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CORRIGENDUM


In Table 2 of this article, the second and third columns were switched for the lysine
residues. The correct table is given here. The authors thank Anja Bçckmann (PBIL-
IBPC, Lyon Gerland, France) for bringing this error to their attention.
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Table 2. Activation energies (Ea) and the pre-exponentialfactors (A) [see
Eq. (6)] of the HNe protons of the four arginine and the HNz protons of six
lysine residues in human ubiquitin at pH 7.45.


Residue ln A Ea [kJ mol�1]


R42 32.5�3.5 64.3�8.6
R54 33.0�0.8 68.1�1.9
R72 37.2�0.6 75.6�1.5
R74 36.5�0.2 73.5�0.4
K6 27.1�0.9 41.8�2.1
K11 36.2�1.0 67.1�2.4
K29 40.2�17.6 79.0�44.3
K33 34.5�1.1 63.3�2.8
K48 35.4�0.6 64.8�1.4
K63 36.9�0.7 69.2�1.8
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Sortase-Mediated Ligation: A Gift from Gram-Positive
Bacteria to Protein Engineering
Shinya Tsukiji[a] and Teruyuki Nagamune*[a, b, c]


1. Introduction


The field of protein engineering has always played a central
role in biological science, biomedical research, and biotech-
nology. In particular, in the current postgenomic era, much re-
search requires chemically modified proteins or protein bio-
conjugates that are impossible to prepare by standard riboso-
mal synthesis. Thanks to the contributions of various chemists,
an array of techniques to precisely (site specifically) modify
proteins with diverse natural and unnatural functionalities has
been developed in the last two decades. These methods range
from classical bioconjugation reactions[1] to more sophisticated
approaches such as the biomimetic transamination reaction,[2, 3]


affinity-based protein surface labeling,[4, 5] peptide-/protein-tag
fusions,[6, 7] and nonsense suppression mutagenesis.[8, 9] Protein
ligation is another powerful protein engineering technique,
which allows fully unprotected synthetic and recombinant
polypeptides to be regioselectively joined together to build up
a target protein molecule.[10–13] The major strength of this ap-
proach is the combination of the ability of chemical (peptide)
synthesis to access any desired modification and the flexibility
of recombinant DNA technology to produce any size of pro-
tein, thus permitting the semisynthesis of even large proteins.
To date, several chemical and enzymatic peptide ligation meth-
ods have been reported. Early examples of the former include
thioether- and hydrazone-/oxime-forming reactions (classical
chemical ligation reactions have been reviewed in refs. [12]–
[14]). Other water-compatible organic transformations such as
the traceless Staudinger ligation,[15] Diels–Alder reaction,[16] and
Huisgen cycloaddition[17] have recently been adopted as new
peptide ligation strategies. On the other hand, enzymatic
methods are few, and the representative one employs subtili-
gase,[18, 19] a double-mutant form of subtilisin that is capable of
catalyzing the ligation of peptide segments. Unfortunately,
most of these approaches are cumbersome and make an un-
natural linkage at the ligation sites. More significantly, these
methods rely on the use of unnatural reactive groups that
cannot be introduced into recombinant proteins by standard
genetic means, severely restricting their application to pro-
teins.


Currently, “native chemical ligation” (NCL),[20] developed in
the Kent laboratory in 1994, has proven to be the most general
and robust method for peptide/protein ligation (reviewed in
ref. [21]). NCL is a chemoselective coupling reaction that links a
peptide fragment containing an N-terminal Cys (a-Cys) residue
and another peptide fragment bearing a C-terminal a-thioester
group by a native peptide bond. This reaction proceeds effi-


ciently under physiological conditions and is compatible with
all natural amino acid side-chain functionalities. Therefore,
through the recombinant preparation of proteins having an a-
Cys residue, NCL can be used to generate proteins containing
modifications at their N termini. Moreover, the utility of NCL
for protein semisynthesis has been elegantly expanded by the
emergence of the technique that provides access to a-thioest-
er derivatives of proteins.[22, 23] By genetically fusing proteins of
interest to the N terminus of an engineered protein splicing
domain (intein), recombinant protein a-thioesters can be ob-
tained by thiolysis of the corresponding protein–intein fusions,
thus allowing the C-terminal modification of the proteins by
subsequent NCL. The semisynthetic version of NCL, in which
one or both of the polypeptide building blocks are made by
recombinant DNA expression, was dubbed by Muir “expressed
protein ligation” (EPL, reviewed in refs. [12] and [24]). EPL has
been applied to introduce a variety of modifications such as
fluorophores, unnatural amino acids, isotopic labels, and post-
translational modifications into a large number of proteins. Ad-
ditionally, the EPL system has been successfully used not only
in test tubes but also in cultured cells.[25, 26] Although undoubt-
edly powerful, NCL and EPL also have some drawbacks. First,
the preparation of synthetic peptide a-thioesters is still tech-ACHTUNGTRENNUNGnically difficult, especially for nonspecialists. Second, since the
ligation process is a chemical reaction, the use of higher con-
centrations (in most cases, more than several mm) of both or
either of the reactants is required, which is not always easy to
achieve. Third, in the preparation of protein a-thioesters, the
need for high concentrations (usually more than several tens
of mm) of thiol derivatives to induce thiolysis of the protein–
intein fusions could restrict or complicate the application of
EPL to many disulfide bond-containing proteins. Fourth, the
expression of intein-based fusion constructs often results in
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the formation of inclusion bodies due to the large protein
sizes and poor solubility, which necessitates additional refold-
ing steps.


“Protein trans-splicing” (PTS) has recently emerged as a new
tool for protein ligation (reviewed in refs. [24] and [27]). This is
based on split inteins that mediate the linking of N- and C-ter-
minal exteins by a native peptide bond in trans with concomi-
tant removal of the intein complex. Because inteins are promis-
cuous with respect to the extein sequences, any polypeptide,
either synthetic or recombinant in origin, can be placed in the
extein regions and linked together through PTS. Among sever-
al trans-splicing inteins reported so far, the naturally split Syne-
chocystis sp. (Ssp) DnaE intein,[28, 29] each fragment of which can
spontaneously associate with high affinity, has been the most
characterized and exploited for various protein modification
purposes.[24] Artificially split Ssp DnaB mini-intein[30, 31] and its
small-molecule-integrated version[32] have also been created
and shown to be applicable to protein semisynthesis in test
tubes as well as on the surface of living cells. The PTS-based li-
gation is an autocatalytic process, and thus overcomes several
of the shortcomings of EPL described above. However, as with
EPL, expressing split intein fusions in a soluble form is often
challenging. Another severe drawback is that synthetic motifs
to be introduced must always be fused with an intein frag-
ment (in the shortest cases, the N-terminal half of the split
DnaB mini-intein is 11 amino acids, and the C-terminal half of
the split DnaE intein is 36 amino acids), inevitably making their
preparation more demanding.


Owing to the advances in NCL, EPL, and PTS, it has become
possible to precisely introduce a variety of nongenetically en-
coded functionalities into proteins. However, there is still an
obvious need for other general procedures that permit the re-
gioselective assembly of synthetic and/or recombinant poly-
peptides. Recently, a novel, versatile, enzymatic protein ligation
tool, sortase, has emerged from Gram-positive bacteria, which
has great potential to make a profound contribution in the
field of protein engineering by aiding in the preparation ofACHTUNGTRENNUNGengineered/labeled proteins. This minireview describes the
outline of this new technique, “sortase-mediated ligation”
(SML, Scheme 1) and the current state of its applications.


2. General Descriptions of Sortase


Sortases are transpeptidase enzymes found in most Gram-posi-
tive bacteria.[33–35] They are positioned at the plasma mem-
brane and are responsible for covalently anchoring a variety of
surface proteins to the cell wall envelope, a process that is im-
portant in the physiology and pathogenesis of the bacteria.
The enzyme was named after its role in “sorting” the surface
proteins between the cell wall and other compartments.[36]


Among several isoforms and homologues discovered so far,
the Staphylococcus aureus sortase A (SrtA) is the focus of this
article. Since it was first identified in 1999 by Schneewind and
co-workers,[37] much effort has been devoted to elucidate the
molecular basis of the SrtA-catalyzed transpeptidation reaction.
In particular, the following three important findings provide
the foundation of the SML technology (for more general infor-


mation on the cell wall sorting processes in S. aureus and the
physiological roles, biochemistry, structure, and inhibitors of
SrtA, see an excellent recent review in ref. [35]).


2.1 Recombinant soluble sortase


Wild-type SrtA is a polypeptide of 206 amino acids with an N-
terminal membrane-spanning region, that is, it is a type II
membrane protein. However, gratifyingly, a truncated catalytic
core of SrtA that lacks the N-terminal membrane-anchoring
motif can be expressed at high levels and purified as a soluble
functional form from E. coli.[38, 39] Truncated soluble versions of
SrtA (in most cases, SrtA devoid of the N-terminal 59 amino
acid residues) have been used throughout the in vitro studies
and applications described below.


2.2 Transpeptidation mechanism


SrtA recognizes substrates that contain an LPXTG sequence
and catalyzes the cleavage of the amide bond between the
threonine and the glycine by means of an active-site cysteine
(Cys184) residue (see also Scheme 1). This process generates a
covalent acyl-enzyme intermediate. The carboxyl group of Thr
of the thioester intermediate then undergoes nucleophilic
attack by an amino group of oligoglycine substrates (in
S. aureus, a pentaglycine (Gly5) cross-bridge on a branched li-ACHTUNGTRENNUNGpid II precursor), producing ligated products. In the absence of
oligoglycine nucleophiles, the acyl-enzyme intermediate isACHTUNGTRENNUNGhydrolyzed by a water molecule.


Scheme 1. Principles of sortase-mediated ligation (SML). Sortase A first rec-
ognizes an LPXTG sequence within polypeptide 1 and cleaves the amide
bond between the Thr and the Gly with an active-site Cys184, generating a
covalent acyl-enzyme intermediate. The thioester intermediate is then at-
tacked by an amino group of the oligoGly-containing polypeptide 2, which
allows the ligation of the two polypeptides by a native peptide bond.
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The crystal structure of an active-site mutant (Cys184Ala) of
SrtA complexed with its substrate LPETG peptide has been
solved[40] and has revealed that the leucine and proline resi-
dues of the LPXTG motif are held in position by hydrophobic
contacts, whereas the glutamic acid at the X position points
out into the solvent (Scheme 2 A). The scissile Thr–Gly bond is
positioned between the active-site Cys184 ACHTUNGTRENNUNG(Ala) and Arg197ACHTUNGTRENNUNGresidues. In addition to Cys184 and Arg197, His120 is also con-
served among sortases from Gram-positive bacteria and is es-
sential for SrtA catalysis.[41] In the latest “reverse protonation
model” made by McCafferty and co-workers (Scheme 2 B),[42, 43]


the LPXTG substrate binds to SrtA, in which Cys184 and His120
are reverse protonated (as a Cys184 thiolate and His120 imida-
zolium pair). The Cys184 thiolate attacks the carbonyl of the
Thr–Gly bond, resulting in the formation of a tetrahedral oxy-
anion transition state, which is stabilized by a hydrogen bond
with Arg197.[43] The protonation of the leaving group (Gly) by
the His120 imidazolium facilitates the collapse of the transition
state and the formation of the acyl-enzyme intermediate (and
unprotonated His120). Although the details are not yet clear,
His120 might also deprotonate the incoming N-terminal amine
of oligoglycine substrates. Interestingly, SrtA has a binding site
for a calcium ion, by which the catalytic activity is stimulated
eightfold through a mechanism that could facilitate substrate
binding.[39]


2.3 Substrate specificity


SrtA is highly specific for both the LPXTG motif and N-terminal
Gly repeats (a-Glyn) with a free amino group.[44, 45] All natural
amino acid residues except Cys and Trp (not tested so far)
have been confirmed as acceptable at the X position.[44] Al-
though peptides carrying only a single N-terminal glycine have
been shown to participate in the sortase-catalyzed transpepti-
dation, maximum reaction efficiency is generally obtained with
substrates in which two or more glycines are incorporated.[45–47]


On the other hand, and more significantly, SrtA is promiscu-
ous with respect to the flanking sequences. As we can see in
the next section, various molecules can be used as substrates


for SrtA by fusing them to the LPXTG and a-Glyn tags.[46–59] As
another interesting feature, SrtA is also capable of using several
primary amine derivatives such as hydroxylamine[38] and alkyla-
mines[49,58] as a-Glyn surrogates, though these non-peptidic sub-
strates appear to be less efficient than oligoglycine derivatives.


Distinct from previously reported peptide ligation methods
(Section 1), both of the reaction groups for SrtA-mediated
transpeptidation are very short, natural amino acid motifs that
can be incorporated into polypeptides either by standardACHTUNGTRENNUNGgenetic means or chemical peptide synthesis. Benefiting from
its simplicity and specificity, SrtA has begun to be applied for
a wide variety of protein engineering and bioconjugation pur-
poses. These applications are summarized in the following sec-
tion.


3. Applications of SML


3.1. Introduction of new functionalities into proteins


One of the most straightforward and important applications of
SML is as a method for introducing unnatural functionalities
into proteins. With this new technique, various molecules such
as small chemical probes, synthetic peptides, and polymers
have been incorporated into LPXTG-tagged recombinant pro-
teins (Scheme 3).


In 2004, Mao and co-workers demonstrated for the first time
that SrtA can be used as a new protein ligation tool.[46] AACHTUNGTRENNUNGrecombinant green fluorescent protein (GFP) containing an
LPETG-His6 sequence at its C terminus (GFP-LPETG-His6) was
used as a model protein. By using SrtA, the LPETG-tagged GFP
was site-specifically modified with not only native peptide se-
quences but also structurally diverse nonnative peptide frag-
ments, including a d-peptide (1, d-isomer of Tat peptide) and a
branched peptide (2, AT-P-022; Scheme 3 B). AT-P-022 possess-
es strong protein transduction activity, that is, it allows linked
proteins to be delivered into eukaryotic cells. Indeed, flowACHTUNGTRENNUNGcytometry analysis showed that the obtained GFP-LPET-[AT-P-
022] conjugate can be taken up by NIH3T3 cells with high effi-
ciency. In addition, a small molecule (folate) was introduced


Scheme 2. A) Crystal structure of SrtA (Cys184Ala) complexed with the LPETG peptide. The structure was generated from atomic coordinates deposited in the
Protein Data Bank, PDB ID: 1T2W.[40] B) Proposed reverse protonation mechanism for formation of the acyl-SrtA intermediate.[42, 43]
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into the LPETG-tagged GFP by
derivatizing it with an a-Gly3 tag
via a lysine (3), generating a
GFP-folate conjugate. The pro-
tein-peptide conjugation yields
were approximately 50 % after
6 h and increased to 90 % within
24 h at 37 8C (70 mm GFP-LPETG-
His6, 350 mm a-Glyn-peptide,
20 mm SrtA, pH 7.5). This demon-
strates that SML is sufficiently
efficient.


In another example, Boder
and co-workers used SrtA as a
molecular “stapler” for the spe-
cific attachment of a-Gly3-termi-
nated polyethylene glycol (4) to
GFP-LPETG-His6, so-called PEGyl-
ation.[49]


Ploegh and co-workers further
extended the range of applica-
tions of SML as a protein label-
ing technique (they termed the
method “sortagging”).[50] A solu-
ble form of the mouse class I
major histocompatibility com-
plex (MHC) H-2Kb molecule was
tagged with a C-terminal LPETG
motif and complexed with an
octapeptide ligand. The LPETG-
attached H-2Kb monomer was
successfully labeled in the pres-
ence of SrtA with a variety of
a-Glyn-based probes (5–9). The
reactions proceeded in almost
quantitative yields in 1 hour
with relatively high concentra-
tions of probe (5 mm) and SrtA
(150 mm). The introduction of an
o-nitrobenzyl linker (6) allowed
for photomediated cleavage of
the polypeptide with concomi-
tant release of the biotin label.
When a phenylazide photocros-
slinker (7) was incorporated, the
engineered H-2Kb was capable
of being crosslinked to b2-micro-
globlin by light. The attachment
of an organic dye, fluorescein (8)
or tetramethylrhodamine (9), en-
abled the fluorescent visualiza-
tion of the labeled H-2Kb. The
method was generally applicable
to other proteins including
LPETG-tagged chemokine
CKCl14 and human CD154 not
only in a purified form but also


Scheme 3. A) Schematic illustration of the strategy for introducing new functionalities into proteins with SML.
B) Examples of unnatural compounds that have been incorporated into recombinant proteins with this approach.
1–3, Mao et al. , to GFP;[46] 4, Boder et al. , to GFP;[49] 5–11, Ploegh et al. , to MHC H-2Kb, CXCl14, CD154, neuramini-
dase, and GFP.[50, 51]
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in a complex mixture such as cell lysates, as well as on the sur-
face of living cells (see Section 3.8). Very recently, the same
group also demonstrated the C-terminus-specific conjugation
of lipids such as a long alkyl chain (10) and cholesterol (11) to
LPETG-tagged GFP in high yields (60–90 %).[51] It was shown
that the generated semisynthetic lipoproteins associate strong-
ly with the plasma membrane of mammalian cells.


3.2. Covalent immobilization of proteins onto solid supports


The ability to attach proteins onto solid supports in their
native state is essential to produce a variety of technological
tools, such as supported catalysts, protein sensor chips, and
protein microarrays. Many protein modification strategies have
been adopted to achieve the site-specific, covalent immobiliza-
tion of proteins.[60] SML might also become an attractive alter-
native approach (Scheme 4).


Boder and co-workers reported the first use of SML for pro-
tein immobilization.[49] Amine-terminated polystyrene beads
were derivatized with triglycine. In the presence of SrtA, GFP-
LPETG-His6 was covalently attached to the a-Gly3-conjugated
beads. The unmodified, amine-terminated beads could also be
used for protein immobilization, although it required a higher
concentration of SrtA (40 mm compared to 4 mm for the a-Gly3-
conjugated beads). In addition, the researchers demonstrated
that crude E. coli lysates can be directly used to immobilize the
expressed protein onto the beads without the need for pre-
purification steps.


Neylon and co-workers further demonstrated that SML is
generally applicable to the attachment of various proteins
onto a range of solid supports including cross-linked polymer
beads, affinity resins, and flat glass surfaces.[47] When Tus-
LPETG-His6, a sequence-specific DNA binding protein, wasACHTUNGTRENNUNGimmobilized on a-Gly4-conjugated methacrylate beads, it re-
tained almost full binding affinity and specificity toward its
cognate TerB DNA ligand. Very recently, Proft and co-workers
also used SML to fabricate a protein sensor chip on which fi-
bronectin-binding protein (Fba) was covalently attached.[52]


The chip allowed the researchers to analyze the interactionACHTUNGTRENNUNGbetween the Fba and its ligand, factor H, by surface plasmon
resonance.


3.3. Protein–protein bioconjugation


As represented by antibody-enzyme complexes used in various
immunological assays, linking two or more proteins with differ-
ent properties is another important approach to generate new
functional molecules.[1] Although protein–protein fusion can be
readily achieved by genetic manipulation, the bacterial expres-
sion of the chimeric proteins is often problematic and low-
yielding because of the formation of inclusion bodies. Also,
there are many situations in which the genes of interest are
not available (particularly for antibodies), or unnatural linkages
such as a branched topology[54, 61] are required. Previously, SML
has been successfully applied to the preparation of several
multiprotein conjugates that are difficult or impossible to
make otherwise (Scheme 5).


In early studies, Mao and co-workers demonstrated SML-
based protein–protein dimerization by ligating GFP-LPETG-His6


to another GFP variant with an N-terminal Gly (Scheme 5 A).[46]


Boder and co-workers further extended the approach to pro-
tein oligomerization (Scheme 6).[49] The incubation of a dual-
tagged GFP, that is, a-Gly3-GFP-LPETG-His6, in the presence of
SrtA led to the formation of a mixture of oligomers (up to pen-
tamer).


The Nagamune laboratory has long been interested in creat-
ing (semi)artificial fusion proteins with useful functions through
post-translational protein–protein crosslinking.[61–67] As an ex-
tension of our previous work on an enhanced fluorescence res-
onance energy transfer (FRET) immunoassay,[66, 67] we used SML
to prepare immunoconjugates in combination with chemical
and genetic techniques (Scheme 5 B).[53] Antibody fragment F-ACHTUNGTRENNUNG(ab’)2, prepared by the pepsin digestion of IgG, was reduced
and modified with a chemically synthesized LPETG peptide
(12) containing an N-terminal maleimide group. By incubating
the resulting Fab’-LPETG (10 mm) with bacterially expressed, a-
Gly3-tagged, fluorescent protein–leucine zipper fusion protein
(40 mm) and SrtA (50 mm) at 30 8C for 12 h, a highly homoge-
nous Fab’-based immunoconjugate was obtained in excellent
yield (90 %).


Recently, Beyermann and co-workers synthesized a protein
mimic with nonlinear backbone topology by a strategy termed
CRECS (combinations of recombinant, enzymatic, and chemical
synthesis; Scheme 5 C).[54] Based on the concept of template-


Scheme 4. SML-based immobilization of proteins onto solid supports.[47, 49, 52]
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assembled synthetic proteins (TASP),[68] four ectodomains—the
receptor N terminus ECD1 and three loops (ECD2, 3 and 4) of a
G protein-coupled receptor, CRF1—were regioselectively at-
tached to a peptide scaffold. ECD2–4 were totally synthesized
and cyclized by intramolecular NCL. The cyclic ECDs were as-
sembled into the template in a stepwise manner by thiol-male-
imide ligation by use of orthogonal deprotection and malei-
mide attachment procedures. Soluble ECD1 containing three
disulfide bridges was obtained as a fusion with a C-terminal
LPKTGGRR sequence by bacterial expression and in vitro fold-
ing, and was subsequently introduced to the three-loop tem-
plate by SML. The CRF1 receptor mimic showed high-affinity
binding toward natural peptide agonists, sauvagine and urcor-
tin 1.


3.4. Protein circularization


There is growing interest in the protein engineering communi-
ty in generating head-to-tail (backbone) circular proteins, in
which the two terminal ends are joined together.[69] Several
cyclic proteins prepared so far showed a higher stability or
ligand-binding affinity than their linear counterparts.[12, 69] As
another notable application, Ozawa and co-workers recently
designed a cyclic protein-based sensor for the detection of
protease activities in living cells and animals.[70] It is now well
established that protein cyclization can be achieved with an in-
tramolecular version of NCL, EPL, or PTS techniques.[12, 69] There-
fore, not surprisingly, SML can also serve as a tool for this pur-
pose (Scheme 6).


The first examples of protein cyclization by SML can be seen
in the report by Mao as minor byproducts of the self-cleavable


sortase fusion system (see Section 3.5).[56] Later, in their effort
to engineer protein–protein bioconjugations, Boder and co-
workers found that a bifunctional EGFP, that is, a-Gly3-EGFP-
LPETG-His6, reacts in the presence of SrtA to give not onlyACHTUNGTRENNUNGoligomers but also a cyclic GFP in moderate to low yields.[49]


Unfortunately, direct evidence for the cyclization is lacking in
these two reports.


Our group independently studied the SML-based protein cir-
cularization approach.[55] By introducing a-Gly5 and LPETG tags
together to the N and C termini of proteins, respectively, vari-
ous molecules including GFP, dihydrofolate reductase (DHFR),
and the pleckstrin homology (PH) domain were cyclized by an
intramolecular transpeptidation reaction. Interestingly, in con-
trast to the results of the Boder group, in all our cases, the cir-
cular forms were efficiently produced in over 90 % yield with
no detectable oligomerizations. This is probably due to more
appropriate lengths of the tag linkers. The head-to-tail ligation
was unambiguously characterized by peptide mass fingerprint-
ing. It is noteworthy that the backbone-cyclized DHFR was
more thermostable than was the linear form. In addition, the
SML-based approach was successfully extended to generate
circular proteins inside living bacteria cells.


3.5. A self-cleavable tag for one-step purification of
recombinant proteins


The acquisition of “tag-free” recombinant proteins is essential
in many fields of protein research but is often challenging.
Therefore, fusing proteins with affinity tags, such as hexahisti-
dine or glutathione S-transferase, is now the most widespread
choice.[71] After purification, the tag is removed by a sequence-
specific protease. A drawback of this approach is the require-
ment of additional chromatography steps to isolate the free
target protein from other pieces and/or the protease. To over-
come this limitation, the IMPACT system (New England Bio-
labs), which makes use of intein-mediated self-cleaving activity,
has been developed.[72] This method enables the affinity purifi-
cation, cleavage, and removal of the fusion partner in a one-
step process. However, the use of intein is often limited due to
the poor solubility of fusion constructs and the unpredictable
occurrence of in vivo processing or inefficient post-purification
cleavage.


The transpeptidase activity of SrtA is inducible by calcium
and oligoglycine.[39] Using this property, Mao has developed a
self-cleavable SrtA fusion tag for the one-step purification of
recombinant proteins (Scheme 7).[56] Proteins of interest are
fused to the C terminus of a His6-SrtA-LPETG tag, expressed,
and captured on Ni-nitrilotriacetic acid (NTA) resin for purifica-
tion. The subsequent addition of calcium and triglycine acti-
vates the SrtA to induce intra- or intermolecular cleavage of
the LPETG motif, allowing the tag-free target protein to be
eluted with glycine as the only N-terminal modification. The
sortase fusion approach was applied for the purification of the
GFP, Cre, and p27 proteins. In all cases, the N-terminal SrtA
module dramatically increased the expression level and solubil-
ity of the fusion constructs. Neither autocleavage nor transpep-
tidation with endogenous proteins in E. coli was observed. All


Scheme 6. Protein oligomerization or circularization of dual-tagged proteins
by an inter- or intramolecular transpeptidation reaction.[49, 55]
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of the above proteins were obtained with over 98 % homoge-
neity in a single chromatography step. The sortase fusion ap-
proach provides a simple, efficient, and inexpensive tool that
might be generally applicable to many proteins.


It should be added that, very recently, a self-processing
module from Neisseria meningitides, FrpC protein, was intro-
duced as the third self-cleavable fusion tag by Osicka and co-
workers.[73]


3.6. Preparation of oligopeptide-nucleic acid hybrids


In recent years, there has been considerable interest in creat-
ing peptide/protein–nucleic acid hybrid molecules in the fields
of biotechnology and gene therapy. For example, the se-
quence-specific hybridization properties of nucleic acids allow
for the immobilization of proteins on DNA arrays, the regula-
tion of protein activity, and the construction of biosensors
toward DNA and RNA.[74, 75] In a reverse way, cell-penetrating
peptides (CPPs) are often used as carriers to deliver conjugated
antigene or antisense oligonucleotides into live cells.[76] As NCL
and EPL facilitated the preparation of homogenous covalent
polypeptide-oligonucleotide conjugates,[77–79] SML should also
be powerful in this area (Scheme 8).


Pritz and co-workers exploited SML for the synthesis of a
peptide nucleic acid-(PNA)-CPP conjugate (Scheme 8 B).[57] An
18-mer antisense PNA (13), which targets the aberrant splice
site of a b-globin intron 2, was designed to possess a C-termi-
nal LPKTGG motif. It should be noted that peptide–PNA chime-
ras can be readily prepared using standard, Fmoc-based, solid-


phase peptide synthesis protocols. Model amphipathic peptide
(MAP) was chosen as a CPP and N-terminally extended with
Gly3 residues (14). Ligation of the PNA and peptide by SrtA
yielded the PNA–MAP conjugate. The splicing correction assay
with HeLa cells revealed that the attachment of the MAP to
the PNA led to an enhanced antisense activity in a dose-de-
pendent manner, whereas the PNA alone remained ineffective.


The application of SML to recombinant protein–nucleic acid
conjugations has yet not been demonstrated. However, we
expect that the preparation of protein–PNA hybrids will be
achieved as a direct extension of the above work. Additionally,
the introduction of DNA strands into proteins should also be
feasible by preparing LPXTG- or a-Glyn-tagged oligo-DNAs with
recently advanced methods for oligopeptide–DNA conjugate
synthesis.[76–79]


3.7. Chemoenzymatic synthesis of neoglycoconjugates


Saccharides and their derivatives such as glycoproteins play
vital roles in cell function. Synthetic glycoconjugates are valua-
ble not only as tools for probing biological processes but also
as novel immunovaccines.[80] Therefore, the development of
synthetic methods for introducing glycans into peptides and
proteins has been one of the major challenges in glycochemis-
try. An obvious approach to obtain homogenous glycoconju-
gated polypeptides is to link presynthesized glycosylated
building blocks to other peptide segments. Indeed, various
glycolabeled peptides and proteins have been prepared by
such a ligation-based route.[80]


Roy and co-workers took advantage of another feature of
sortase, that is, its relaxed specificity for amine nucleophiles
(Scheme 9).[58] The researchers considered that the amino-
methylene (NH2-CH2-) moieties present in 6-aminohexoses
might function as an N-terminal Gly surrogate in SML. As they
expected, 6-deoxy-6-amino-glucose and -mannose, but not
glucosamine, were successfully attached to a YALPETGK pep-
tide in the presence of SrtA. The strategy was further extended
to the conjugation of various aminoglycoside antibiotics, such
as kanamycin, ribostamycin, and neomycin, to biologically rele-
vant peptides including HIV-1 Tat and Rev peptides and Arg9


sequences. The reaction yields were approximately 20–80 %
after 6 h of incubation (0.5 mm peptide, 2.5 mm sugar/antibiot-
ics, 50 mm SrtA, pH 7.5, 37 8C). Importantly, the ligation was lim-
ited to the 6-amino site in the antibiotics despite the presence
of other amino groups; this indicates rather strict specificity
and selectivity for the sugar amino groups by SrtA. A neomy-
cin-Rev peptide conjugate prepared by this method displayed
approximately tenfold or higher affinity toward Rev-responsive
element (RRE) RNA than did the unglycosylated Rev peptide.
Moreover, the site-specific conjugation of tobramycin to Mrp
protein nested with a C-terminal LPNTG tag was successfully
achieved.


3.8. Cell-surface protein labeling/engineering


Introducing nongenetically encoded chemical probes such as
fluorescent dyes and photoreactive agents into cellular pro-


Scheme 7. A self-cleavable sortase fusion tag for the one-step purification of
recombinant proteins, developed by Mao.[56] IMAC = immobilized metal-affin-
ity chromatography.
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teins is now recognized as a powerful means to investigate
fundamental biological issues that are not easily addressed by
genetics-based methods.[81] Consequently, much effort has
been directed to the development of new strategies for cellu-
lar protein labeling. Compared to recent significant advances
in peptide-/protein-tag fusion[6, 7] and nonsense suppression
mutagenesis techniques, [8, 9] the application of protein ligation
to live cell systems has still been very limited.[25, 26, 32, 82] SML
should now be added to the toolbox for cellular protein liga-
tion (Scheme 10).


Ploegh and co-workers reported the selective chemical label-
ing of cell-surface proteins using SML (sortagging).[50] Human
CD154 (CD40L), a type II membrane protein, appended with a
C-terminal LPETG tag, was expressed on the surface of HEK
293T cells and labeled with an a-Glyn-derivatized biotin (5) or
TAMRA probe (9) (Scheme 3 B) in serum-supplemented
medium containing SrtA. The biotin labeling of a surface-dis-
played influenza A/WSN/33 neuraminidase was also shown.


In a parallel effort, we applied SML to cell-surface protein
engineering (Scheme 10 B).[59] Osteoclast differentiation factor
(ODF), a type II membrane protein also known as TRANCE or
RANKL, was chosen as our target protein and equipped with
an extracellular C-terminal LPETGG motif (ODF-LPETG). After it


was expressed in HEK 293T cells, the selective attach-
ment of a-Gly3-tagged biotin (15) or AlexaFluor 488
(16) to ODF-LPETG was achieved on the cell surface
with no cytotoxic effects. It is important to note that
the incubation of the cells with just 10 mm of probe
and 30 mm of SrtA at 37 8C for 4 h was enough to
detect considerable levels of labeled products. Nota-
bly, the biotin-labeled ODF could be detected even
after only 5 min of incubation. Thus, this technique
could be used in the future for applications such as
pulse-chase labeling and receptor trafficking experi-
ments. This strategy was generally applicable to
other cell lines including CHO and HeLa cells and
could be performed in serum-containing or -free
medium or in PBS. Interestingly, not only small mole-
cule probes but also a large recombinant protein,
a-Gly5-GFP (17), was successfully ligated to ODF-
LPETG, providing new opportunities for the semisyn-
thesis of membrane proteins on living cells.


4. Summary and Outlook


As well-exemplified by fluorescent proteins,[83] pro-
tein splicing (inteins),[24] and the FKBP12-rapamycin-
FRB complex,[84] the discovery of a novel type of pro-
tein or molecular process sometimes provides a sig-
nificant breakthrough in making previously difficult
or impossible tasks quite easy to perform and opens
entirely new directions of application. Sortase might
be such a case. The requirement for SML is two nat-
ural motifs, a C-terminal LPXTG sequence and an N-
terminal glycine oligomer, both of which can be
readily incorporated into small molecules by stan-
dard chemical (peptide) synthesis and into proteins


by genetic means. SML proceeds under physiological condi-
tions (pH 6.0–8.0) with reasonable concentrations of reactants
(ca. 10–100 mm of protein and 10 mm–10 mm of probe) and
SrtA (<200 mm). Typically, by adding an excess of the probe of
interest, moderate to excellent yields are obtained in several
hours. According to the report by Pritz and co-workers,[57] the
presence of 20 % DMSO or polyethylene glycol (PEG) does not
affect sortase activity, which will be useful when the solubility
of substrates in aqueous buffers is poor. In some cases, mole-
cules bearing an aminomethylene (NH2-CH2-) group are accept-
ed as a substrate surrogate, although more investigations are
needed to reveal the structural specificity of SrtA toward this
type of substrate. As we saw in Section 3, it is now possible to
attach many kinds of natural/unnatural functionalities, ranging
from small compounds to large proteins and solid supports, to
polypeptides of interest by using SML. Transpeptidation can
also be used as a tool for circularizing or specifically cleaving
recombinant proteins. Most importantly, SML has proved to be
applicable to engineer, that is, label or semisynthesize, proteins
not only in test tubes but also in crude cell lysates and even
inside bacterial cells and on the surface of living mammalian
cells.


