the common biosynthetic
gene cluster of the largest known angucycline, saquayamy-
cin Z, and the tetracenequinone galtamycin B. The formation
of the tetracenequinone galtamycin B results from a rearrange-
ment reaction from angucyclines. The function of five glycosyl-
transferases has been elucidated; this led to a detailed insight
into the assembly of the sugar chains. The biosynthesis of sa-
quayamycin Z probably involves three iteratively acting glyco-
syltransferases. SaqGT2 was identified as a glycosyltransferase
with a new position of transfer. This sets the stage for future
studies on the function and specificity of glycosyltransferases


Experimental Section


Bacterial strains, growth conditions, media and vectors : For
standard purposes, M. sp. T�6368[2] and its mutant strains and
S. fradiae T�2717 Ax[15] were grown on tryptone soy broth (TS
broth),[23] which was prepared as solid or liquid medium, at 28 8C.
For saquayamycin Z and galtamycin B production, NL MMM[2]


liquid medium (glucose (1 %), soluble starch (2 %), yeast extract
(0.5 %), Bacto casitone (0.5 %) and CaCO3 (0.1 %) in tap water; the
pH was adjusted to 7.6 prior to sterilization) with Amberlite� XAD-
16 (4 %) was used. For production of SaqAE3 by S fradiae Ax x
saqGT2, E1 liquid medium (starch (20 %), glucose (20 %), yeast ex-
tract (2.5 %), pharmamedia (3 %), CaCO3 (1 %), NaCl (1 %), K2HPO4·
3 H2O (1 %), MgSO4·7 H2O (1 %) in tap water, the pH was adjusted
to 7.2 prior to sterilization) was used. For genomic DNA isolation,
M. sp. T�6368 was grown for 24–48 h in TSB+ liquid medium (tryp-
tic soy broth (3 %), glycine (0.4 %), sucrose (10 %) in tap water).
DNA manipulation was carried out in E. coli XL1-Blue (Stratagene).


1398 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1392 – 1401


A. Bechthold et al.



www.chembiochem.org





E. coli DH5a (Invitrogen) was used for construction of the
M. sp. T�6368 genomic cosmid library. For intergeneric conjugation
between E. coli and M. sp. T�6368 or Streptomyces fradiae T�2717
Ax, the methylase deficient E. coli ET12567 with plasmid pUZ8002
was used as a donor strain. E. coli strains were grown on LB agar
or liquid medium that contained the appropriate antibiotic for se-
lection as described.[24] Vector pBluescript SK(�) (pBSK-) was from
Stratagene; Litmus28, pET3d,[25] and pUC19[26] were from New Eng-
land Biolabs (Frankfurt, Germany); and pKC1132, which carried the
apramycin-resistance gene that was used for gene disruption, was
from Eli Lilly and Company (Indianapolis, IN, USA).[27] pSET-1cerm[28]


was used for the generation of complementation plasmids. The
vector pUWL-oriT-aac(3)IV was constructed during this study. It is
derived from pUWL-oriT;[29] the thiostreptone-resistance gene was
replaced by the apramycin-resistance gene by using the Red/ET�
recombineering method with primers thioF and thioR (Table 2).


General genetic manipulation and PCR : Standard molecular biol-
ogy procedures were performed as described previously.[24] Isola-
tion of plasmid DNA from E. coli and DNA restriction/ligation were
performed by following the protocols of the manufacturers of the
kits, enzymes, and reagents, Qiagen, Promega, and Roche Diagnos-
tics. PCR reactions were performed with a Gene Amp� PCR
System 9700 (Applied Biosystems) by using Pfu polymerase (Prom-
ega) for complementation and expression experiments and Taq or
GoTaq polymerase (Promega) to verify mutants. Primers were pur-
chased from Operon Biotechnologies, Inc. (Cologne, Germany). Oli-
gonucleotide primers that were used are listed in Table 2.


Construction and screening of a M. sp. T�6368 cosmid library : A
cosmid library was prepared by using cosmid pOJ436.[27] For prepa-
ration of DNA, the mycelium was embedded in agarose. Cell dis-
ruption, partial digestion of the genomic DNA, and separation of
DNA fragments were performed as described previously.[30] A total
of 2300 cosmid clones were screened with two strain-specific
probes, which were both obtained by PCR: a type II polyketide
synthase probe and an dNDP-d-glucose-4,6-dehydratase probe,[31]


by following standard nonradioactive hybridization procedures
with digoxigenin (DIG)-labeled DNA probes. Five cosmids were


subjected to PCR screening with primers SaqF and SaqR (Table 2),
which were directed against conserved sequences of cyclases.


DNA sequencing and computer-assisted sequence analysis : Nu-
cleotide sequences were determined at 4base lab GmbH (Reutlin-
gen, Germany) and at GATC Biotech AG (Konstanz, Germany) by
using either standard primers (M13 universal and reverse, T3 and
T7) or customized, internal primers. Computer-assisted sequence
analysis was done with the Clone Manager software (Clone Manag-
er 7, version 7.11). Database comparison was performed with the
BLAST search tools on the server of the National Center for Bio-
technology Information, National Library of Medicine, NIH (http://
www.ncbi.nlm.nih.gov/).[32] The sequence that is reported here has
been deposited in the GenBank database (http://www.ncbi.nlm.nih.
gov/Genbank) under the accession number FJ670504.


Intergeneric conjugation between E. coli and Micromonospora
sp. T�6368 : Plasmids were transferred to M. sp. T�6368 by inter-
generic conjugation between E. coli and M. sp. T�6368. A frozen
mycelial culture of M. sp. T�6368 (1 mL) was diluted in TS broth
and was agitated at 28 8C and 180 rpm for 24 h. A proportion of
this seed culture was transferred into fresh TS broth. The culture
was again agitated at 28 8C and 180 rpm for 24 h. The mycelium
was recovered by centrifugation, washed once in fresh TS broth,
and resuspended in TS broth (recipient culture). The E. coli donor
ET 12 567 (pUZ8002) was grown at 37 8C for 16–18 h on LB agar
plus apramycin (50 mg mL�1) and kanamycin (30 mg mL�1). These
donor cells were detached from the plate with a loop and resus-
pended in the recipient culture. Samples of this combination
(300 mL) were plated on MS medium (20 g L


�1
d-mannitol, 20 g L


�1


soy flour, 18 g L
�1 agar, pH 7.2). Plates were incubated at 28 8C for


10–12 h and then covered with water (1 mL) that contained phos-
phomycin and apramycin to a final concentration of 400 mg mL�1


and 25 mg mL�1, respectively, for selection of exconjugants. Incu-ACHTUNGTRENNUNGbation at 28 8C was continued for 7–10 days until exconjugantsACHTUNGTRENNUNGappeared.


Construction of gene inactivation constructs : For the generation
of chromosomal mutants of the saquayamycin Z and galtamycin B


Table 2. Oligonucleotides used in this study.