Scheme 8. A) An approach to synthesize oligopeptide-nucleic acid hybrid molecules. The
orientation of the polypeptides and nucleic acid strands can be reversed by exchanging
the reaction tags. B) An example, by Pritz et al. , of the sortase-mediated preparation of a
PNA-cell penetrating peptide (MAP) conjugate.[57]
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To date, the use of SML for protein labeling has been mostly
limited to C-terminal modification with LPXTG-tagged proteins
and a-Glyn-derivatized probes. However, there appears to be
no technical reason to prohibit N-terminal modification. The
expression of proteins having an N-terminal glycine residue(s)
might not always be an easy task, but should be accomplished
by making use of (endogenous) methionyl amino-peptidase
(MAP),[85] self-cleaving intein fusion,[86] or sequence-specific pro-
teases such as factor Xa[87] and tobacco etch virus (TEV) pro-
tease.[88] Alternatively, as inspired by Mao’s work (Section 3.5),
the sortase-catalyzed, LPXTG motif cleavage reaction in the
presence of oligoglycine (or hydroxylamine[38]) could also be
used to generate a-Glyn-appended proteins for subsequent
SML reactions.


Although all the studies with SrtA reported to date have
been proof-of-concept type experiments, SML has already es-
tablished itself as a powerful platform for the chemical modifi-
cation of peptides and proteins. One of the most important
challenges remaining in this area is to extend its utility to intra-
cellular proteins inside living mammalian cells. Unfortunately,
our preliminary attempts to express SrtA or its fusion variants
in cultured mammalian cells have so far been unsuccessful ;[55]


this suggests that additional engineering of the sortase ap-
pears to be required for the SML technique to be performed in
mammalian cell systems. In addition, the inevitable incorpora-
tion of an extra LPXT(G)n motif could restrict the ligation sites
to those near the N or C terminus or possibly within the loop
regions of the proteins. Nonetheless, we can certainly antici-
pate that SML will facilitate advances in a number of research
fields including chemical biology, proteomics, biomedicine,
and biotechnology though the generation of various types of
protein-/peptide-based molecular tools and therapeutic drugs.
Of course, we can freely combine the approach with other pro-
tein engineering techniques. Finally, we add that sortases
other than SrtA with distinct recognition motifs might beACHTUNGTRENNUNGdiscovered in the future from Gram-positive bacteria[33, 35] or
through sortase engineering,[89, 90] which should further en-
hance the potential of the SML technology.
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Unraveling the Secrets of Protein–Metabolite Interactions
Stephan A. Sieber*[a]


Genome-sequencing projects have pro-
vided a wealth of information on gene
identities in many prokaryotic and eu-
karyotic organisms. Technological ad-
vancements in biological, chemical and
analytical sciences have provided meth-
ods in the fields of genomics and pro-
teomics that allow molecular, cellular
and (patho)physiological functions to be
monitored and investigated for the full
complement of genes and proteins.[1] Al-
though mRNA gene-expression data and
proteomic analyses led in many cases to
the identification of disease-associated
enzyme targets, one important compo-
nent of cellular physiology has not been
addressed—the physiological substrates
of these enzymes, also referred to as me-
tabolites.[2]


The metabolome comprises the full
complement of small molecules (metab-
olites) within a cell, tissue or whole or-
ganism,[3] encompassing a broad diversi-
ty of molecules including peptides, car-
bohydrates, lipids, nucleosides, and the
catabolic products of exogenous mole-
cules.[4] Many of these metabolites con-
tribute to numerous physiologically and
pathologically relevant metabolic and
signaling pathways. The elucidation of
these pathways contains several chal-
lenges and requires new strategies for
rapidly and systematically identifying the
metabolic substrates of relevant en-
zymes. Contrary to genomic and proteo-
mic methods, metabolites share no
direct link to the genetic code and are
instead products of enzymatic networks
in cells and tissues.[2] Moreover, metabo-
lites are composed of diverse chemical


structures and vary in their physical
properties, and their composition is not
a result of sequence-dependent process-
ing, as observed in RNA or proteins.
These distinguishing features make the
metabolome a challenging part of bio-
molecular space that requires new cus-
tomized tools for its analysis and to un-
ravel its secrets.


Rising to this challenge, Saghatelian
and colleagues recently introduced a
global metabolite-profiling approach
that allowed protein–metabolite interac-
tions (PMI) to be directly identified.[5]


One huge advantage of this method is
that, in principle, even the protein inter-
actions of unknown metabolites can be
detected. The workflow of this approach
starts with immobilization of the protein
of interest by a glutathione S-transferase


(GST) tag onto solid support (Figure 1).
The activity of the immobilized protein is
tested by appropriate assays (for exam-
ple, fluorescent substrates) to ensure
that the catalytic power is not perturbed
by the immobilization process. Subse-
quent incubation with mixtures of cellu-
lar metabolites originating from cells or
tissues in which the protein of interest is
naturally expressed leads to capture of
the dedicated metabolite and results in
a protein–metabolite complex on the
solid support. Excess metabolites are
subsequently washed away, and the de-
sired protein–metabolite complex is se-
lectively eluted from the solid support
by the release of GST-tagged protein
with an excess of glutathione. The eluate
containing the protein–metabolite com-
plex is subsequently analyzed by liquid
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Department of Chemistry and Biochemistry
Ludwig-Maximilians-Universit�t M�nchen
Butenandtstrasse 5–13
81377 Munich (Germany)
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E-mail : stephan.sieber@cup.uni-muenchen.de


Figure 1. Assignment of protein–metabolite interactions. An immobilized protein is incubated with a
mixture of small-molecule metabolites to form a protein–metabolite complex. Elution from the solid
support and subsequent analysis by LC/MS together with comparisons of appropriate controls (for ex-
ample, no protein on solid support) using the XCMS software, identifies those metabolites that are spe-
cifically enriched by the protein.
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chromatography–mass spectrometry
(LC/MS) analysis, a method that is adapt-
ed from a global metabolite-profiling
strategy introduced earlier.[6]


In global metabolite profiling, the LC/
MS analysis of metabolites is carried out
in an untargeted mode, quantifying me-
tabolites based on their absolute mass
ion intensity (MII). Since different metab-
olites exhibit different ionization efficien-
cies, only relative changes of the same
metabolite in different samples can be
quantified. Therefore, the relative levels
are accurate within the linear range of
the mass spectrometer, which is 3–4
orders of magnitude.[7] No internal stand-
ards are required, and measurements of
both known and novel metabolites can
be carried out.


To identify the mass of the protein-
bound metabolite, LC/MS chromato-
grams from the eluate and appropriate
controls (metabolites without immobi-
lized protein and immobilized protein
without metabolites) are compared by
using a specialized software (XCMS) that
identifies mass peaks of those metabo-
lites that are specifically enriched by the
protein.[8] XCMS is designed to detect,
align, quantify (based on area), and stat-
istically rank peaks in LC/MS chromato-
grams through the pairwise comparison
of two different data sets. The value of
this experimental strategy results from
the powerful combination of proteinACHTUNGTRENNUNGmetabolite enrichment with untargeted
global metabolite profiling that allows
new PMIs to be detected without requir-
ing any prior knowledge about the me-
tabolite structure.


Saghatelian and colleagues first dem-
onstrated the general utility of their
methodology by studying a character-
ized protein–metabolite pair as a proof
of concept.[5] For this initial test, GST af-
finity-tagged cytosolic retinoic acid bind-
ing protein 2 (CRABP2) was recombi-
nantly expressed and immobilized on
solid support. CRABP2 is a tight binder
of retinoic acid (RA) that regulates its
metabolism and signaling.[9, 10] Incubation
of the immobilized CRABP2 with a
binary mixture of the dedicated lipid RA
as well as 13C-oleic acid (not a known
substrate of CRABP2) for 1 h was fol-
lowed by washing and elution of the
protein-bound metabolite. LC/MS analy-
sis of the eluate and the corresponding
control without protein revealed the
highest levels of RA in the CRABP2-GST
sample, thus demonstrating that it is
possible to detect protein-mediated
binding and enrichment. SubsequentACHTUNGTRENNUNGincubation of CRABP2-GST with a more
complex lipid extract from mouse tissue
delivered two enriched masses that cor-
responded to RA as well as linoleic acid
(LA), as validated by coelution with cor-
responding standards.[5] As expected for
CRABP2, the enrichment for RA was
much higher than for LA; this emphasiz-
es the value of this approach for identi-
fying natural PMIs from complex lipid
mixtures.


Following up on these results, the au-
thors looked at the binding interactions
of fatty acid binding protein 2 (FABP2),
an important intracellular intestinal lipid-
binding protein that has been linked to
metabolic disorders and cardiovascular


disease.[11] Contrary to CRABP2, FABP2
exhibits no affinity for RA and should, if
the method works, reveal completelyACHTUNGTRENNUNGdifferent metabolites. According to the
general experimental layout, the enzyme
was expressed with a GST-tag, immobi-
lized on solid support, and incubated
with brain lipid extracts. Elution of the
proteins and LC/MS analysis revealed the
specific binding and enrichment of oleic,
linoleic, and arachidonic acids in the
FABP2-GST sample but not in the corre-
sponding controls.[5] These results are in
good agreement with the current knowl-
edge about FABP2, which is reported to
exhibit lipid specificity. Controls that
were exogenously spiked with RA did
not lead to an enrichment of RA, thus
confirming the unbiased and specific
outcome of these experiments.


The authors had so far conducted
their experiments solely with anionic
lipids. In order to exclude a certain bias,
an additional PMI between the lipid
binding protein StarD3 and the un-
charged compound cholesterol was in-
vestigated. StarD3 is a member of the
StarD family of lipid binding proteins
that are found in mammalian systems. It
is responsible for binding and shuttling
cholesterol from the outer plasma mem-
brane to organelles within the cell for
use in metabolism.[12] StarD3-GST resin
was incubated with the lipid mixture,
washed, and eluted, and the enriched
metabolites were investigated by LC/MS.
Data analysis confirmed that cholesterol
was the only chemical compound that
was significantly enriched in the protein
sample compared to the controls.[5] This
last experiment completed a set of
assays that were necessary to confirm
the potential value of the methodology
towards the unbiased, reliable and spe-
cific identification of natural uncharacter-
ized PMIs. Although useful, it should be
noticed that it is beyond the scope of
this method to use MS signal intensities
to directly measure the corresponding
affinities of protein–metabolite interac-
tions.


The global metabolite-profiling plat-
form for PMIs is an intriguing novel ap-
proach for a better understanding, char-
acterization, and classification of lipid
binding proteins, even if the structures
of their dedicated partners are unknown.
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Continuous efforts to establish searcha-
ble databases with all the chemical and
physical properties of known metabo-
lites together with advancements in the
design of high-resolution analytical tools
will further increase the speed and relia-
bility of metabolite identification. Chal-
lenging future tasks for this methodolo-
gy include the investigation of less-char-
acterized PMIs such as nuclear hormone
receptor–metabolite interactions or in-
teractions between drug libraries and
proteins. For these studies, the method
needs to be validated also for hydrophil-
ic compounds, and, additionally, the ex-
pression and immobilization of difficult-
to-handle membrane proteins have to
be established. With this envisioned
broad applicability, the method has a
huge potential to unravel the many se-
crets of PMIs.
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Introduction


Solid-phase peptide synthesis, later to win its creator a Nobel
prize, was invented more than forty years ago, when Merrifield
consecutively coupled amino acid monomers to a growing
peptide chain immobilized on a solid support.[1] His approach
allowed for especially easy purification of the growing peptide
products, which remained tethered to the support throughout
the synthesis, while all the unreacted monomers were simply
washed away. Even more importantly, he was able to use an
excess molar amount of a given amino acid monomer over the
growing peptide chains to drive the coupling reaction close to
completion (Scheme 1). This basic principle today routinely
allows for repetitive coupling yields of >95 % during peptide


synthesis, and as a result the affordable peptides many labora-
tories use today.


Merrifield’s approach was later expanded to establish the
field of combinatorial chemistry, with processing of multipleACHTUNGTRENNUNGreaction spheres in parallel to synthesize many different pep-
tides.[2] These methods, always based on the principle of solid-
phase synthesis, allow as many peptides as possible to be
1) synthesized, and 2) analyzed for—for example—individual
peptides that bind to a target protein. An especially cheap,
easy, and elegant procedure to generate huge libraries of dif-
ferent peptides is the one-bead-one-compound method, with
many published reports of successfully screened peptide bind-
ers.[3] These peptide libraries are built by consecutive cycles of
dividing the beads for a solid-phase synthesis between 20 dif-
ferent reaction vessels, in each of which one of the 20 different
amino acids is added to the growing peptide chains on indi-
vidual beads, and afterwards pooling them again before the
next cycle begins. This procedure gives every bead its individu-
al history of sequential stopovers in one of the 20 vessels,
where this history is translated into a sequence of amino acids
added to the growing peptide chain on the bead. Thereby,
with the synthesis finished, nearly every bead displays a differ-
ent peptide, but always only one kind of peptide per bead


Lithographic methods allow for the combinatorial synthesis of
>50 000 oligonucleotides per cm2, and this has revolutionized
the field of genomics. High-density peptide arrays promise to
advance the field of proteomics in a similar way, but currently
lag behind. This is mainly due to the monomer-by-monomer
repeated consecutive coupling of 20 different amino acids as-
sociated with lithography, which adds up to an excessive
number of ACHTUNGTRENNUNGcoupling cycles. Combinatorial synthesis based on
electrically charged solid amino acid particles resolves this


problem. A color laser printer or a chip addresses the different
charged particles consecutively to a solid support, where,
when completed, the whole layer of solid amino acid particles
is melted at once. This frees hitherto immobilized amino acids
to couple all 20 different amino acids to the support in one
single coupling reaction. The method should allow for the
translation of entire genomes into sets of overlapping peptides
to be used in proteome research.


Scheme 1. Merrifield synthesis. a) The growing peptide chain is fixed to a
solid support. b) Each free N-terminal amino group at the tip of the growing
chain reacts with excess quantities of a C-terminally activated amino acid
derivative to drive the coupling reaction close to completion. c) Thanks to
the linkage of the peptide to the solid support, excess quantities of mono-
mer are easily washed away. d) A cycle of synthesis is completed when the
transient N-terminal protecting group is removed. Repetitive coupling cycles
generate a peptide that is finally deprotected of permanent side chain pro-
tecting groups and cleaved from the solid support.
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(Scheme 2).[4] Because of the random distribution of beads
over the 20 different reaction vessels, however, it is nearly im-
possible to avoid problematic peptides during library prepara-
tion. These include, for example, insoluble peptides or those
that bind to any protein, and thus elicit a strong background
of false positive binders. Another drawback of this particular
method is the labor-intensive encoding/decoding that is
needed to obtain the sequences of those peptides that have
bound to, for example, a target protein.


Peptide Arrays


SPOT synthesis


When an experimenter arrays different oligomers on a two-di-
mensional surface, he or she knows exactly the positions and
the sequences of all of these different molecules. If such an
array is then incubated with, for example, a labeled protein,
the diffusing protein probes all the different molecules on the
array and eventually sticks to those with a complementaryACHTUNGTRENNUNGsurface: that is, it specifically binds them (Scheme 3). Thereby,
with one single experiment the experimenter immediately
knows the sequences of those molecules that bound to that
particular protein (and in addition, also of those that did not
bind). Moreover, the information increases with the number of
arrayed molecules. This is the underlying reason why, ever
since the invention of the array by Robert Ekins,[5] scientists
have been striving to develop ever higher-density peptide or


oligonucleotide arrays. Another advantage of the array concept
over, for example, the one-bead-one-compound method is
that those oligomers that bind nonspecifically to any protein
are easily identified and can simply be omitted in the next
array generation.


To achieve the goal of very-high-density arrays, Edwin South-
ern introduced the concept of in situ combinatorial synthesis
of oligonucleotide arrays,[6] which was adapted by Ronald
Frank to the synthesis of peptide arrays.[7] They paralleled the
Merrifield synthesis shown in Scheme 1 by adding not one
base or amino acid to the support, but instead patterning the
four different bases or 20 different activated amino acid deriva-
tives as small droplets on a flat two-dimensional surface.
There, the bases or amino acids react with the solid support,
with each droplet defining a small reaction sphere. Consecu-
tively printed layers result in the parallel growth of many dif-
ferent oligonucleotide or peptide chains, in which the number
of different oligomers is dependent only on the achievable
miniaturization of individual spots (Scheme 4). Frank’s SPOT
synthesis has earned a reputation for reliability and wideACHTUNGTRENNUNGapplicability over the years and thus still dominates the field.
High peptide densities of peptides synthesized in situ exceed-
ing 25 peptides per cm2, however, are difficult to obtain with
this method, mainly due to the difficulties inherent in the han-
dling of tiny droplets, which tend to evaporate or spread over
the array’s surface.


High-density peptide arrays can be generated with the SC2


method.[8] This variant SPOT synthesis first involves the synthe-


Scheme 2. One-bead-one-compound method. a) The growing peptide
chains are fixed to a solid bead support (shown as a flat surface to illustrate
similarities to the other methods). b) The beads are randomly distributed
over 20 different reaction vessels (only two different vessels are shown). In
each of the vessels the free N-terminal amino group is allowed to react with
a different C-terminally activated amino acid derivative. c) Excess quantities
of monomers are washed away, and the beads are afterwards pooled. d) A
cycle of synthesis is completed when the transient N-terminal protecting
group is removed from all of the beads. Repetitive coupling cycles generate
a library of peptides with every bead displaying a different peptide. It is nec-
essary to retrieve the sequence information of binding peptides from identi-
fied bead-binders.


Scheme 3. The array concept. a) Many different oligomers are linked to a
two-dimensional solid support, each at a known position. b) When the array
is incubated with a labeled molecule, the diffusing labeled molecule probes
all the different oligomers on the array and eventually sticks to those with
complementary surfaces. c) Excess quantities of labeled molecules are
washed away and the labeled areas on the array are identified. Thereby,
one single experiment reveals the oligomers that specifically bound to the
labeled molecule (and in addition, also those oligomers that did not bind).
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sis of individual peptides each in a larger area and in larger
quantities. Deprotection of the peptides with concentrated
TFA simultaneous breaks down the cellulose, which leads to
small peptide–cellulose conjugates that are each collectedACHTUNGTRENNUNGindividually and stored in, for example, 96-well plates. From
there, the peptide conjugates are spotted in high density on a
secondary support—glass slides, for example—where they are
immobilized due to their sticky cellulose moieties. In particular,
this procedure allows for the production of multiple densely
spaced peptide array replicas of constant quality. Efficient
methods for printing pre-synthesized peptides or compounds
in high-density microarray format have also been advanced by
Kit S. Lam’s group[9] and by the company JPT Peptide Technol-
ogies.[10]


Interestingly, high-density oligonucleotide arrays manufac-
tured by an ink-jet printer approach are commercially available
through Agilent’s SurePrint technology,[11] whereas high-densi-
ty peptide arrays generated in an analogous way have not
been reported, although they were patented as early as
1994.[12] This striking discrepancy might be due to the solvents
needed for peptide synthesis. These are usually viscous, which
makes it difficult to print them with inkjet or piezoelectric
printers.


Lithographic synthesis


Lithographic techniques were originally developed for the
manufacture of computer chips with very small structures. At
the heart of this method is a lithographic mask that defines a
pattern of very small dark or illuminated areas on a two-
dimensional surface. For the manufacture of computer chips
these patterns are used to remove a light-sensitive protective
surface coverage, which is then followed by the spatially de-
fined removal/deposition of material from/on those areas no
longer shielded by the protective layer. Several consecutive


steps of this kind finally result in a computer chip structured
with very small features.


When this technique was modified for the selective removal
of a light-sensitive transient protecting group, it became possi-
ble to define very small areas of growing oligomers that would
react with an added monomer, while all the other dark areas
would not (Scheme 5). With this approach, truly high-density


arrays were produced for the first time,[13] revolutionizing the
whole field of genomics.[14] In the interim, oligonucleotide
arrays with thousands of oligonucleotides per cm2 have
become commercially available[15] and are used, for example,
to detect genome-wide transcription activity[16] or to link gene
variants with diseases.[17] Interestingly, the seminal publication
by Fodor et al. , describing the combinatorial synthesis of an
array by lithographic methods for the first time, showed the
synthesis of a peptide array, albeit only a few cycles of synthe-
sis were detailed.[11] Soon after this publication, this group and
their spin-off company Affymetrix completely shifted their
focus to the lithographic synthesis of oligonucleotide arrays.


The principle of lithographic synthesis is shown in
Scheme 5: a lithographic mask is used to define a first class of
very small areas to be irradiated by light (Scheme 5 A). The
action of the light removes a photolabile transient protecting
group at the ends of the oligomer chains, but only in those
areas selected by the lithographic mask (Scheme 5 B). The
whole array is then incubated with a solution of activated mo-
nomer that reacts with the deprotected oligomer only in the
first class of areas (Scheme 5 C), and unreacted monomer is
then washed away (Scheme 5 D). This whole process is repeat-
ed until one whole layer of monomers has been added to the
array: that is, a second class of areas is defined by use of an-
other lithographic mask, a second type of monomer is coupled


Scheme 4. SPOT synthesis. a) A spotter addresses the 20 different C-terminal-
ly activated amino acid derivatives in liquid droplet form to defined areas on
a solid support, where b) they couple to the support in parallel. A cycle of
synthesis is completed when c) excess quantities of amino acid derivatives
are washed away, and d) the transient protecting group is removed. Repeti-
tive coupling cycles generate a peptide array, where the peptide sequence
and peptide address on the support for each of the individual peptides is
known.


Scheme 5. Lithographic synthesis. a) A pattern of light defines one first set
of areas on a two-dimensional solid support. b) There, the transient protect-
ing group at the tip of the growing oligomer chain is removed through irra-
diation. c) Next, the whole array is uniformly covered with one of the 20 dif-
ferent C-terminally activated amino acid derivatives. These couple only to
growing oligomers located in those areas of the support that were depro-
tected by the previous lithographic step. d) Excess quantities of monomers
are washed away. These steps are repeated four times with the four different
nucleotides, or 20 times with the 20 different amino acids to add one layer
during the synthesis of oligonucleotides or peptides, respectively. Repetitive
coupling cycles generate an array of oligomers.
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to deprotected oligomers from this second class of areas, and
eventually all the different monomers have been coupled to
the support to add one layer of monomers to the growing oli-
gomer chain. The whole procedure then starts again until final-
ly, for example, ten layers of monomers have been coupled to
generate an array of decameric oligomers.


A peptide-specific drawback of this method is due to the
peptide-specific large number of coupling cycles intrinsic in all
lithographic synthesis, in which only one kind of monomer at
a time couples to spatially defined regions on the solid sup-
port. This adds up to 20 � 10 coupling cycles to synthesize a
decameric peptide array, compared to only 4 � 10 coupling
cycles to generate a decameric oligonucleotide array
(Scheme 5). Besides the peptide-specific large number of cou-
pling cycles (200 for an array of decamers), 200 expensive
lithographic masks are also necessary to allow for combinatori-
al freedom. In addition, with such a large number of coupling
cycles it is difficult to avoid the accumulation of unwanted
side reactions. These difficulties are probably the reason why
the inventors of lithographically produced arrays completely
shifted their focus to oligonucleotide arrays.


Yet another peptide-specific difficulty associated with litho-
graphic synthesis methods is due to the available photolabile
transient protecting groups needed for lithographic synthesis.
In terms of repetitive coupling yield, these perform less well
than conventional tert-butyloxycarbonyl (Boc) or 9-fluorenyl-
methoxycarbonyl (Fmoc) protecting groups. This difficulty was
resolved by Pellois et al. , who for the first time used a photo
acid for the combinatorial synthesis of a high-density peptide
array by lithographic methods.[18] Photo acids are neutral pre-
cursor molecules that are transformed into acids when illumi-
nated with light. In the process, a two-dimensional pattern of
light with very small feature sizes is translated into a corre-
sponding pattern of acidic or neutral areas. Pellois’ clever ap-
proach combines the very small feature size of lithographic
techniques and the use of conventional acid-sensitive Boc pro-
tecting groups with their good repetitive coupling yields in
standard peptide synthesis. It remains to be seen, however, if
the more fundamental peptide-specific drawback of too many
coupling cycles also associated with this variant lithographic
synthesis method can be overcome to synthesize arrays that
display long peptides in good yields.


Chip-based synthesis


Yet another approach directly uses the very small feature sizes
of available computer chips for the combinatorial synthesis of
high-density arrays. A normal memory chip allows the experi-
menter either to store electrical charges in individually chosen
chip electrodes (status 1) or to ground them (status 0). Usually
such a chip’s electrodes are insulated from the environment to
shield them from heat due to leakage currents, but with direct
connection of the electrode surface and conductive aqueous
surroundings, freely chosen patterns of currents linked to indi-
vidual electrodes are easily induced. These currents decom-
pose water molecules through electrolysis, which transforms a
pattern of electrode currents into a corresponding pattern of


acidic or neutral areas with very small feature sizes. These es-
sentially depend only on the distance between individual elec-
trodes. In this process, and similarly to the photo-acid-based
approach described above, acid-sensitive Boc protecting
groups are removed in the vicinities of individual chip electro-
des, which allows for the combinatorial synthesis of oligomer
arrays with very small feature sizes (Scheme 6).[6, 19]


In a variant method, Heller and Tu directly attracted charged
monomers for combinatorial synthesis from solution to dis-
crete electrodes on a microchip’s surface to induce a combina-
torial synthesis.[20] Electrolysis in the vicinities of those electro-
des chosen to attract charged monomers also ensues in this
approach, and eventually interferes with the coupling reaction.
In addition, both variants of the chip-based combinatorial syn-
thesis suffer from the peptide-specific drawback described in
the precedent section: 20 � 10 coupling cycles are needed to
synthesize a decameric peptide array, in comparison with only
4 � 10 coupling cycles to generate a decameric oligonucleotide
array. Indeed, this kind of chip-based synthesis has so far been
reported only for the synthesis of oligonucleotide arrays.


Particle-based synthesis


Our laboratory has recently developed a method for the com-
binatorial synthesis of peptide arrays that is based on solid
particles containing derivatives of 20 different amino acids.[21]


In a normal laser printer, small solid toner particles are tribo-
electrically charged (by mild friction) by, for example, grinding
the particles against a rubber foam drum inside the toner car-
tridge. Depending on the materials involved, this procedure
leads to very strong electrical charges on the surfaces of the
toner particles, which in state-of-the-art toner particles can
come close to electrical breakdown in air. Because of these


Scheme 6. Chip-based synthesis. a) A pattern of currents defines one first
set of areas on a chip’s surface. b) There, through electrolysis, the transient
protecting group at the tip of the growing oligomer chain is removed.
c) Next, the whole array is uniformly covered with one of the 20 different
C-terminally activated amino acid derivatives. These couple only to those
areas on the chip deprotected by the previous lithographic step. d) Excess
quantities of monomers are washed away. These steps are repeated four
times with the four different nucleotides, or 20 times with the 20 different
amino acids to add one layer during the synthesis of oligonucleotides or
peptides, respectively. Repetitive coupling cycles generate an array of oligo-
mers.
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charges toner particles can be moved within electrical fields, as
a result of which, for example, a laser printer eventually deliv-
ers different color toners to different addresses on a two-di-
mensional surface.


To do this, either a laser or a row of ~10 000 light-emitting
diodes [LEDs] per 20 cm is used to generate a light pattern on
the surface of a uniformly charged organic photoconducting
[OPC] drum that rotates in ~10 000 steps per 20 cm. This re-
sults in a two-dimensional light pattern that in state-of-the-art
laser printers comprises ~100 million pixels per (20 � 20) cm2.
The OPC material translates this light pattern into the corre-
sponding electrostatic pattern of ~100 million pixels per (20 �
20) cm2 through rapid neutralization of illuminated areas by
grounding.[22] Subsequently, charged toner particles are trans-
ferred only to those areas previously neutralized by irradiation
with light, which transforms the electrostatic pattern into the
corresponding particle pattern. Finally, the particles delivered
by the OPC drum are transferred onto a solid support by
means of a strong electric field (4 kV mm�1), with a printout
being assembled (Scheme 7 A).


This technique is thus ideally suited for the main challenge
all different kinds of combinatorial synthesis must face: to de-
liver different building blocks flexibly and with very high accu-
racy. Because a color laser printer prints only four different
color toners, but a peptide is made out of 20 different building
blocks, we have had to adapt laser-printing technology to the
combinatorial synthesis of peptide arrays: the peptide-laser-
printer we developed accommodates 20 printing units rather
than four. In addition, the drive and mounting of that machine
allows for repeated exact positioning of consecutively printed
layers, which is the prerequisite for the parallel elongation of
growing peptide chains by combinatorial synthesis


(Scheme 7 A). Apart from these modifications, the peptide-
laser-printer prints in exactly the same way as its parent C7000
series OKI laser printer does, but with 20 different kinds of
amino acid particles instead of four different color toners.


The remaining task was to reconcile the use of solid particles
with the requirement for a solvent that is needed for a chemi-
cal reaction. This was done in order to benefit from one of the
main advantages of this technique: once addressed, the whole
layer of amino acid particles is melted in a single step to ini-
tiate the coupling reaction for all reactive monomers in parallel
(Scheme 7 B). Washing and deprotection steps finish the cycle,
and result, if repeated, in the combinatorial synthesis of a pep-
tide array. The method uses conventional Fmoc chemistry[23]


and differs from the SPOT synthesis only in the solid (at room
temperature) solvent employed; this allows for the intermittent
immobilization of amino acids within particles (compare
Schemes 4 and 7).


Although the laser-printing technique is the most prominent
method for directing charged particles to their addresses on a
two-dimensional support through the use of electrical fields,
variations of this theme have described even nanoscale depo-
sition of particles on a surface.[24] To explore an alternative
route that should lead to miniaturization beyond the resolu-
tion of a laser printer, we have also used the electrical fields of
individual pixel electrodes of a computer chip to direct amino
acid particles to very small synthesis areas. Currently, the mini-
aturization achieved by this variant particle-based combinatori-
al synthesis method stands at 40 000 peptides per cm2


(Scheme 8 A and B).[25]


The intermittent “freezing” of a chemical reaction in solid
particles is the main novel element of the method. Chemically
highly reactive amino acid derivatives used for peptide synthe-
sis are embedded within a solid particle matrix, which com-
pletely blocks their diffusion and concomitant chemical cou-


Scheme 7. Addressing amino acid particles with a laser printer. a) A laser
printer addresses Fmoc-amino acid OPfp esters embedded within solid
toner particles onto a solid support that displays reactive amino groups,
where b) the particles are melted after transfer. This frees the chemically ac-
tivated amino acid derivatives to diffuse and to couple to growing peptide
chains on the support in parallel. Different reaction spheres are separated
from each other because of surface tension, which constricts melted parti-
cles to small individual hemispheres. A cycle of synthesis is completed when
c) excess quantities of monomers are washed away, and d) the Fmoc pro-
tecting group is removed. Repetitive coupling cycles generate a peptide
array with one coupling cycle per layer.


Scheme 8. Addressing amino acid particles with a chip. a) Electrical fields
generated by individual pixel electrodes address the first type of amino acid
particles onto a first set of areas on the surface of a chip. b) Different pat-
terns of pixel electrodes are switched to voltage to direct all 20 different
amino acid particles onto the chip surface consecutively until a whole layer
of all 20 different amino acid particles is complete. c) The whole layer of
consecutively addressed amino acid particles is melted in one step to in ACHTUNGTRENNUNGduce
the coupling reaction at all electrodes in parallel. d) Excess quantities of
monomers are washed away, and the Fmoc protecting group is removed.
Repetitive coupling cycles generate a peptide array with one coupling cycle
per layer.
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pling to a reaction partner. Indeed, all the 20 different Fmoc-
amino acids with C-terminal pentafluorophenyl ester activation
proved to be stable for months at room temperature when
embedded in particles, except for Fmoc-arginine-OPfp, which
decayed at a moderate 4 % per month.[6 19] This is a remarkable
finding in view of the notorious instability of carboxy-activated
Fmoc-arginine derivatives in other solvents.[26] This feature
gives the experimenter plenty of time to manufacture different
particles, to purify them rigorously, to store them over months,
and to address them consecutively to different areas on a two-
dimensional support (Scheme 8 A and B), before the coupling
reaction is induced simply by melting the printed particles.


When we scrutinized the novel method in detail, we found a
surprising robustness with respect to undesirable side reac-
tions that might have been induced by the use of the non-
standard solvent or the elevated coupling temperatures. Even
with extended coupling times of 90 min at temperatures of
90 8C we observed no aspartimide formation or racemization
at all, nor any major unexplainable peaks in mass spectromet-
ric analysis of synthesized peptides.[6 19]


Conclusions


Particle-based synthesis introduces a novel concept into
chemistry: a reactive chemical that is “canned” into particles
and sent as “postal packages” to different addresses where the
chemical is freed simply by melting. This procedure is especial-
ly advantageous if more than just a few chemical building
blocks have to be separated from each other in a densely
spaced and chemical saving arrangement, such as in the com-
binatorial synthesis of high-density peptide arrays. The solid
particle matrix shields reactive chemicals from each other and
from their environment, and thus contributes robustness, long-
term storage, and easy handling. Moreover, with electrically
charged particles the experimenter can profit from the very
small feature sizes of a computer chip or the good printing
resolution of a laser printer to space very small reaction
spheres densely and to address them repeatedly.


These features, together with the reduced numbers of cou-
pling cycles intrinsic to all printing methods, make the novel
particle-based method particularly well suited for automation.
This in turn should drastically reduce the cost per peptide spot
in the near future, and thus bring affordable high-density pep-
tide arrays into laboratories. These might have an impact simi-
lar to that of high-density oligonucleotide arrays: genome-
wide screening for peptidic T-cell epitopes might bring ration-
ally designed vaccines into reach, or a panel of peptides that
comprehensively diagnoses a patient’s or even a population’s
antibody response should bring clues to hitherto enigmatic
diseases, or an easy screen for (better) binding molecules
might have a big impact on novel therapeutics. Screening for
and combination of different peptide modules might also
speed up the new field of synthetic biology that in an engi-
neering approach combines gene modules to build living sys-
tems with specially tailored properties. Beyond the life scien-
ces, a screen for peptidic semiconductors or catalysts might be
feasible.
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If the Cluster Were a Cluster: The Active Centre of
Nitrogenase Revisited
Olaf K�hl*[a]


The structure and function of the FeMo
cofactor of nitrogenase continue to be a
challenge in bioinorganic chemistry.[1]


Here the electronic and physical struc-
ture of the active centre are described
from an inorganic point of view, theACHTUNGTRENNUNGcentral main-group element is confirmed
and its role within the cluster is ex-
plained.