Primer Sequence (5’!3’) Restriction site


SaqF ATGCACAGCACTCTAGATCGTCG —
SaqR CCGGGTCGTAGGCCTCGAGAACGG —
saqGT2aadF ATGACGGCGACGATCGCCGCCACCGGGCTGACCCCCGTCACTAGTCCGTATTTGCAGTACCAGCG[a, b] SpeI
saqGT2aadR ATGAGTACGCGCATGTGCTCTCCTGTCCGTGAGGTGATCGACTAGTTGTAGGCTGGAGCTGCTTC[a, b] SpeI
saqGT3aadF ATGGCGCACTCGGCGGGGTTGAGCGCGGTCAGCATCGCCACTAGTCCGTATTTGCAGTACCAGCG[a, b] SpeI
saqGT3aadR AGGCGGCCTCCCTCGTCTCGGCGGCGCCGGGGCGGGCCAGACTAGTTGTAGGCTGGAGCTGCTTC[a, b] SpeI
saqGT6aad-F CTCGTCGATCCGCGAGTTCGTGAAGGCCCGTAGCTGATGACTAGTCCGTATTTGCAGTACCAGCG[a, b] SpeI
saqGT6aad-R CGCGGCGGATGCGGCGGCCGCGAGGGCGCCGGATGGTCAACTAGTTGTAGGCTGGAGCTGCTTC[a, b] SpeI
SaqGT-f-Mun ACGGCCGCCAATTGCATGCTC[a] MunI
SaqGT-f-Xba CGCCACGATCTAGACGGCGACC[a] XbaI
saqGT5_3 EcoRI CGCGGTTCGAATTCGGGCAC[a] EcoRI
saqGT5_3 XbaI CCGGACAGGTCTAGAGCCTTC[a] XbaI
saqGT2-F-EcoRI GCGCGATCGAATTCCTCGTC[a] EcoRI
saqGT2-R-XbaI CGAAGTGCGTCTAGACCGG[a] XbaI
saqGT2_codonF AGCAACGGAGGTACGGACTTGCGGGTCTTGTTCGTGACCTTCCCC[c] —
saqGT2_codonR GCGTGGACACCGGGGTGGCCATCAGGA[c] —
thioF ATGACTGAGTTGGACACCATCGCAAATCCGTCCGATCCCGCCGTATTTGCAGTACCAGCG[b] —
thioR TTATCGGGTGGCCGCGAGATTCCTGTCGATCCTTCTCGTGCTGTAGGCTGGAGCTGCTTC[b] —


[a] Artificially introduced restriction sites are in bold. [b] The at-first nonhybridizing part is italicized. [c] Exchanged codons are italicized and underlined.
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producer M. sp. T�6368 by homologous recombination, the gene
disruption plasmids were constructed as described below.


To inactivate saqGT1, a 6.2 kb BamHI fragment of cosmid 20 wasACHTUNGTRENNUNGligated into the same sites of pBSK- to yield plasmid B2062. A
unique NcoI restriction site inside the gene saqGT1 was chosen for
targeted inactivation by shifting the reading frame. After NcoI re-
striction, treatment with the T4 DNA polymerase and re-ligation,
the intended alteration was confirmed by DNA sequencing. TheACHTUNGTRENNUNGinternal fragment was inserted into the BamHI–HindIII sites of
pKC1132 to yield the inactivation construct pKC-DsaqGT1.


The deletion of the three genes saqGT2, saqGT3, and saqGT6 result-
ed from the replacement of each gene by the aadA cassette of
vector pIJ778[33] by using the Red/ET recombineering method. For
deletion of saqGT2 and saqGT3, a 9 kb NcoI fragment from cosmid
23 was cloned into Litmus28. Both genes were disrupted by Red/
ET recombineering with the corresponding primers saqGT2aadF
and saqGT2aadR for saqGT2 inactivation and saqGT3aadF and
saqGT3aadR for saqGT3 inactivation. These primers were used to
introduce SpeI sites to both sites of the cassette. Hence, the NcoI
fragments that contained the deleted sequence of saqGT2 and
saqGT3, respectively, were cloned to pET3d (pET-DsaqGT2-aadA
and pET-DsaGT3-aadA). In both cases the incorporated spectinomy-
cin cassette was removed by SpeI restriction and re-ligation to
avoid polar effects. The fragments were then cloned (HindIII and
XbaI) into pKC1132 to yield pKC-DsaqGT2 and pKC-DsaqGT3. For
deletion of saqGT6 a 5.8 kb KpnI fragment from cosmid 23 was
cloned into pUC19. The fragment was then cloned after EcoRI and
XbaI restriction into pKC1132. The primers saqGT6-aadF and
saqGT6-aadR were used to replace saqGT6 by aadA. The primers
were used to introduce SpeI sites to both sites of the cassette; to
avoid polar effects the cassette was removed by SpeI restriction,
which led to the plasmid pKC-DsaqGT6.


The inactivation construct of saqGT5 was generated by ligation of
a 5.7 kb NcoI fragment of cosmid 23 into the corresponding sites
of Litmus28 and successive SphI restriction, treatment with T4 DNA
polymerase, and re-ligation. The shifted reading frame was con-
firmed by sequencing. The mutated 5.7 kb fragment was cloned
(EcoRI and XbaI) into pKC1132 to generate pKC-DsaqGT5.


Generation of chromosomal mutant strains of Micromonospora
sp. T�6368 : For the generation of all deletion mutants, single
crossover mutants were screened for loss of vector-resistance as a
consequence of a double crossover event. Deletions within the
genes were confirmed by PCR and/or Southern hybridization.


Construction of complementation and expression plasmids : For
the generation of plasmids that were used to complement the
mutant strains DsaqGT1 and DsaqGT5, saqGT1 and saqGT5 were
amplified by PCR by using Pfu polymerase. Suitable restriction sites
(for saqGT1, MunI and XbaI; for saqGT5, EcoRI and XbaI) were intro-
duced upstream and downstream of each gene by using primers
SaqGT-f-Mun/SaqGT-f-Xba and saqGT5_3 EcoRI/saqGT5_3 XbaI
(Table 2), respectively. The 1.5 kb PCR product of saqGT1 was di-
gested with MunI and XbaI and ligated into plasmid pSET-1cerm,
which had been digested by the same enzymes to remove
urdGT1c ; this yielded the complementation plasmid pSET–saqGT1.
To generate the complementation plasmid pSET–saqGT5, a 1.2 kb
fragment that contained saqGT5 was amplified. After digestion
with EcoRI and XbaI, the fragment was ligated into Litmus28 to
create plasmid pLit–saqGT5. Plasmid pSET–1cerm was digested
with MunI and XbaI to remove urdGT1c, and the EcoRI-XbaI frag-
ment from pLit-saqGT5 containing saqGT5 was fused to ermE* to
generate complementation plasmid pSET–saqGT5.


To generate the expression plasmids for saqGT2, saqGT2 was ampli-
fied by PCR by using Pfu polymerase and primers saqGT2-F-EcoRI
and saqGT2-R-XbaI for the original gene and primers saqGT2_
CodonF and saqGT2_CodonR to generate the modified gene
(Table 2). The 1.4 kb PCR product of the wild-type gene saqGT2
was digested with EcoRI and XbaI and ligated into the MunI/XbaI
sites of pSET-1cerm to yield the expression plasmid pSET–saqGT2.
The 1.3 kb PCR product of the modified gene saqGT2 was ligated
into the SmaI site of pBSK-. Hence, the gene was ligated into
pUWL-oriT-aac(3)IV by using the EcoRI and SpeI sites, to generate
the expression plasmid pUWE-saqGT2.


Analysis of saquayamycin Z and galtamycin B production and
isolation of new metabolites : Wild type and mutant strains of
M. sp. T�6368 were cultured in production medium for seven days
at 28 8C in a rotary shaker (180 rpm). Mycelia and Amberlite XAD-
16 resin were collected by centrifugation and extracted twice with
acetone at room temperature. After removal of the mycelia by cen-
trifugation, the extract was evaporated to reduce the amount of
acetone. Finally, this mycelium extract was extracted twice with an
equal volume of ethyl acetate. The solvent of the organic phase
was removed, and the residue was dissolved in methanol. This so-
lution was used for analysis.


S. fradiae Ax was cultured in production medium for seven days at
28 8C in a rotary shaker (180 rpm). The supernatant was extracted
twice with an equal volume of ethyl acetate. The solvent of theACHTUNGTRENNUNGorganic phase was removed, and the residue was dissolved in
methanol. This solution was used for analysis.


Detection of saquayamycin Z, galtamycin B and their intermediates
by HPLC-UV/Vis/MS was performed on an Agilent 1100 system
(Agilent Technologies, Waldbronn, Germany) with an electrospray
chamber and a quadrupole detector. HPLC analysis was carried out
on a Zorbax XDB-C8 column (5 mm, 4.6 by 150 mm) with a Zor-
bax SB-C8 precolumn (5 mm, 4.6 by 12.5 mm) from Agilent Technol-
ogies. A nonlinear gradient from 20 % to 95 % acetonitrile in 0.5 %
acetic acid over 30 min at a flow rate of 0.7 mL min�1 was used.
The column temperature was 30 8C, and the UV detection wave-
lengths were 254 and 270 nm. The mass-selective detector cham-
ber settings were as follows: drying gas flow rate: 12 L min�1; neb-
ulizing pressure: 35 psi g�1; drying gas temperature: 350 8C. The
samples were analyzed in positive and negative-scan modes with a
mass range of 250 to 2000 Da.