The recent structure determination of
the nitrogenase FeMo cofactor by
Schmid, Rees and co-workers at an
atomic resolution of 116 pm found a
second-row element “E” in the centre of
the trigonal prismatic arrangement of
the six iron atoms that form the core of
the active centre of the FeMo cofactor.[2]


The authors tentatively assigned this ele-
ment as nitrogen, since their theoretical
calculations gave nitrogen as the closest
fit, but with carbon and even oxygen as
very close alternatives. Let us reconsider
the structure of the cluster from a purely
inorganic point of view. “A metal atom
cluster may be defined as a group of
two or more metal atoms in which there
are covalent bonds between the metal
atoms.”[3]


The overall structure of the FeMo clus-
ter (see Figure 1) is a trigonal prismatic
arrangement of six iron atoms.[2] The
three vertical edges of the square-planar
faces of the prism are bridged by sulfur
atoms. The two trigonal faces are
capped by an iron and a molybdenum
atom to create two metal tetrahedra (Fe4


and Fe3Mo). The six outward-facing
trigonal faces of these two metal tetra-
hedra are capped by sulfur atoms. The
central main-group, second-row element
in the centre of the trigonal prism com-


pletes the structure of the cluster. The
homocitrate, a histidine and a cysteine
residue on the apical molybdenum and
iron atoms complete the electron count.
The cluster is bound to the protein
through the histidine and cysteine resi-
dues.


A “trigonal prismatic” arrangement of
six iron atoms[4] can be found as part of
cubic space-centred packing (W-type) in
which a-iron crystallises.[5] The second-
row element occupies a trigonal-prismat-
ic hole within the lattice. Other trigonal-
prismatic holes (on the surface of the
trigonal prism) are occupied by the
apical metal atoms (Fe and Mo). The
three bridging sulfur atoms occupy octa-
hedral interstices in the a-iron lattice.
The six sulfur atoms capping the two
tetrahedra occupy positions that are not
found in a-iron.


As to the nature of the second-rowACHTUNGTRENNUNGelement in the centre of the trigonal
prism, we can again turn to our knowl-
edge of inorganic chemistry.[5] The solu-
bility of carbon in a-iron is only 0.018 %
at 738 8C; this means that carbon does
not tolerate trigonal prismatic holes.[6] In-
stead, it occupies octahedral holes in in-
tercalation carbides with g-iron. Similarly,
oxygen is not found in trigonal prismatic
interstices.


The structure of the FeMo cofactor of
nitrogenase is essentially based on the
structure of a-iron, and we would expect
that the bond lengths would be in line
with Fe/Mo�Fe, Fe/Mo�S and Fe�E (E =


N, C, O) covalent bonds. The covalent
radii of Fe, Mo, S and N are 124, 136, 104
and 70 pm, respectively.[5] This results in
calculated bond lengths of 248 pm (Fe�
Fe), 260 pm (Fe�Mo), 228 pm (Fe�S),
240 pm (Mo�S) and 194 pm (Fe�N). The
bond lengths for Fe�O and Fe�C are
190 and 201 pm, respectively. Schmid,
Rees and co-workers found a Fe�E dis-
tance of 200 pm and a S�E distance of
330 pm, which leads to an Fe�S bond
length of 235 pm.[2] The Fe/Mo�Fe bond
lengths were found to be 258–273 pm,
with the capped M�M bonds shorter
than the bridged ones, as expected. All
experimentally determined bond lengths
are approximately equivalent to the sum
of the covalent radii, and we can assume
covalent bonds between nearest neigh-
bours.


Having established the geometrical
features of the cluster in the FeMo cofac-
tor, we need to determine the electronic
structure, with the assumption that the
cluster unit is uncharged. This assump-
tion is based on the fact that no coun-
terion was found in the crystal structure;
to assume a remote counter charge


Figure 1. The active centre of the FeMo cofactor of nitrogenase. Atoms are shown with arbitrary size,
hydrogen atoms have been removed for clarity. The cluster is connected to the protein by Cys275
(right) and His442 (left) and bears a homocitrate ligand on molybdenum.


[a] Dr. O. K�hl
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somewhere on the peptide chain is not
appropriate. First, we have to remember
that the archetypical cluster is the
borane cluster in which the BH unit pos-
sesses four electrons. Two electrons are
located in the B�H bond pointing away
from the cluster and two electrons are
contributed towards the cluster skeleton
(the cluster framework). From the isolo-
bal relationship, it follows that a BH unit
with four electrons is equivalent to a
transition metal fragment with 14 VE.[7] A
sulfur atom has a lone pair that points
away from the cluster, leaving four elec-
trons that can be used in bonding to the
metal atoms. With the further assump-
tion that the cluster in the FeMo cofac-
tor is a conjuncto cluster obeying Wade’s
rules,[7] we can count the inorganic sulfur
atoms as four-electron donors, the cys-
teine sulfur atom as a one-electron
donor, the histidine nitrogen atom as a
two-electron donor and the homocitrate
ligand as contributing two electrons to-
wards the electron count of the transi-
tion metals.


We can now turn to the cluster itself,
which can be divided into three sections
for closer inspection (see Figure 2), the
two tetrahedra and the central trigonal
prism. The apical Fe atom has, as a
group-eight metal, eight valence elec-
trons. A ninth electron is contributed by
the cysteine residue, and the three cap-
ping sulfur atoms need to contribute a
further five electrons to arrive at the 14


electrons required for a transition metal
in a closo cluster. The three Fe atoms at
the base of the capping tetrahedron also
have eight electrons each and receive a
total of seven electrons from the three
capping sulfur atoms. That is 2.33 elec-
trons each, making the total 10.33 elec-
trons per iron atom. As these iron atoms
are also part of the central trigonal
prism, they receive their share of the
twelve electrons available from the three
sulfur atoms bridging this central unit.
These twelve electrons are equally divid-
ed amongst all six iron atoms, giving
each iron atom two electrons. This
makes a total of 12.33 electrons for each
of the three iron atoms of the Fe4 tetra-
hedron. That is 0.67 electrons short of
the 13 electrons required for a transition
metal in the bridgehead position of a
conjuncto cluster.


We now turn to the bottom half of
the cluster in the FeMo cofactor. The Mo
atom of the Fe3Mo tetrahedron has six
electrons of its own and receives a total
of four electrons from the histidine and
the homocitrate, making the total count
ten electrons. The missing four electrons
are contributed by the three capping
sulfur atoms; this leaves them with eight
electrons. These electrons are equallyACHTUNGTRENNUNGdivided amongst the remaining three Fe
atoms to give them 10.67 electrons
each. Two electrons each from the three
sulfur atoms bridging the trigonal prism
bring the total count up to 12.67 elec-


trons, 0.33 electrons short of the 13 elec-
trons required for a transition metal in
the bridgehead position of a conjuncto
cluster.


We note that our electron count re-
veals a shortage of three electrons for
the central trigonal prism unit. The role
of the “mysterious” main-group element
E in the centre of the cluster becomes
obvious now. It is there to provide the
three missing electrons.


Before we decide on the nature of E,
we will recount our cluster on the basis
of ionic charges. We first calculate the
total anionic charge. The inorganic sulfur
atoms are S2� with two negative charg-
es, the cysteine unit carries one negative
charge and the homocitrate has two
negative charges. That makes a total of
21 negative charges, excluding the cen-
tral atom E. This total negative charge
has to be balanced by the oxidation
states of the eight metal atoms, and the
negative charge of E must be taken into
account—the latter an uncertainty at the
moment. The oxidation state of molyb-
denum has been determined as +IV;[2]


thus leaving 17 positive charges to be
divided amongst the seven iron atoms.
We arrive at four FeII and three FeIII


atoms. Such an arrangement would
create a completely asymmetric Fe6


trigonal prism at the centre of the clus-
ter, a clear violation of experimental find-
ings, which call for near perfect symme-
try. This situation is remedied by assign-
ing one FeII and six FeIII atoms to create
three additional positive charges. This
makes the central main group atom an
E3� entity, most likely a nitride, if our as-
sumption of a neutral cluster unit is cor-
rect. A boride would of course principally
be possible, although possibly too small
to fit comfortably into the hole provided,
whereas the higher homologues of nitro-
gen are certainly too big.


For nitrogen to contribute three elec-
trons to the cluster, we would need to
assume that the nitrogen atom was not
hybridised, but contributed the electrons
via the three p orbitals, retaining a lone
pair with s character. This situation is
common with the higher homologues
(As, Sb and Bi, and, to a lesser extent, P)
and in keeping with the main-group
chemistry of elements in the fourth, fifth
and sixth periods, but unusual for nitro-


Figure 2. The electron count within the Fe7MoNS9 cluster of the FeMo cofactor. The bond style repre-
sents the three sections of the cluster : Fe4, Fe6 and Fe3Mo. Each iron atom possesses eight electrons,
and each sulfur atom contributes four electrons towards bonding with the metal atoms.
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gen. However, the alternative, a sp3 lone
pair with deformation of the cluster,
seems even more unlikely.


We conclude that the FeMo cofactor
of nitrogenase can be described as a
closo–conjuncto cluster of the composi-
tion Fe7MoNS9 attached to the protein
via a histidine (Mo) and a cysteine (Fe)
amino acid. In this model, electronic sat-
uration, on molybdenum, is achieved by
the homocitrate. The iron atoms are
eight-coordinate, except for the apical
iron atom, which is seven-coordinate.
The molybdenum atom is nine-coordi-
nate. The central nitride ion provides
three electrons to the closo–conjuncto
cluster, and it is very unlikely that it
plays any role in the reduction of atmos-
pheric nitrogen.


A closo–conjuncto cluster provides en-
ergetically closely spaced molecular orbi-
tals capable of mediating multistep, mul-
tielectron redox reactions, as is required


in the reduction of atmospheric nitrogen
to ammonia.
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Synthesis of a Fluorogenic Analogue of Sphingosine-1-Phosphate and Its
Use to Determine Sphingosine-1-Phosphate Lyase Activity


Carmen Bedia,[a] Luz Camacho,[a] Josefina Casas,[a] Jos� Luis Abad,[a] Antonio Delgado ,[a, b]


Paul P. Van Veldhoven,[c] and Gemma Fabri�s*[a]


Sphingosine-1-phosphate lyase (SGPL1), encoded by Sgpl1, is
an endoplasmic reticulum membrane protein that catalyses
the pyridoxal 5’-phosphate-dependent cleavage of sphingo-
sine-1-phosphate to ethanolamine phosphate and hexadece-
nal.[1–3] SGPL1 serves central roles in development,[4–6] chemo-
taxis[7] and in preventing defects in reproductive structures
and function.[8] On the other hand, SGPL1 acts as a tumor sup-
pressor,[9, 10] has a role in chemoresistance[11–14] and it is also im-
plicated in immunity.[15] Collectively, SGPL1 represents a novel
target for cancer therapy and immunosuppression.[16] The re-
search of SGPL1-mediated biology and the identification of
novel small chemical entities that modify SGPL1 activity in
drug discovery programmes would benefit from the availability
of an easy SGPL1 assay amenable to high-throughput screen-
ing (HTS) formats. SGPL1 determination has been carried out
using a rather tedious radiometric procedure. The enzyme ac-
tivity is measured by following the formation of labelled hexa-
decanal from [4,5-3H]dihydrosphingosine-1-phosphate.[17] After
enzyme incubation and lipid extraction, the aldehyde is sepa-
rated by thin-layer chromatography and quantified by using
liquid-scintillation counting. A new assay using a fluorescent
substrate has been reported, but it still requires lipid extraction
and chromatographic separation.[18]


The use of a fluorogenic substrate as SGPL1 sensor was en-
visaged after the pioneering works by Reymond and co-work-


ers.[19] In this context, the coumarinic sphinganine 1-phosphate
analogue 1 was designed as potential fluorogenic SGPL1 sub-
strate. Since both saturated and unsaturated as well as truncat-
ed base phosphates are transformed by SGPL1 and the reac-
tion is highly stereoselective for the d-erythro isomer,[1] we rea-
soned that compound 1 contains the required structural fea-
tures to behave as a SGPL1 substrate. Upon SGPL1 cleavage,
the aldehyde 2 is produced, which should undergo subse-
quent b-elimination at neutral-alkaline pH to release the fluo-
rescent product umbelliferone and acrolein[20] (Scheme 1).


The synthesis of 1 (Scheme 2) was accomplished from alco-
hol 3, which was obtained in five steps from Garner’s aldehyde
as described.[21] Deprotection of 3 under p-toluenesulfonic acid
catalysis in methanol gave diol 4, which was selectively phos-
phorylated at the primary alcohol function using dimethyl-
chlorophosphate to afford 5. Finally, concurrent hydrolysis of
the two methyl phosphate esters and the tert-butoxycarbonyl
group was carried out using trimethylsilylbromide, giving 1 in
45 % yield.[22] Furthermore, aldehyde 2 was also synthesized
following reported procedures[23] to investigate its conversion
into umbelliferone in the enzyme reaction conditions.


To confirm that SGPL1 was specifically involved in the pro-
duction of fluorescence from 1, the assay was performed with
lysates of murine embryonic fibroblasts (MEF) prepared from
both homozygous (�/�) and heterozygous (+/�) knockout


and wild-type (wt) embryos, obtained by crossing Sgpl1+/�
mice.[24] Fluorescence released upon incubation of (�/�) cell
lysates with increasing concentrations of 1 was barely above
background (Figure 1 A), while a concentration dependent pro-
duction of fluorescence was observed with (+/�) and wt cells,
with higher enzyme activities at all concentrations in the latter
case. Moreover, no fluorescence was released from 250 mm


substrate and lysates of wt cells in the absence of pyridoxal
phosphate, which further confirmed the specificity of this sub-
strate for SGPL1. In wt cells, production of fluorescence from 1
was dependent on the amount of protein, reaching a plateau
at around 1 mg/well (10 mg mL�1).


The effect of the incubation mixture components on both
maximum fluorescence and signal/background ratio were


Scheme 1. SGPL1-catalyzed fluorescence release from 1.
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ACHTUNGTRENNUNGexamined with 1 using wt cell homogenates and compared to
the fluorescence released from pure aldehyde 2 and that of
umbelliferone submitted to the same incubation conditions.
Although BSA is commonly used as catalyst in this type of
proton transfer reaction,[25] its reactivity with pyridoxal phos-
phate[26, 27] precluded its use here. Nevertheless, a time depen-
dent release of umbelliferone from 2 was observed in the ab-
sence of BSA, and it reached completeness after 60 min (Fig-
ure 2 B). Therefore, BSA was not necessary to fulfil the b-elimi-
nation reaction. SGPL1 assays use Triton-X100 for substrate sol-
ubilization. In our hands, production of fluorescence from 2
was dramatically decreased in the presence of Triton-X100 (Fig-
ure 2 B), possibly due to the engulfing of umbelliferone in the
detergent micelles. Thus, fluorescence of umbelliferone wasACHTUNGTRENNUNGreduced about sixfold in the presence of Triton-X100 (Fig-
ure 2 A), which was therefore avoided in the reaction mixture.
Other additives commonly used to measure SGPL1 activity,
such as NaF and Na3VO4, had no effect on the fluorescenceACHTUNGTRENNUNGreleased either from 2 or from umbelliferone (Figure 2 A, B).


However, although NaF did not affect the production
of fluorescence from 1, significantly more umbellifer-
one was released in the presence of Na3VO4 (Fig-
ure 2 C). This result is in agreement with sphingosine-
1-phosphate phosphatase belonging to the PAP2-like
superfamily of phosphatases,[28, 29] which includes va-
nadate-sensitive lipid phosphate phosphohydrolas-
es.[30] Importantly, although dithiothreitol (DTT) had
no effect on the fluorescence produced from 2 or
that of umbelliferone (Figures 2 A, 2 B), it brought
about a significant reduction in the fluorescence gen-
erated from 1. These results suggested that the dele-
terious effect of DTT occurred at the SGPL1 reaction
level, although in the presence of Triton X-100 and
when using sphinganine-1-phosphate as substrate,
DTT is not inhibitory.[31] Site-directed mutagenesis of
the human cDNA disclosed the importance of the
cysteine residues C218 and C317 for the cleavageACHTUNGTRENNUNGreaction,[31] in agreement with the N-ethylmaleimide
sensitivity.[31] The reason for this discrepancy is cur-
rently not known.


From these overall results, incubation of 1 (125 mm) with
100 mL of a cell lysate (about 10 mg mL�1) in 0.5 m potassium
phosphate pH 7.5 containing Na3VO4 (25 mm) and pyridoxal
phosphate (0.25 mm) for 6 h was established as optimal. The
SGPL1 kinetic constants for 1 under these conditions were
KM = 152 mm and Vmax = 4.8 pmol min�1 mg (Figure 1 B), and the
coumarinic aldehyde was detected at concentrations as low as


Scheme 2. Synthesis of 1.


Figure 1. Enzymatic cleavage of 1. A) Cleavage of 1 by lysates of either ho-
mozygous (�/�), heterozygous (+/�) or wt mouse embryonic fibroblasts.
Cell lysates (9 mg protein per mL) were incubated with 1 in 0.5 m phosphate
buffer pH 7.4 with 0.25 mm pyridoxal phosphate at 37 8C for 6 h. Data are
means�SD of one experiment with triplicates ; B) Lineweaver–Burk plots for
cleavage of 1. Experiments were carried out with wt cell lysates (9 mg mL�1)
with the same buffer as in (A) plus 25 mm Na3VO4. Data are means�SD of
one representative experiment with triplicates.


Figure 2. Effect of incubation mixture components. A) Effect on umbellifer-
one fluorescence; B) effect on b-elimination of aldehyde 2 and C) effect on
SGP L1 cleavage of 1. In (A) and (B), the control reaction mixture contained:
0.5 m phosphate buffer pH 7.4 (85 mL) containing 0.25 mm pyridoxal phos-
phate and 125 mm of either aldehyde 2 (A) or umbelliferone (B) solution.
Both were added in methanol (15 mL), except in the experiment with Triton-
X100, in which they were added as 0.25 % Triton-X100 solution in phosphate
buffer. Other compounds and concentrations were: DTT, 5 mm ; Na3VO4,
25 mm ; NaF, 25 mm. Incubations were carried out at 37 8C. In (C), substrate 1
(125 mm) and wt cell lysates (10 mg protein mL�1) were incubated (37 8C/6 h)
in 0.5 m phosphate buffer (pH 7.4) containing 0.25 mm pyridoxal phosphate
(control) and, when indicated, 25 mm NaF, 25 mm Na3VO4 and 5 mm DTT. Let-
ters atop each bar denote statistical significance (unpaired 2 tail t test,
p�0.05). Abbreviations are: Ctrl, control ; OV, Na3VO4 ; TX100, Triton-X100.
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50 nm (50 pmol mL�1). Compared to both the physiological[1]


and the fluorescent substrates[18] previously reported, the KM is
about ten-fold higher; this is likely due to the bulky w-group
in 1. Therefore, SPL affinity for substrate 1 is about ten-fold
lower than that for either the radioactive or the fluorescent
substrates reported. Vmax are not comparable because of the
different enzyme sources used, which may contain different
SPL concentrations.


In summary, an easy procedure to measure SGPL1 activity
using a fluorogenic substrate sensor has been reported. The
measurements can be carried out directly in microtiter plates
without the need of separation of the reaction products, which
represents a significant improvement of the previously report-
ed methods. This procedure should become a suitable tool for
the discovery of new enzyme modulators within combinatorial
libraries, as well as in research to decipher the role of SGPL1 in
disease outcome and progression.
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Dissection of Two Acyl-Transfer Reactions Centered on Acyl-S-Carrier
Protein Intermediates for Incorporating 5-Chloro-6-methyl-O-
methylsalicyclic Acid into Chlorothricin


Qing-Li He, Xin-Ying Jia, Man-Cheng Tang, Zhen-Hua Tian, Gong-Li Tang,* and Wen Liu*[a]


Glycosylated natural products, which have played critical roles
in drug discovery and development, exhibit a remarkable
degree of structural diversity; this is partially due to the fea-
tures of their unusual sugar building blocks. Substitutions of
the hydroxyl groups with various functionalities (for example,
hydrogen, acyl, amino groups, and acyloxy moieties) on the
sugar units often change the chemical properties significantly
to reach the full biological activities.[1] Chlorothricin (CHL), pro-
duced by Streptomyces antibioticus, features a tetronate-con-
taining aglycone (chlorothricolide) that is characteristic of the
spirotetronate family.[2] To furnish the structure, this aglycone is
decorated by two d-olivoses, the second of which is further O-
acylated at the C3’ position and equipped with a 5-chloro-6-
methyl-O-methylsalicyclic acid (2) moiety (Scheme 1). A com-
plete lack of fragment 2 led to a decrease in the antibacterial
activity and stability.[3a] Recently we cloned and characterized
the CHL biosynthetic gene cluster and proposed that the in-
corporation of 2 into CHL involves two acyl-transfer steps that
depend upon the acyl-S-carrier protein (ACP) intermediates.[3]


Here, we delineate this process by in vivo and in vitro studies
to identify the pathway-specific enzymes, differentiate the
functions of two acyltransferases, and provide insights into the
enzymatic mechanisms for biosynthesizing the 5-chloro-6-
methyl-O-methylsalicyl group of CHL.


Upon bioinformatic analysis,[3a] functional assignments to
chlB1–B6 that constitute a closely linked gene cassette within
the chl cluster support their roles in supplying the 2 function-
ality of CHL (Scheme 1 A). The polyketide origin of 2, which
was previously revealed by isotope-labeled experiments,[4] was
confirmed by the characterization of ChlB1 as an iterative
type I polyketide synthase for 6-methylsalicyclic acid (6-MSA, 1)
biosynthesis via in situ inactivation and heterologous expres-
sion.[3] Within the cassette, the prediction that chlB2 encodes a
discrete ACP, and chlB3 and chlB6 each encode acyltransferases
with high sequence similarity to each other (37 % identity), is
fully consistent with the predicted biosynthetic pathway: the
resulting 6-MSA moiety could be transferred onto ChlB2, which
serves as a platform for chlorination and O-methylation (cata-


lyzed by ChlB4 and ChlB5, respectively) before the mature 5-
chloro-6-methyl-O-methylsalicyl group is incorporated into CHL
(Scheme 1 B). To test this hypothesis, the inactivation of chlB3
was carried out. As expected, the DchlB3 mutant TL1020
shares the same phenotype with the dchlB6 mutant TL1008
that was previously made;[3a] it produced desmethylsalicyl CHL
(DM-CHL), which completely lacked the 5-chloro-6-methyl-O-
methylsalicyl moiety (Figure 1). To determine the relative
timing of these enzyme-catalyzed steps, however, the specific
actions of ChlB3 and ChlB6 need to be functionally differentiat-
ed.


To characterize these enzymes, ChlB2, ChlB3, and ChlB6
were first expressed in E. coli BL21 ACHTUNGTRENNUNG(DE3). After the optimization
of temperature, inducer concentrations, and induction times,
ChlB2 and ChlB3 were expressed in soluble forms and were
purified to homogeneity. Incidentally, ChlB6 had to be ex-
pressed in another system that included Pseudomonas putida
KT2440 because it is insoluble in E. coli. Finally, the purified
His-tagged ChlB2, ChlB3, and ChlB6 were subjected to assays
of the acyltransferase activities in vitro. Conversion of ChlB2
from the apo-form to the holo-form was carried out in the
presence of the phosphopantetheinyl acyltransferase Sfp and
coenzyme A (CoA);[5] this provided the active acceptor for as-
saying the first acyl-transfer reaction by judging the increase of
molecular weight via MALDI-TOF mass spectrometry (MS) anal-
ysis (Table 1) and the shift in high-performance liquid chroma-
tography (HPLC) mobility. Initial attempts to use the free acid


Figure 1. HPLC analysis of the CHL or DM-CHL production in S. antibioticus
wild-type strain (I), TL1008 (II), and TL1020 (III). *: DM-CHL, ~: CHL.
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1 as the substrate failed to detect any activity of ChlB3 and
ChlB6; this suggests that the 6-MSA moiety that results from
ChlB1 could be directly transferred onto ChlB2, instead of the
hydrolysis by water to form 1 by heterologous expression of
ChlB1 alone.[3b] Consistent with this result, the finding of de-


tectable salicyl-S-ChlB2 in the presence of either ChlB3 or
ChlB6 by using the salicyl-S-N-acetylcysteamine (S-NAC) 6 as
the surrogate substrate supported their acyl-transfer activities,
however, it fell short of distinguishing their substrate specifici-
ties; this is probably due to the ignored protein–protein inter-
action that can occur by using the phosphopantetheinyl arm
mimic. To solve this problem, the ChlB1 ACP domain was ex-
pressed in E. coli, purified, and converted to 6-methylsalicyl-S-
ChlB1-ACP (a) as the acyl group donor by Sfp from synthetic 6-
methylsalicyl-S-CoA (4 ; Scheme 1 B). Indeed, 6-methylsalicyl-S-
ChlB2 (d) was efficiently produced in the presence of ChlB3
(kcat of 1.2 s�1 and Km of 43 mm for 6-methylsalicyl-S-ChlB1-ACP),
but no reaction occurred if ChlB3 was replaced by ChlB6 (Fig-
ure 2 A). This result clearly confirmed that ChlB3 functions as
the first transferase that is specifically responsible for shuttling
of the 6-methylsalicyl group from ChlB1 to ChlB2.


Scheme 1. A) Gene cassette and B) biosynthetic pathway for incorporating 5-chloro-6-methyl-O-methylsalicyl group into CHL.


Table 1. MALDI-TOF MS analysis of apo-, holo-, and acyl-S-ACPs.


ACPs ChlB1-ACP [M+H]+ ChlB2 [M+H]+


calcd found calcd found


apo-ACP 11 655 11 655 12 351 12 349
holo-ACP 11 995 11 992 12 691 12 687
6-methylsalicyl-S-ACP 12 130 12 128 12 825 12 821
5-chloro-6-methyl- 12 178 12 177 12 874 12 873
O-methylsalicyl-S-ACP
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To afford CHL, the ChlB2-tethered acyl group,
which may be subsequently chlorinated and O-me-
thylated for the maturation, needs to be appended
onto DM-CHL by a regiospecific transferase. To verify
this reaction, 2 and its CoA derivative 5 were syn-ACHTUNGTRENNUNGthesized, and the 5-chloro-6-methyl-O-methylsalicyl
group was loaded onto ChlB2 by Sfp, yielding 5-
chloro-6-methyl-O-methylsalicyl-S-ChlB2 (f) as the
active donor for detecting the second acyl-transfer
activity. As shown in Figures 3 A and 3 B, ChlB6 cata-
lyzed the production of CHL from DM-CHL accord-
ingly, with the deacylation of f to holo-ChlB2 occur-
ring in a time-dependent manner. Next, the function-
al specificity of ChlB6 was further confirmed by per-
forming the reverse reaction (Figure 3 C and D). By
using CHL as the substrate and holo-ChlB2 as the
acyl acceptor, DM-CHL was produced accordingly
with the appearance of f, but the deacylation of CHL
was completely blocked by omitting holo-ChlB2
from the reaction buffer. In contrast, ChlB3 did not
catalyze either this forward or reverse reaction under
the same conditions. Unambiguously, these findings
confirmed ChlB6 as the second transferases for regio-
selectively appending the 5-chloro-6-methyl-O-meth-
ylsalicyclic acid (2) moiety from ChlB2 onto the end
d-olivose unit of DM-CHL to form CHL.


Secondary structural prediction suggested that
ChlB3 and ChlB6 resemble a family of a,b-hydrolases
that contain a key Cys or Ser residue to covalently
channel the acyl group shuttling in various reactions (Fig-
ure 4 A).[6] A few members have been characterized to be the


transferases that utilize ACP proteins as the acyl donors or ac-
ceptors in nature similar to ChlB3 and ChlB6, including CmaE
and SyrC for the aminoacyl group transfer in the biosynthesis
of coronamic acid and syringomycin,[7] respectively, and CloN7/
CouN7 for the pyrrolylcarbonyl moiety transfer in the biosyn-
thesis of aminocoumarin antibiotics (Figure 4 B).[8] Sequence
alignment revealed a highly conserved Cys residue in both
ChlB3 and ChlB6; this suggests that they fall into the C-type
group of this family. To validate its critical role during the acyl
transfer process, this residue was replaced by Ala and Ser.
Whereas the C113A mutant of ChlB3, and C113A and C113S
mutants of ChlB6 were completely inactive, the C113S mutant
of ChlB3 exhibited a significantly decreased but detectable
acyl-transfer activity (Figure 2 B). Remarkably, an apparent inter-
mediate appeared accordingly with the decrease of the sub-
strate a at the early reaction stage and increase of the product
d at the latter stage. The HPLC fraction containing this inter-
mediate was concentrated and subjected to MALDI-TOF MS
analysis, which allowed us to deduce it to be 6-methylsalicyl-
O-ChlB3 (C113S, e’’, [M+H]+ 38,341�6 found; and 38,310 cal-
culated) by considering the increase of molecular weight from
ChlB3 (C113S, e’, [M+H]+ 38,212�6 found; and 38,176 calcu-
lated). The difference, 129, was thought to represent the mo-
lecular weight of 6-methylsalicyl (134). This result strongly sup-
ported the supposition that ChlB3 uses the thiolate side chain
as a nucleophile to channel the acyl transfer from ChlB1-ACP
to ChlB2 via a two-step process: ChlB3 takes over the resultant
6-methylsalicycloyl group from ChlB1 and then transfers it to


Figure 2. HPLC analysis of the 6-methylsalicyl transfer from ChlB1-ACP to
ChlB2. A) conversions of apo-ChlB1-ACP to 6-methylsalicyl-S-ChlB1-ACP (a ; I) ;
apo-ChlB2 to holo-ChlB2 (b ; II) ; and 6-methylsalicyl-S-ChlB1-ACP to 6-methyl-
salicyl-S-ChlB2 (d) and holo-ChlB1-ACP (c) in the presence of ChlB6 for
30 min (III), and ChlB3 for 5 min (IV) and 30 min (V), respectively; B) with 6-
methylsalicyl-S-ChlB1-ACP (I) and holo-ChlB2 (II) as the controls, assays of
the 6-methylsalicyl transfer in the presence of the C113A mutant ChlB3 for
1 h (III), and the C113S mutant ChlB3 for 20 min (IV) and 1 h (V), respectively.
ChlB3 (C113A), ChlB3 (C113S) and 6-methylsalicyl-O-ChlB3 (C113S) are indi-
cated by e0, e’, and e’’, respectively.


Figure 3. HPLC analysis of 5-chloro-6-methyl-O-methylsalicyl shuttling between ChlB2
and CHL in the presence of ChlB3 for 7–8 h (I), and ChlB6 for 1 h (II), 4 h (III) and 7–8 h
(IV) ; A) protein detection and B) chemical detection. The forward attachment of this
moiety onto DM-CHL (*) from 5-chloro-6-methyl-O-methylsalicyl-S-ChlB2 (f) and genera-
tion of CHL (~) and holo-ChlB2 (b) is shown; C) protein detection, and D) chemical detec-
tion. The reverse deacylation of this moiety from CHL and generation of DM-CHL and 5-
chloro-6-methyl-O-methylsalicyl-S-ChlB2 are shown. ChlB6 and ChlB3 are indicated by g
and e, respectively.
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ChlB2. The SH functionality can be substituted by an OH group
of Ser in a similar nucleophilic manner, although this change
dramatically slowed down the second acyl-transfer step from
ChlB3 to ChlB2 and made the ChlB3-associated intermediate
detectable.


In conclusion, characterization of ChlB1-ACP, ChlB2, ChlB3,
and ChlB6 in this study established an ACP-centered strategy


that involve two distinct acyl-transfer steps for generation and
regioselective attachment of the aromatic moiety 2 onto the
sugar unit to furnish CHL. A similar route for sugar acylations
could be adopted in other glycosylated natural product bio-
synthetic machineries, including the carrier protein CloN1 (or
CouN1)-associated activities of the acyltransferase pair CloN2/
CloN7 (or CouN2/CouN7) for appending the pyrrolylcarbonyl


Figure 4. Sequence alignment of selected acyltransferases that belong to the a,b-hydrolase family (A) and relative natural products (B). Arrows indicate the
conserved Cys or Ser residue.
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group to form clorobiocin (or coumermycin, Figure 4 B, so far
the activities of CloN2 and CouN2 still remain to be proved in
vitro).[9] Whereas the covalent tethering of an amino acid onto
a discrete carrier protein has been widely speculated as a
means of changing the functionalities of the amino acid prior
to incorporation,[10] the finding that ChlB2 mediates the aro-
matic polyketide moiety transfer in the CHL biosynthesis sug-
gests that this strategy could be more common in secondary
metabolism: it might be advantageous in optimizing molecular
recognition of downstream enzymes (i.e. , the halogenase
ChlB4 and methyltransferase ChlB5) to the ChlB2-associated in-
termediate by providing structural features from the ACP pro-
tein. Interestingly, the biosynthetic gene clusters of avilamycin
(AVI) and calicheamicin (CAL; Figure 4 B),[11] both of which con-
tain a sugar-attached, highly modified aromatic moiety of poly-
ketide origin, lack the gene that encodes a discrete ChlB2-like
ACP protein. Consistently, only one acyltransferase that exhibits
high sequence similarity to ChlB3 and ChlB6 has been found in
each pathway (AviN with 49 % identity to ChlB3 and 32 % iden-
tity to ChlB6, and CalO4 with 53 % identity to ChlB3 and 37 %
identity to ChlB6, respectively) ; this indicates the alterative
possibility that the orsellinic acid moiety resulting from the
iterative type I PKS (AviM or CalO5) could be directly trans-
ferred onto the small molecule, and modifications on this
moiety might take place after the sugar acylation. Our experi-
ments differentiate two acyltransferases, confirm the covalent
acyltransferase intermediate for acyl group shuttling, set the
stage for deciphering the remaining modification steps (chlori-
nation and O-methylation), and will eventually contribute to
generate new analogues of CHL via combinatorial biosynthesis
and chemoenzymatic methods.