SaqAE3 was purified by using preparative TLC (silica gel 60 F254,
Merck, Darmstadt, Germany; CH2Cl2/MeOH 9:1 (v/v), 0.5 % acetic
acid). Further purification was performed by using an Agilent 1100
system (see above) equipped with an Agilent� Zorbax SB-C18
column (150 � 9.6 mm, 5 mm) by using mass-guided fraction collec-
tion. An acetonitrile gradient over 24 min ranged from 25 to 95 %
at a flow rate of 3.0 mL min�1. SaqAE3 (~8 mg) was isolated as an
orange powder. For structural elucidation by NMR spectroscopy,
SaqAE3 was dissolved in CDCl3.


Structure elucidation of SaqAE3 : The chemical structure of
SaqAE3 was elucidated with 1D NMR (1H (400 MHz), 13C (100 MHz),
1D-NOE, 1D-TOCSY)) and 2D NMR (HSQC, HMBC, 1H-1H COSY) spec-
troscopy by using a Bruker Avance DRX400. Chemical shifts are ex-
pressed in d values (ppm) by using the correspondent solvent as
internal reference (CDCl3: dH = 7.26, s; dC = 77.0, t). NMR spectrosco-
py data are shown in Table 3.
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Table 3. 1H NMR (400 MHz, [D1]CDCl3) and 13C NMR (100 MHz, [D1]CDCl3)
spectroscopy data as well as 2D NMR (HMBC) assignments of SaqAE3 (9).


Position dC [ppm] dH [ppm] (m, I, J [Hz])[a] HMBC (1H!13C)


1 204.8 – –
2 50.5 2.55 (m, 1 H); 3.2 (m, 1 H) C1, C3, C4, C12b
3 82.4 – –
4 44.5 1.85 (m, 1 H); C2, C4a, C12b


2.3 (dd, 1 H, 15.2; 2.8)
4a 79.8 – –
4a-OH 4.3 (s, 1 H) C4, C4a, C5
5 145.5 6.4 (d, 1 H, 9.8) C6a, C12b
6 117.4 6.9 (d, 1 H, 9.8) C4a, C6a, C7
6a 138.7 – –
7 188.2 – –
7a 113.9 – –
8 157.9 – –
8-OH 12.3 (s, 1 H) C7a, C8, C9
9 138.3 – –
10 133.6 7.9 (d, 1 H, 7.8) C8, C11a, C1’
11 119.7 7.6 (d, 1 H, 7.8) C7a, C9, C10, C12
11a 130.2 – –
12 182.2 – –
12a 138.7 – –
12b 77.4 – –
13 25.6 1.45 (s, 3 H) C2, C3, C4
1’ 71.1 4.9 (d, 1 H, 11.1) C3’, C8, C9, C10
2’ 39.5 1.4 (m, 1 H); 2.5 (m, 1 H) C8, C1’, C3’, C4’
3’ 72.9 3.85 (m, 1 H) C4’
4’ 78.0 3.2 (m, 1 H) C3’, C6’
5’ 75.9 3.55 (m, 1 H) C1’
6’ 18.0 1.4 (d, 3 H, 6.3) C4’, C5’
1A 92.5 5.25 (d, 1 H, 3.3) C3, C3A, C5A
2A 23.8 1.45 (m, 1 H); 2.05 (m, 1 H) C1A, C3A
3A 25.5 1.76 (m, 1 H); 1.85 (m, 1 H) C2A
4A 66.9 3.7 (s, 1 H) –
5A 67.2 4.2 (q, 1 H, 6.7) C4A, C6A
6A 17.0 1.3 (d, 3 H, 6.6) C3A, C4A, C5A


[a] m: multiplicity ; br: broad; I : intensity; J : coupling constant.


ChemBioChem 2009, 10, 1392 – 1401 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1401


The Biosynthesis of Saquayamycin Z and Qaltamycin B



http://dx.doi.org/10.1038/ja.2005.12

http://dx.doi.org/10.1038/ja.2005.12

http://dx.doi.org/10.1038/ja.2005.13

http://dx.doi.org/10.1016/j.chembiol.2005.05.008

http://dx.doi.org/10.1021/bi952706p

http://dx.doi.org/10.1007/BF02931329

http://dx.doi.org/10.1128/AAC.46.5.1174-1182.2002

http://dx.doi.org/10.1128/AAC.46.5.1174-1182.2002

http://dx.doi.org/10.1073/pnas.0700579104

http://dx.doi.org/10.1073/pnas.0700579104

http://dx.doi.org/10.1002/cbic.200500018

http://dx.doi.org/10.1016/S0040-4020(01)98726-5

http://dx.doi.org/10.1016/S0040-4020(01)98726-5

http://dx.doi.org/10.1016/S1074-5521(00)00079-X

http://dx.doi.org/10.1016/S1074-5521(00)00079-X

http://dx.doi.org/10.1039/b507395m

http://dx.doi.org/10.1039/b507395m

http://dx.doi.org/10.1021/np980355k

http://dx.doi.org/10.1021/np980355k

http://dx.doi.org/10.1021/bi035945i

http://dx.doi.org/10.1021/bi035945i

http://dx.doi.org/10.1016/j.chembiol.2008.12.003

http://dx.doi.org/10.1016/0378-1119(87)90165-X

http://dx.doi.org/10.1016/0378-1119(92)90627-2

http://dx.doi.org/10.1016/S1074-5521(01)00039-4

http://dx.doi.org/10.1002/cbic.200400316

http://dx.doi.org/10.1046/j.1365-2958.1996.6191336.x

http://dx.doi.org/10.1007/s00253-007-0950-8

http://dx.doi.org/10.1093/nar/25.17.3389

http://dx.doi.org/10.1073/pnas.0337542100

http://dx.doi.org/10.1073/pnas.0337542100

www.chembiochem.org






DOI: 10.1002/cbic.200800806


Fluorescent Probes to Characterise FK506-Binding Proteins
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Introduction


FK506-binding proteins (FKBPs) are widely expressed immuno-
philins that bind the natural products FK506 and rapamycin
and mediate their immunosuppressive effect. Most FKBPs dis-
play a peptidyl–prolyl isomerase activity; this indicates a role
for these molecules in protein folding. In vivo, several FKBPs
have been shown to regulate calcium channels.[1, 2] In addition,
the multidomain homologues FKBP51 and FKBP52 act as co-
chaperones for the heat shock protein 90 (Hsp90) and regulate
the binding and transactivational activity of steroid hormone
receptors in a mutually opposite direction.[3, 4] In eukaryotic
cells, FKBP52 has been shown to enhance the transactivation
of the glucocorticoid receptor (GR) and the androgen receptor
(AR).[3, 5] In contrast the hormone responsiveness of the GR can
be attenuated by FKBP51.[6, 7] Interestingly, the expression of in-
hibitory FKBP51 itself is strongly induced by steroids; this gives
rise to an intracellular, ultrashort negative-feedback loop that
could desensitize steroid hormone receptors after initial stimu-
lation by steroids.[8]


In addition to their well-established interaction with steroid
hormone receptors, other less well-characterized functions
have been ascribed for FKBP51 and -52. Several reports have
implicated FKBP51 in the activation of the NF-kB pathway.[9]


FKBP52 has been described to regulate transcription factors,[10]


participate in copper transport,[11] inhibit viral second-strand
synthesis[12] and block calcium channels in a FK506-sensitive
manner.[2] Based on neutralizing antibody and siRNA knock-
down experiments, FKBP52 has further been suggested to pro-
mote neurite outgrowth.[13, 14] While numerous studies have re-
ported a neuroprotective or neurotrophic action of FK506-like
ligands, the exact protein target(s) that mediate this effect
have not been identified so far, possibly due to the lack orACHTUNGTRENNUNGuncertainty of specificity of these compounds within the FKBP
family.


The physiological significance of FKBP52 has been demon-
strated in knockout mice, which showed profound reproduc-
tive abnormalities, likely mediated by impaired progesterone


and androgen signalling.[5, 15] The physiological role of FKBP51
could be shown in the Bolivian squirrel monkey in which the
low responsiveness of the GR was partially attributed to the
high levels of the inhibitory FKBP51.[6, 16] More recently, several
reports have provided strong genetic support for the role of
FKBP51 in human stress response[17] and in a variety of psychi-
atric disorders.[18] In light of aberrant corticosteroid signalling
as a recurrent observation in mood disorders, these combined
findings suggest FKBP51 as a mechanistically novel and druga-
ble target for depression.


FKBP51 and FKBP52 are highly homologous, multidomain
proteins with >60 % amino acid sequence identity. This is re-
flected in a high degree of structural similarity observed in the
X-ray crystal structures of these proteins.[19, 20] Both proteins
contain a FK1 domain that displays peptidyl–prolyl isomerase
activity and low nanomolar affinity for FK506 and rapamy-
cin.[21–23] This domain was also shown to be the major determi-
nant for the regulation of steroid hormone signalling;[3, 24] this
suggests FKBP cochaperones as a novel target for the modula-
tion of steroid hormone receptors. However, due to the lack of
selectivity of FK506 or rapamycin, these compounds cannot be
used to dissect the opposing role of FKBP51 and FKBP52 (or
other FKBPs) in mammalian systems where these proteins tend
to be coexpressed. For a better understanding of FKBP biology
specific inhibitors are needed.


FK506-binding proteins (FKBPs) convey the immunosuppres-
sive action of FK506 and rapamycin and mediate the neuropro-
tective properties of these compounds, and participate in the
regulation of calcium channels. In addition, the larger homo-
logues FKBP51 and FKBP52 act as cochaperones for Hsp90 and
regulate the transactivational activity of steroid hormone re-
ceptors. To further characterize these FKBPs, we have synthe-
sized fluorescein-coupled rapamycin analogues. In fluorescence
polarization assays one of these compounds retained high af-


finity to all tested proteins (Kd : 0.1–20 nm) and could be used
for active-site titrations. To adapt the fluorescence polarization
assay for high-throughput purposes, a simplified rapamycin
derivative was synthesized and labelled with fluorescein. This
probe showed moderate affinity for the FK1 domains of
FKBP51 (177 nm) and FKBP52 (469 nm) and allowed a highly
robust, optimized, miniaturized assay (Z’>0.7) sufficient for
high-throughput screening of large compound libraries.


[a] Dr. C. Kozany, A. M�rz, C. Kress, Dr. F. Hausch
Chemical Genomics Research Group, Max Planck Institute for Psychiatry
Kraepelinstrasse 2, 80804 Munich (Germany)
Fax: (+ 49) 89-30622610
E-mail : hausch@mpipsykl.mpg.de


[b] C. Kress
Present address: 4SC AG, Am Klopferspitz 19a
82152 Planegg-Martinsried (Germany)


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200800806.
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Fluorescent labelled tracers for the founding family member
FKBP12 have already been described. However, these tracers
have not been tested for their applicability with other FK506
binding proteins.[25] Therefore, we have developed a fluores-
cence polarization assay based on fluorescein-labelled rapamy-
cin analogues using FKBP51 and FKBP52 as desired protein tar-
gets, with the possibility to be transferred to other FKBPs.
These reagents allow a comprehensive biochemical characteri-
zation of FKBP homologues that will enable the development
of such pharmacological tools.


Results and Discussion


Purification of active FKBP51 and FKBP52


Full-length human FKBP51 and FKBP52 were expressed in
E. coli as double-tagged constructs with an amino terminal
hexahistidinyl tag and a carboxy terminal FLAG-tag. We also
expressed the isolated FK1 domains of FKBP51 and FKBP52
since this domain contains the FK506 binding site and has a
major regulatory influence on steroid hormone receptors. In
addition, FKBP12, -12.6, -13 and -25 were expressed as controls
with an amino terminal His-tag. All proteins were purified by
Ni affinity chromatography and were sufficiently pure for fur-
ther biochemical experiments. Full-length FKBP51 still showed
substantial impurities after Ni affinity chromatography; thisACHTUNGTRENNUNGindicates its susceptibility to degradation, and it thereforeACHTUNGTRENNUNGrequired an additional round of purification by FLAG-affinity
chromatography.


To demonstrate the correct folding of purified FKBP51 and
-52, their enzymatic activity as peptidyl–prolyl isomerases was
measured by a coupled enzymatic assay.[22, 26, 27] Both proteins
were able to increase the velocity of the cis–trans isomerization
of a X-Pro peptide compared to the uncatalyzed background
reaction (Figure 1). Addition of rapamycin—an inhibitor of the
peptidyl–prolyl isomerase (PPIase) activity of these proteins—
completely blocked their enzymatic action. Likewise, the isolat-
ed FK1 domains of FKBP51 and -52 showed PPIase activity
(data not shown). The enzymatic activity and the ability to
bind the specific inhibitor rapamycin demonstrate the proper
folding of the purified proteins.


Synthesis of tight-binding fluorescein-labelled rapamycin
analogues


The PPIase assay used to measure the enzymatic activity of the
FKBPs has some major technical limitations. Due to the high
background rate of the uncatalyzed isomerization, the time
window of the reaction is very short (<120 s) even if per-
formed at low temperatures (<10 8C). Furthermore, water-free
reagents are required to enrich the initial percentage of sub-
strate in the cis-prolyl conformation. This makes this assayACHTUNGTRENNUNGincompatible for high-throughput applications. Alternatively,
the specific binding of a labelled tracer could be detected by
fluorescence polarization.


To establish an assay applicable for the identification of new
small molecule inhibitors, we chose rapamycin (1 a, Scheme 1)


as a starting point for the development of fluorescent tracers
for FKBP51 and -52. Crystal structures of FKBP12 cocrystallised
with rapamycin suggest that the C40-hydroxyl group of rapa-
mycin acts as an attachment point that should not interfere
with binding to the FKBP pocket.[28] Furthermore, this position
has been used successfully for immobilization of rapamycin in
an FKBP-binding competent form.[14]


Direct fluorescein labelling of rapamycin at C40-OH has
been shown to reduce binding to FKBP12 substantially (Kd�
10 mm).[29] To alleviate possible steric hindrance, we introduced
linkers of different length. First, rapamycin was coupled to flu-
orescein via a glycine linker (Scheme 1). When tested in a fluo-
rescence polarization assay, tight binding of compound 1 c
could be demonstrated for FKBP12 (Kd ~1.7 nm). Binding in the
low nanomolar range could also be observed for FKBP52 (Kd


~3.5 nm) albeit with a reduced overall change in fluorescence
anisotropy. However, only weak, unsaturatable binding and
small anisotropy changes could be achieved for FKBP51 (data
not shown).


Figure 1. Purified full length FKBP51 and FKBP52 were used to measure
PPIase activity by a coupled enzymatic assay. A) 300 nm FKBP51 (c) in-
creases the velocity of cis–trans isomerization in a Suc-ALPF-pNA peptide
significantly compared to the background (g). Addition of an excess of ra-
pamycin (Rap; a : 500 nm) blocked the FKBP catalysed peptidyl–prolyl iso-
merization. The release of pNA upon isomerization was followed at 390 nm;
B) 300 nm FKBP52 (c) has peptidyl–prolyl isomerase activity compared to
background (g) and can be inhibited by 500 nm rapamycin (a).
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We therefore introduced an additional hexanoic acid spacer
between rapamycin and the fluorophore. Fortunately, com-
pound 1 d tightly bound the isolated FK1 domain of FKBP51
at subnanomolar concentrations (Kd : (0.11�0.03) nm) and
showed a substantially improved fluorescence anisotropy (Fig-
ure 2 A). Tight binding was also observed for FKBP12, -12.6,
-13, -25 and for full-length FKBP51 and -52 (Figure 2 C and
Table 1).