Experimental Section


Gene inactivation in S. antibioticus : To inactivate chlB3, a 2.2 kb
XbaI/AatII fragment amplified by PCR by using the following pri-
mers 5’-ATA TCT AGA CCC GCG GCG CAA TAC CCG-3’ (the XbaI site
is underlined) and 5’-TAT GAC GTC CGT CAC GCT CTC CTG CGC-3’
(AatII site is underlined), and a 1.9 kb KpnI/HindIII fragment ampli-
fied by PCR by using the following primers 5’-ATA GGT ACC GCC
CTG GTG CCA GGA GTC-3’ (KpnI site is underlined) and 5’-TAT AAG
CTT GGA CCA GCA GGT CGA TCC-3’ (HindIII site is underlined)
were co-ligated with the 1.5 kb AatII/KpnI fragment that contains
the apramycin resistance gene, aac(3)IV. The resultant 5.6 kb XbaI/
HindIII fragment was cloned into the same site of vector pTL1001
to yield the recombinant construct pTL1050, in which a 732 bp in-
ternal fragment of chlB3 was replaced by aac(3)IV.


To inactivate chlB2, a 2.0 kb XbaI/AatII fragment was amplified by
PCR by using the following primers 5’-ATA TCT AGA CCC GCG GCG
CAA TAC CCG-3’(XbaI is site underlined) and 5’-TAT GAC GTC CGG
CGA TCC TGA TGA ACT AC-3’ (AatII site is underlined) and a 1.9 kb
KpnI/HindIII fragment was amplified by PCR by using the following
primers 5’-ATA GGT ACC CCT GAA TGA ACG GGA TGA G-3’ (KpnI
site is underlined) and 5’-TAT AAG CTT ACG GCC GCC GCG AGG
TAG-3’ (HindIII site is underlined), were co-ligated with the 1.5 kb
AatII/KpnI fragment that contains aac(3)IV. The resultant 5.4 kb
XbaI/HindIII fragment was cloned into the same site of vector
pTL1001 to yield the recombinant construct pTL1051, in which a
85 bp internal fragment of chlB2 was replaced by aac(3)IV


Introduction of each recombinant construct into S. antibioticus
DSM 40 725 was carried out by E. coli–Streptomyces conjugation by
following the procedure described previously.[1] For gene replace-
ment, colonies that were apramycin resistant and thiostrepton sen-
sitive at 37 8C were identified as mutants. The genotype of each
mutant strain was confirmed by PCR amplification with the wild-
type strain as the control (Figures S1 and S2). Production, isolation,
and HPLC analysis of CHL and DM-CHL in S. antibioticus were car-
ried out according to the methods described previously.[3]


Protein expression, purification and mutation : By using the
cosmid pTL1502 as the template,[3] the DNA fragments encoding
individual target proteins were amplified by PCR with PfuUltraTM


High-Fidelity DNA Polymerase (Stratagene). The identity of each
PCR product was confirmed by sequencing. To express ChlB1-ACP,
a 0.3 kb PCR product was obtained by using the primers 5’-TA GAA
TTC CAT ATG GCC CCC GAC GAA CTG C-3’ (EcoRI/NdeI site under-
lined) and 5’-TA TAT AAG CTT TCA GGC CGT TGC CGC CGG-3’ (Hin-
dIII site underlined) and then cloned into pSP72 to yield pTL1055.
The 0.3 kb NdeI/HindIII fragment was recovered from pTL1055 and
ligated into the same site of pSJ8 to make the recombinant con-
struct pTL1056. To express ChlB2, a 0.3 kb PCR product was ob-
tained by using the primers 5’-AT GAA TTC CAT ATG ACA GCA GAA
GAA TAC GC-3’ (EcoRI/NdeI site underlined) and 5’-TA TAT AAG CTT
CTC GAG GCC GGC GTT CGA GGC G-3’ (XhoI/HindIII site under-
lined) and then cloned into pSP72 to yield pTL1057. The 0.3 kb
NdeI/HindIII fragment was recovered from pTL1057 and ligated
into the same site of pET28a to make the recombinant construct
pTL1058. To express ChlB3, a 1.0 kb PCR product was obtained by
using the primers 5’-AT CTG CAG CAT ATG CGG ACG CCC GAC ATA
TTC-3’ (PstI/NdeI site underlined) and 5’-TA TAT AAG CTT CTC GAG
GTC GCT CCA GGG AGC C-3’ (XhoI/HindIII site underlined) and
then cloned into pSP72, yielding pTL1059. The 1.0 kb NdeI/XhoI
fragment was recovered from pTL1059 and ligated into the same
site of pET37b, making the recombinant construct pTL1060. To ex-
press ChlB6, a 1.1 kb PCR product was obtained by using the pri-
mers 5’-AT GAA TTC CAT ATG AAG GTC AGC GGC ATC CAC-3’
(EcoRI/NdeI site underlined) and 5’-TA TAT AAG CTT CTC GAG CGT
GTC CCG CTG ATA C-3’ (XhoI/HindIII site underlined) and then
cloned into pSP72, yielding pTL1061. The 1.1 kb NdeI/XhoI frag-
ment was recovered from pTL1061 and ligated into the same site
of pET37b to yield the recombinant construct pTL1062. To make
the construct for expressing ChlB6 in P. putida KT2440, The 1.1 kb
XbaI/AvrII fragment from pTL1062 was cloned into pVLT33 to yield
the recombinant construct pTL1063. Whereas the constructs
pTL1056, pT L1058, and pTL1060 were introduced respectively into
E. coli BL21 (DE3) for overproduction of the proteins ChlB1-ACP,
ChlB2, and ChlB3, introduction of the construct pTL1063 into
P. putida KT2440 was carried out by E. coli–Pseudomonas conjuga-
tion for producing ChlB6. Cells had grown in the LB medium sup-
plemented with 50–100 mg mL�1 of kanamycin at 30–37 8C and
250 rpm until the cell density reached 0.5 at OD600 nm. To induce
protein expression, isopropyl-b-d-thiogalactopyranoside (IPTG,
0.01–0.1 mm) was added to the cultures, which were further incu-
bated at 30 8C for 8–24 h. The soluble fractions of overproduced
proteins were loaded onto a Ni-NTA resin (Qiagen, Valencia, CA)
column for affinity purification. Each purified protein was dialyzed,
concentrated with an Amicon Ultra-15 filter, and then stored at
�80 8C for in vitro assays. For purification of ChlB1-ACP, TEV pro-
tease was added into the dialysis buffer for cleavage of the His-
tagged fusion protein MBP, followed by further purification with
Ni-NTA affinity chromatography and gel fitration of Superdex 75
10/300 (Amersharm). The resultant ChlB1-ACP protein was then
concentrated and stored at �80 8C for in vitro assays.
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To mutate ChlB3 and ChlB6, each single amino acid residue ex-
change was performed by site-specific mutagenesis by using the
QuickChange Muti-Site Directed Mutagenesis Kit (Stratagene) ac-
cording to the manufacture’s introductions. With pTL1059 or
pTL1061 as the template, the following sets of primers were used
for introducing the mutations into chlB3 or chlB6 : 5’-GAG ATC CAG
CAG GGC GCC AAT GGC ATG TTC AGC-3’ and 5’-GCT GAA CAT GCC
ATT GGC GCC CTG CTG GAT CTC-3’ (cordon encoding Ala under-
lined) for the C113A mutation of ChlB3; 5’-GAG ATC CAG CAG GGC
AGC AAT GGC ATG TTC AGC-3’ and 5’-GCT GAA CAT GCC ATT GCT
GCC CTG CTG GAT CTC-3’ (cordon encoding Ser underlined) for the
C113S mutation of ChlB3; 5’-GTG CTC GAC CAG GGC GCC AAC
GGC ATG CTG GCC-3’ and 5’-GGC CAG CAT GCC GTT GGC GCC CTG
GTC GAG CAC-3’ (cordon encoding Ala underlined) for the C113A
mutation of ChlB6; and 5’-GTG CTC GAC CAG GGC AGC AAC GGC
ATG CTG GCC-3’ and 5’-GGC CAG CAT GCC GTT GCT GCC CTG GTC
GAG CAC-3’ (cordon encoding Ser underlined) for the C113S muta-
tion of ChlB6. Consequently, the mutated versions of chlB3 and
chlB6 were confirmed by sequencing and then cloned into pET37a
or pVLT33 by using same strategies to make pTL1060 and pTL1063
for native ChlB3 and ChlB6 expression, respectively, yielding
pTL1064 for expressing C113A mutant ChlB3, pTL1065 for express-
ing C113S mutant ChlB3, pTL1066 for expressing C113A mutant
ChlB6, or pTL1067 for expressing C113S mutant ChlB6. ProteinACHTUNGTRENNUNGexpression and purification were carried out according to the pro-
cedures described above.


Assays of the acyl transfer activities


Transfer of the 6-methylsalicycloyl moiety from ChlB1-ACP to ChlB2 :
To generate holo-ChlB2, the reaction was carried out in 75 mm


MOPS buffer (200 mL; pH 7.5) that contained 10 mm MgCl2, 1 mm


Tris-(2-carboxylethyl)-phosphine (TCEP), 450 mm CoA, 5 mm Sfp, and
300 mm apo-ChlB2 at 30 8C for 1 h. To generate 6-methylsalicyl-S-
ChlB1-ACP, a similar reaction was performed in 75 mm MOPS
buffer (100 mL; pH 7.5) with the exception in the following concen-
trations and components: 150 mm 6-methylsalicyl-S-CoA, 2 mm Sfp,
and 100 mm apo-ChlB1-ACP. For transferring the 6-MSA moiety, the
reaction mixture containing 30 mm 6-methylsalicyl-S-ChlB1-ACP and
30 mm holo-ChlB2 was incubated at 30 8C for 1 min, 5 min, 10 min,
or 30 min, in the presence of 0.2 mm ChlB3, ChlB6, or mutated pro-
tein. To quench the reaction, 10 % formic acid (0.25 volumes) was
added. Each sample was analyzed by HPLC on a Vydac 218TP54
C18 reversed-phase HPLC column (250 � 4.6 mm, 5 mm, 300 �) with
the following gradient at room temperature: 0–3 min, 20 % B; 3–
5 min, 20–35 % B; 5–25 min, 35 %-55 % B; 25–26 min, 55–99 % B;
26–29 min, 99 % B; and 29–30 min, 99–20 % B (buffer A, 0.1 % TFA
in H2O; and buffer B, 0.1 % TFA in CH3CN). This was performed at a
flow rate of 1 mL min�1 with UV detection at 220 nm.


Transfer of the 5-chloro-6-methyl-O-methylsalicycloyl group
from ChlB2 to DM-CHL : To generate 5-chloro-6-methyl-O-methyl-
salicyl-S-ChlB2, the reaction was carried out in 75 mm MOPS buffer
(200 mL; pH 7.5) that contained 10 mm MgCl2, 1 mm TCEP, 450 mm


5-chloro-6-methyl-O-methylsalicyl-S-CoA, 5 mm Sfp, and 300 mm


apo-ChlB2 at 30 8C for 1 h. To transfer the 5-chloro-6-methyl-O-
methylsalicyl group, ChlB3, ChlB6, or mutated protein was added
(with the final concentration at 20 mm for the native proteins or
20 mm for the mutant proteins), and the combined reaction mix-
ture was further incubated at 30 8C for 10 min, 30 min, 1 h, 4 h, or
8 h. For protein detection, each 10 % formic acid (0.25 volume;
50 mL)-quenched sample was analyzed by HPLC under the same
condition described above. For chemical detection, each methanol
(2 volumes; 400 mL) quenched sample was analyzed by HPLC on a
COSMOSIL 3C18-AR-II reversed-phase HPLC column (250 � 4.6 mm,


5 mm) with the following gradient at room temperature: 0–5 min,
40 % B; 5–25 min, 40 %-85 % B; and 25–30 min, 80 %-40 % B (buffer
A, 0.1 % TFA in H2O; and buffer B, 0.1 % TFA in CH3CN). This was
performed at a flow rate of 1 mL min�1 with UV detection at
222 nm.


Deacylation of CHL : Each reaction was carried out in MOPS buffer
(75 mm, 100 mL; pH 7.5) that contained MgCl2 (10 mm), TCEP
(1 mm, pH 8.0), BSA (1 mm), 5 % DMSO, holo-ChlB2 (150 mm) and
CHL (150 mm) at 30 8C for 10 min, 30 min, 1 h, 4 h, or 8 h, in the
presence of ChlB3 or ChlB6 (20 mm). To quench the reaction, 10 %
formic acid (0.25 volumes; 25 mL) or methanol (2 volumes; 200 mL)
was added. Protein or chemical detection was described above.
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Capsaicin (1) is the major component responsible for the pun-
gency of chilli peppers. The compound was isolated as early as
1876, and synthesised in 1919.[1] Its full structure was unambig-
uously determined in 1955.[2] The strong interest in this com-
pound emerged from the use of chilli peppers in traditional
medicine treatments. Nowadays, capsaicin is available under
different brand names, mainly for pain treatment. Despite a
long standing history of capsaicin in medicine, the relevant
pain receptor was isolated and cloned only a decade ago and
has been named the transient receptor potential vanilloid sub-
type 1 (TRPV1).[3] TRPV1 is a nonselective cation channel that
also responds to heat and low pH. In the course of numerous
studies,[4] several natural and synthetic agonists[5] as well as
synthetic antagonists[6] of the capsaicin receptor have beenACHTUNGTRENNUNGinvestigated and a structure–activity relationship has been de-
fined. In these studies the aromatic residue is much more sen-
sitive to modification than the lipophilic side chain. The nature
of capsaicin binding to the TRPV1 receptor is not yet known in
full detail, although a comparison of receptor sequences and
site-directed mutations from species sensitive (human, rat) and
less sensitive (rabbit, chicken) to capsaicin, have identified spe-
cific amino acid residues in the transmembrane region of the
receptor that are important for capsaicin binding.[7, 8] Models
arising from these studies suggest that the side chain of cap-
saicin locates linearly and in an extended chain form between
two transmembrane helices, embedded within, and running
parallel to, the lipid chains of the membrane.[7] In this study we
have explored the agonist activity of two enantiomers of a-flu-
orocapsaicin, which were designed to probe the enantiomeric
location of the side chain in capsaicin. The study reinforces the
models proposed so far and also suggests a linear and extend-
ed binding mode of the capsaicin side chain.


Fluorine is only a little larger than hydrogen, however, it is
much more polar. When fluorine is placed a to an amide the


resulting dipoles/electrostatics dictate that there is a very
strong preference for the C�F bond to align antiparallel to the
amide carbonyl, and syn to the N�H bond.[9–11] This is illustrat-
ed in Figure 1 for the previously reported[9] rotational energy
profile of N-methyl-2-fluoropropionamide, as measured by ab
initio calculations (B3LYP/6-31G*9(d)).


The trans conformer was calculated to fall into an 8 kcal
mol�1 energy well where stabilisation results from dipolar re-
laxation between the C�F bond and the amide, as well as aACHTUNGTRENNUNGfavourable CF···HN electrostatic interaction. In the rotational
energy profile (Figure 1) there is a plateau at the gauche (anti-
clinal) conformation—a full 6.0 kcal mol�1 above the trans
structure. Mathad et al.[12] have subsequently developed an or-
bital symmetry argument suggesting that the gauche confor-
mer cannot support a stabilising p ACHTUNGTRENNUNG(amide) to s* ACHTUNGTRENNUNG(C�F) HOMO–
LUMO interaction. The trans amide structure emerges as the
only minimum on the rotational energy profile.


Capsaicin (1) is nonchiral, however, for the fluoro-enantio-
mers (S)-2 and (R)-2 this has the consequence that the side
chains might orientate enantiomerically. Thus, their relative ef-
ficacies might be able to report an enantiomeric preference of
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School of Chemistry and Centre for Biomolecular Sciences
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[b] H. A. Khairy, Dr. R. H. Scott
School of Medical Sciences, Institute of Medical Sciences
University of Aberdeen, Foresterhill, AB25 2ZD Aberdeen (UK)


Figure 1. Rotational energy profile determined by ab initio calculations
(B3LP/6-31G*9(d)) of N-methyl-2-fluoropropionamide, demonstrating a steep
energy well of up to 8.0 kcal mol�1. Taken from ref. [9] , reproduced by per-
mission of The Royal Society of Chemistry.
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side-chain binding to the receptor, particularly if the side chain
deviates significantly from the molecular axis of binding asACHTUNGTRENNUNGillustrated in Figure 2. If, however, the side chains orientate
along the molecular axis, then both enantiomers can equally
access that conformation, and elicit a similar response.


A synthetic strategy to (S)-2 and (R)-2 was developed, which
utilised an asymmetric organocatalytic eletrophilic fluorination
as the key step for introducing the fluorine. The synthetic
route is outlined in Scheme 1 for (S)-2 and starts from (E)-8-
methylnon-6-enoyl chloride (3). The manufacturer indicates
that this material is “predominantly trans” and GC–MS deter-
mined that the E/Z ratio was 89:11. This ratio was carried
through all steps of the synthesis and thus the final products
had approximately 10 % of the Z isomer. The difference in the
biological activity of (E)- and (Z)-capsaicin has been investigat-
ed earlier and there is no significant difference in activity.[5c]


After a few attempts to reduce
the acid chloride 3 directly to
aldehyde 5 it was found more
practical to adopt a two-step
route via alcohol 4.[13] The enan-
tioselective organocatalytic in-
troduction of fluorine a to the
aldehyde comprised the key
step of the synthesis.[14]


By using both enantiomers of
the imidazolidinone catalysts
and N-fluorobenzenesulfoni-
mide (NFSI) as the electrophilic
source of fluorine, the respec-
tive a-fluoroaldehydes were
prepared in high ee values. No-
tably, a typical formation of 10–
15 % of a,a-difluorinated alde-
hyde could not be avoided.[15]


Due to their volatility, the aldehydes were oxidised[16] to the re-
spective acids without prior purification. The a,a-difluorinated
aldehyde did not oxidise under the reaction conditions and
was readily separated from the fluorinated carboxylic acids (S)-
6 and (R)-6 by extraction. The resultant carboxylic acids were
then directly coupled with vanillinamine[17] (7) by TBTU mediat-
ed amide bond formation[18] to give the desired capsaicinoids
(S)-2 and (R)-2. The enantiomeric purity of the fluorinated cap-
saicins after recrystallisation from hexane was determined by
chiral HPLC (96 % ee and 95 % ee, respectively). The resultant
(S)-2 crystallised in long colourless needles and X-ray crystal-
lography further confirmed the structure and absolute stereo-
chemistry. The X-ray structure also revealed the expected ori-
entation of the C�F bond relative to the amide moiety
(Figure 3).


The synthetic enantiomers were then investigated as capsai-
cin agonist analogues in rat vanilloid receptors. Dorsal root
ganglia (DRG) neurones in vivo and in culture are a heteroge-
neous population of cells and as previously reported[19, 20] only
a subpopulation of neurones express TRPV1 receptors and
thus respond to capsaicin. In this study capsaicin (1 mm)


Figure 2. Putative enantiomeric binding orientations of a-fluorinated capsaicins either away from the molecular
axis in different enantiomeric directions (above) or along the molecular axis (below). If the binding mode deviates
from the molecular axis as shown (above), then the enantiomer response should differ. If it is along the molecular
axis, then the enantiomer response should be similar.


Scheme 1. Synthetic route to a-fluorinated capsaicin (S)-2 ; a) LiAlH4, THF,
room temperature; b) PCC, DCM, room temperature; c) NFSI, (S)-5-benzyl-
2,2,3-trimethylimidazolidin-4-one dichloroacetic acid salt, THF, iPrOH, �10 8C;
d) CrO3/H2SO4, Et2O, acetone, H2O, THF; E) TBTU, Et3N, DMF, room tempera-
ture. Combined yield of steps c)–e) = 12 %.


Figure 3. Crystal structure of (S)-2 confirming the anti-planar orientation of
the C�F bond and the amide carbonyl.
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evoked transient increases in intracellular Ca2+ in a high pro-
portion of DRG neurones (73 of 80 neurones). This ~90 % re-
sponse rate to capsaicin reflected selection of neurones with
smaller diameter cell somas. Both synthetic isomers of fluori-
nated capsaicin, (S)-2 and (R)-2, evoked increases in intracellu-
lar Ca2 + . The amplitudes of these responses were not signifi-
cantly different from the responses to an equal concentration
of capsaicin (1 mm ; Figures 4 A–D). Also consistent with an ago-
nist action of the fluorinated capsaicin isomers at TRPV1 recep-
tors was the fact that the 14 neurones that did not respond to
capsaicin also failed to respond to (R)-2 (Figure 4 E). Although
all the cells that responded to the fluorinated capsaicin iso-
mers also responded to capsaicin, 3 out of 28 neurones that
responded to capsaicin failed to respond to (R)-2 (Figure 4 F).
We did not find similar neurones that responded to capsaicin
but not (S)-2.


This apparent anomaly with (R)-2 could reflect a sensitisation
phenomenon rather than a distinct pharmacology of the
R isomer. To investigate this further we used the TRPV1 recep-
tor antagonist capsazepine (1 mm) to assess predicted inhibi-


tion of (R)-2 and (S)-2 (1 mm) responses. Pretreatment of neuro-
nes for 5 min with capsazepine greatly inhibited the responses
to both (R)-2 and (S)-2 in neurones that after removal of the
antagonist, were subsequently shown to respond to either
capsaicin or one of the synthetic agonist isomers alone. Capsa-
zepine completely abolished the responses to (R)-2 (32 out of
38) and (S)-2 (five out of eight neurones). The mean popula-
tion response to (R)-2 in the presence of capsazepine was
0.016�0.008 fluorescence ratio units (n = 28), a value signifi-
cantly lower than the mean responses to capsaicin (0.77�0.14
fluorescence ratio units; n = 28, P<0.001; Figure 2 F). The
mean population response to (R)-2 in the presence of capsaze-
pine was inhibited by (98�2) % (n = 15) and (98�2) % (n = 26)
compared with responses to (R)-2 and capsaicin alone, respec-
tively. The mean population response to (S)-2 in the presence
of capsazepine was inhibited by (64�13) % (n = 8) compared
with responses to (S)-2 alone.


To determine the lower threshold of response, experiments
were also conducted at 250 and 330 nm (R)-2, but at these
concentrations responses were 20 % or less than the maximum


Figure 4. Synthetic fluorinated capsaicin isomers evoked transient increases in intracellular Ca2+ that were similar to capsaicin (Cap) responses in cultured
DRG neurones. A) Bar chart showing the mean peak responses to 1 mm (R)-2 and 1 mm Cap (n = 25; NS: not significantly different). B) An example record
showing increases in intracellular Ca2+ evoked in a single DRG neurone exposed to (R)-2 and capsaicin. C) Bar chart showing mean peak responses to 1 mm


(S)-2 and 1 mm Cap (n = 19; NS: not significantly different). D) An example record showing increases in intracellular Ca2+ evoked in a single DRG neurone ex-
posed to (S)-2 and Cap. E) An example record from a neurone that failed to respond to both 1 mm (R)-2 and 1 mm Cap. F) An example record showing the
complete block of 1 mm (R)-2 response by 1 mm capsazepine. A robust response to capsaicin could be seen after the antagonist had been washed away; this
demonstrates the expression of TRPV1 receptors in this neurone.
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response. Also, 70 % of DRG neurones that responded to (R)-2
(1 mm) failed to respond to the lower concentration of the
same synthetic capsaicin analogue. However, raising the con-
centration to 500 nm resulted in clear intracellular Ca2+ transi-
ents to both capsaicin analogues. Both (R)-2 and (S)-2 gave
similar responses—the peak amplitudes relative to the maxi-
mum responses produced by the same analogue applied at
1 mm were (50�5) % (n = 19) and (51�7) % (n = 8; NS: not sig-
nificantly different), respectively. Therefore, the apparent EC50


values for the two synthetic capsaicin analogues were not sig-
nificantly different.


In conclusion we have synthesised the enantiomers of a-flu-
orocapsaicin in high enantiopurity. The enantiomers gave simi-
lar agonist responses to each other and to capsaicin itself in
rat TRPV1 receptors. The agonist response of the a-fluorocap-
saicins was successfully inhibited by the antagonist capsaze-
pine; this indicates that they indeed located at the capsaicin
binding site. If we assume that the fluorines adopt the antici-
pated trans conformation then the similar efficacy of the enan-
tiomers suggests that the binding mode of the capsaicin side
chain is not enantiomerically biased, and reinforces the devel-
oping models of capsaicin binding from mutagenesis and
structural studies, which indicate that the side chain binds in
an extended conformation from the amide bond directly along
a molecular axis as illustrated in Figure 5.


The theoretical study[9] suggests that there is a deep energy
well favouring the anti conformer in a-fluoroamides, with syn-
clinal and anticlinal (gauche) conformers lying ~3.0 and
~6.0 kcal mol�1, respectively, above the minimum (Figure 1).
However, if both fluorinated enantiomers were forced into, for
example, equal and opposite syn–clinal conformer enantipodes
to maintain a common orientation of the alkyl chain, then it
would be difficult to distinguish this from the anticipated anti
conformer mode of binding. However this would constitute an
enantiomeric bias on binding and therefore appears less likely
in view of the comparable agonistic (EC50) efficacy displayed
by each of the fluorinated enantiomers. Interestingly, these are
the only fluorinated analogues of capsaicin that have beenACHTUNGTRENNUNGreported so far and they also emerge as potential 19F NMR
probes for magnetic resonance brain imaging in small animal
models.[21] In view of recent developments where radiolabelled
[18F]-NFSI has been prepared as a new reagent for positron
emission tomography (PET) synthesis,[22] the synthetic route de-
scribed in this report has prospects for the fluorine-18 PET la-
belling of capsaicin for brain imaging by PET, particularly as
the fluorinated analogues show similar efficacy to capsaicin
itself.


Experimental Section


(R)-2-Phenylethylamine was purchased from Acros Organics and
NFSI from Fluorochem Ltd. (Derbyshire, UK). (E)-8-Methylnon-6-
enoyl chloride, fura-2 pentakis(acetoxymethyl)ester (fura-2-AM) and
all other chemicals were purchased from Sigma–Aldrich. Ham’s F14
medium was obtained from Imperial Laboratories (Hampshire, UK)
and horse serum from Gibco (Paisley, Scotland). For GC–MS analysis
a Supelco MDN-35 column (30.0 m � 250 mm � 0.25 mm) on an Agi-
lent 6890 Series GC coupled to an Agilent 5973Network MSD and
7683 Series Autosampler was used (method: 1 mL min�1 He; 1 min
50 8C, 10 8C min�1 to 260 8C, 18 min 260 8C). NMR spectra were re-
corded by using a Bruker Avance II 400 MHz with 400.14 MHz (1H),
100.62 MHz (13C) and 376.41 MHz (19F). Chiral analysis was carried
out with a Daicel Chiralcel OD-H column (5 mm, 250 � 4.6 mm) by
using a VARIAN Prostar equipped with a Model 410 Autosampler.


Synthesis


8-Methylnon-6-enol (4): (E)-8-Methylnon-6-enoyl chloride is specified
as “predominantly trans” (Sigma–Aldrich). The E :Z ratio was deter-
mined by GC–MS to be 89:11 and this ratio was carried through all
following steps. NMR spectra of the Z isomers are given for select-
ed compounds. LAH (1.14 g, 30 mmol) was suspended in dry THF
(15 mL) and cooled to 0 8C. (E)-8-Methylnon-6-enoyl chloride
(4.26 g, 22.6 mmol) was dissolved in dry THF (5 mL) and added
dropwise. The cooling was removed, the reaction was stirred for
1 h at room temperature and quenched under ice-cooling with HCl
(2 N; 20 mL). The mixture was diluted with sat. NaCl to 100 mL and
the product was extracted into Et2O (3 � 50 mL). The organic layer
was dried (MgSO4) and the solvent was evaporated to yield alcohol
4 (3.36 g, 95 %) as a colourless oil. (E)-4 : 1H NMR (400 MHz, CDCl3,
room temperature): d= 0.89 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.7 Hz, 6 H; CH3), 1.25–
1.35 (m, 4 H; 2 CH2), 1.50 (m, 2 H; CH2), 1.89–1.94 (m, 2 H; CH2), 2.16
(m, 1 H; CH), 3.57 (t, 3J ACHTUNGTRENNUNG(H,H) = 6.6 Hz, 2 H; CH2), 5.23–5.34 (m, 2 H;
2 CH); 13C NMR (125 MHz, CDCl3, room temperature): d= 22.7, 25.2,
29.4, 31.0, 32.5, 32.7, 63.1, 126.9, 137.8; MS (EI ; 69.9 eV): m/z (%):
156 (2) [M+] , 138 (2), 123 (13), 95 (79), 69 (100), 55 (91); (Z)-4 :
1H NMR (400 MHz, CDCl3, room temperature): d= 0.87 (d, 3J ACHTUNGTRENNUNG(H,H) =
6.8 Hz, 6 H; CH3), 1.25–1.35 (m, 4 H; 2 CH2), 1.49 (m, 2 H; CH2), 1.95–
2.01 (m, 2 H; CH2), 2.52 (m, 1 H; CH), 3.57 (t, 3J ACHTUNGTRENNUNG(H,H) = 6.6 Hz, 2 H;
CH2), 5.09–5.19 (m, 2 H; 2 CH); 13C NMR (125 MHz, CDCl3, room tem-
perature): d= 23.2, 25.3, 29.4, 31.0, 32.5, 32.7, 63.1, 126.9, 137.8; MS
(EI) (69.9 eV): m/z (%): 156 (1) [M+] , 138 (2), 123 (12), 95 (80), 69
(100), 55 (99).


8-Methylnon-6-enal (5): Alcohol 4 (1.56 g, 10 mmol) was dissolved
in dry DCM (20 mL) and oxidised by addition of PCC (3.23 g,
15 mmol). After being stirred for 2 h at room temperature, the het-
erogeneous mixture was transfused and the residue was washed
with Et2O. The combined organic extracts were adsorbed onto
Celite and purified by silica gel chromatography. Aldehyde 2 was
obtained as a pungent colourless oil (1.13 g, 72 %) and stored at
�18 8C. (E)-5 : 1H NMR (400 MHz, CDCl3, room temperature): d=
0.88 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.8 Hz, 6 H; 2 CH3), 1.25–1.35 (m, 2 H; CH2), 1.56
(m, 2 H; CH2), 1.90–1.95 (m, 2 H; CH2), 2.11–2.20 (qd, 3JACHTUNGTRENNUNG(H,H) 6.7,
13.4 Hz, 1 H; CH), 2.35 (dt, 3JACHTUNGTRENNUNG(H,H) = 1.8, 7.4 Hz, 2 H; CH2), 5.21–5.34
(m, 2 H, 2 CH), 9.69 (t, 3J ACHTUNGTRENNUNG(H,H) = 1.8 Hz, 1 H; CHO); 13C NMR
(125 MHz, CDCl3, room temperature): d= 21.5, 22.6, 29.0, 31.0, 32.1,
43.7, 126.3, 138.2, 202.8; MS (EI; 69.9 eV): m/z (%): 154 (0.2) [M+] ,
136 (25), 121 (26), 95 (37), 69 (100), 55 (85); (Z)-5 : 1H NMR
(400 MHz, CDCl3, room temperature): d= 0.87 (d, 3JACHTUNGTRENNUNG(H,H) = 6.9 Hz,
6 H; 2 CH3), 1.25–1.35 (m, 2 H; CH2), 1.56 (m, 2 H; CH2), 1.97–2.02 (m,
2 H; CH2), 2.36 (dt, 3J ACHTUNGTRENNUNG(H,H) = 1.8, 7.4 Hz, 2 H; CH2), 2.46–2.55 (m, 1 H;
CH), 5.09–5.17 (m, 2 H; 2 CH), 9.69 (t, 3J ACHTUNGTRENNUNG(H,H) = 1.8 Hz, 1 H; CHO);


Figure 5. Suggested binding model of the enantiomers of 2 with the TRPV1
receptor, where both side chains can access a similar conformation along an
extended molecular axis and maintain a trans amide conformation.
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13C NMR (125 MHz, CDCl3, room temperature): d= 21.6, 23.2, 26.5,
29.0, 32.1, 43.7, 126.5, 138.1, 202.7; MS (EI; 69.9 eV): m/z (%): 136
(30), 121 (28), 95 (46), 69 (100), 55 (95).ACHTUNGTRENNUNG(S,E)-2-Fluoro-8-methylnon-6-enoic acid, (S)-6 : A solution of NFSI
(1.36 g, 3.92 mmol) and (S)-5-benzyl-2,2,3-trimethylimidazolidin-4-
one dichloroacetic acid salt (70 mg, 0.2 mmol) in THF:i-propanol
(10 mL, 9:1) was cooled to �15 8C and then aldehyde 5 (206 mg,
1.34 mmol) was added. The reaction proceeded at �10 8C and was
monitored by GC–MS. After 12 h the reaction mixture was filtered
over a pad of silica gel and eluted with Et2O to a final volume of
25 mL. After reductive amination of an aliquot with (R)-2-phenyl-ACHTUNGTRENNUNGethylamine, the ee (90 %) was determined by using 19F NMR spec-
troscopy. For the oxidation of the aldehyde to the carboxylic acid,
the mixture was diluted with acetone (25 mL) and water (5 mL)
and treated dropwise with a solution of CrO3 (1 m in 30 % H2SO4)
until complete consumption of the a-fluorinated aldehyde. Water
(50 mL) was added and the aqueous phase was extracted into Et2O
(3 � 30 mL). The fluorinated carboxylic acid (S)-6 was extracted into
sat. NaHCO3 solution and was subsequently acidified by addition
of conc. HCl, and then re-extracted into Et2O. The organic layer
was dried with MgSO4 and the solvent was evaporated to yield (S)-
6 (255 mg, 101 %) as a pale yellow oil, which was directly used
without further purification. After amide formation of an aliquot
with (R)-2-phenylethylamine, the ee (87 %) was determined by
using 19F NMR spectroscopy.ACHTUNGTRENNUNG(R,E)-2-Fluoro-8-methylnon-6-enoic acid, (R)-6 : This was prepared in
the same way as (S)-6, but (R)-5-benzyl-2,2,3-trimethylimidazolidin-
4-one dichloroacetic acid salt (70 mg, 0.2 mmol) was used as the
catalyst.


4-Hydroxy-3-methoxybenzylamine hydrochloride (7): A solution of hy-
droxylamine hydrochloride (2.37 g, 34.0 mmol) and sodium acetate
trihydrate (4.48 g, 32.9 mmol) in water (10 mL) was added to an
aqueous solution of vanillin (5.00 g, 32.9 mmol, 20 mL) and the
mixture was stirred at 80 8C for 2 h. The resultant oxime was ex-
tracted into ethyl acetate (3 � 50 mL), the organic layer was dried
(MgSO4) and the solvent was evaporated. The residue was dis-
solved in EtOH (150 mL) and then Pd/C (10 % wt, dry basis) in H2O
(1.05 g) and HCl (36 %, 20 mL) were added. The reaction was vigo-
rously stirred under H2 at atmospheric pressure and room tempera-
ture for 18 h. The catalyst was removed by filtration over Celite
and the solvent volume was reduced, the residue was taken up in
EtOH and crystallised from EtOH/ethyl acetate. The product was
obtained as a pale yellow solid (5.52 g, 89 % over the two steps).
1H NMR (400 MHz, [D6]DMSO, room temperature): d= 3.76 (s, 3 H;
CH3), 3.88 (m, 2 H; CH2), 6.77 (d, 3JACHTUNGTRENNUNG(H,H) = 8.0 Hz, 1 H; CH), 6.83 (dd,
3J ACHTUNGTRENNUNG(H,H) = 1.9, 8.0 Hz, 1 H; CH), 7.09 (d, 3J ACHTUNGTRENNUNG(H,H) = 1.9 Hz, 1 H; CH), 8.14
(br s, 3 H; NH3), 9.18 (s, 1 H; OH).ACHTUNGTRENNUNG(S,E)-2-Fluoro-N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6-enam-
ide, (S)-2 : Amine 7 (208 mg, 1.1 mmol) was added to a solution of
(S)-6 in DMF (2 mL), Et3N (306 mL, 2.2 mmol) and O-(benzotriazol-1-
yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate (321 mg,
1.0 mmol) and the reaction was stirred at room temperature for
20 min. The mixture was then taken up in brine (15 mL) and ex-
tracted into ethyl acetate (2 � 10 mL). The organic extract was
washed sequentially with HCl (1 N, 15 mL), saturated NaHCO3


(15 mL) and brine (15 mL) and was then dried (MgSO4) and the sol-
vent was evaporated. Purification by silica gel chromatography
gave capsaicinoid (S)-2 (52 mg, 12 % over three steps) as colourless
needles after recrystallisation from hexane. The ee was determined
by chiral HPLC by using an OD-H column with hexane/i-propanol
(9:1) as solvent (flow: 1 mL min�1, room temperature). The ee was


calculated to be 96 %; m.p. 74–75 8C. 1H NMR (400 MHz, CDCl3,
room temperature): d= 0.95 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.8 Hz, 6 H; 2 CH3), 1.51
(m, 2 H; CH2), 1.77–1.97 (m, 2 H; CH2), 2.02 (m, 2 H; CH2), 2.22 (qd,
3J ACHTUNGTRENNUNG(H,H) = 6.8, 13.5 Hz, 1 H; CH), 3.89 (s, 3 H; OCH3), 4.38 (dd, 2J-ACHTUNGTRENNUNG(H,H) = 14.2 Hz, 3J ACHTUNGTRENNUNG(H,H) = 5.6 Hz, 1 H; CHaHb), 4.43 (dd, 2J ACHTUNGTRENNUNG(H,H) =


14.2 Hz, 3J ACHTUNGTRENNUNG(H,H) = 5.8 Hz, 1 H; CHaHb), 4.93 (ddd, 2J ACHTUNGTRENNUNG(H,F) = 49.9 Hz, 3J-ACHTUNGTRENNUNG(H,H) = 3.7, 7.6 Hz, 1 H; CHF), 5.27–5.42 (m, 2 H; 2 CH), 5.64 (s, 1 H;
OH), 6.57 (m, 1 H; NH), 6.79 (m, 2 H; 2 CH), 6.88 (d, 3JACHTUNGTRENNUNG(H,H) = 7.9 Hz,
1 H; CH); 13C NMR (125 MHz, CDCl3, room temperature): d= 22.6,
24.4 (2J ACHTUNGTRENNUNG(C,F) = 2.2 Hz), 31.0, 31.8, 32.0, 43.0, 55.9, 92.1 (1J ACHTUNGTRENNUNG(C,F) =
185.6 Hz), 110.6, 114.5, 120.9, 126.0, 129.6, 138.6, 145.3, 146.7, 169.9
(2JACHTUNGTRENNUNG(C,F) = 19.1 Hz); MS (EI; 69.9 eV): m/z (%): 323 (4) [M+] , 280 (2),
137 (100); 19F NMR (376 MHz, CDCl3, room temperature): d=
�190.71 (dddd, 1J ACHTUNGTRENNUNG(H,F) = 49.3 Hz, 2J ACHTUNGTRENNUNG(H,F) = 23.0, 27.0 Hz, 3J ACHTUNGTRENNUNG(H,F) =
4.4 Hz); HRMS C18H26NO3FNa [M+Na+] calcd 346.1794, found
346.1793.


CCDC 706393 (2) contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.
ac.uk/cgi-bin/catreq.cgiACHTUNGTRENNUNG(R,E)-2-Fluoro-N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6-enam-
ide, (R)-2 : The capsaicinoid (R)-2 (52 mg, 12 % over three steps, ee
95 %) was prepared and characterised from (R)-6 as described for
(S)-2 and all spectral data were identical.


DRG neurone culture : All cultures were prepared by using DRG
from decapitated 2-day-old Spargue–Dawley rats. The animals
were killed under a Home Office licence and after local ethical
review. The isolated ganglia were treated enzymatically (collage-
nase 0.125 % for 13 min at 37 8C, trypsin 0.25 % for 6 min) and me-
chanically. Dissociated sensory neurons were plated on to laminin-
polyornithine coated coverslips and bathed in F14/HS culture
media containing Ham’s F14, heat inactivated horse serum (10 %),
penicillin (50 U mL�1), streptomycin (5000 ng mL�1) and NaHCO3


(14 mm). Culture media were supplemented with nerve growth
factor (NGF-2.5S; 20 ng mL�1). DRG sensory neurones were used in
experiments after being incubated at 37 8C in a humidified atmos-
phere with 5 % CO2 for between one and five days.


Fura-2 calcium imaging : DRG neurones were loaded with acetoxy-
methyl (AM) derivative of fura-2 (stock 1 mm in DMF for 1 h in
NaCl-based extracellular medium containing fura-2-AM (10 mm).
The extracellular bathing solution used contained NaCl (130 mm),
KCl (3 mm), MgCl2 (0.6 mm), CaCl2 (2 mm), NaHCO3 (1 mm), HEPES
(10 mm) and glucose (5 mm). The pH and osmolarity of the extra-
cellular bathing solutions were corrected to 7.4 and 320 mOsm L�1


with NaOH and sucrose, respectively. After loading with fura-2, the
neurones were washed in extracellular medium and then preincu-
bated in medium that contained DMSO (0.01 %). Experiments and
fura-2 loading were conducted at room temperature (20–25 8C).
During the Ca2 + imaging experiments the cultured neurones were
continuously perfused (3 mL min�1) with NaCl-based extracellular
medium containing DMSO (0.01 %). Capsaicin, synthetic (S)-2 and
(R)-2 isomers of fluorinated capsaicin and the TRPV1 receptor an-
tagonist capsazepine were bath applied to the neurones at a con-
centration of 1 mm. The protocol used in this study was similar to
that used previously.[16] Briefly, after equilibration, an isomer of fluo-
rinated capsaicin was applied to the neurones for 1 min, the neuro-
nes were then washed with extracellular bathing solution for 7 min
to allow recovery, and then capsicin was applied to the same neu-
rones for 1 min before a final wash with extracellular bathing solu-
tion. Fluorescence ratio imaging was done at one frame captured
every 5 s. Images were viewed and analysed by using the Ultraview
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software (version 3). The mean peak amplitudes of Ca2+ transients
� standard errors of the means are given, and statistical analysis
was conducted by using a paired Student’s t-test.
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Synthetic Inhibitors of Extended Helix–Protein Interactions Based on a
Biphenyl 4,4’-Dicarboxamide Scaffold


Johanna M. Rodriguez,[a] Laura Nevola,[b] Nathan T. Ross,[a] Gui-in Lee,[c] and Andrew D. Hamilton*[a]


The development of molecules that mimic the characteristics
of a-helices has increased over the past few years because of
their abundance in protein secondary structures and their key
role in mediating protein–protein interactions.[1] Moreover, the
applicability of a-helix mimetics as potential therapeutics in
disease areas such as cancer, antimicrobials, and AIDS makes
them attractive targets for molecular design.[2–6] The majority
of the a-helix mimetic-based protein inhibitors reported to
date can be subdivided into two categories. The first includes
molecules that adopt helical structures similar to natural heli-
ces and most commonly include peptidomimetics such as b-
peptides and peptoids.[7–10] The second ignores the helical
structure of natural helices and instead uses scaffolds to proj-
ect functionality in a similar spatial arrangement to the natural
conformation.[1, 2, 11–14] In both cases, it is the strategic function-
alization of the scaffolds that enables the development of in-
hibitors that effectively recognize biomacromolecules.


We have previously reported the design and synthesis of a
low-molecular-weight mimetic based on an extended 3,2’,2’’-
trisubstrituted terphenyl scaffold, 1, that can project function-
ality in a similar orientation and distance as the key i, i+4, and
i+7 residues on one face of an a-helix (Figure 1 A) and has
been shown to serve as an inhibitor of the Bcl-xL/Bak interac-
tion.[15] A refinement of the design led to terephthalamide scaf-
fold 2, which has a simpler synthesis and improved solubility
(Figure 1 B). In this new scaffold, the flanking rings of the ter-
phenyl are replaced by two carboxamide groups and this intro-
duces an intramolecular hydrogen bond between the amide �
N�H and the alkoxy oxygen atom that influences the position
of the amino acid side chain R1. A straightforward synthesis in-
corporating O-alkylation and standard amide coupling reac-
tions was used to prepare derivatives of 2.[13] These terephtha-
lamide inhibitors, like the terphenyls, were tested in a fluores-
cence polarization (FP) assay, and demonstrated nanomolar in-
hibition of the Bcl-xL/Bak protein–helix interaction.[13]


Both the terphenyl and terephthalamide inhibitors were de-
signed to mimic three residues of an a-helix. However, natural-
ly occurring protein–helix and/or protein–protein interactions
often occur through the contact of more than three residues,
typically along one face of the helix. For this reason, molecules
that can simultaneously mimic the i, i+3, i+4, and i+7 residues
on two turns or the i, i+4, i+7, and i+11 residues on three
turns would likely achieve a higher degree of specificity for
their respective targets. We have recently reported strategies
for four-residue mimetics[16] of a-helices as well as mimetics of
extended a-helices.[17] Two scaffolds have been developed, the
first of which was based upon the original terphenyl scaffold
with an indane ring in place of the central phenyl ring.[16] Com-
putational modeling shows good structural overlap between
the side chains of the terphenyl indane and the i, i+3, i+4,
and i+7 residues of an a-helix.[16] Herein, we report the design,
synthesis, and in vitro application of a second scaffold, 3,
based on a biphenyl 4,4’-dicarboxamide structure designed to
mimic the i, i+4, i+7, and i+11 residues of an a-helix (Fig-
ure 1 C). This scaffold combines the hydrophobic core of the
oligophenyl series and the synthetically accessible carboxa-
mide groups of the terephthalamides. An energy-minimized
structure of biphenyl 3 a (in which R1 = R2 = R3 = R4 = Me) shows
good overlap with the i, i+4, i+7, and i+11 residue side chains
of an a-helix with an RMSD value of 1.368 � (Figure 1 D).


As shown in the representative synthesis (of 31) in
Scheme 1, biphenyls with varied side chains can be prepared
by a Suzuki coupling of two functionalized aromatic amide
subunits, 9 and 15. The lower aromatic amide (9) is prepared
from commercially available 4-amino-3-hydroxybenzoic acid
(4). Methyl ester formation and subsequent O-alkylation afford-
ed the 2-isopropoxy group in 6. A Sandmeyer reaction was
used to convert this aryl amine into the aryl iodide 7. Hydroly-


Figure 1. Structures of A) an ideal a-helix, terphenyl scaffold 1, B) terephtha-
lamide scaffold 2, C) biphenyl scaffold 3, and D) overlay of a poly-alanine a-
helix (green, methyl groups highlighted in pink) and biphenyl 3 a (blue,
where R1 = R2 = R3 = R4 = CH3) with RMSD = 1.368 �.


[a] Dr. J. M. Rodriguez, Dr. N. T. Ross, Prof. A. D. Hamilton
Department of Chemistry, Yale University
225 Prospect Street, P. O. Box 208107
New Haven, CT 06520-8107 (USA)
Fax: (+ 1) 203-432-6144
E-mail : andrew.hamilton@yale.edu


[b] L. Nevola
Universit� di Roma “Sapienza”
Dipartimento Distudi e Tecnologia del Farmaco
Piazza le Aldo Moro 5, 00185 Roma (Italy)


[c] Dr. G.-i. Lee
Department of Chemistry, Pennsylvania State University at Abington
1600 Woodland, Abington, PA 19001 (USA)


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200800715: all experimental details as well
as compound characterizations.


ChemBioChem 2009, 10, 829 – 833 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 829







sis of this methyl ester, followed by acid chloride formation
and coupling with diisobutylamine afforded 9. The upper aro-
matic amide, intermediate 15, was synthesized by using the
same procedure as that of 4–8, but starting from commercially
available 4-amino-2-hydroxybenzoic acid (10) ; however, a stan-
dard peptide coupling reaction with the appropriate amino
acid was used to prepare the amide derivative 15. This inter-
mediate was then used in a one-pot Suzuki coupling reac-
tion[18] in which intermediate 9 was first converted into its bor-
onate ester, followed by addition of 15 in the presence of
Pd ACHTUNGTRENNUNG(PPh3)4. Finally hydrolysis gave biphenyl 31.


An X-ray structure of 31 shows that an intramolecular hydro-
gen bond with an interatomic distance of 1.96 � and an �N�
H···O angle of 140.98 exists between the top amide �N�H and
the alkoxy oxygen atom (Figure 2). This intramolecular hydro-
gen bond influences the position of the amino acid side-chain
R1 group. In addition, like the terphenyl, the biphenyl scaffold
adopts a staggered conformation that projects the alkoxy R2


and R3 groups in a nonplanar arrangement similar to the spa-
tial arrangement of naturally occurring a-helices. In the solid
state, the overall conformation reinforces the staggered projec-
tion of side chains from the core, albeit with expected rota-
tional flexibility in solution.


In order to test if the biphenyl scaffold could effectively
mimic an a-helix, we targeted the Bcl-xL/Bak protein–helix in-
terface.[15, 19] Bcl-xL and Bak are members of the Bcl-2 family of
proteins, which are key regulators of the apoptotic pathway.
Apoptosis is a fundamental process that is required for normal
tissue development and is essential in maintaining cell homeo-
stasis in multicellular organisms.[20] It is also one of the primary
means for the destruction of cells that might be damaged and


are harmful to the organism. Over the past decade, the apop-
totic pathway has generated considerable interest since the
discovery that a lack of apoptotic cellular regulation can lead
to a wide range of illnesses, including cancer.[21–23] To date,
many apoptosis-inducing therapeutic strategies have beenACHTUNGTRENNUNGreported[24] including the development of non-peptidic small
molecules that disrupt protein–protein interactions in the
apoptotic pathway.[25–27]


Scheme 1. Synthesis of 31. a) H2SO4, MeOH, reflux; b) 2-iodopropane, Cs2CO3, acetone, reflux; c) NaNO2, H2SO4, MeOH, H2O, 0 8C; d) KI, Cu (bronze), reflux;
e) LiOH, H2O/THF; f) (COCl)2, DMF, CH2Cl2, 0 8C; g) (iBu)2NH, triethylamine, CH2Cl2, 0 8C; h) EDC, HOBt, l-valine methyl ester HCl, CH2Cl2, 0 8C; i) Pd ACHTUNGTRENNUNG(OAc)2, KOAc,
bis(pinacolato)diboron, DMF, reflux; j) 15, Cs2CO3, Pd ACHTUNGTRENNUNG(PPh3)4, DMF, reflux; k) LiOH, H2O/THF.


Figure 2. X-ray structure at the 70 % level of 31 in stereoview.
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Elucidation by NMR spectroscopy of the binding interaction
of the Bcl-xL/Bak complex has provided a framework from
which we can model and build a mimetic of the BH3 domain
of Bak.[28] Fesik and co-workers found that the Bak peptide, an
amphipathic a-helix, binds into a hydrophobic pocket, formed
by the BH1, BH2, and BH3 regions of Bcl-xL, by projecting the
hydrophobic side chains Val74, Leu78, Ile81, and Ile85 into the
cleft.[28] Furthermore, alanine scanning experiments showed a
decrease in the binding affinity when residues corresponding
to the i, i+4, i+7, and i+11 positions of the BH3 a-helix were
substituted with alanine; thus indicating important functional
contributions at these positions.


To test the effectiveness of our helix mimetics, we first em-
ployed a Bcl-xL/Bak FP assay in which the a-helical BH3
domain of Bak was fluorescently labeled (Flu-Bak, Fl-GQVGRQ-ACHTUNGTRENNUNGLAIIGDDINR-CONH2) and allowed to bind to Bcl-xL. Displace-
ment of this probe through competitive binding of a-helix
mimetics into the hydrophobic pocket of Bcl-xL leads to a sub-
sequent decrease in fluorescence polarization. A plot of inhibi-
tor concentration versus polarization values allows for the
direct calculation of inhibition constants by using the Kd ob-
tained from a direct titration of Flu-Bak with Bcl-xL. The Kd of
this one-site saturation experiment was found to be 15 nm,
which is in accordance with the Kd values previously reported
in the literature.[15]


The results of the FP competition assay of the biphenyls as
antagonists of the Bcl-xL/Bak complex are shown in Table 1,
and representative titration curves are shown in Figure 3. In
this first series of biphenyls, R2 and R3 were held constant as
isopropoxy groups, based on the structure of the best tereph-
thalamide inhibitor,[13] while the R1 and R4 groups were varied.
Biphenyl derivatives with large hydrophobic N,N-alkyl substitu-
ents on the lower carboxamide (R4) were found to be favored,
while the dimethyl and diethyl amides (17–24) showed no in-
hibition, with Ki values weaker than 500 mm. In contrast, when
the upper carboxamide (R1) was varied, both small and large
groups were tolerated with the best inhibition observed where
R1 was a methyl (25) or benzyl (37) group, with Ki values of 8.2


and 13 mm, respectively. In addition, when R4 was an alkyl sub-
stituent, and R1 was an isopropyl group, there was generally
no observable or only weak inhibition (18, 22, 26, 31).


In order to probe the importance of the R or S configuration
of the R1 group, the d-amino acid derivatives of 27 and 37
were synthesized. This stereogenic center did not affect the af-
finity of the biphenyls significantly, as seen by the comparison
of 27 and 28, as well as that of 37 and 38. Two additional bi-
phenyl derivatives of lead compounds 25 and 37 lacking the
bottom carboxamide group were prepared (39 and 40). These
showed that the fourth functional group does aid in binding.


In a second series of biphenyl compounds, the R2 and R3


substituents were substituted with larger hydrophobic groups
in order to increase the favorable hydrophobic contacts of the
biphenyl with the surface of Bcl-xL. These aryl-substituted bi-
phenyls were synthesized in a similar manner to the bis-isopro-
poxy derivatives, with two modifications. First, the R2 and R3


groups were introduced by nucleophilic aromatic substitutions
by using phenol and 1- and 2-naphthol with the correspond-


ing aromatic fluorides (see the Supporting Informa-
tion). Second, the Suzuki coupling reaction was per-
formed as a two-step procedure instead of a one-pot
reaction. In this case, the boronic acid of the bottom
subunit was synthesized and purified prior to cou-
pling to its corresponding partner. The Suzuki cou-
pling reaction was then carried out with Pd ACHTUNGTRENNUNG(PPh3)4


and NaHCO3 in a mixture of DME and water (15:1).
Under these conditions, the biphenyl product is par-
tially hydrolyzed. After acidic extraction of the reac-
tion mixture, the crude product was treated with
LiOH in THF/water (2:1) in order to convert the ester
to the final product.


Overall, this second series of biphenyl derivatives
showed better activity than their bis-isopropoxy
counterparts (Table 2). These results indicate that an
isobutyl group at the R1 position is preferred over
the smaller methyl substituent, as seen when com-
paring 42, 44 and 46 with 41, 43 and 45, respective-


Table 1. Competition fluorescence polarization assay results for biphenyls 17–40. R
group naming follows Figure 1 C scaffold designation, with R2 and R3 held constant as
isopropoxy functional groups.


# R1 R4 Ki [mm] # R1 R4 Ki [mm]


17 Me Me >500 18 iPr Me >500
19 iBu Me >500 20 Bn Me >500
21 Me Et >500 22 iPr Et >500
23 iBu Et >500 24 Bn Et >500
25 Me iPr 8.2�0.62 26 iPr iPr 140�54
27 (S)-iBu iPr 15�6.5 28 (R)-iBu iPr 30�6.5
29 Bn iPr 220�60 30 Me iBu 250�81
31 iPr iBu >500 32 iBu iBu 120�40
33 Bn iBu 36�8.0 34 Me Ph 58�7.6
35 iPr Ph 38�6.4 36 iBu Ph 28�6.9
37 (S)-Bn Ph 13�3.5 38 (R)-Bn Ph 39�8.0
39 Me no amide[a] 420�82 40 Bn no amide[a] 50�12


[a] See the Supporting Information for the chemical structures of 39 and 40 (Fig-
ure S6).


Figure 3. Titration curves for 50 (~), 19 (&), and unlabeled Bak (*).
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ly. In addition, aromatic substituents at the R2 position general-
ly led to an increase in activity when compared to their bis-iso-
propoxy counterparts. When the R2 and R3 positions are both
substituted with aromatic rings (47, 48), a decrease in activity
was observed compared to those biphenyls with just one aro-
matic substituent (46, 50, 51). Possibly the increased steric
bulk of two consecutive ring systems was the reason for this
decreased activity. A similar phenomenon might also have
caused the inactivity of 49, which had aromatic groups at the
R1 and R3 positions. The greatest
improvement in activity was
seen in those biphenyls in
which the R3 substituent was a
naphthyl group, including 46,
50, and 51, of which 50 was
found to inhibit the Bcl-xL/Bak
interaction with a Ki value of
1.8 mm. Interestingly, the substi-
tution patterns seen in these
more active biphenyls resemble
the substituents of the best ter-
phenyl inhibitor.[15]


To probe thermodynamically
the interaction between 50 and
Bcl-xL, and verify the binding af-
finities observed by FP, isother-
mal titration calorimetry (ITC)
experiments were conducted.
Solutions of 1.0 mm 50 were ti-
trated into 30 mm Bcl-xL until
binding saturation was attained
(Figure 4). These experiments
were repeated in triplicate and
each was reference subtracted.
In each case, the data were fit
by using a one-site binding
model, and the thermodynamic
constants obtained for binding
are shown in Figure 4. The over-
all Kd for the interaction of 50
with Bcl-xL was (7.1�2.0) mm,


corresponding to a favorable Gibbs free energy (DG) of
(�7.0�0.2) kcal mol�1. ITC experiments showed that thisACHTUNGTRENNUNGinteraction was governed both by favorable enthalpic (DH =


(�5.3�0.7) kcal mol�1) and entropic (TDS = (1.7�0.9) kcal
mol�1) contributions. The dissociation constant values obtained
by ITC were in good agreement with those determined by FP.
In addition, a second biphenyl 19, which was inactive by FP,
showed no affinity for Bcl-xL in the ITC experiments. This result
further demonstrates the importance of specific R-group sub-
stitution for the activity observed in this series of biphenyl
compounds.


Lastly, to confirm that our compounds’ mode of action in-
volved binding to the Bak binding site of Bcl-xL, NMR experi-
ments were conducted with 50 and Bcl-xL. Figure 5 is based
upon the HSQC chemical-shift perturbation and the peak-in-
tensity changes of Bcl-xL residues in the presence of 50. Both
the peak-intensity decrease and the chemical-shift change indi-
cate ligand binding on the face of Bcl-xL normally occupied by
the Bak peptide. The mimetic appears to modulate most signif-
icantly the chemical environment of Bcl-xL residues that
occupy a ridge adjacent to the Bak binding site, as well as
some residues in the Bak binding site itself. This result further
supports the ability of inhibitor 50 to bind Bcl-xL in a manner
that would disrupt Bak helix binding as observed in FP dis-
placement experiments.


Table 2. Competition fluorescence polarization assay results for biphenyls
41–51. R group naming follows Figure 1 C scaffold designation.


# R1 R2 R3 R4 Ki [mm]


41 Me iPr Ph iPr 180�55
42 iBu iPr Ph iPr 36�6.3
43 Me 2-naphthyl iPr iPr 37�7.0
44 iBu 2-naphthyl iPr iPr 17�6.1
45 Me iPr 2-naphthyl iPr 29�6.2
46 iBu iPr 2-naphthyl iPr 2.1�0.57
47 Me 2-naphthyl Ph iPr 8.6�0.67
48 iBu 2-naphthyl Ph iPr 9.6�0.57
49 Bn iPr 2-naphthyl iPr >500
50 iBu iPr 1-naphthyl iBu 1.8�0.63
51 iBu iPr 1-naphthyl iPr 2.3�0.57


Figure 4. ITC experimental results. Experiments were conducted in triplicate at 25 8C by titrating 1.0 mm 50 (left)
and 19 (right) into 30 mm Bcl-xL. Heats of dilution were subtracted for each titration, and data were analyzed by
using MicroCal Origin7.0.
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In conclusion, we have reported the design and synthesis of
a novel family of Bcl-xL antagonists based on a biphenyl scaf-
fold. These small-molecule inhibitors are part of a growing
class of compounds that target protein–protein interactions by
mimicking the spatial orientation of those residues that are im-
portant for complex formation on one of the interacting pro-
teins. A focused library of biphenyl derivatives was prepared,
and inhibition constants were determined by using an in vitro
fluorescence polarization assay. The results show that the bi-
phenyl derivatives inhibit the Bcl-xL/Bak interaction. The best
biphenyl, 50, was found to have a Ki value of 1.8 mm by FP and
a Kd of 7.1 mm, as determined by ITC. Furthermore, 15N HSQC
experiments confirmed that the Bak binding region of Bcl-xL is
the target area for our biphenyls. The ability of the biphenylACHTUNGTRENNUNGinhibitors to induce apoptosis in cancerous cells is currently
under investigation.
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Figure 5. NMR analysis of 50 binding to Bcl-xL. Both the peak intensity de-
crease (large decrease = red, moderate decrease = yellow) and the chemical-
shift change (large shift = orange) indicate ligand binding on the face of Bcl-
xL normally occupied by the Bak peptide (blue).
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Blue-Light-Triggered Photorelease of Active Chemicals Captured by the
Flavoprotein Dodecin


Gilbert Nçll,*[a, b] Sibylle Trawçger,[c] Madlene von Sanden-Flohe,[d] Bernhard Dick,[d] and Martin Grininger[c]


The photochemical release of caged molecules
offers the possibility to control the delivery and
dosing of drugs,[1] to transport and activate biologi-
cal or chemical reactants,[2–4] or to initiate biological
processes at a precise time and location.[3–7] Most of
the molecular structures that can be used as cages
or photochemically cleavable protection groups are
triggered by irradiation with UV light.[1–3, 5–8] Very
often, 2-nitrobenzyl alcohol and its derivatives have
been applied. These molecules can be cleaved by a
photochemically induced intramolecular redox re-ACHTUNGTRENNUNGaction that leads to the corresponding 2-nitrosoben-
zaldehydes.[6, 7] Other release systems are based on
benzoin or phenacyl esters, fluoren-9-ylcarboxylates,
or coumaryl esters, which react by a light-induced
trans–cis isomerization. Recently, a photorelease
system consisting of dithienylethene (DTE) deriva-
tives was presented.[9] An advantage of the DTE de-
rivatives is that the photochemical release is stimu-
lated with visible light and the wavelength can be
varied by the substitution pattern. The use of visible
light as a trigger for the photorelease of caged molecules is
advantageous for biological applications, since the damage of
biological tissue by high-energy irradiation can be greatly re-
duced.


In this contribution, we present a blue-light-triggered photo-
release system based on the riboflavin binding protein dode-
cin. Dodecin from Halobacterium salinarum is a dodecameric,
hollow-spherical flavoprotein with six flavin binding sites.[10–13]


In contrast to other flavoproteins, dodecin binds flavin ligands
predominantly through their isoalloxazine substructure, while
the aliphatic chain at the N(10) position is oriented towards
the outer part of the protein (see Figure 1). Consequently, the


loss of the H-bond interactions between the aliphatic ribityl
chain and the protein envelope (E45 and V35) only marginally
decreases ligand affinities.[14] In this approach, the artificial
flavin CofC6, which has a -(CH2)6-NH2 group as an aliphatic
moiety, was used as an anchor to lock active molecules toACHTUNGTRENNUNGdodecin. Based on the dodecin characteristic of only binding
oxidized flavins with high affinity, reduction of the flavin can
be used to trigger the dissociation of the holoprotein intoACHTUNGTRENNUNGapoprotein and free ligands.[14]


As flavoproteins can be reduced photochemically by irradia-
tion with blue light in the presence of EDTA or other suitable
electron donors,[15, 16] we indented to use dodecin for establish-
ing a blue-light-triggered photorelease system (Scheme 1). Any
drug or active compound can be captured by dodecin after it
has been linked to a flavin anchoring group. Dodecin can be
loaded with up to 12 flavin–drug derivatives (two at each


[a] Dr. G. Nçll
Max Planck Institute for Polymer Research
Materials Science Group
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+ 49) 6131-379-100
E-mail : gilbert.noell@mpip-mainz.mpg.de


[b] Dr. G. Nçll
Present address: Organic Chemistry 1, Siegen University
Adolf-Reichwein-Strasse 2, 57068 Siegen (Germany)


[c] S. Trawçger, Dr. M. Grininger
Department of Membrane Biochemistry
Max Planck Institute for Biochemistry
Am Klopferspitz 18, 82152 Martinsried (Germany)


[d] M. von Sanden-Flohe, Prof. Dr. B. Dick
Institut f�r Physikalische und Theoretische Chemie
Universit�t Regensburg
Universit�tsstrasse 31, 93053 Regensburg (Germany)


Supporting information for this article is available on the WWW under
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Figure 1. View of one of the dodecin binding sites with bound riboflavin (PDB ID:
2cc8).[12] A) Riboflavin ligands are arranged in a tetrad of aromatic systems (indol–isoal-
loxazine–isoalloxazine–indol). In the dodecin binding pocket, the flavins are anchored by
their isoalloxazine substructure through interaction to W36 and Q55. Additionally, the ri-
bityl chain forms a network of H-bonds to E45 and a single H-bond to V35 (omitted for
clarity). C2 indicates the symmetry of the binding pocket. B) Riboflavin is traced by its
electron density at 1.5 s. The ribityl chain points towards the outside of the binding
pocket. Dodecin is depicted in surface presentation with the binding pocket reduced to
one of the two C2-related parts.


Scheme 1. A blue-light-triggered molecular photorelease system based on
the flavoprotein dodecin. Up to 12 flavin–drug derivatives can be captured
by dodecin. The binding sites are located at the vertices of an octahedron.
At any location of interest, the ligands can be released by irradiation with
blue light.
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binding site) and transferred to any location of interest. While
the ligands are in an inactive state when they are captured by
dodecin, they become active after being released from the
apoprotein. The release of the flavin–drug derivatives is trig-
gered by irradiation with blue light and is based on the photo-
chemical reduction of the dodecin-bound flavin anchor.[15–17] In
flavin photochemistry, the excitation of a flavin into the singlet
state is followed by fast intersystem crossing into a long-lived
triplet state. The flavin, which is a better electron acceptor in
its excited states than in its ground state, can be reduced by
electron transfer (ET) from suitable electron donors, such as
EDTA or thiols.[15–17] Flavin reduction is followed by protonation
and disproportionation of two flavin semiquinone radicals into
an oxidized and a doubly reduced flavin (Scheme S1 in the
Supporting Information).[15, 16] For the native flavins riboflavin
and flavin mononucleotide (FMN), triplet quantum yields be-
tween 0.3 and 0.7 have been reported.[18–21] Therefore, photo-
chemical reduction was considered a fast and efficient possibil-
ity to trigger the release at a precise location of active chemi-
cals locked in the flavoprotein dodecin.


As models for flavin–drug derivatives that can be caged by
dodecin and released upon irradiation, the flavin–DNA ligand 1
and the flavin–boron dipyrromethene (BDP) ligand 2 were syn-
thesized.[14] Oligomeric DNA consisting of five bases and a blue
BDP dye (purchased from Molecular Probes) were chosen as
models representing different types of drugs, reagents, or
active compounds.


The dissociation constants (Kd) of CofC6 and ligands 1 and 2
could be determined as 25, 690, and 470 nm, respectively, from
a fluorescence-based binding assay. In the presence of the
flavin-like ligand lumichrome, the affinities of ligands 1 and 2
increased to Kd =30 and 50 nm, respectively. The increased holo-
complex stabilities when lumichrome is added as a second


ligand come from the preference of dodecin for binding flavin/
lumichrome heterodimers.[14] Besides the intrinsic higher stabil-
ity of the resulting mixed aromatic tetrad, saturation of the
binding positions adjacent to bulky ligands with the small lu-
michrome might reduce steric restraints between the ligand
and the dodecin apoprotein and additionally promote high-af-
finity binding. In Figure 2, X-ray structures of the tE-mutated[14]


apododecin, tE dodecin with bound ligand 1, and E45A-mutat-


ed dodecin with bound ligand 2
are shown. The structures could
be determined with a resolution
of 1.55, 1.6 and 2 �, respective-
ly. In both ligand structures, the
flavin anchor could be traced
by electron density, but not the
aliphatic tail of CofC6 with the
fused subunits DNA or boron
dipyrromethene. This implies
that the ligands are tightly
anchored through their flavin
moiety, while the active com-
pound located outside the pro-
tein is flexible. Images of the
dodecin crystals are given
below the respective X-ray
structures.