Compound 1 d was used for a competition experiment with
the natural product, rapamycin. Due to the high affinity of 1 d
(fluorescence intensity at the Kd was below the detection limit
of the reader) a large excess of competing rapamycin (or
FK506; data not shown) was necessary to displace 1 d (Fig-
ure 2 B). Nonlinear regression for a three-component system
was applied to account for the saturating conditions (see the
Supporting Information, appendix 3).[30] This yielded a Ki of
(3.15�0.27) nm of rapamycin for FKBP51FK1, which is about


one order of magnitude tighter than previously reported with
PPIase assays.[31, 32]


As proof-of-concept, we determined Ki values for rapamycin
and FK506 with a set of FKBPs by fluorescence polarization
competition assays with 1 d (Table 1). Rapamycin and FK506
display subnanomolar affinity to FKBP12, as described previ-
ously.[33] Also, the Ki values for FKBP12.6 were in good agree-
ment with published data.[23, 32, 34] For FKBP13 we found a Ki


value for rapamycin in the low nanomolar range (7.2�0.7) nm,
which is similar to that published previously, (1.5�0.3) nm.[23, 32]


For FKBP25 an IC50 value of 0.9 nm was reported,[23, 32, 35] which
was obtained with PPIase assays, while we measured a Ki of
(5.9�1.8) nm.


The high affinity of rapamycin for FKBP51FK1 (i.e. , the puri-
fied FK1 domain of FKBP51) described above, could be con-
firmed with full-length FKBP51, (3.7�0.9) nm, but for FK506
we observed a five- to seven-times lower affinity (104�14) nm


compared to published data
(14.6�1.8) nm.[23] The published
binding constants for rapamycin
and FK506 to FKBP52 demon-
strate a significant variability
(FKBP52/Rap: 1.4–45 nm,
FKBP52/FK506: 0.72–
269 nm).[14, 21, 36] In our hands, the
Ki values of rapamycin and
FK506 for FKBP52 are in the
published range. Altogether the
observed Ki values were general-
ly comparable to published data,
which can vary significantly be-
tween different publications, de-
pending on the methodological
approach.


Active-site titration of FKBPs
by fluorescence polarization


The high affinity ligand 1 d was
further used for rapid active-site
titrations of the purified FKBPs.
Fluorescence polarisation (FP)
binding curves were generated
by titrating the FKBP proteins in
the presence of increasing
amounts of labelled ligand 1 d
(Figure 3 A). For all experiments
we confirmed that the intrinsic
fluorescence of ligand 1 d was
linear within the used concentra-
tion range and did not change
upon binding to the proteins.
For each binding curve the EC50


values were extracted and plot-
ted against the corresponding
ligand concentration (Figure 3 A,
insert). As expected, a linear rela-


Scheme 1. Fluorescein labelling of rapamycin.


Table 1. Kd values determined for different FK506-binding proteins with compounds 1 d and 2 b, Ki values for
rapamycin, FK506 and 2 a.


FKBP Compound 1 d
Kd [nm]


Compound 2 b
Kd [nm]


Rapamycin
Ki [nm]


FK506
Ki [nm]


Compound 2 a
Ki [nm]


-12 0.42�0.27[a] 5�0.4[a] 0.6�0.17 0.2�0.01 12�3
-12.6 0.78�0.43 4�0.5[e] 0.4�0.06 4.4�1 24�3
-13 1.7�0.3 90�15 7.2�0.7 166�30 318�101
-25 21�2 n.b. 5.9�1.8 n.d. n.d.
-51 1.9�0.5[b] 449�69 3.7�0.9 104�14 3100�1100[f]


-52 1.4�0.10[b] 281�30 4.2�0.7 23�3 2600�900[f]


-51K1 0.11�0.03[c, d] 177�15[f] 3.2�0.3[d] 79�12 2650�155[f]


-52K1 1.6�0.6[a] 469�86[f] 18�4 28�5 2050�250[f]


The Kd values of compounds 1 d and 2 b were measured by fluorescence polarization binding assays. Typically
5 nm compound 1 d or 10 nm of 2 b were used. The Ki values of rapamycin and FK506 were determined by
fluorescence polarization competition assays by using 500 pm compound 1 d. The Ki values for compound 2 a
were determined by fluorescence polarization competition assays by using 500 pm of 2 b. The measurements
were performed with a GENios Pro plate reader (Tecan) in duplicate. Variations are indicated; [a] 3 nm tracer ;
[b] 4 nm tracer; [c] 100 pm tracer ; [d] cuvette-based format with spectrofluorometer (F-7000 FL; Hitachi) ;
[e] 5 nm tracer ; [f] 20 nm tracer; n.b. : no binding; n.d. : not determined.
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tionship was obtained, and the slope was indicative of the
active concentration of the FKBPs relative to the total protein
content determined by UV absorption (see the Supporting In-
formation, appendix 1). For all FKBPs, values between 0.3–0.5
were obtained; this indicates a slight underestimation of the
protein concentrations by UV determination.


To confirm the results obtained by fluorescence polarization
we independently performed tryptophan quenching experi-
ments for the isolated FK1 domains. The FK506-binding sites
of FKBP51 and -52 both contain a highly conserved solvent-ex-
posed Trp residue at their core, which is buried upon binding
of a hydrophobic ligand.[19, 37] Quenching of the fluorescence of
this residue (Trp90 for FKBP51 and FKBP52) can be used for
active-site titration of FKBPs.[23, 38] An exemplary tryptophan
fluorescence quenching experiment is shown for FKBP51FK1 ti-
trated with increasing concentrations of rapamycin (Figure 3 B).
The tryptophan quenching experiments are in excellent agree-
ment with the results obtained by fluorescence polarization


Figure 3. Active-site titration of FK506 binding proteins. A) The active-site ti-
tration for the purified FK1 domain of FKBP51 (FKBP51FK1) was performed
by generation of binding curves at different concentrations of tracer 1 d
(3 nm : &, 6 nm : ~, 12 nm : !, 24 nm : *, 48 nm : *) measured by fluorescence
polarization by using FKBP concentrations estimated with UV measure-
ments. The measured EC50 values show a linear dependence to the tracer
concentration with a slope of 0.44 (insert), which allows the active-site quan-
tification. B) The active-site concentration was verified by tryptophan
quenching. The fluorescence of Trp90 of 13 mm of FKBP51FK1 (determined
by UV measurements) can be quenched by increasing amounts of rapamy-
cin.


Figure 2. Compound 1 d bound FKBPs: A) 100 pm compound 1 d and the
purified FK1 domain of FKBP51 (FKBP51FK1) were used to generate a binding
curve. The measurement was performed in a cuvette-based spectrofluoro-
meter as a single measurement (Hitachi ; F7000 FL). B) Rapamycin could com-
pete with 500 pm compound 1 d for binding to 500 pm FKBP51FK1. The
measurement was performed as in Figure 2 A. C) The binding of compound
1 d was obtained for different FKBPs: -12 (*), -12.6 (*), -13 (&), -25 (^), -51
(&), -52 (^). The binding curves were generated with 3 to 5 nm compound
1 d in duplicate, except FKBP12.6, -13 and -25, which were single experi-
ments. The measurement was performed by using a GENios Pro plate reader
(Tecan).
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and validate the latter method as a rapid procedure for the
quantification of active protein content.


Fluorescence polarization competition assays with synthetic
FKBP ligands


The very high affinity of ligand 1 d precluded fluorescenceACHTUNGTRENNUNGpolarization measurement under subsaturating conditions. For
the detection of weakly binding inhibitors, for example, in
high-throughput screening assays, a less potent FKBP ligand
would be desirable. We, therefore, synthesized the prototypic
ligand 2 a, which has been described for FKBP12 and
FKBP52[39, 40] (Scheme 2). When tested in a PPIase assay, this


compound inhibited the isomerase activity of FKBP51 and -52
with an IC50 of 1.2 and 0.9 mm, respectively (data not shown).


Next, we coupled compound 2 a to a fluorescein derivative
and tested the fluorescent analogue 2 b for binding to full-
length FKBP51 and FKBP52 by fluorescence polarization. Bind-
ing constants of (448.7�68.3) nm (FKBP51) and (280.7�
30.5) nm (FKBP52) were observed; these indicate a slight im-
provement of affinity by the introduction of fluorescein. Similar
affinities were observed for the isolated FK1 domains and dem-
onstrate that these protein constructs retain full activity (Fig-
ure 4 B). Low nanomolar binding affinities were also observed
for FKBP12, -12.6 and -13 (Table 1); this indicates that tracer 2 b
is suitable for various members of the FKBP family.


The binding capacity of the fluorescein-labelled analogue
2 b and its enhanced affinity in comparison with the unlabelled
compound 2 a, were verified by PPIase assays by using the FK1
domains of either FKBP51 or -52 (Figure 4 A). For FKBP51FK1
the IC50 was about two-times higher for the unlabelled com-
pound 2 a (876 nm) relative to 2 b (390 nm). For FKBP52FK1
IC50 values of 899 nm (2 a) and 349 nm (2 b) were measured
(data not shown).


To test the capability of the assay to identify inhibitors of
FKBP proteins, the binding of 2 b was competed with the non-
fluorescent analogue 2 a (Figure 4 C). The Ki values of (2.65�
0.16) mm and (2.05�0.25) mm were obtained for the FK1 do-
mains of FKBP51 and FKBP52, respectively. This assay thus
allows the rapid determination of the affinity of novel FKBPACHTUNGTRENNUNGinhibitors, which is demonstrated by the determination of Ki


values of compound 2 a for different FKBPs (Table 1). For full-
length FKBP51 and -52 we determined comparable Ki values as
for the FK1 domains. For FKBP12, -12.6 and -13 Ki values of
(12�3), (24�3) and (318�101) nm were determined.


Optimization of the fluorescence polarization assay


To improve the robustness of the fluorescence polarization
assay according to high-throughput demands, several assay
parameters (pH conditions, DMSO, NaCl, incubation time) were
investigated. For the final conditions HEPES (20 mm, pH 8),
Triton-X100 (0.01 %), DMSO (<1.5 %) and 2 b (20 nm) in a total


Scheme 2. Fluorescein labelling of a FK506 analogue.


Figure 4. Compound 2 b bound to the FK1 domains of FKBP51 and -52.
A) Enhanced binding of 2 b to the FK1 domains was determined by a PPIase
assays with 100 nm FKBP51FK1 and titration of 2 a and 2 b. B) The binding of
2 b (20 nm) to the FK1 domains of FKBP51 and FKBP52 was measured by
fluorescence polarization. C) The binding of 2 b (20 nm) was competed with
compound 2 a. The competition was measured by fluorescence polarization.
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volume of 60 mL were used; the binding of 2 b to the FK1ACHTUNGTRENNUNGdomains was optimal and stable for incubation times of up to
24 h.


The assay performance was then tested in a high-through-
put screening setting. In a competition assay the FK1 domains
of FKBP51 and FKBP52 were treated with rapamycin (5 mm ;
1472 wells, 100 % inhibition) or DMSO (1472 wells, no inhibi-
tion). For both proteins stable signals were obtained (Figure 5)
with calculated Z’ factors of 0.76 for FKBP51FK1 (Figure 5 A)
and 0.74 for FKBP52FK1 (Figure 5 B); this demonstrates the
suitability of this assay for high-throughput screening applica-
tions.


Conclusions


In humans there are at least 17 known FKBPs that are involved
in diverse cellular pathways.[41] In contrast to FKBP12, which
has been studied extensively, much less is known about the
physiological roles of other FKBP members, in part due to the
lack of suitable chemical probes.


In this study we describe fluorescent substrates applicable
to higher homologues of the FKBP family. In particular, we
have generated a fluorescent tracer that retained the high af-
finity of rapamycin. This compound can be used for the char-
acterization of high affinity FKBP ligands and for active-site ti-
trations. To our knowledge, the latter represents the first appli-
cation of a FP assay for the quantification of active protein
content—an often tedious prerequisite for subsequent quanti-
tative biochemical experiments. The methodology described
here should be applicable to most proteins for which FP trac-
ers are available.


We also present a moderate affinity tracer that allows the
screening of small molecule libraries and the characterisation
of weakly binding hits. While the primary focus of this study
was the characterization of the Hsp90-associated cochaperones
FKBP51 and -52, the described tracers should also be applica-
ble to FKBP12, -12.6, -13 and -25, for example, for the genera-
tion of specificity profiles.


In the present study we have characterized full-length
FKBP51 and -52, as well as the isolated FK1 domains thereof.
For all experiments performed, the latter fully replicated the
biochemical characteristics of their full-length counterparts.
FK1 domains, therefore, are valid surrogates for a structural
analysis of ligand complexes of FKBP51 and FKBP52 (unpub-
lished results).


In summary, we have developed tracers and assays that sub-
stantially facilitate the biochemical characterisation of the
larger FKBPs and their ligand interactions. These will aid the
identification of more specific probes for the FKBP family.


Experimental Section


Expression and purification of FKBP constructs : Plasmids har-
bouring the cDNA of FKBP12 and expression plasmids for full-
length FKBP51 and FKBP52 with additional carboxy terminal FLAG-
tag were kindly provided by Dr. Theo Rein (Max Planck Institute for
Psychiatry, Munich, Germany). Plasmids containing the cDNA se-
quences of FKBP12.6, -13 and -25 were kindly provided by Dr.
Gunter Fischer (Max Planck Institute for Enzymology, Halle, Germa-
ny). FKBP12 was amplified with the sense primer: 5’-AAA GAA TTC
ATG GGA GTG CAG GTG GAA ACC-3’, and the antisense primer: 5’-
CCC GTC GAC TCA TTC CAG TTT TAG AAG CTC C-3’. Cloning into
plasmid pProExHta (Invitrogen, Carlsbad, USA) was performed with
the restriction enzymes EcoRI (NEB, Ipswich, USA) and SalI (NEB).
For the amplification of the coding sequence of FKBP51FK1 the
sense primer: 5’-CAT GCC ATG GCA ATG ACT ACT GAT G-3’, and the
antisense primer: 5’-GCA GTC GAC TCA CTC TCC TTT GAA ATC
AAG GAG C-3’, were used. For FKBP52FK1 the sense primer: 5’-
GCG CCA TGG GGA TGA CAG CCG AGG AG-3’, and the antisense
primer: 5’-GTC GAC TCA TTC TCC CTT AAA CTC AAA CAA CTC-3’
were utilized. FKBP51FK1 was cloned into pProExHta by using the
restriction enzymes NcoI (NEB) and XbaI (NEB), FKBP52FK1 was
cloned with NcoI and SalI. FKBP12.6 was amplified by using the
sense primer: 5’-CCG GAA TTC ATG GGC GTG GAG ATC GAG-3’, and
the antisense primer: 5’-CTC GAG TCA CTC TAA GTT GAG CAG
CTC-3’. For FKBP13, the sense primer: 5’-CCG GAA TTC AAA AGG
AAG CTG CAG ATC GG-3’, and the antisense primer: 5’-CTC GAG
TTA CAG CTC AGT TCG TCG CTC-3’, were used to amplify a truncat-
ed fragment of FKBP13 (amino acids 27–142) without a leader pep-
tide. Full-length FKBP25 was amplified by using the sense primer:


Figure 5. Compound 2 b can be used for high-throughput applications. For
competition experiments with compound 2 b the Z’ factor was determined
by using a BiomekFX robot (Beckman–Coulter). Rapamycin (Rap) was used
as the inhibition control, and DMSO was used for the no-inhibition control.
The figure shows the mean of the controls (c), the single standard devia-
tion (a) and the 3 � standard deviation (g). A) Z’ factor determination
for FKBP51FK1; B) Z’ factor determination for FKBP52FK1.
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5’-CCG GAA TTC ATG GCG GCG GCC GTT CC-3’, and the antisense
primer: 5’-CTC GAG TCA ATC AAT ATC CAC TAA TTC-3’. The PCR
products of FKBP12.6, -13 and -25 were cloned into pProExHta by
using the restriction enzymes EcoRI and XhoI (NEB).