In order to compare the pho-
tochemical reduction of free fla-
vins in solution and captured by
dodecin, we started our investi-


Figure 2. Structure of one dodecin binding site A) empty or saturated with
B) ligand 1 or C) ligand 2. Dodecin is depicted in surface presentation with
the binding pocket reduced to one of the two C2-related parts. For both do-
decin ligand complexes, only the flavin anchor can be traced by electron
density (s= 1.5). The rest of the ligand is arbitrarily placed and has to be
considered as one possible conformation. Images of the bipyramidal apodo-
decin crystals in their mother liquor soaked with ligands are shown at the
bottom. The transparent cubic structures in (C) are sodium chloride crystals.
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gations with the native flavin ligand riboflavin (vitamin B2). Al-
though the reduction of free riboflavin was more efficient,
after seconds to minutes of irradiation with blue light of
460 nm, reasonable amounts of dodecin-bound riboflavin
could be reduced as well (Figure S1). At the dodecin binding
site, the excited flavin states can be quenched by ET from the
adjacent tryptophan.[22, 23] ET from EDTA and tryptophan are
competitive processes, but in contrast to ET from EDTA, which


is followed by the release of CO2,[15, 16] ET from tryptophan is re-
versible. Next, the photochemical reduction of dodecin saturat-
ed with an artificial flavin termed CofC6 (a flavin bearing a hex-
ylamino substituent at the N(10) position of the isoalloxazine
moiety)[14] and dodecin binding the flavin–DNA ligand 1 were
compared (see Figure 3). The absorption bands of the oxidized
flavins with maxima at about 360 and 440 nm decrease upon
ongoing irradiation.


In order to prove that protein reduction results in the re-
lease of the ligands, the protein solutions were also reduced
chemically by the addition of a sodium dithionite solution fol-
lowed by size-exclusion chromatography. In Figure 4, the chro-
matograms of dodecin saturated with ligand 1/lumichrome
before and after reduction are shown. During chromatography,
the dodecin complex is stable, and only minor leakage of
ligand can be observed (Figure 4 A). After reduction, the dode-
cin binding sites are empty, and the free ligand elutes at
higher volumes of about 2.3 mL (Figure 4 B). In order to show


Figure 3. Photochemical reduction of dodecin by irradiation with blue light.
Dodecin saturated with A) CofC6, B) CofC6 and lumichrome (1:1), or
C) ligand 1 and lumichrome (1:1). Irradiation was performed in steps of 50 s.
The proteins were dissolved in PBS buffer in the presence of 1 m NaCl and
50 mm EDTA in (A) and (C), and 20 mm EDTA in (B). The sharp absorption at
650 nm is an artifact of the spectrometer.


Figure 4. Size-exclusion chromatography of dodecin saturated with ligand 1
and lumichrome A) before and B) after chemical reduction. The absorption
at wavelengths of 280 nm (black), 370 nm (dark gray), and 450 nm (light
gray) and the flavin fluorescence (dashed line) were recorded. A) The apo-
protein absorbs at 280 nm, absorption at 370 nm is caused by lumichrome
and ligand 1, and absorption at 450 nm only by ligand 1. The dodecin holo-
complex elutes at about 1.5 mL. The flavin fluorescence of ligand 1 is
quenched when it is incorporated in the binding pockets. B) After reduction
with sodium dithionite (50 mm), the dodecin peak shows depleted binding
pockets. In line with the depleted binding pockets, dodecin elutes at higher
volumes, reflecting its apoprotein state (size 90 kD). Sodium dithionite, ab-
sorbing at 280 and 370 nm, elutes at 2 mL. The free ligand elutes at about
2.3 mL. Note that in A and B the y-axes are scaled differently.
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an additional example of the ability of dodecin to serve as a
photocage, the binding and photochemical release of ligand 2
was studied. As depicted in Figure 5, dodecin saturated with
ligand 2 and lumichrome could also be reduced photochemi-
cally.


In nature, riboflavin binding proteins are responsible for the
transport, storage, and release of riboflavin.[24] By investigating
the flavin–DNA and the flavin–BDP ligands 1 and 2 as model
systems, we have shown that the flavoprotein dodecin can
serve as blue-light-triggered photorelease system. For the cur-
rently available dodecin variants, the rate of photochemical re-
lease is too low to allow the determination of a quantum yield,
because the excited flavin states can be quenched by ET from
tryptophan.[22, 23] In riboflavin binding proteins, the quenching
of excited flavin states is a common process because unde-
sired light-induced chemical reactions have to be prevented. In
order to improve the efficiency of our system, further protein
engineering will be necessary. The tryptophan at the dodecin
binding site (the only tryptophan in dodecin) could be re-
placed by an artificial tryptophan derivative that does not
quench the excited flavin states.[25, 26] Furthermore, cysteines
that can be converted into stable disulfides could be intro-
duced close to the dodecin binding site as internal electron
donors.
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Figure 5. Photochemical reduction of dodecin tE saturated with ligand 2
and lumichrome (1:1) by irradiation with blue light in steps of 50 s in the
presence of 50 mm EDTA. Experiments were performed in PBS buffer at
pH 7.4 in the presence of 1 m NaCl. The solubility of ligand 2 outside dode-
cin is rather low. Therefore, the release of the ligand is accompanied by pre-
cipitation, which causes a shift in the absorption spectra.
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On-Chip Fragment-Based Approach for Discovery of High-Affinity Bivalent
Inhibitors


Isao Miyazaki, Siro Simizu, Keisuke Ishida, and Hiroyuki Osada*[a]


Traditional lead-discovery approaches often rely on synthesiz-
ing and screening large numbers of compounds to identify a
few inhibitor molecules (Figure 1 A). But even increasingly


large compound collections have not directly improved the
number of discovered lead compounds. Structure–activity rela-
tionships (SAR) by using nuclear magnetic resonance spectros-
copy (NMR) was developed in 1996 and initiated the so-called
initial “fragment-based approach” (Figure 1 B).[1a] The method
“fragment-based design by using NMR spectroscopy” provides
a new opportunity to create synthetic molecules that regulate
biological processes in cells with a specific affinity for a target
protein.[1a–e] In addition to this, several technologies, such as X-
ray crystallography[2a–c] and mass spectrometry,[2d, e] have been
used to demonstrate fragment-based ligand discovery. Oligo-
nucleotide-coded compound libraries,[2f] scaffold-based drug
design,[2g] and phage display technology[2h] for ligand discovery
have been reported recently. These fragment-based ap-
proaches have become a paradigm in the inhibitor discovery


of proteins of interest for pharmaceutical companies and also
for academic laboratories.


However, current methods have several limitations, because
many of these approaches require relatively large quantities of
purified protein.[1e, 3a, b] Additionally, many techniques also re-
quire the labeling of small molecules or proteins to identify
the interaction. In many cases, it takes considerable effort to
modify those molecules without loss of biological activity. With
these issues in mind, we looked for a rapid approach for the
discovery of fragments to generate high-affinity ligands of pro-
teins.


We present initial studies of “fragment-based approaches” to
binding assays by using a chemical array format, which we call
a fragment combination array (FCA). In general, the “frag-
ments” used in fragment-based approaches have low molecu-
lar weights or low affinities for the target protein.[3, 4] Although
chemical array technologies have been proposed to find useful
binders for proteins in a high-throughput manner, it is difficult
to detect the weak binding of proteins to immobilized “frag-
ments” because of the necessary wash steps.[5] Thus, FCA in-
volves a pair of these fragments immobilized on a glass slide
at a proximate area through photogenerated carbene species
(Figure 1 C). The chemical array experiments used in FCAs do
not require the compounds to have a specific functional
group,[6a–c] and tedious steps for protein purification are avoi-
ded.[7a–b]


To test the proof-of-concept of FCAs, we synthesized 1 and
a variety of benzanilide derivatives 2 a–2 d (Figure 2 A). A pipe-
colinic acid derivative (1) has been identified as a ligand for
FKBP12 with an affinity in the micromolar range, and benzani-
lide derivatives have been obtained as binders that interact
with the protein at a nearby binding site of 1.[1a] A compound
with nanomolar affinity for FKBP12 was discovered by tether-
ing structures 1 and 2 a. Thus 1 and 2 a, if immobilized in close
proximity on a slide surface, could be used to bind to FKBP12;
an increase in binding signal at the mixed spot would be ob-
served compared with areas spotted by individual fragments.
To confirm this hypothesis, DMSO solutions of 1 and 2 a were
premixed and spotted on the array slide.[6b] Solutions of 1 and
2 a also were spotted individually on the same slide. After in-ACHTUNGTRENNUNGcubation of cell lysates that overexpress RFP-fused FKBP12, an
area that was spotted with 1 and 2 a exhibited significantlyACHTUNGTRENNUNGincreased fluorescence compared with other areas where the
compounds were immobilized individually (Figure 2 B). Al-
though fluorescence was observed on the spot where 1 alone
was immobilized, no significant fluorescence was obtained on
the spot immobilized by 2 a alone relative to the background
level.


With a higher concentration of individual compounds
against a mixed solution, the pattern of signal intensities was


Figure 1. An outline of generating inhibitors for target proteins. A) Tradi-
tional combinatorial chemistry and high-throughput screening. B) Fragment-
based ligand discovery with SAR by using NMR spectroscopy. C) Fragment
combination array (FCA), described in this report.
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not changed (Figure S1 in the Supporting Information). These
results show that one ligand increased the signal in coopera-
tion with another one. Thus, 1 and 2 a were immobilized atACHTUNGTRENNUNGappropriate densities in a spot on the slide, and this allowed
their synergistic binding of FKBP12. The binding site for these
fragments has been reported to be the same as that of
FK506.[1a] The binding signal of the spot where 1 and 2 a were
mixed and immobilized was blocked by dose-dependent com-
petition of the addition of free FK506 (Figure 2 C). The interac-
tion of FKBP12 and mixed fragments that were immobilized by
FCA was competed away by free FK506. Therefore, the binding
between mixed fragments on FCA and protein is not an arti-
factual binding but a specific one. To determine whether sub-
stitution effects of mixed ligands could be observed on FCA,
we used several benzanilide derivatives (2 a–2 d). The para-hy-
droxyl group on the aniline ring in 2 a was reported to contrib-
ute most for binding to FKBP12, although the meta-hydroxyl
analogue 2 c retained similar binding;[1a] however, it was re-
ported that an ortho-hydroxyl substitution 2 d, and the unsub-
stituted analogue 2 b had dramatically diminished binding ac-
tivity due to a loss of the binding contribution of the hydroxyl


group on the aniline ring. We
found fluorescence signals on
the slide with different
strengths depending on the hy-
droxyl substitution position of 2
mixed with 1(Figure 2 D). Note
that the spot where both 1 and
2 a were combined showed the
strongest fluorescence signal
relative to other pairs. On the
other hand, the spot where 1
and 2 b were combined showed
a very weak signal, which was
almost the same as that of the
spot immobilized by 1 alone
(see, Figure 2 B). The fluores-
cence intensities of spots,
where 1, and respectively, 2 c
and 2 d were immobilized, were
observed as the median of all
spots. From these results, the
SAR of these ligands to FKBP12
by FCA is found to be in good
agreement with the SAR ob-
tained by NMR spectroscopy.
Further, the structural require-
ments for these ligands to be
recognized by the protein were
precisely determined by on-chip
analysis.


The next goal was to examine
whether FCAs could be applied
to additional molecules. We
chose carbonic anhydrase II
(CAII) as a target protein be-
cause of the wealth of available


information about the protein and its inhibitors.[8a–d] Therefore,
aryl sulfonamide derivatives were first used as a scaffold for an-
choring fragments to test several combinations of the pairs to
generate novel high-affinity inhibitors. The anchor fragments
were selected from a compound library, NPDepo (RIKEN Natu-
ral Product Depository),[9] according to three themes: 1) an aro-
matic sulfonamide property, 2) a low molecular weight (�350),
and 3) a prediction for eventual follow-up synthesis. We select-
ed five scaffolds that were constituted by four aromatic sulfo-
namide derivatives A–C and E, and an amide derivative D,
which was selected as a negative control for our screen (Fig-
ure 3 A). After that, a total of ten structurally diverse scaffolds,
F1–F10, were selected as block fragments on the basis of their
low molecular weight (MW �350), solubility (ClogP <3), and
structural diversity, and they were employed as complementa-
ry fragments to the anchor fragments.


These results suggest that the structural motifs of these two
fragments, an aromatic sulfonamide derivative (C) and a pyri-
midyl piperazine derivative (F10), contribute to the binding to
CAII. When ligands were immobilized on the array slide, a pho-
togenerated carbene from a photoreactive linker was known


Figure 2. Detecting fluorescence signals in FCA. All slides were incubated with HEK293T cell lysates that overex-
pressed RFP-fused FKBP12 (3–4 mg mL�1). The washed slide was scanned for fluorescence at 532 nm. The totalACHTUNGTRENNUNGintensity was corrected for background intensity. The error bars denote standard deviation over three replicates.
A) Structure of binders to FKBP12. B) Solutions of mixed 1 and 2 a (each compound 10 mm) and of independent
2 a (10 mm) and 1 (10 mm) were printed on a photoaffinity-linker-coated slide. An image of the chemical array
scanned for fluorescence is shown; white bar, 800 mm. C) A solution of mixed 1 and 2 a was arrayed, and the slide
was incubated with the cell lysate in the presence of free FK506 with various concentrations (0.1–10 mm). D) Solu-
tions of 1 mixed to 2 a, 2 b, 2 c, and 2 d were arrayed, and the slides were incubated with the cell lysates.
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to insert C�H and O�H bonds into ligands at random.[6c] The
structure of F10, with two pyridines and one dimethyl pipera-
zine, is so symmetric that either of the two pyridines was ex-
pected to bind even though the other one was used for the
immobilization. Additionally, some groups have reported that
the para substitution of aromatic sulfonamide inhibitors en-
hanced the ability of the synthesized compounds to bind to
CAII.[10a–c] Thus, we decided to place a pyridine moiety on the
aromatic sulfonamide in the para position to yield a bivalent
inhibitor design. Ideally, the linker should be as short as pos-ACHTUNGTRENNUNGsible, so that the benefits of the fragment assembly can beACHTUNGTRENNUNGreceived.[11, 12] Thus, we chose the methyl piperazine moiety in
F10 as a short linker.


Under these considerations, we designed and synthesized
compound 3, which is derived from the structural features of
both C and F10 (Figure 3 D). We used isothermal titration calo-
rimetry (ITC) to characterize the binding affinities of this syn-
thesized compound and derivatives 4–6, which were also syn-
thesized to explore the contributions of the pyridine and pi-
perazine moieties to the binding affinity (Figure 3 E). Fragment
C, 4-fluorobenzene sulfonamide, was shown to bind to the
protein with a Kd of 435 nm (Figure 3 E and 3 F). Compounds 4
and 5, which have a piperazine moiety but do not have a pyri-
dine moiety on the structure, showed similar affinities (Kd =


426 nm and 208 nm, respectively). Compound 6, which has a
ketone linkage from the piperazine ring to the pyridine ring,
showed a relatively strong affinity (Kd = 100 nm). Importantly,
designed compound 3 showed the strongest binding affinity
to CA (Kd = 29 nm ; Figure 3 F and E). These binding affinity
strengths are consistent with the IC50 values that were ob-
tained by an enzyme inhibitory assay for CAII (Figure 3 E). Fur-
thermore, 3, which was identified by FCA was employed for
docking analysis with CAII by using the Builder module of the
Insight II program. As expected, the docking configuration of
the inhibitor–enzyme complex revealed that 3 fits well along
the binding groove of the enzyme’s active site (Figure 3 G). In
this model, Phe131 formed p–p stacking interactions with a
pyridine ring of 3. The effect was expected to contribute to
the overall binding potency of 3 to the protein.


Fragment-based ligand discovery has become one of several
new significant approaches for conventional drug discovery. Al-
though a large variety of methods have been used,[1–3] screen-
ing of useful fragments for final candidate discovery is often
hampered by the throughput of the available systems. Surface
plasmon resonance (SPR)-based ligand screening has been re-


ported to be a powerful tool for studying biomolecular interac-
tions, such as those between compounds and proteins on a
metal surface (for example, gold film).[14a–c] This approach has
also proven to be suitable for fragment-based ligand discovery
by identifying several fragments that bind to target protein
weakly by using fragment libraries of up to 100 000 com-
pounds in a high-throughput manner by scientists at Graffinity
Pharmaceuticals.[3b, 14d–f] The SPR-based fragment screening re-
quires the preparation of a library of compounds that are
tagged with several linker moieties that contain the so-called
“ChemTag,” to come into contact with a gold film. Their signal
detection system on chip does not require the proteins to be
labeled, but it does require them to be purified, as is the case
with other techniques. In contrast, when FCA is used in the
screening, a pair of fragments is only mixed in various combi-
nations during the preparation of the fragment library. Screen-
ing by FCA tests a pair of fragments for the target protein.
Hence, two fragments that are detected by FCA could be ac-
cessed on the proximal pockets of the protein; therefore, com-
bining the two fragments should be a faster route to higher-af-
finity ligands. Additionally, the use of cell lysates is motivated
by the fact that mammalian proteins that are expressed in
mammalian cells properly retain the protein’s functions and
are prepared easily without tedious purification steps of the
protein. On the other hand, the FCA approach has remaining
issues to be considered. For example, in Figure 3 B, affinities of
the four fragments, A–C and E for CAII should be enough to
be detected alone and as mixed spots with significant fluores-
cence signals (Table S1). We have identified more low-affinity
binders with micromolar-range affinities for target proteins on
a photoaffinity slide by using cell lysates. Hence, we think that
the lack of significant signals of these four fragments is not
due to a problem of affinity limit but of a hindrance by linker
moieties. When fragments with a low molecular weight are
conjugated to the phenyldiazirine group of photoaffinity linker
through photogenerated carbene species, it is difficult for the
target protein to recognize these small molecules by separat-
ing them from chemical structures of phenyldiazirine groups
of the linker parts. This is supported by the fact that acetazol-
amide, a well-known CAII binder with a low molecular weight
and a high affinity (Kd = 31 nm, MW = 222.25),[15] did not show a
significant signal on the chip (data not shown). Difficulties in
detecting molecules with a low molecular weight may remain
as one of the key issues to be clarified with chemical array
screening techniques.[16] The concept of a mixed fragment


Figure 3. A) Structures of selected anchor fragments A–E, and block fragments F1–F10. B) Fluorescent slide image by scan after treatment with cell lysates
that expressed RFP-fused CAII. In a demonstration of FCA, five anchor fragments (A–E) were immobilized in the presence of various block fragments (F1–
F10) ; white bar, 800 mm. C) The fluorescence signal of the FCA is shown. The total intensity was corrected for background intensity. The error bars denote the
standard deviation of three replicates. D) Compound 3 was designed by a merge on a computer by using a pair of binding fragments, C and F10. E) Inhibi-
tory activity of the compounds for CAII was measured.[13] The IC50 values were calculated from independent triplicate experiments. Kd values were obtained
by ITC analysis. F) ITC profiling of fragment C and synthesized derivative 3 for CA. A solution of ligands (10 mm) in Tris–SO4 buffer containing 4 % (v/v) DMSO
was titrated with a solution of the protein (130 mm) in the same buffer. G) The model of CAII–3 by using the Biopolymer and Discover3 modules of Insight II ;
nitrogen: blue, oxygen: red, sulfur : yellow. Mixed solutions of these compounds were prepared with every combination between anchor and block fragments.
Thus, there were 50 combinations of anchor fragments A–E and block fragments F1–F10 on the array slide. The slide was incubated with cell lysates that
overexpressed RFP-fused CAII, and fluorescence signals were detected on the array slide by a microarray scanner (Figure 3 B). The points of intersection of
each fragment on the lengthwise (A–E) and crosswise lines (F1–F10) showed that combinations of the two ligands were immobilized in a mixed manner on
the slide. The outside lines are areas spotted by these fragments alone as a control for combination effects. On the array figure, a binding signal was clearly
observed on a mixed spot of fragments C and F10 (Figure 3 B) with highest fluorescence signals compared with signals of other pairs (red bar; Figure 3 C).
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should help to remove these limitations, and make possible
the detection of fragment pairs that could not be identified
alone over the traditional chemical array screen. The FCA ap-
proach is better suited for larger libraries of fragments rather
than the small library that was used in the CAII inhibitor
screen. Further work is underway to clarify the molecular
weight limitations and to identify high-affinity bivalent ligands
of proteins of interest by increasing the number of combina-
tions of fragments in our laboratory.


In conclusion, we describe a novel approach in which the
concepts of fragment-based ligand discovery are combined
with chemical array techniques to yield bivalent inhibitors. The
utility of our method was demonstrated by the detection of in-
teractions of known FKBP12 binders and FKBP12, and yielded a
novel bivalent ligand for CAII with high affinity. Importantly,
the method does not require large quantities of purified pro-
tein or labeling of small molecules to identify the interactions.
Hence, the method is relatively simple and paves a new way in
traditional fragment-based approaches by capitalizing on the
powerful capability that is offered by the chemical array plat-
form.


Experimental Section


Chemical syntheses of 1–6 are reported in the Supporting Informa-
tion.


Preparation of fragment combination array slides : A solution of
fragments was mixed on a plate (final concentration of each com-
pound, 10 mm in DMSO). The photoaffinity-linker-coated glass
slides were prepared according to our previous reports by using
DNA microarray TYPE1 slides (high-density mine-coated slides; cat.
No. S159 515 Matsunami Glass, Tokyo, Japan).[6b, 7b] A solution of the
compounds in the plate was spotted onto the glass slides with an
automated spotter (TOYOBO, Tokyo, Japan). After that, the slides
were dried in vacuo to evaporate the DMSO. The slides were ex-
posed to UV irradiation of 4 J cm�2 at 365 nm by using a CL-1000 L
ultraviolet crosslinker (UVP, Upland, CA, USA). They were then
washed successively with DMSO, DMF, THF, EtOH, and Milli-Q H2O
and dried.


Treatment of glass slides with cell lysates and scanning of slides
for fluorescence : Preparations of mammalian cell lysates that ex-
press RFP-fused proteins were performed with HEK293T cells.[7b]


Overexpression of the RFP-fused protein was confirmed by using a
fluorescence scanner or Western blotting. Glass slides were incu-
bated for 1 h at 4 8C with cell lysates overexpressing RFP-fused
FKBP12 or CAII. After incubation, the slides were washed briefly,
dried, and scanned at 532 nm on a GenePix microarray scanner
(Amersham Biosciences). The fluorescence signals were quantified
with GenePix 5.0 software.


Isothermal titration calorimetry and CAII inhibition : Isothermal
titration calorimetry (ITC) experiments were done at 25 8C by using
a MicroCal iTC200 (MicroCal, Northampton, MA, USA). A ligand so-
lution (10 mm) in Tris–SO4 buffer (pH 8.4) that contained 4 % (v/v)
DMSO was titrated with 130 mm of CA (Sigma) in the same buffer.
After an initial dummy injection (0.2 mL), the injection profile of
ligand solution (2 mL) into the calorimeter cell was performed. The
ITC profile of fragments F1–F10 and D was not detected by ITC
analysis under the ligand-soluble conditions, because the binding
constant was near the upper limit of direct titrations. The resulting


titration curves were then processed and fitted with Origin 7 soft-
ware. Inhibition activity of the compounds for CAII was measured
with 4-nitrophenylacetate as the substrate, which allowed for de-
tection of the esterase activity of the enzyme. Ligands and the CAII
solution (final 50 nm) were incubated for 10 min in 50 mm Tris–SO4


buffer (pH 8.4). After the addition of a solution containing of 4-ni-
trophenylacetate (final 10 mm), the reaction was started and moni-
tored with a Wallac ARVOSX plate reader (PerkinElmer) at 405 nm.
Nonenzymatic hydrolysis rates were subtracted from the observed
rates, and the IC50 values were calculated from independent tripli-
cate experiments.


Modeling : Structural construction of fragments C and F10 and
compound 3 were carried out by the Builder module of the Insight
II program (Accelrys Inc. , San Diego, CA). The atomic coordinates
of human CAII were taken from the X-ray structure of the CAII–
p-aminoethylbenzenesulfonamide (pAEBS) complex (PDB ID:
2NNG[17]). The model of the CAII–3 complex was constructed by
using the Biopolymer and Discover3 modules of Insight II. The ben-
zenesulfonamide moiety of 3 was graphically superimposed on the
same moiety of pAEBS. In energy minimization and molecular dy-
namics calculations, the CVFF force field was used. The initial CAII–
3 structure was subjected to 2000 rounds of energy minimization
to remove bad contacts within the complex. After a 3 ps molecular
dynamics at 300 K, the resulting structure was further energy-mini-
mized in 2000 steps.
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Introduction


Bleomycins (BLMs) are a family of glycopeptide antibiotics that
have been isolated from several Streptomyces species.[1, 2] The
structure was proposed in 1978[3] and finally confirmed by
Takita et al.[4, 5] and Hecht et al.[6] The chemotherapeutic formu-
lation of BLM, which is primarily composed of BLM A2 and
BLM B2 (Scheme 1), has been widely used in combination with


other chemotherapeutic agents[7, 8] for the treatment of skin,
head, and neck carcinomas. The biological activity of BLMs is
thought to originate from their DNA-damaging capacities : FeII-
complexed BLMs have been reported to cause sequence-spe-
cific DNA cleavage in the presence of oxygen.[9]


The lethal effect of BLMs is thought to be harmful not only
for cancer cells but also for BLM-producing microorganisms.
Therefore, to protect themselves from the lethal effects of their
own products, microorganisms produce proteins to modify
and to sequester the drug. As one example, Streptomyces verti-
cillius, a BLM producer, is known to harbor the blmA and blmB
genes, which encode for a BLM-binding protein (BlmA)[10] and
an N-acetyl transferase (BlmB),[11] respectively. In addition, a
gene that encodes a small acidic BLM-binding protein, Shble
protein, has been cloned from the BLM-producing Streptoallo-
teichus hindustanus.[12, 13] Although BLMs have not been used as
antibacterial agents, many clinically isolated strains of methicil-
lin-resistant Staphylococcus aureus (MRSA) produce BLM-bind-
ing proteins that sequester these antibiotics, leading these
strains to be resistant to BLMs at high levels. Sugiyama et al.
have reported that many strains of clinically isolated MRSA are
resistant to BLMs and that the mechanism of the resistance is
due to the existence of a BLM-binding protein, designated
BlmS.[14] Another BLM-binding protein, designated BlmT, has
been found in E. coli.[15]


The photocrosslinked chemical array format is useful not
merely for screening protein ligands, but also for gaining in-
sight into structure–affinity relationships (SARs). By probing an
array of 2000 natural products, containing 50 bleomycin (BLM)
derivatives, with cell lysates that overexpress RFP-fused Shble
protein, we successfully observed interactions between Shble
protein and BLMs on the array. Among the BLM derivatives,
those that had long C-terminal tails were found to bind strong-
ly. The binding signal intensities observed on the chemical
array correlated well with the association constants, which


were determined by isothermal titration carolimetry (ITC) ex-
periments (r2 = 0.663), showing that the on-chip results were
not an artifact of ligand immobilization. In addition to the C-
terminal tails, the propionamide moieties in pyrimidoblamic
acid (PBA) also appeared to be important for binding. The con-
tributions of the propionamide moieties of PBA to binding
were further supported by the X-ray structure of the complex
of Shble protein and BLM A6. These results provide insight into
the structural requirements for recognition of BLMs by Shble
protein.


Scheme 1. Structures of bleomycins A2 and B2.
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It has been shown that transgenic expression of Shble pro-
tein or adenovirus-mediated transfer of the Shble gene pre-
vents BLM-induced pulmonary fibrosis.[16, 17] An analysis of the
mechanism of binding between BLMs and these proteins is
thus important for understanding of the fundamental role of
resistance proteins and for the rational design of pharmaceuti-
cal drugs that have better clinical efficacy and lower toxicity.


We have developed a nonselective photo-immobilization
method to introduce a variety of small molecules onto glass
slides.[18–20] We showed that the resulting photocrosslinked
chemical arrays were useful not merely for protein ligand
screening but also for gaining insight into structure–affinity re-
lationships (SARs): that is, the relationship between structural
motifs that are found in small molecules and their bindingACHTUNGTRENNUNGaffinities for proteins of interest. Because very small sample
amounts are needed to construct the microarray and because
the photo-immobilization method can be applied to complex
natural products, the photocrosslinked chemical array platform
is well suited for evaluation of the SARs between Shble protein
and BLMs.


In this work we have evaluated the binding abilities of vari-
ous BLMs with Shble protein by using photocrosslinked chemi-
cal arrays. The on-chip fluorescence signals indicated that BLM
derivatives that have a C-terminal tail connected to the bithia-
zole moiety and that contain propionamide moieties of pyrimi-
doblamic acid (PBA) tend to bind strongly to Shble protein. To
confirm these results, we performed isothermal titration calo-
rimetry (ITC) measurements and determined the thermody-
namic properties of the interactions between Shble protein
and representative BLM derivatives. Finally, we obtained a co-
crystal structure of the Shble protein/BLM A6 complex to assess
the importance of the two described motifs in the recognition
events between BLMs and Shble protein.


Results


Shble protein binds specifically to a particular class of BLM
derivatives on chemical arrays


In 2006, Schreiber et al. reported that mammalian cell lysates
that overexpressed a green fluorescent protein (GFP)-fused
protein could be used for binding assays based on chemical
arrays.[21] We have adopted this system and modified it to
create a ligand-screening method that enables us easily to dis-
tinguish false positives from hit signals.[22] We hence set out to
use this system to study the SARs of BLMs and Shble protein
on photocrosslinked chemical arrays. To this end, we construct-
ed photocrosslinked chemical arrays on which 2000 unique,
natural-product-based compounds, containing 50 BLM deriva-
tives, were photochemically immobilized (see the Supporting
Information S1). Photogenerated carbene is known to react
with a variety of single and multiple bonds,[23] and immobiliza-
tion on our chemical array platform took place in a functional-
group-independent manner.[18–20] Also, two lines of HEK293T
cells, which overexpressed red fluorescent protein (RFP) or
RFP-fused Shble (RFP-Shble) protein, were created. Two chemi-
cal array slides were independently treated with RFP-Shble pro-


tein-overexpressing cell lysates and RFP-overexpressing cell ly-
sates. To differentiate Shble protein binding signals, a fluores-
cent image of the RFP-Shble protein-treated slide was colored


Figure 1. On-chip binding assay on cell lysates overexpressing RFP-fused
Shble protein. A) 2000 natural products, including 50 bleomycin derivatives,
were immobilized on a glass slide. The HEK293T cell lysates expressing RFP
or RFP-fused Shble protein were incubated with the slides, and the slides
were briefly washed and scanned. The slides treated with RFP-fused Shble
protein (sample) and with RFP (control) were colored red and green, respec-
tively. The merged image is shown. Bleomycin derivates 1–12 are indicated
with white arrows. B) One hundred selected compounds and their fluores-
cence signals at 532 nm. Compounds were selected according to signal in-
tensity and are listed in descending manner. Fluorescence signal at 532 nm
is determined by subtracting the F532 control slide median from the F532


sample slide median. Bleomycin derivatives are shown as red bars. These
data were calculated from averages of duplicate positions on a slide. C) Plot
of fluorescence intensities of the bleomycin derivatives, listed in descending
manner. To verify the differences reflecting the compounds’ binding affinities
towards Shble protein, 12 compounds were selected from four classes (high,
medium, low, and undetectable). The four classes were determining by fluo-
rescence signals at 532 nm: high means >300, medium means 300–70, low
means 70–20, and undetectable means <20.
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in red, the RFP-treated slide was colored in green, and the
images were merged. The merged image is shown in Fig-
ure 1 A. Hence, red signals in the merged images indicate the
presence of RFP-Shble that is specifically bound to the area.


All of the red signals that were observed in Figure 1 A were
localized to BLM derivatives. The yellow signals that were de-
tected were primarily derived from the position marker rhoda-
mine and from fluorescent molecules that were immobilized
on the array. Many anthracyclines and angucyclines were in-
cluded in our library, and these were identified as yellow spots
in the merged image (some compounds are shown in Table S1
and Figure S2 in the Supporting Information).


To show the results in a quantitative manner, the top 100
RFP-Shble-derived fluorescence values [F532 median (sam-
ple)�F532 median (control)] of the immobilized compounds are
listed in descending manner as shown in Figure 1 B. Although
nearly all of the strong signals were found for BLMs (red bars),
significant signals were also observed for other compounds


(blue bars). However, when the merged image was carefully
analyzed, these compounds were determined to be yellow
spots (for example, compounds a–c in Figure 1 A). Accordingly,
we concluded that Shble protein binds specifically to BLM de-
rivatives.


When the fluorescence signals from BLM derivatives were
selected and listed in order of magnitude, it was clear that
there were significant differences between the fluorescence in-
tensities of the BLMs (Figure 1 C). We classified the BLM deriva-
tives in Figure 1 C into four categories (high, medium, low, and
undetectable) according to fluorescence intensity, and structur-
al features were carefully evaluated (see the Supporting Infor-
mation for the structures of the BLMs). Representative BLM de-
rivatives (1–12) in these four categories were chosen and are
listed in Table 1. Basically, a BLM molecule can be dissected
into five structural domains: 1) the pyrimidoblamic acid (PBA)
subunit (red part in Table 1), 2) the (2S,3S,4R)-4-amino-3-hy-
droxy-2-methylpentanoic acid (AHM) subunit and the hydroxy-


Table 1. Structures of the selected compounds 1–12. Each is complexed with a copper atom.