Induction of protein expression in E. coli BL21ACHTUNGTRENNUNG(DE3)pLysS was per-
formed by addition of IPTG (0.6 mm ; Eppendorf, Hamburg, Germa-
ny). FKBP12, FKBP12.6, FKBP13, FKBP25, FKBP52, FKBP51FK1 and
FKBP52FK1 were purified by a single Ni-NTA (Qiagen, Hilden, Ger-
many) affinity column. The standard protocol was modified by
using HEPES (50 mm, pH 8), NaCl (20 mm), glycerol (10 %) and imi-
dazol (30 mm) as washing buffer. The elution buffer was HEPES
(50 mm, pH 8), NaCl (20 mm), glycerol (10 %) and imidazol
(300 mm). For full-length FKBP51 a tandem purification strategy
was employed by using Ni-NTA chromatography as the first step
and an additional FLAG affinity chromatography as the second
step. The eluate from the Ni-NTA column was passed over FLAG
M2 affinity gel (Sigma–Aldrich, St. Louis, USA) and eluted with
FLAG-peptide (100 mg mL�1; Sigma–Aldrich). Proteins were analysed
by SDS-PAGE and stained with Coomassie brilliant blue (Carl Roth
GmbH, Karlsruhe, Germany). The protein yield was quantified by
UV quantification or Bradford assay (BioRad, Hercules, USA).


Analysis of the cis–trans peptidyl–prolyl isomerase activity : The
PPIase activity was determined by using a previously published
assay and Suc-ALPF-pNA (Sigma–Aldrich) as peptide sub-
strate.[22, 26, 27] The buffer used contained HEPES (50 mm, pH 8) and
NaCl (100 mm). The peptide substrate (4 mm) was dissolved in a
solution of LiCl (470 mm) in dry trifluoroethanol and stored under
argon.


All solutions and buffers used were precooled to 4 8C. For the de-
termination of the PPIase activity, a 100 � concentrated protein so-
lution (10 mL, 30 mm according to Bradford determination) was
added to the assay buffer (865 mL). After addition of chymotrypsin
(100 mL, 60 mg mL�1; Carl Roth GmbH, Karlsruhe, Germany) the re-
action was started by addition of the peptide substrate (25 mL,
4 mm). The used final concentrations were 300 nm protein,
6 mg mL�1 chymotrypsin and 100 mm peptide substrate. The in-
crease in absorption was recorded at 390 nm and 4 8C.


To analyze the inhibition of the PPIase activity, 200 � concentrated
inhibitor in DMSO (5 mL) was added. As negative control the corre-
sponding amount of DMSO was used. After addition of the protein,
the samples were incubated in protein low binding cups (Eppen-
dorf, Hamburg, Germany) for 1 h at room temperature to allow the
binding equilibrium to be established. After incubation, the sam-
ples were transferred to cuvettes and the reaction was started by
addition of chymotrypsin and the peptide substrate.


The amount of released p-nitroanilide (pNA) is directly proportional
to the trans isomer of the peptide substrate, starting from a
cis–trans mixture. The measured absorption units were correlated
to released pNA by the molar extinction coefficient of
13 300 cm�1


m
�1 at 390 nm. The curves were analyzed by using


Sigma ACHTUNGTRENNUNGPlot9 and fitted with a three parameter fit (single) for an ex-
ponential rise to a maximum.


Synthesis of the fluorescent rapamycin derivative 1 d : C40-
Glycyl-rapamycin 1 b was synthesized as described.[29] Compound
1 b (25 mg, 25.7 mmol) in DMF (300 mL) was added to 6-[fluores-
cein-5(6)-carboxamido]hexanoic acid-N-hydroxysuccinimide ester
(15 mg, 25.6 mmol; Fluka, Seelze, Germany). This was followed by
addition of triethylammonium bicarbonate buffer (81 mL, 1 m,
pH 8.5; Fluka). After being shaken for 30 min at room temperature
the reaction mixture was quenched with NaHCO3 and extracted


with CH2Cl2. The organic phase was concentrated and purified by
silica gel flash chromatography by using a solvent mixture of
CHCl3/MeOH/hexane 6:1:3!5:2:3!6.2:2 followed by reversed-
phase HPLC (Jupiter 4 m Proteo 90 A, 250 � 4.6 mm, Phenomenex,
Torrance, USA) by using an acetonitrile:water gradient of 55–79 %
in 36 min (1 mL min�1, tR = 24.8 min). The pure product was dried
in vacuo to yield 2 mg (1.38 mmol, 5.4 %) of a yellow solid. TLC
(CHCl3/MeOH/hexane 6:2:2): Rf = 0.55; HRMS: calcd for C80H104N3O21


[M+H+]: 1442.7156; found: 1442.7126; UV/Vis (85 % CH3CN, 5 %
MeOH, 10 % Tris-HCl 5 mm, pH 8.8): e264 = 53 565 cm�1


m
�1; e278 =


58 240 cm�1
m
�1; e288 = 44 583 cm�1


m
�1; e500 = 31 065 cm�1


m
�1.


Synthesis of the synthetic fluorescent FKBP tracer 2 b : Com-
pound 2 a (48 mg, 82.2 mmol)[39] was preactivated for 10 min in a
HBTU (150 mL, 0.5 m) solution in DMF (75 mmol) and DIPEA (75 mL).
4’-(Aminomethyl)fluorescein hydrochloride (15 mg, 37.7 mmol; Invi-
trogen) was added and the reaction mixture was stirred for 3 h.ACHTUNGTRENNUNGPurification was performed by preparative reversed-phase HPLC
(Jupiter Proteo 4 m 90 A, 250 � 21.6 mm, Phenomenex) by using a
acetonitrile/water TFA (0.1 %) gradient of 60–70 % in 36 min
(25 mL min�1, tR = 25–28 min). The pure product was dried in vacuo
to yield 17.7 mg (19 mmol, 50 %) of a yellow solid.


TLC (CHCl3 :MeOH 19:1): Rf = 0.38; HRMS: calcd for C53H55N2O13


[M+H+]: 927.3699; found: 927.3707; UV/Vis (80 % MeOH, 20 % Tris-
HCl, 5 mm, pH 8.8): e280 = 12 300 cm�1


m
�1; e498 = 50 600 cm�1


m
�1.


1H NMR (400 MHz, CD3OD, major rotamer): d= 7.98 (d, J = 7.6 Hz,
1 H), 7.72 (td, J = 1.2, 7.4 Hz, 1 H), 7.67 (ddd, J = 1.1, 4.3, 7.4 Hz, 1 H),
7.20–7.10 (m, 2 H), 6.94–6.82 (m, 3 H), 6.81–6.76 (m, 2 H), 6.75–6.69
(m, J = 4.3 Hz, 1 H), 6.62 (ddd, J = 2.0, 3.7, 8.1 Hz, 1 H), 6.58–6.48 (m,
4 H), 5.64 (dd, J = 5.1, 8.6 Hz, 1 H), 5.14 (d, J = 4.8 Hz, 1 H), 4.77 (s,
2 H), 4.56 (d, J = 2.8 Hz, 2 H), 3.75 (s, J = 1.3 Hz, 3 H), 3.75 (s, J =
0.7 Hz, 3 H), 3.37–3.33 (m, J = 5.0 Hz, 1 H), 3.18–3.07 (m, J = 3.3, 8.9,
9.4 Hz, 1 H), 2.58–2.43 (m, J = 8.4, 14.8 Hz, 2 H), 2.26 (d, J = 14.0 Hz,
1 H), 2.21–2.08 (m, 1 H), 2.01–1.89 (m, 1 H), 1.74–1.53 (m, 5 H), 1.49–
1.36 (m, 1 H), 1.34–1.23 (m, 2 H), 1.16 (d, J = 1.7 Hz, 3 H), 1.15 (d, J =
1.4 Hz, 3 H), 0.85 (td, J = 1.1, 7.5 Hz, 3 H).