Compound R1 R2 R3 Names On-chip
ID categories


1 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)3NHC NH2 – high
(-NHcyclohexyl)(=NHcyclohexyl)


2 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)4NH ACHTUNGTRENNUNG(CH2)3NH2 NH2 bleomycin A6 high
3 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)4NH2 NH2 bleomycin A5 high
4 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)4NH ACHTUNGTRENNUNG(CH2)3- NH2 – high


NHCOCH3


5 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)4NHC ACHTUNGTRENNUNG(=NH)NH2 NH2 bleomycin B2 medium
6 3-carbamoyl-a-d-mannose and a-l-gulose NHC6H4ACHTUNGTRENNUNG(p-CH2N ACHTUNGTRENNUNG(CH3)2) NH2 – medium
7 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3SCH3 NH2 bleomycin demethyl A2 medium
8 3-carbamoyl-a-d-mannose and a-l-gulose NH2 NH2 bleomycin B1’ medium
9 3-carbamoyl-a-d-mannose and a-l-gulose OH NH2 bleomycinic acid low


10 H NH ACHTUNGTRENNUNG(CH2)4NHC ACHTUNGTRENNUNG(=NH)NH2 NH2 bleomycin aglycon B2 low
11 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)4NHC ACHTUNGTRENNUNG(=NH)NH2 OH dll-bleomycin B2 low


12
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histidine subunit (green part), 3) the bithiazole moiety (blue
part), 4) the sugar moiety (R1) composed of 3-carbamoyl-a-d-
mannose and a-l-gulose, and 5) the C-terminal tail attached to
the bithiazole (R2). The PBA and AHM subunits, as well as the
bithiazole moiety, together comprise a common backbone of
BLM. All of the Shble protein-bound BLM derivatives on our
chemical array slide possess this common backbone, indicating
that this structure is necessary for recognition by Shble protein.
Of the five domains, the bithiazole moiety is thought to be es-
sential for Shble protein binding; none of the derivatives not
containing the bithiazole moiety was included in detectable
categories (high, medium, low) in Figure 1 C, although there
were such derivatives present on the arrays (data not shown).
This finding was also supported by the fact that phleomycins,
which have only one thiazole ring, showed binding signals at
low levels (see compound G in Table S1 and Figure S2). It
should be noted that a small structural change in the PBA sub-
unit (compound 5 vs. 11) made a significant difference in bind-
ing signal (Figure 1 A and C). The sugar component and the C-
terminal tail connected to the bithiazole moiety are probably
not essential for binding, because derivatives 8–10 did gener-
ate any binding signals. However, the C-terminal tail did seem
to modulate binding, because many BLM derivatives that gen-
erated high or medium signal intensities—including all of the
top four compounds (1–4)—have relatively long tails contain-
ing amino groups at the C-termini (Figure 1 C and D). These
findings indicate that long chains that contain amino groups
can have positive effects on BLM/Shble protein interaction.


ITC analysis of Shble protein binding to various BLMACHTUNGTRENNUNGderivatives


To confirm the results obtained from the on-chip SAR study,
we performed isothermal titration calorimetry (ITC) measure-
ments to determine the thermodynamic parameters of the in-
teractions between Shble protein and BLM derivatives. To this
end, His6-Shble protein was expressed in E. coli and purified.
Compounds 1–12 were used primarily because of the limited
availabilities of the other derivatives. The association constants
(Ka) that were obtained for compounds 1–12 by ITC measure-
ment are summarized in Table 2. Compound 1, which gave the
strongest binding signal in the chemical array experiments,
generated the largest Ka value (1.28 � 108


m
�1) out of the tested


samples. This value is larger than that of BLM A2 (2 � 107
m
�1),[24]


indicating that compound 1 is the tightest Shble protein-
binder known. Compounds 2–5, all of which possess long,
amine-containing C-terminal tails at their R2 positions, also had
strong affinities to Shble protein (4.27–7.72 � 107


m
�1). In partic-


ular, compound 5 showed a >70-fold higher binding affinity
than compound 11, which differed from 5 at the R3 position.
Compound 10 had a Ka value of 7.64 � 106


m
�1, implying that


the replacement of the sugar moieties at the R1 position ap-
peared to be tolerant to binding.


On the other hand, compound 12 did not bind Shble protein
at all. Compound 12 possesses the common backbone that is
known to play an important role in the efficiency of DNA cleav-
age,[25] but in this case we concluded that this backbone only
served as a connection between bithiazole and the PBA subu-
nit and that the backbone did not generate sufficient binding
networks to stabilize the complex.


Importantly, the binding constants that were determined by
the ITC experiments correlated well with the binding signal in-
tensities that were observed on the chemical array (r2 = 0.663;
Figure 2). This result showed that the on-chip results were not
an artifact of ligand immobilization.


Crystal structure analysis of wild-type Shble protein inACHTUNGTRENNUNGcomplex with BLM


We succeeded in solving an X-ray crystal structure of Shble
protein in complex with BLM A6 (2) at 1.6 � (Figure 3). The
crystals that were grown belong to space group P212121, with
unit cell parameters of a = 40.0 �, b = 53.9 �, and c = 125.5 �.
Like the previously reported[26, 27] BLM-binding protein struc-
tures, the current model contains two monomeric Shble pro-
tein molecules and two molecules of 2 in the asymmetric unit
(2:2 complex; Figure 3 A).


The bithiazole moiety of 2 is located along the large groove
that is formed at the interface of two Shble protein molecules,
and the two thiazolium rings interact with Phe33B,[28] Phe38B,
and Trp102A through hydrophobic interactions (Figure 3 B).


It has been proposed that these stacking effects contribute
to stabilization of the binding of 2 to Shble protein. Electron
density for the C-terminal tail of 2 is absent from the binary


Table 2. Binding constants of 1–12 to Shble protein as determined by
ITC analysis.


Compound Ka [m�1] Compound Ka [m�1]


1 1.28 � 108 2 4.71 � 107


3 7.72 � 107 4 4.27 � 107


5 6.84 � 107 6 1.82 � 106


7 5.19 � 106 8 1.18 � 107


9 3.91 � 106 10 7.64 � 106


11 9.45 � 105 12 N.B.[a]


[a] No binding under the ITC measurement conditions.


Figure 2. Correlation between binding constants (Ka) obtained from ITC ex-
periments and fluorescence signals observed on the chemical arrays. The x-
axis represents the fluorescence intensities of compounds 1–11 on the glass
slide (Figure 1 C), The y-axis represents the Ka values calculated by ITC analy-
sis (Table 2). r2 = 0.6633.
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complex structure. Collectively, these data suggest a dis-ACHTUNGTRENNUNGordered conformation of the tail end.[29] The propionamide
moiety of the PBA subunit in 2 forms hydrogen bonds with
the Ser51B hydroxy group and the Ala52B carbonyl oxygen
(Figure 3 C). As described above, the differences between the
Ka values of 5 and 11 (Figure 2 D) indicate that this hydrogen-
bonding network contributes robustly to stabilization of the
Shble protein/BLM complex. It also has been suggested that
changing the amide moiety to a carboxylic acid moiety should
not only lose the hydrogen-bonding network for stabilization
but also induce repulsion between the negatively charged car-
boxylate group and the Ala52B carbonyl oxygen or Ser51BACHTUNGTRENNUNGhydroxy group.


Discussion


Several crystal structures of ligand–BLM binding protein com-
plexes, including BlmT/BLM A2,[24] BlmA/CuII-bound or -un-
bound BLM A2,[29, 30] thermostable Shble mutant/BLM A2,[27] as
well as solution structure of Shble/ZnII-bound BLM,[31] have so
far been reported. These crystallographic and NMR analyses


present detailed depictions of drug–protein interactions, but it
is still difficult to evaluate the relative and quantitative impor-
tance of individual functional groups on the complex drug
molecule for the interaction. Many BLM derivatives have been
identified or synthesized[32–38] to obtain these information, but
there are few available data relating to binding patterns of a
large number of BLM analogues.


Through our SAR analysis with a photocrosslinked chemical
array platform, we found that all of the Shble-bound BLMs
have a common backbone, made up of the PBA, AHM, and bi-
thiazole units. The analysis also suggested the importance of
the bithiazole moiety, the propionamide moiety of the PBA
subunit, and the C-terminal tail that is connected to bithiazole
during binding. This hypothesis was confirmed by ITC experi-
ments.


The importance of the bithiazole moiety in the interaction
between BLM and BLM-binding proteins has been suggested
by X-ray crystallographic and NMR analyses.[27, 29, 31] Our on-chip
SAR, as well as the ITC experiments, clearly showed that the
stacking effect of the bithiazole moiety with aromatic residues
in the Shble protein was critical, because derivatives that
lacked the bithiazole did not generate positive binding signals
on the chemical arrays; moreover, compound 12 did not bind
to Shble protein at all in the ITC experiment.


The hydrogen-bonding networks that surround the PBA
domain of BLMs in co-crystal structures have been observed in
previous analyses, but the quantitative importance of the pro-
pionamide group in the PBA domain has not been assessed. It
is noteworthy that our study demonstrated a >70-fold de-
crease in affinity when the amide moiety in the propionamide
group was altered to a carboxylic acid. This result is probably
due to loss of two hydrogen bonds with Ala52 and Asn61 (Fig-
ure 3 C).


The C-terminal tail moiety (R2 in Table 1) attached to the bi-
thiazole group has been reported to contribute to BLM–DNA
interaction.[39] No electron density map of this tail has been
clarified by any reports,[24, 27, 29, 31] and the structure of this tail
was also unclear in our crystallographic study (Figure 3 A). It
has been shown previously that the negatively charged cleft
runs between two protein subunits in the Shble dimer, sug-
gesting that there are interactions between the positively
charged C-terminal tail moiety and the negatively charged resi-
dues of resistant proteins (for example, Asp32 in Shble protein)
and that the terminus is necessary for ligand recognition of
the protein but not for ligand stabilization.[26, 29, 31] However, re-
sults obtained from our study of the SARs of BLMs’ binding
specificities toward Shble protein clearly demonstrated that
the tails did modulate the stabilities of the protein–ligand
complexes.


The on-chip SAR method described in this study provides
valuable insights into the structural requirements for BLMs to
be recognized by Shble protein in a high-throughput manner.
For example, compounds 5 and 11, which are structurally si-ACHTUNGTRENNUNGmilar BLMs, were clearly distinguished by their fluorescence
signals on the arrays. The chemical array screening method en-
ables SAR analysis with very small amounts of compounds
(�10 mm, 1 nL per spot) and cell lysates that express a tagged


Figure 3. Crystal structure of the complex formed by Shble protein and com-
pound 2. A) Overall view of the complex formed by Shble protein and com-
pound 2. Each Shble monomer is colored in blue (subunit A) or green (sub-ACHTUNGTRENNUNGunit B). Two 2 molecules are drawn in magenta and yellow. Electron density
around 2 is contoured at 1.0 s. B) The binding of 2 to Shble protein in the
long groove. A molecule of 2 and the surrounding residues of Shble protein
are shown in stick representation. The bisthiazole moiety of 2 is stabilized
by a stacking interaction. C) Hydrogen-bonding network between Shble pro-
tein and the terminal amide group of the pyrimidobramic acid moiety of 2.
The carbon atoms of 2 and copper ion are colored magenta and brown, re-
spectively. Each subunit of Shble protein is colored as in (B).
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protein of interest, whereas both ITC and X-ray crystallography
require highly purified and large amounts of proteins.


On the other hand, while the photocrosslinked chemical
array platform has proven to be useful, we recognize that the
results that were obtained from our on-chip SARs are not de-
finitive. Compounds 5 and 6, for example, showed similar bind-
ing signals on the arrays, whereas ITC analysis showed the
binding of 5 to Shble protein to be 40 times stronger than that
of 6. One possible reason could be the reactivity of the R2


moiety: these compounds differ only in the R2 group, thus
making it possible that an electron-rich p-(dimethylaminome-
thyl)aniline moiety in compound 6, which does not participate
in binding, could react preferentially with electron-deficient
carbene species during the photocrosslinking process. We are
currently analyzing the reactivity of the carbene towards a vari-
ety of functional groups under our photocrosslinking condi-
tions. The studies should be useful in revealing the origins of
these inconsistencies and in providing an array system that is
more compatible with evaluations of SAR studies of binding
between immobilized compounds and target proteins.


Conclusions


In this study we have performed an analysis of the SARs of
BLM derivatives and Shble protein by using a chemical array
platform, and we suggest that several domains are important
for BLM derivatives to be recognized by Shble protein. Our hy-
pothesis was confirmed by ITC and X-ray crystallographic anal-
yses. The information that was obtained in this study has pro-
vided us with additional insights into the mechanisms of Shble
protein sequestration, which should become the molecular
basis for the design of clinical drugs with better clinical efficacy
in the near future.


Experimental Section


Preparation of photocrosslinked chemical array : The slides were
prepared as in our previous reports.[18, 19] A solution of the 2000-
natural product library (10 mm in DMSO) from the Microbial
Chemistry Research Center (Japan) was arrayed onto the photoaf-
finity linker-coated glass slides. The slides were then exposed to
UV irradiation (4 J cm�2) at 365 nm by using a CL-1000 L UV cross-
linker (UVP, CA). They were rinsed with DMSO, washed successively
with DMSO, DMF, THF, DMSO, and Milli-Q water (1 h each), and
dried. The slides were degassed and stored at �20 8C until use.


Preparation of mammalian cell lysates expressing RFP-fused
Shble protein : Streptoalloteichus hindustanus Shble gene from the
pZeoSV2 (+) vector (Invitrogen, Tokyo, Japan) was subcloned into
pDsRed-Express-N1 (Clontech, Mountain View, CA). Sequences
were confirmed by the dideoxynucleotide chain termination proce-
dure with an automated sequencer (Applied Biosystems). HEK293T
cells were cultured in RPMI-1640 medium supplemented with fetal
bovine serum (10 %) under a humidified atmosphere containing
CO2 (5 %). RFP-fused Shble protein-expressing cells were created by
transfection of the plasmids into exponentially growing HEK293T
cells in the presence of the Effectene transfection reagent (Qiagen,
Tokyo, Japan). After transient transfection for 24 h, the cells were
washed, harvested, suspended in phosphate-buffered saline (PBS),
and lysed by sonication. The lysates were centrifuged at


15 000 rpm for 15 min, and the amount of protein in each lysate
was measured by staining the proteins with Coomassie Brilliant
Blue G-250 (BioRad, Hercules, CA). In this paper, the fused Shble
protein expressed from pDsRed-Express-N1 is designated as RFP-
fused Shble protein.


Treatment of glass slides with cell lysates and scanning of slides
for fluorescence : Glass slides were incubated for 1 h at 30 8C with
cell lysates that overexpressed the RFP-fused Shble protein or RFP
protein (3–4 mg protein per mL) followed by the merged display
method.[22] After incubation, the slides were washed three times,
dried, and scanned at 532 nm on a GenePix microarray scanner
(Amersham Biosciences). The fluorescence signals were quantified
by using GenePix 5.0 software. For the images from each slide, one
that was treated with cell lysates that overexpressed RFP was used
as control, and the other was incubated with cell lysates overex-
pressing the RFP-fused Shble protein. These were colored green
and red, respectively, by using Photoshop 5.5 software. The colored
figures were then merged.


Purification of Shble protein and isothermal titration calorimetry
(ITC): The gene encoding Shble protein was subcloned into the
pRSET C vector (Invitrogen). An E. coli. strain—BL21 (DE3)—was
transformed with the resulting vector. The transformed cells were
cultured in LB medium and lysed by sonication in PBS. Cell lysates
were prepared by centrifugation, and Ni-NTA agarose (Qiagen) was
added to the cell lysates. The Ni-NTA agarose was washed with
PBS, and Ni-NTA agarose-bound His6-Shble protein was eluted with
PBS containing imidazole (300 mm). The eluted fractions were then
dialyzed with PBS. ITC was performed at 20 8C by use of MicroCal
VP-ITC (MicroCal, Northampton, MA). His6-Shble protein was de-
gassed for 3 min before being loaded into a calorimeter cell. A
ligand solution (200 mm) in PBS that had been degassed for 3 min
before use was titrated with protein (18 mm) in the same buffer.
After an initial dummy injection of 2 mL, ligand solution (6 mL) was
injected into the calorimeter cell. The resulting titration curves
were then processed and fitted with the aid of Origin 7 software.
Compounds 2, 3, 5, and 7–11 were isolated from Streptomyces and
synthesized as described previously.[35–38, 40]


Purification and crystallization of Shble protein : For purification
of the Shble protein, an E. coli strain—BL21—harboring nontagged
recombinant Shble protein was grown in LB medium containing
ampicillin (50 mg mL�1). The harvested cells, collected by centrifuga-
tion, were extracted by sonication with buffer [Tris-HCl (pH 7.4,
20 mm), PMSF (1 mm), benzamidine (5 mm)] . The resulting super-
natant was collected by centrifugation at 40 000 g for 1 h. The
cleared supernatant was applied to a RESOURCE Q column (GE
Healthcare) that was equilibrated with Tris-HCl buffer (pH 7.4,
20 mm) and eluted with Tris-HCl buffer (pH 7.4, 20 mm) containing
NaCl (0–1 m) in a linear concentration gradient. The fractions con-
taining Shble protein were applied to a Superdex 200 column (GE
Healthcare) for purification to homogeneity. For the crystallization
of Shble protein, crystals of Shble-containing compound 2 were
grown by the vapor diffusion method with PEG 2000 monomethyl
ether as a precipitant at 20 8C. An equal volume of well liquor con-
taining PEG (14 %), MES (pH 6.5, 100 mm), and ZnSO4 (10 mm) was
mixed with protein solution (5 mg mL�1) containing compound 2
(3 mm).


Data collection and structure analysis of Shble protein : X-ray dif-
fraction measurements were performed in BL26B2 at SPring-8
(RIKEN). Diffraction images of the dataset were indexed, integrated,
and scaled by use of the HKL2000 program suite.[41] Further proc-
essing was carried out by use of the CCP4 package.[42] The data col-
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lection and refinement statistics are summarized in Table S2. The
crystal belongs to the space group P212121, with unit cell dimen-
sions of a = 40.0 �, b = 53.9 �, and c = 125.5 �.


Multiwavelength anomalous dispersion data of Shble protein in
complex with compound 2 were measured at the absorption edge
of the Cu atom. The determination of the copper position and ini-
tial phasing were performed by use of the AUTOSHARP program.[43]


The initial phases were improved, and the models in the electron
density map were built with the LAFIRE program.[44] The protein/
compound 2 model was then constructed manually with the aid
of the XtalView program.[45] Crystallographic refinement was per-
formed by use of the crystallography and NMR system.[46] The crys-
tallographic coordinates of Shble protein in complex with com-
pound 2 have been deposited at the Protein Data Bank (PDB ID:
2ZHP).


Compound characterization : The structure of each compound
that was stored in a compound library was further confirmed by
examination of spectra data. An LTQ Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) was used for ESI. IR spectra
were recorded on an FT-2100 instrument (Horiba, Kyoto, Japan).
UV spectra were recorded on a Hitachi U-2800 (Hitachi, Tokyo,
Japan) instrument.


Bleomycin derivative 1: IR (KBr): ñ= 3350, 2935, 1720, 1640, 1555,
1065 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 599 (0.52), 332 sh (14.8),
311 sh (58.6), 293 (85.0), 245 sh (109), 212 nm sh
(242 mol�1 dm3 cm�1) ; HRMS (ESI+): m/z : calcd for C72H116N22O21S2


Cu: 875.8706 [M]2 + ; found: 875.8717.


Bleomycin derivative 4 : IR (KBr): ñ= 3390, 2935, 1720, 1645, 1560,
1065 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 596 (0.60), 332 sh (16.8),
311 sh (65.2), 293 (94.0), 244 (121), 211 nm sh
(230 mol�1 dm3 cm�1) ; HRMS (ESI+): m/z : calcd for
C62H98N20O22S2Cu: 800.7945 [M]2 + ; found: 800.7953.


Bleomycin derivative 6 : IR (KBr): ñ= 3380, 2935, 1715, 1650, 1535,
1065 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 594ACHTUNGTRENNUNG(0.64), 332 sh (17.6), 312
sh (77.2), 289 (132), 249 (134), 211 nm sh (241 mol�1 dm3 cm�1) ;
HRMS (ESI+): m/z : calcd for C59H84N18O21S2Cu: 753.7374 [M]2 + ;
found: 753.7392.


Bleomycin derivative 12 : IR (KBr): ñ= 3335, 2940, 1720, 1671,
1637, 1525, 1050 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 599 (0.92), 332
sh (24.0), 313 sh (60.2), 301 (66.2), 246 (118), 213 nm sh
(145 mol�1 dm3 cm�1) ; HRMS (ESI+): m/z : calcd for C37H56N12O19Cu:
1036.3153 [M]+ ; found: 1036. 3134.
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Introduction


Cytochrome P450 monooxygenase CYP102A1 from Bacillus
megaterium (also known as P450-BM3) is a widely used and
well-investigated monooxygenase. It is one of the most prom-
ising cytochrome P450 monooxygenases (CYPs) for preparative
synthesis, since it is a soluble fusion protein of the monooxy-
genase and a diflavin reductase[1] and is relatively stable under
process conditions.[2] The wild type enzyme is a highly active
fatty acid hydroxylase[3] and its substrate profile has been wid-
ened by mutagenesis.[4] While the wild type enzyme is unselec-
tive, mutants have been described with increased regio- and
stereoselectivity for different substrates. Among others, posi-
tion 87 which resides in the substrate recognition site 1[5] has a
strong impact on substrate specificity and regioselectivity for
different substrates.[6–9] The CYP102A1 crystal structure reveals
that the residue in this position is involved in the formation of
the substrate binding cavity close to the haem centre. Molecu-
lar dynamics simulations of the complex of CYP102A1 with a-
pinene revealed that different residues in this position cause
changes in regioselectivity by stabilising the unpolar substrate
in different binding conformations.[10] A second hotspot forACHTUNGTRENNUNGregioselectivity and substrate specificity in CYP102A1 (posi-
tion 328) was identified by systematic analysis of 31 crystal
structures and 6300 sequences.[11] This study predicted that in
98 % of all CYP sequences the residue localised in position 5
after the highly conserved ExxR motif is located in the immedi-
ate vicinity of the haem group. Its side chain points towards
the haem centre and therefore is expected to interact with all
substrates during oxidation. The study further revealed that
residues in this position are predominantly hydrophobic. Previ-
ously, position 328 in CYP102A1 has been shown to play an
important role in enantio- and regioselectivity towards alkanes


and alkenes.[12, 13] A funnel like haem access region in human
CYP2C9 has been previously shown by molecular dynamics
simulations to restrict possible orientations of the substrate
(S)-warfarin close to the haem centre, and hence to mediate
regioselectivity.[14] Hence, the hotspot positions 87 and 328 in
CYP102A1 are expected to influence the accessibility of the ac-
tivated haem oxygen from opposite sides of the haem access
channel (Figure 1). Due to their spatial closeness, we expect a
cooperative effect of both positions on substrate access to the
activated oxygen and therefore on activity, specificity and se-
lectivity.


Four differently sized and shaped terpenes [(4R)-limonene
(6), nerylacetone [(Z)-1] , geranylacetone [(E)-1] and (+)-valen-
cene (11)] were chosen to screen the library. Oxidation of each
compound can lead to interesting and valuable products. (4R)-
limonene (6), the major constituent of citrus peel essential oils,
has been shown to be oxidised by CYP102A7 to racemic mix-
tures of (4R)-limonene-1,2-epoxide (7), (4R)-limonene-8,9-epox-
ide (8) and carveol (9).[15] It is further known to be regio- and
stereoselectively converted by Xanthobacter sp. C20 to form
(4R,8R)-limonene-8,9-epoxide (8).[16] It has been suggested that
a CYP catalyses this oxidation reaction, however, the respective
enzyme has not yet been isolated.


[a] A. Seifert, S. Vomund, Priv.-Doz. Dr. V. B. Urlacher, Prof. Dr. J. Pleiss
Institute of Technical Biochemistry, University of Stuttgart
Allmandring 31, 70569 Stuttgart (Germany)
Fax: (+ 49) 711-685-3196
E-mail : juergen.pleiss@itb.uni-stuttgart.de


[b] K. Grohmann, S. Kriening, Prof. Dr. S. Laschat
Institute of Organic Chemistry, University of Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)


A minimal CYP102A1 mutant library of only 24 variants plus
wild type was constructed by combining five hydrophobic
amino acids (alanine, valine, phenylalanine, leucine and isoleu-
cine) in two positions. Both positions are located close to the
centre of the haem group. The first, position 87, has been
shown to mediate substrate specificity and regioselectivity in
CYP102A1. The second hotspot, position 328, was predicted to
interact with all substrates during oxidation and has previously
been identified by systematic analysis of 31 crystal structures
and 6300 sequences of cytochrome P450 monooxygenases. By


systematically altering the size of the side chains, a broad
range of binding site shapes was generated. All variants were
functionally expressed in E. coli. The library was screened with
four terpene substrates geranylacetone, nerylacetone, (4R)-li-
monene and (+)-valencene. Only three variants showed no ac-
tivity towards all four terpenes, while eleven variants demon-
strated either a strong shift or improved regio- or stereoselec-
tivity during oxidation of at least one substrate as compared
to CYP102A1 wild type.
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(+)-Nootkatone (14), the most expensive aromatic of grape-
fruit, can be obtained by the selective oxidation of (+)-valen-
cene (11), a cheap constituent of orange oil. Besides chemical
oxidation, the biotransformation of (+)-valencene (11) by
Chlorella and Mucor species has been reported.[17] Furthermore,
cytochrome P450 monooxygenases P450cam, CYP102A1 and
mutants thereof have been shown to oxidise (+)-valencene
(11).[18] P450cam mutants showed relatively high regioselectivi-
ty for C2 oxidation (85 %), however, activity was rather low. On
the other hand, CYP102A1 variants showed higher activityACHTUNGTRENNUNGtowards (+)-valencene (11), but were unselective. Hence,
CYP102A1 variants with higher selectivity are needed. Further-
more, CYP102A1 has also been shown to unselectively oxidise
geranylacetone to three products.[19] In the same study a triple
mutant (R47L/Y51F/F87V) was introduced that catalyses the
epoxidation of geranylacetone [(E)-1] to 9,10-epoxygeranylace-
tone [(E)-2] with high regio- and stereoselectivity. The same
mutant also oxidises nerylacetone [(Z)-1] to five different prod-
ucts. However, allylic alcohols in positions C11 and C12 of the
two substrates have not (or only in minor amounts) been de-
tected among the products of the corresponding terpenes.
These hydroxy products are valuable starting materials for the
total syntheses of natural products such as smenochrom-
ene D,[20] indole alkaloids,[21] pseudopteranes, furanocem-
branes,[22] brown algae-derived linear C18 terpenoids,[23] antitu-
mor cembrane lactones crassin and isolobophytolide[24, 25] and
macrocyclic terpenoids humulene, flexibilene, helminthoger-


macrene and b-elemene[26–28] as well as cyclopropane-derived
materials.[29, 30] Thus, there is a need for CYP102A1 variants with
changed chemoselectivity. By systematically combining fiveACHTUNGTRENNUNGhydrophobic residues in both hotspot positions a minimal
mutant library was constructed which can due to its small size
be rapidly screened for variants with changed chemoselectivity
and/or improved regio- and stereoselectivity.


Results


Terpene oxidation


A minimal library of 24 variants plus wild type was constructed
by combination of five hydrophobic amino acids (alanine,
valine, phenylalanine, leucine and isoleucine) in two positions
(87 and 328), which have been previously identified as hot-
spots for selectivity. Altering the side chain size of these two
amino acids drastically changes the shape of the substrate
binding cavity in close vicinity of the haem group (Figure 1).
The presence of the Soret-band at 450 nm upon measuring of
CO-difference spectra indicated that all 24 variants and the
wild type functionally incorporated the haem group during ex-


Figure 1. Shape of the substrate binding site in CYP102A1 wild type (centre)
near to the active haem (yellow). The mutated positions 87 (left) and 328
(right) are shown in red. The high diversity of substrate binding site shapes
of six highly selective variants A328V (FV), F87A/A328I (AI), F87V/A328V (VV),
F87L/A328I (LI), F87V/A328F (VF) and F87V/A328L (VL) are visualised in the
insets. Models are based on CYP102A1 crystal structure (PDB entry 1bu7
chain A) and were generated with the Pymol 0.99 program.[46]
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pression. The CYP102A1 wild type enzyme converted all ter-
penes [geranylacetone [(E)-1] , nerylacetone [(Z)-1] , (4R)-limo-
nene (6) and (+)-valencene (11)] , however with poor regiose-
lectivity and activity. The screening of the mutant library re-
vealed eleven variants that convert at least one terpene to a
new valuable product and possess strongly increased selectivi-
ty as compared to the wild type enzyme (Table 1). While four
single mutants in positions 87 or 328 and one double mutant
showed improved or strongly shifted regio- or chemoselectivi-
ty towards the small acyclic terpenes geranyl- or nerylacetone
[(E)-1, (Z)-1] , amino acid substitution in both positions were
necessary to improve selectivity towards the more bulky sub-
strates (4R)-limonene (6) and (+)-valencene (11). Only three
variants (A328F, F87I/A328F and F87A/A338V) did not convert
any of the four terpenes. In the following we focus only on the
variants with the highest regio- and stereoselectivity, strongly
shifted product profile, and variants which produce new and
interesting products.


Best geranylacetone-converting variants


Geranylacetone [(E)-1] is converted by the CYP102A1 wild type
enzyme to two products (Table 3). The main product is 9,10-
epoxygeranylacetone (E)-2 (54 %). The second product at a


ACHTUNGTRENNUNGretention time of 12.3 min could not be identified. 11-Hydroxy-
and 12- hydroxygeranylacetone [(E)-4, (E)-5] are not among the
products. The screening of our minimal library showed three
single mutants (F87V, F87I and F87L) with a strong preference
for the formation of 9,10-epoxygeranylacetone [(E)-2] . Variant
F87L produced 9,10-epoxygeranylacetone [(E)-2] almost exclu-
sively (97 %). Furthermore, nine variants were, in contrast to
the CYP102A1 wild type, able to hydroxylate geranylacetone
at allylic positions C11 and C12. Two of these nine variants
showed a strong shift in chemoselectivity. Variant A328 V pro-
duced the highest amount of 11-hydroxygeranylacetone [(E)-4,
37 %; Table 3]. However, this variant was rather unselective,
since it converted this acyclic terpene [(E)-1] to a total of three
products including 12-hydroxygeranylacetone [(E)-5, 31 %] and
9,10-epoxygeranylacetone [(E)-2, 30 %]. Variant F87V/A328L in
turn almost exclusively converted geranylacetone to two allylic
alcohols, with a strong preference for position C12 (80 %) over
C11 (15 %). To our knowledge, this is the first time a CYP is pre-
sented that oxidised geranylacetone [(E)-1] to allylic alcohols in
position 11 and 12. Except for variant A328V, which showed
1.7-fold increased oxidation rate as compared to wild type, the
remaining variants with improved selectivity were less active
than the wild type (Table 2).


Best nerylacetone-converting variants


CYP102A1 wild type oxidised nerylacetone [(Z)-1] unselectively
to more than 4 different products (Table 3). Two products were
identified as epoxides 9,10-epoxynerylacetone [(Z)-2, 47 %] and
5,6-epoxynerylacetone [(Z)-3, 11 %]. Two minor products were
allylic alcohols 11-hydroxy- and 12-hydroxynerylacetone [(Z)-4,
(Z)-5, 11 % and 1 %, respectively]. Variant A328V showed a
strong shift in chemoselectivity and a considerable improve-


Table 1. Comparison of terpene oxidation catalysed by CYP102A1 var-
iants designed in this study. Black cells indicate variants that show the
strongest shifts in regio- or chemoselectivity, or have the highest regio-
or stereoselectivity as compared to wild type. Enzyme–substrate combi-
nations with no or only minor improvement as compared to wild type
are depicted in white. Grey cells indicate very little or no conversion of
the respective substrates.


CYP102A1
variants


(4R)-(+)-
limonene


geranyl
acetone


neryl
acetone


(+)-
valencene


F87A/A328 & & & &
F87A/A328I & & & &


F87A/A328L & & & &


F87A/A328V & & & &


F87A/A328F & & & &


F87I/A328 & & & &


F87I/A328I & & & &


F87I/A328L & & & &


F87I/A328V & & & &


F87I/A328F & & & &


F87L/A328 & & & &


F87L/A328I & & & &


F87L/A328L & & & &


F87L/A328V & & & &


F87L/A328F & & & &


F87V/A328 & & & &
F87V/A328I & & & &


F87V/A328L & & & &


F87V/A328V & & & &


F87V/A328F & & & &


F87/A328[a] & & & &
F87/A328I & & & &


F87/A328L & & & &


F87/A328V & & & &


F87/A328F & & & &


[a] CYP102A1 wild type.


Table 2. Comparison of activity of CYP102A1 wild type and the most se-
lective variants (Table 3) towards (4R)-(+)-limonene (6), geranylacetone
[(E)-1] , nerylacetone [(Z)-1] and (+)-valencene (11). The substrate oxida-
tion rate is defined as a/ ACHTUNGTRENNUNG(c·t) [mmol·ACHTUNGTRENNUNG(mmol CYP)�1·min�1] , with converted
substrate a [mm] , enzyme concentration c [mm] and time t to consume
the NADPH [min].


CYP102A1 Substrate NADPH Oxidation Conversion
variants turnover rate after 1 hACHTUNGTRENNUNG[min�1] ACHTUNGTRENNUNG[min�1] [%]


wild type 6 112�7.3 54.7�4.6 48.7�1
F87A/A328F 6 88�12 60�7.4 68�1.3
F87V/A328F 6 277�8.3 181�4.2 65.3�1
wild type (E)-1 478�38 324�17 67.9�2
F87V (E)-1 133�6 83�3 62.6�2.3
F87I (E)-1 64�9 33�4 51.1�2.6
F87L (E)-1 17�4 6�1 38.2�1.3
A328V (E)-1 1145�105 550�72 48.1�4.4
F87V/A328L (E)-1 300�23 152�11 50�3.8
wild type (Z)-1 301�27.4 155�6.9 51.6�2.6
A328V (Z)-1 594�24.7 338�9.8 56.9�1
wild type 11 43�3.3 10�2 22.9�3.1
F87A/A328I 11 25.3�5.6 12.8�3.7 50.3�3.9
F87V/A328I 11 54.4�10.3 15.7�3.3 28.7�1.7
F87L/A328I 11 17.4�3.6 4.2�0.7 24.6�5.3
F87V/A328V 11 63.5�4.2 24.2�2.5 38.3�5.0
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ment of regioselectivity. In contrast to the wild type
enzyme this variant produces almost exclusively two
allylic alcohols, with a marked preference for 11-hy-
droxynerylacetone [(Z)-4, 64 %] as compared to 12-hy-
droxynerylacetone [(Z)-5, 34 %]. To our knowledge, for
the first time a P450 catalyst is presented that oxi-
dised nerylacetone [(Z)-1] preferentially at ACHTUNGTRENNUNGallylic posi-
tion 11 to form 11-hydroxynerylacetone [(Z)-4] . Variant
A328V revealed 2.2-fold increased nerylacetone oxida-
tion rate as compared to wild type (Table 2).