13C NMR (101 MHz, CD3OD): d= 207.64, 207.55, 169.92, 169.72,
169.69, 169.58, 169.52, 167.67, 167.65, 167.00, 157.81, 152.60,
150.89, 148.90, 147.31, 141.80, 141.62, 135.01, 133.79, 133.77,
133.76, 129.69, 129.46, 129.44, 128.64, 128.00, 126.86, 126.81,
124.61, 124.11, 120.31, 119.78, 119.65, 114.08, 114.05, 112.90,
112.75, 112.72, 112.52, 112.15, 111.78, 111.09, 111.07, 110.51, 109.99,
102.47, 76.75, 76.52, 66.88, 56.83, 55.12, 55.03, 51.37, 48.42, 48.28,
48.21, 48.07, 48.00, 47.86, 47.79, 47.64, 47.57, 47.43, 47.36, 47.15,
46.93, 46.63, 46.26, 46.19, 44.24, 38.70, 37.52, 37.40, 32.17, 32.11,
31.67, 30.74, 25.85, 24.40, 22.58, 22.40, 22.35, 22.19, 22.17, 20.60,
7.70, 7.66.


Fluorescence polarization assay for the binding of labelled li-
gands to FKBPs : For fluorescence polarization assays the fluores-
cent ligands 1 d or 2 b were dissolved in HEPES (20 mm, pH 8),
Triton-X100 (0.01 %), at double the concentration required for the
final sample.[42] The target protein was also diluted in this assay
buffer at double the highest concentration required for the final
sample. This protein stock was used for a 1:1 serial dilution. Each
protein dilution (30 mL) was mixed with the dilution of the fluores-
cent ligand (30 mL) and transferred to a black 384-well assay plate
(No.: 3575; Corning Life Sciences B.V. , Schiphol-Rijk, Netherlands).
After incubation at room temperature for 30 min the fluorescence
anisotropy was measured (GENios Pro, Tecan, M�nnedorf, Switzer-
land) by using an excitation filters of 485/20 nm and emissionACHTUNGTRENNUNGfilters of 535/25 nm. For FKBP12, -51, -52, -51FK1 and -52FK1 the
binding assays were performed in duplicates in the plate format.
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The controls with FKBP12.6, -13 and -25 and measurements in the
cuvette format were performed as single measurements.


To achieve increased sensitivity, the binding of compound 1 d (final
concentration 100 pm) to FKBP51FK1 was measured in a cuvette
format. For this, compound 1 d (500 mL, 200 pm) in assay buffer
and a FKBP51FK1 1:1 dilution series (500 mL, starting with 200 nm)
were mixed and transferred to a quartz cuvette after 30 min incu-
bation at room temperature. The measurement was performed by
using a spectrofluorometer (F-7000 FL; Hitachi, Krefeld, Germany)
with excitation at 485/10 nm and emission at 520/10 nm.


For the active-site titrations, five binding curves were generated by
using ligand 1 d (final concentrations: 3, 6, 12, 24 and 48 nm). The
EC50 values (based on protein concentrations determined by UV ab-
sorption) and the corresponding concentrations of 1 d were fitted
for the equation provided in the Supporting Information (appen-
dix 1).


The binding curves were analysed by using SigmaPlot9. Data were
fitted to a four parameter logistic curve to deduce EC50 values. For
the analysis of Kd values, data were fitted to the equation provided
in the Supporting Information (appendix 2).


Fluorescence polarization assay for the competition of labelled
ligands with inhibitors for binding to FKBP target proteins : The
fluorescent ligand 2 b was diluted in assay buffer to a concentra-
tion of 40 nm (double the final concentration of 20 nm). The com-
petitive ligand was dissolved in DMSO to reach a 100-times con-
centrated stock solution. This was used for a 1:1 serial dilution in
DMSO. Every sample of this serial dilution was diluted by a factor
of 50 in assay buffer supplemented with ligand 2 b (40 nm) to ach-
ieve a 2 � concentrated mixture of ligand 2 b and the correspond-
ing inhibitor. To each of these competitive ligand mixtures (30 mL),
double the protein concentration (30 mL, 400 nm FKBP51FK1,
1600 nm FKBP52FK1), diluted in assay buffer was added. The sam-
ples were transferred to black 384-well assay plates (No.: 3575;
Corning Life Sciences) and treated as described above.


The competition curves were analyzed by using SigmaPlot9. Data
were fitted to a four parameter logistic curve to deduce the IC50


values. For the analysis of Ki values, data were fitted to the equa-
tion provided in the Supporting Information (appendix 3).


Active-site titration by tryptophan quenching : To determine the
active-site concentration by tryptophan quenching, FKBP51FK1
(final 13 mm, determined by UV absorption) and FKBP52FK1 (final
6 mm, determined by UV absorption) were titrated with increasing
concentrations of rapamycin (Cfm Oskar Tropitzsch e.K., Marktred-
witz, Germany).[23, 38] The protein targets and inhibitors were diluted
in Tris (50 mm, pH 7), NaCl (50 mm) at double the concentration re-
quired for the final sample and mixed in a 1:1 ratio. After incuba-
tion for 30 min the quenching of tryptophan was measured at
25 8C (Luminescence Spectrometer, LS50B, Perkin–Elmer, Wellesley,
USA). Excitation was achieved at (280�5) nm, emission was mea-
sured at (308�5) nm and (335�5) nm for FKBP51FK1 and
FKBP52FK1, respectively (respective values correspond to the mea-
sured absorption and emission maxima). Experiments were per-
formed in duplicate and analysis of the data was performed by
using SigmaPlot9.[43]


Determination of the Z’ factor : FKBP51FK1 (48 mL, 250 nm) or
FKBP52FK1 (48 mL, 1 mm) in HEPES (20 mm, pH 8), Triton-X100
(0.01 %) was dispensed in eight 384-well black assay plates (No:
3575, Corning Life Sciences B.V.) by using a Multidrop (Combi,
Thermo Fisher Scientific, Waltham, USA).


The fluorescent ligand 2 b was diluted to a concentration of
100 nm in assay buffer. One 384-well plate (No.: AB1056, Abgene,
Epsom, UK) was prefilled with DMSO (1 mL, 100 %) as no inhibition
control (rows A–H, columns 1–23) and rapamycin (1 mL, 625 mm) in
DMSO as 100 % inhibition control (rows I–P, columns 1–23). The
ligand solution (24 mL, 2 b in assay buffer) was added to this 384-
well plate by using an automated laboratory device (Biomek FXP,
Beckman Coulter, Fullerton, USA) to achieve a 1:25 dilution (4 %
DMSO and 25 mm rapamycin, 96 nm ligand 2 b). An aliquot (12 mL)
from this plate was transferred to the 48 mL of protein solution by
the robot to reach the final concentrations of 200 nm FKBP51FK1
or 800 nm FKBP52FK1, 19.2 nm ligand 2 b, 5 mm rapamycin and/or
0.8 % DMSO. For each protein 1472 wells of 100 % inhibition con-
trol and 1472 wells of no inhibition control were used to calculate
the Z’ factor.


The Z’ factor was calculated according to Equation (1):[44]


Z 0 ¼ 1�
�
½3� ðsP þ sNÞ�


Dm


�
ð1Þ


sP : standard deviation of the positive control (rapamycin)
sN: standard deviation of the negative control (�rapamycin)
Dm : delta of the mean values of the positive and negative controls.
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