Best (4R)-limonene-converting variants


The CYP102A1 wild type converts (4R)-limonene 6 to
four different products (racemic mixtures of (4R)-limo-
nene-1,2-epoxide (7, 30 %), (4R)-limonene-8,9-epoxide
(8, 7 %), isopiperitenol (10, 54 %) and carveol (9, 9 %)
(Table 3). The screening of our minimal library re-
vealed two variants (F87A/A328F and F87V/A328F)
with a strong increase in regioselectivity. In contrast
to the wild type enzyme both variants almost exclu-
sively epoxidise at the C8-C9 double bond resulting
in 94 % and 97 % (4R)-limonene-8,9-epoxide (8), re-
spectively (Table 3). While F87A/A328F showed a
slightly decreased NADPH turnover rate as compared
to wild type, NADPH turnover in F87V/A328F was in-
creased (Table 2). In total, considerably more (4R)-
limonene (6) was converted to products by each of
the two variants than by the wild type enzyme
(Table 2).


Best (+)-valencene-converting variants


(+)-Valencene (11) is unselectively oxidised by
CYP102A1 wild type enzyme to more than four prod-
ucts (Table 3). Only 29 % of the products result from
an oxidation at the C2 atom to (+)-nootkatol (13).
(+)-Nootkatone (14), a possible product of further ox-
idation at C2, was not detected. The four CYP102A1
variants F87V/A328I, F87A/A328I, F87L/A328I and
F87V/A328V of our minimal library revealed 89 %,
94 %, 95 % and 86 % preference for oxidation at the
C2 atom, respectively. Thereof, variants F87A/A328I,
F87V/A328I and F87L/A328I showed the highest ratio
of (+)-nootkatone (14) with 26 %, 14 % and 11 %, re-
spectively, while F87V/A328V produced only 4 % of
(+)-nootkatone (14). These product distributions
were measured in standard reactions containing the
same amount of substrate and NADPH. An increase
of the NADPH concentration led to increasing
amounts of (+)-nootkatone (14) and decreasing
amounts of (+)-nootkatol (13) for the four variants
(up to 64 % for variant F87A/A328I). This indicates the
need for two oxidation steps to arrive at (+)-nootka-
tone starting from (+)-valencene (11). The first step
constitutes the oxidation of (+)-valencene (11) to (+)-
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nootkatol (13), which is then further oxidised by the CYP to
(+)-nootkatone (14). This effect was smallest for variant F87V/
A328V. The fact that this effect is dependent on the CYP var-
iant indicates that the second oxidation step is catalyzed by
the CYP rather than other E. coli enzymes such as alcohol de-
hydrogenases. This variant combines high regioselectivity and
stereoselectivity. F87V/A328V produces 82 % (+)-nootkatol (13)
with its trans-isomer at an enantiomeric excess of 93 %, while
wild type produces only 29 % (+)-nootkatol (13) with its trans-
isomer at an enantiomeric excess of 79 %. Variants F87V/A328V
and F87V/A328I showed higher NADPH turnover rates than
the wild type enzyme, while variants F87A/A328I and F87L/
A328I showed decreased NADPH turnover rates (Table 2). For
all four variants (+)-valencene (11) conversion was equal or
higher than for the wild type. Thereof, variants F87A/A328I
and F87V/A328V showed the highest (+)-valencene conversion
(Table 3).


Discussion


CYP102A1 from Bacillus megaterium is one of the most promis-
ing monooxygenases for the application in preparative synthe-
sis. Hence, we chose this enzyme as a platform for the genera-
tion of a versatile toolbox of oxidation catalysts. Directed evo-
lution by sequential rounds of random gene mutagenesis has
been successfully applied to improve enzyme properties.[42] All
directed evolution approaches rely on an effective screening of
huge combinatorial libraries. However, only a very small part of
the theoretical library size can effectively be screened. Informa-
tion about protein structure allows one to focus on a reduced
number of positions leading to decreased library size. An ap-
proach that includes saturation mutagenesis at selected posi-
tions was previously applied to engineer CYP102A1 for enan-
tioselective alkene epoxidation.[12] However, even in the pres-
ence of crystal structure information the number of potential
substrate-interacting residues is quite high. Therefore, an ex-
haustive analysis of possible cooperative effects between the
different positions is rarely feasible due to the large number of
combinatorial possibilities. A stepwise improvement of proper-
ties can be achieved by iterative cycles of combinatorial active-
site saturation mutagenesis, starting from different positions.[43]


This strategy leads to a higher probability to identify coopera-
tive effects between different positions.


The major limitations of all the mentioned strategies are:
1) only those combinations of mutations are found of which at
least one of the underlying single mutants leads to improved
properties; 2) for each substrate a suitable assay has to beACHTUNGTRENNUNGdeveloped to screen large mutant libraries efficiently; 3) the
mutant libraries have to be at least partially reconstructed for
each screening process. Hence, instead of generating newACHTUNGTRENNUNGlibraries for every new substrate we decided to generate a
single minimal, highly enriched CYP102A1 mutant library
which can be rapidly screened with different substrates. We fo-
cussed on two hotspot positions (87 and 328) which are locat-
ed in the immediate vicinity of the activated oxygen and
therefore are most likely in contact with every substrate in its
reactive orientation, independent of its size and shape. The


generation of all possible combinations of five hydrophobic
amino acids in both positions led to a great variety of sub-
strate binding cavity shapes in the immediate vicinity of the
haem (Figure 1). The screening of this minimal library with four
differently sized and shaped terpenes identified variants with
shifted or increased regio-, stereo- and chemoselectivity. It is
widely accepted that increased regio- and stereoselectivity is
the result of a reduced number of substrate orientations close
to the haem.[10, 44, 45] Here we show that the systematic variation
of the size and shape of hydrophobic residues in the immedi-
ate vicinity of the haem can turn a preferentially epoxidating
into an hydroxylating enzyme and vice versa; this provides evi-
dence that not only regio- and stereoselectivity but also che-
moselectivity of CYP102A1 can be altered by mutations that
induce changes in substrate orientations close to the haem
centre. Some of the oxidation products described here areACHTUNGTRENNUNGvaluable and interesting compounds [for example, (+)-nootka-
tone (14)] and/or have been shown for the first time to be pro-
duced by CYPs (for example, the hydroxy products 4 and 5 of
geranyl- and nerylacetone).


Previously, CYP102A1 wild type and mutants in five positions
(including position 87) were screened with geranyl- and neryl-
acetone [(E)-1, (Z)-1] .[19] Geranylacetone [(E)-1] was converted
by a triple mutant to 9,10-epoxygeranylacetone [(E)-2] with
high regio- and stereoselectivity. The variant contained a sub-
stitution of phenyalanine in position 87 to valine. Consistently,
our results show that substitutions of F87 by valine (but also
by leucine and isoleucine) strongly increased the selectivity for
the formation 9,10-epoxygeranylacetone [(E)-2] . However, the
formation of hydroxy products in position C11 and C12 of the
substrate was not catalysed by those mutants. Here we show
that amino acid substitutions in position 328 extended the
product spectra towards hydroxy products, while combined
mutations in 87 and 328 led to a variant that almost exclusive-
ly produces hydroxy products with a pronounced regioselectiv-
ity for the C12 atom. The screening of our minimal library with
neryl acetone [(Z)-1] showed that position 328 had the stron-
gest impact on regio- and chemoselectivity upon oxidation of
this substrate. Only one mutant revealed a considerable in-
crease in selectivity towards its Z-isomer neryl acetone [(Z)-1] ,
in contrast to geranyl acetone [(E)-1] , although both substrates
have a similar chemical reactivity.


(+)-Nootkatone (14) is a valuable oxidation product of (+)-
valencene (11). Previously, a CYP102A1 mutant (R47L/Y51F/
F87A) has been introduced which, in contrast to mutant R47L/
Y51F and wild type, produces (+)-nootkatol (13) and (+)-noot-
katone (14) in small amounts, however, the mutant also pro-
duced epoxides and other products.[18] This is in agreement
with our results, which show that mutant F87A produces (+)-
nootkatol (13) and (+)-nootkatone (14) among three addition-
al oxidation products (C2-selectivity of 55 %). This result con-
firms the important role of position 87 for substrate orienta-
tion close to the haem centre and hence for regioselectivity.
However, double mutant F87A/A328I shows highly increased
C2-regioselectivity (95 %), which indicates a much strongerACHTUNGTRENNUNGrestriction of possible (+)-valencene (11) binding orientations
by a combination of this mutation with a mutation in posi-
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tion 328. Also variants F87V/A328I, F87L/A328I and F87V/
A328V showed strongly increased regioselectivity, hence differ-
ent combinations of amino acids in these two positions can
have similar effects. Interestingly, the single mutants F87L,
A328V and A328I showed no conversion of (+)-valencene (11) ;
this indicates that the effects of mutations in position 87 and
328 are nonadditive but cooperative. This fact makes it impos-
sible to predict the high selectivity of the double mutants
based on the properties of the single mutants. An iterative ap-
proach would have found variants F87A/A328I, F87V/A328I
and F87V/A328V, because the single mutants F87A and F87V
have slightly increased C2 regioselectivity as compared to wild
type (data not shown). However, variant F87L/A328I could not
be identified by an iterative approach, since both underlying
single mutants showed no (+)-valencene (11) conversion. Fur-
thermore, the preference for C12 hydroxylation of variant
F87V/A328L could not be found by an iterative approach,
since the respective single mutant F87V preferentially formed
epoxides and single mutant A328L was inactive towards gera-
nylacetone.


In general, more single mutants than double mutants
showed improved regio- and chemoselectivity towards the
small acyclic terpenes neryl- and geranylacetone [(Z)-1, (E)-1] ,
while all variants with increased selectivity towards (4R)-li-ACHTUNGTRENNUNGmonene (6) and (+)-valencene (11) are double mutants. This
demonstrates that combined mutations in both positions are
required to improve selectivity towards the more bulky sub-
strates (4R)-limonene (6) and (+)-valencene (11). It is instruc-
tive to analyse the three variants which were inactive towards
all four terpene substrates. In case of variants F87/A328F and
F87I/A328F, the amino acids side chains in the two positions
are probably too bulky to permit haem access for the sub-
strates used in this study. However, in variant F87A/A328V the
haem is easily accessible for the terpene substrates used here,
therefore it is surprising that this variant was inactive towards
all four compounds. It would be interesting to verify whether
more bulky substrates are converted by this variant.


Although it showed to be very effective to systematically
combine only five hydrophobic amino acids in position 87 and
328, it might be promising to extent randomisation with
serine, threonine and glycine since these residues are also ob-
served in CYP sequences at a position corresponding to posi-
tion 328 in CYP102A1.[11] The compounds used to screen our
minimal library have different shape, size and polarity. Both
hotspot positions also showed to influence selectivity of non-
terpene substrates, hence we anticipate that this library is also
a rich source for biocatalysts with improved selectivity towards
non-terpene substrates. An ideal CYP catalyst would combine
both a broad substrate specificity and high selectivity. Our re-
sults indicate that these requirements can not be fulfilled by
one variant only, but rather by a collection of variants. Our
minimal library is a first step towards such an ideal CYP cata-
lyst, since it provides a small collection of active variants with
improved selectivity for different substrates. We expect that
our approach is generic and can be applied to other CYPs. Po-
sition 87 can be identified in all CYPs with crystal structure in-
formation as well as in homologous CYPs. Position 328 can be


identified from sequence alone in almost all CYPs, owing to its
conserved distance from the highly conserved ExxR motif.[11]


Experimental Section


Materials : Tryptone/peptone from caseine and yeast extract were
purchased from Roth (Karlsruhe, Germany). NADPH tetrasodium salt
was from Codexis (J�lich, Germany). 5,6-Epoxy- and 9,10-epoxy-
geranylacetone [(E)-3, (E)-2] , 5,6-epoxy- and 9,10-epoxynerylace-
tone [(Z)-3, (Z)-2] were prepared as described previously,[19] (4R)-li-
monene-8,9-epoxide (8) was prepared as described elsewhere.[31]


All other chemicals (except 11-hydroxy- and 12-hydroxy-geranyl-
acetone [(E)-4, (E)-5] , 11-hydroxy- and 12-hydroxynerylacetone [(Z)-
4, (Z)-5)] used in this work were purchased from Fluka (Buchs, Swit-
zerland) or Sigma (Deisenhofen, Germany) and were of analytical
grade or higher.


Synthesis of authentic samples: 11-Hydroxygeranylacetone [(E)-
4] and 11-hydroxynerylacetone [(Z)-4] were prepared from gera-
nylacetone [(E)-1] and nerylacetone (Z)-1 respectively through sele-
nium dioxide oxidation according to the method by McMurry,[25, 28]


which gave the desired products (E)-4, (Z)-4 in 68 % and 57 % yield
respectively (Scheme 1). The synthesis of 12-hydroxygeranylace-
tone [(E)-5] commenced with treatment of geranylacetone [(E)-1]
with MCPBA in CHCl3 at 0 8C to give the corresponding 9,10-epoxy-
geranylacetone [(E)-2] quantitatively.[15] Epoxide (E)-2 was submit-
ted to periodate cleavage under acidic conditions following the
method by Mori and Kogen[32, 33] and the aldehyde (E)-16 was iso-
lated in 61 % yield. Horner–Emmons olefination of compound (E)-
16 using the Still-Gennari modification[34, 35] with the phosphonate
15 in the presence of KHMDS and [18]crown-6 in THF at �78 8C


Scheme 1. a) MCPBA, CHCl3, 0 8C; b) HIO4, Et2O, THF, 0 8C; c) 15, KHMDS,
[18]crown-6, THF, �78 8C, 1.5 h; d) (TMSOCH2)2, TMSOTf, CH2Cl2, �78 8C, 1 h;
e) DIBAL, CH2Cl2, �78 8C, 1 h; f) acetone, H2O, Amberlyst 15, RT, 20 h;
g) SeO2, tBuOOH, CH2Cl2, 0 8C, 5 h; h) P ACHTUNGTRENNUNG(OEt)3, 150 8C, 5 h; i) PCl5, 80 8C, 16 h;
j) CF3CH2OH, toluene, iPr2NEt, 0 8C, 1 h; k) NaH, THF, 0 8C, then MeI, �10 8C,
1 h.
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gave the a,b-unsaturated ester (E)-17 in 73 % yield. The Still-Gen-
nari-phosphonate 15 was synthesized in four steps in an overall
yield of 6 %.[34, 35] Sequential reaction of ethyl bromoacetate 20 with
triethylphosphite at 155 8C for 5 h followed by treatment of the
phosphonate with PCl3 and subsequent addition of 2,2,2-trifluoro-ACHTUNGTRENNUNGethanol yielded the unbranched Still–Gennari phosphonate 22 in
33 %. Methylation of 22 with methyl iodide and sodium hydide in
THF gave compound 15 in 31 % yield. Protection of the carbonyl
group in (E)-17 was achieved by transacetalisation employing the
method by Noyori and Hashimoto[36] with bis-1,2-(trimethylsilyl-ACHTUNGTRENNUNGoxy)ethane in the presence of TMSOTf in CH2Cl2 to yield the acetal
(E)-18 in 82 %. After reduction of (E)-18 with DIBAL in CH2Cl2 at
�78 8C the allylic alcohol (E)-19 was obtained in 98 % yield. Subse-
quent deprotection with Amberlyst 15 ion exchange resin in water
and acetone at room temperature gave the desired 12-hydroxyger-
anylacetone [(E)-5] in 80 % yield. The synthesis of 12-hydroxyneryl-
acetone [(Z)-5] proceeded in a similar fashion, giving the desired
product (Z)-5 in six steps and 16 % overall yield from nerylacetone
(Z)-1.


Following a method by Jones,[31] (4R)-limonene (6) was sequentially
treated with NBS in MeOH at room temperature, followed by oxi-
dation with MCPBA in CH2Cl2 and final treatment with zinc and


NH4Cl in ethanol to give (4R)-limonene-
8,9-epoxide (8) in 58 % overall yield
(Scheme 2).ACHTUNGTRENNUNG(E,E)-6,10-dimethyl-11-hydroxy-5,9-un-
decadien-2-one (11-hydroxygeranyl-ACHTUNGTRENNUNGacetone) (E-4): Geranylacetone [E-1]
(200 mg, 1.03 mmol) was added to aACHTUNGTRENNUNGsolution of selenium dioxide (46 mg,
0.41 mmol) and tert-butyl hydroperox-
ide (0.64 mL, 5 m solution in nonane,
3.2 mmol) in CH2Cl2 at 0 8C. After stirring


under nitrogen at 0 8C for 5 h, the mixture was diluted with ethyl
acetate (15 mL) and washed successively with water (2 � 10 mL), sa-
turated NaHCO3 (10 mL), water (10 mL) and brine (10 mL). The so-
lution was then dried and evaporated under reduced pressure.
Chromatographic purification on silica gel (hexanes/ethyl acetate
7:3) afforded alcohol E-4 (147 mg, 68 %). 1H NMR (300 MHz, CDCl3),
d= 1.60 (s, 3 H), 1.62 (s, 3 H), 2.01–2.05 (m, 2 H), 2.12 (s, 3 H), 2.23–
2.35 (m, 2 H), 2.44–2.50 (m, 1 H), 3.99 (br, 2 H), 5.06 (qt, J = 1.3,
7.2 Hz, 1 H), 5.34 (qt, J = 1.4, 6.9 Hz, 1 H); 13C NMR (125 MHz, CDCl3),
d= 13.7 (CH3), 15.9 (CH3), 22.5 (CH2), 25.9 (CH2), 29.8 (1-C), 39.2
(CH2), 43.7 (3-C), 68.8 (4�C), 122.9 (CH), 125.5 (CH), 134.9 (Cq),
135.9 (Cq), 209.3 ppm (2-C).ACHTUNGTRENNUNG(E,Z)-6,10-Dimethyl-11-hydroxy-5,9-undecadien-2-one (11-hy-
droxynerylacetone) (Z-4): The alcohol Z-4 was prepared as de-
scribed for E-4 from Z-1 (200 mg, 1.03 mmol). Chromatographic
purification on silica gel (hexanes/ethyl acetate 7:3) gave alcohol E-
4 (123 mg, 57 %). 1H NMR (300 MHz, CDCl3), d= 1.58 (s, 3 H), 1.64 (s,
3 H), 2.10–2.12 (m, 2 H), 2.14 (s, 3 H), 2.21–2.33 (m, 2 H), 2.42–2.53
(m, 1 H), 4.00 (br, 2 H), 5.04–5.11 (m, 1 H) 5.39–5.44 (m, 1 H);
13C NMR (125 MHz, CDCl3), d= 13.6 (CH3), 22.4 (CH2), 23.2 (CH3),
25.7 (CH2), 30.0 (1-C), 31.5 (CH2), 43.9 (3-C), 68.6 (4-C), 123.7 (CH),
125.2 (CH), 135.1 (Cq), 136.1 (Cq), 209.2 ppm (2-C).


(E)-4-Methyl-8-oxonon-4-enal (E-16): A solution of epoxide E-2
(750 mg, 3.57 mmol) in dry Et2O (5 mL) was added to a solution of
periodic acid dihydrate (976 mg, 4.28 mmol) in dry THF (20 mL) at
0 8C under N2. After stirring for 0.5 h, saturated aqueous NaHCO3


was added at 0 8C and the reaction mixture was stirred for another
15 min. The white suspension was filtered through a plug of silica


and rinsed with Et2O. The aqueous material was extracted with
Et2O. The combined organic layers were washed with H2O (50 mL),
saturated aqueous NaHCO3 (50 mL) and brine (50 mL), dried and
evaporated under reduced pressure. The crude product was puri-
fied by chromatography on silica gel (hexanes/ethyl acetate 5:1) to
give the aldehyde E-16 as a colorless oil (345 mg, 61 %). 1H NMR
(300 MHz, CDCl3), d= 1.63 (s, 3 H), 2.13 (s, 3 H), 2.22–2.35 (m, 4 H),
2.42–2.55 (m, 4 H), 5.11 (qt, J = 1.3, 7.1 Hz, 1 H), 9.74 ppm (t, J = 1.9,
1 H).


(Z)-4-Methyl-8-oxonon-4-enal (Z-16): The aldehyde Z-2 was pre-
pared as described for E-16 from Z-2 (1.70 g, 8.10 mmol). Chroma-
tographic purification on silica gel (hexanes/ethyl acetate 6:1) gave
the aldehyde Z-16 (756 mg, 56 %). 1H NMR (300 MHz, CDCl3), d=
1.63 (s, 3 H), 2.13 (s, 3 H), 2.21–2.35 (m, 4 H), 2.42–2.55 (m, 4 H), 5.11
(qt, J = 1.3, 7.0 Hz, 1 H), 9.75 ppm (t, J = 1.9, 1 H).ACHTUNGTRENNUNG(2Z,6E)-Ethyl-2,6-dimethyl-10-oxoundeca-2,6-dienoate (E-17): A
solution of 15 (671 mg, 2.02 mmol) in dry THF (3 mL) under N2 at-
mosphere was added to a solution of [18]crown-6 (1.6 g,
6.06 mmol) in dry THF (15 mL). The solution was cooled to �78 8C
and KHMDS (4.5 mL, 0.5 m in toluene, 2.22 mmol) was added. After
stirring for 0.5 h, a solution of the aldehyde E-16 (340 mg,
2.02 mmol) in dry THF (7 mL) was added dropwise. The reaction
mixture was maintained at �78 8C for 1 h, then quenched with
aqueous NH4Cl (60 mL). The mixture was extracted with Et2O (8 �
30 mL). The combined organic phases were washed with brine
(20 mL), dried over MgSO4 and concentrated in vacuo to give a
pale yellow oil. Chromatographic purification on silica gel (hex-
anes/ethyl acetate 9:1) gave the unsaturated ethyl ester E-17 as a
colourless oil (338 mg, 66 %). 1H NMR (300 MHz, CDCl3), d= 1.30 (t,
J = 7.1 Hz, 3 H), 1.61 (s, 3 H), 1.88 (s, 3 H), 2.03- 2.10 (m, 2 H), 2.13 (s,
3 H), 2.22–2.31 (m, 2 H), 2.42–2.49 (m, 2 H), 2.50–2.60 (m, 2 H), 4.20
(q, J = 7.1 Hz, 2 H), 5.06 (qt, J = 1.3, 7.1 Hz, 1 H), 5.88 ppm (qt, J =
1.5, 7.3 Hz, 1 H).ACHTUNGTRENNUNG(2Z,6Z)-Ethyl-2,6-dimethyl-10-oxoundeca-2,6-dienoate (Z-17):
The ethyl ester Z-17 was prepared as described for E-17 from Z-16
(1.01 g, 3.04 mmol). Chromatographic purification on silica gel
(hexanes/ethyl acetate 5:1) gave the unsaturated ethyl ester Z-17
(484 mg, 63 %). 1H NMR (300 MHz, CDCl3), d= 1.30 (t, J = 7.1 Hz,
3 H), 1.68 (s, 3 H), 1.89 (s, 3 H), 2.10–2.17 (m, 2 H), 2.14 (s, 3 H), 2.22–
2.31 (m, 2 H), 2.42–2.48 (m, 2 H), 2.49–2.59 (m, 2 H), 4.20 (q, J =
7.2 Hz, 2 H), 5.08–5.13 (m, 1 H), 5.90 ppm (qt, J = 1.5, 7.5 Hz, 1 H).ACHTUNGTRENNUNG(2Z,6E)-Ethyl-2,6-dimethyl-9-(2-methyl-1,3-dioxolan-2-yl)nona-
2,6-dienoate (E-18): A solution of bis-1,2-(trimethylsilyloxy)ethane
(473 mg, 2.3 mmol) in dry CH2Cl2 (5 mL) was added to a solution of
E-17 (445 mg, 1.8 mmol) in dry CH2Cl2 (10 mL) under N2 atmos-
phere. The solution was cooled to �78 8C and TMSOTf (6.4 mL,
35 mmol) was added dropwise. After 1 h, TLC control showed in-
complete conversion of E-17. An additional portion of bis-1,2-(tri-
methylsilyloxy)ethane (40 mg, 0.19 mmol) was added to the reac-
tion mixture. After stirring for 10 min, dry pyridine (4.5 mL) was
added and stirred for another 3 min. The solvents were evaporated
in vacuo to give a yellow oil. Chromatographic purification on
silica gel (hexanes/ethyl acetate 15:1) yielded the protected unsa-
turated ethyl ester E-18 as a colourless oil (427 mg, 82 %). 1H NMR
(300 MHz, CDCl3), d= 1.30 (t, J = 7.2 Hz, 3 H), 1.33 (s, 3 H), 1.61 (s,
3 H), 1.63–1.70 (m, 2 H), 1.87–1.90 (m, 3 H), 2.03–2.14 (m, 4 H), 2.51–
2.60 (m, 2 H), 3.91–3.97 (m, 4 H), 4.20 (q, J = 7.1 Hz, 2 H), 5.15 (qt,
J = 1.3, 7.1 Hz, 1 H), 5.90 ppm (qt, 1 H, J = 1.5, 7.3 Hz).ACHTUNGTRENNUNG(2Z,6Z)-Ethyl-2,6-dimethyl-9-(2-methyl-1,3-dioxolan-2-yl)nona-
2,6-dienoate (Z-18): Z-18 was prepared as described for E-18 from
Z-17 (438 mg, 1.90 mmol). Chromatographic purification on silica


Scheme 2. a) NBS, MeOH,
RT, 1 d; b) MCPBA, CH2Cl2,
0 8C to RT, 3 d; c) Zn,
NH4Cl, EtOH, RT, 1 d.
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gel (hexanes/ethyl acetate 5:1) gave the unsaturated ethyl ester Z-
18 (520 mg, 92 %). 1H NMR (300 MHz, CDCl3), d= 1.30 (t, J = 7.2 Hz,
3 H), 1.32 (s, 3 H), 1.54 (s, 3 H), 1.67–1.70 (m, 2 H), 1.87–1.90 (m, 3 H),
2.03–2.17 (m, 4 H), 2.50–2.59 (m, 2 H), 3.91–3.97 (m, 4 H), 4.22 (q,
J = 7.1 Hz, 2 H), 5.12–5.19 (m, 1 H), 5.87–5.94 ppm (m, 1 H).ACHTUNGTRENNUNG(2Z,6E)-ethyl-2,6-dimethyl-9-(2-methyl-1,3-dioxolan-2-yl)nona-
2,6-dien-1-ol (E-19): A solution of E-18 (338 mg, 1.14 mmol) in dry
CH2Cl2 (10 mL) was cooled to �78 8C in a N2 atmosphere. DIBAL
(2.5 mL, 1 m in hexane, 2.5 mmol) was added to this solution. After
stirring for 1 h at �78 8C, a saturated aqueous potassium sodium
tartrate solution (25 mL) was added. The reaction mixture was al-
lowed to warm to room temperature and was stirred subsequently
over night. The aqueous phase was extracted with Et2O (5 � 20 mL).
The combined organic layers were dried and evaporated underACHTUNGTRENNUNGreduced pressure. The crude product was purified by chromatogra-
phy on silica gel (hexanes/ethyl acetate 3:1) to give the alcohol E-
19 as a colorless oil (284 mg, 98 %). 1H NMR (300 MHz, CDCl3), d=
1.33 (s, 3 H), 1.59–1.63 (m, 3 H), 1.63–1.70 (m, 2 H), 1.77–1.82 (m,
3 H), 1.96–2.06 (m, 2 H), 2.06–2.20 (m, 4 H), 3.90–3.97 (m, 4 H), 4.11
(dd, J = 0.7, 5.8 Hz, 2 H), 5.13 (qt, J = 1.3, 7.0 Hz, 1 H), 5.24–5.32 ppm
(m, 1 H).ACHTUNGTRENNUNG(2Z,6Z)-Ethyl-2,6-dimethyl-9-(2-methyl-1,3-dioxolan-2-yl)nona-
2,6-dien-1-ol (Z-19): Z-19 was prepared as described for E-19 from
Z-18 (338 mg, 1.14 mmol). Chromatographic purification on silica
gel (hexanes/ethyl acetate 5:1) gave the unsaturated ethyl ester Z-
19 (278 mg, 96 %). 1H NMR (300 MHz, CDCl3), d= 1.32 (s, 3 H), 1.60–
1.67 (m, 2 H), 1.67–1.70 (m, 3 H), 1.78–1.82 (m, 3 H), 1.99–2.19 (m,
6 H), 3.90–3.98 (m, 4 H), 4.10 (dd, J = 0.7, 5.9 Hz, 2 H), 5.13–5.21 (m,
1 H), 5.27–5.35 ppm (m, 1 H).ACHTUNGTRENNUNG(E,E)-6,10-Dimethyl-12-hydroxy-5,9-undecadien-2-one (12-hy-
droxygeranylacetone) (E-5): Amberlyst 15 (200 mg) was added to
a solution of E-19 (280 mg, 1.1 mmol) in acetone/4 % H2O (25 mL)
and the mixture was stirred for 20 h at room temperature. The ion
exchange resin was filtered off, the filtrate was washed with ace-
tone and successively concentrated in vacuo. The residue was
dried azeotropically with toluene. The crude product was purified
by chromatography on silica gel (hexanes/ethyl acetate 3:1) to
give the unprotected alcohol E-5, a light yellow oil (184 mg, 80 %).
1H NMR (300 MHz, CDCl3), d= 1.42 (s, 1 H), 1.60–1.63 (m, 3 H), 1.78–
1.82 (m, 3 H), 2.07–2.16 (m, 7 H), 2.22–2.29 (m, 2 H), 2.42–2.48 (m,
2 H), 4.10 (d, J = 0.7 Hz, 2 H), 5.07–5.14 (m, 1 H), 5.26–5.33 (m, 1 H);
13C NMR (125 MHz, CDCl3), d= 16.0 (CH3), 21.3 (CH3), 22.4 (CH2),
26.0 (CH2), 30.0 (1-C), 39.7 (CH2), 43.7 (3-C), 61.5 (4-C), 123.1 (CH),
127.9 (CH), 134.6 (Cq), 135.9 (Cq), 209.4 (2-C) ppm; HRMS (ESI): m/z
calcd for C13H22O2Na: 233.1512; found: 233.1510 [M+Na]+ .ACHTUNGTRENNUNG(E,Z)-6,10-Dimethyl-12-hydroxy-5,9-undecadien-2-one (12-hy-
droxynerylacetone) (Z-5): Z-5 was prepared as described for E-5
from Z-19 (274 mg, 1.08 mmol). Chromatographic purification on
silica gel (hexanes/ethyl acetate 3:1) gave the unprotected alcohol
Z-5 (195 mg, 86 %). 1H NMR (300 MHz, CDCl3), d= 1.43 (s, 1 H),
1.67–1.69 (m, 3 H), 1.78–1.82 (m, 3 H), 2.07–2.16 (m, 7 H), 2.22–2.29
(m, 2 H), 2.42–2.48 (m, 2 H), 4.10 (d, J = 0.7 Hz, 2 H), 5.07–5.14 (m,
1 H), 5.26–5.33 (m, 1 H); 13C NMR (125 MHz, CDCl3), d= 21.4 (CH3),
22.2 (CH3), 23.4 (CH2), 30.1 (CH2), 32.0 (1-C), 39.7 (CH2), 43.8 (3-C),
61.6 (4-C), 123.9 (CH), 127.9 (CH), 134.9 (Cq), 136.1(Cq), 208.3 ppm
(2-C), HRMS (ESI): m/z calcd for C13H22O2Na: 233.1512; found:
233.1501 [M+Na]+ .


Ethyl-2-(bis(2,2,2-trifluoroethoxy)phosphoryl)acetate (21):[34, 35]


was prepared analogously to Still and Gennari[35] from ethyl-2-(di-
ethoxyphosphoryl)acetate (13.23 g, 64.5 mmol, 1 equiv) in toluene
(80 mL), CF3CH2OH (13.55 g, 135.5 mmol, 2.1 equiv) and iPr2NEt in


toluene (20 mL). 1H NMR (300 MHz, CDCl3), d= 1.30 (t, J = 7.2 Hz,
3 H), 3.16 (d, J = 21.1 Hz, 2 H), 4.23 (q, J = 7.2 Hz, 2 H), 4.52–4.40
ppm (m, 4 H).


Ethyl-2-(bis(2,2,2-trifluoroethoxy)phosphoryl)propanoate (15): A
suspension of NaH (840 mg, 60 %, 21 mmol) in dry THF (15 mL)
was cooled to 0 8C under N2. A solution of 22 (6.8 g, 20.5 mmol) in
dry THF (10 mL) was added to this suspension. The reaction mix-
ture was allowed to warm to room temperature and was stirred
for 3 h. The orange solution was cooled to �10 8C and a solution
of MeI (1.4 mL, 21.7 mmol) was added. The reaction mixture was al-
lowed to warm to 0 8C temperature, H2O (30 mL) was added and
the solution was stirred for 1 h. The reaction mixture was diluted
with CH2Cl2 (100 mL) and brine (100 mL) was added. The aqueous
phase was extracted with CH2Cl2 (2 � 50 mL). The combined organic
layers were dried and evaporated under reduced pressure. The
crude product was purified by chromatography on silica gel (hex-
anes/ethyl acetate 6:1) to give compound 15 as a pale orange oil
(2.21 g, 31 %). 1H NMR (300 MHz, CDCl3), d= 1.30 (t, J = 7.1 Hz, 3 H),
1.52 (qd, J = 7.1, 19.3 Hz, 3 H), 3.19 (qd, J = 7.4, 22.7 Hz, 1 H), 4.24 (q,
J = 7.2 Hz, 2 H), 4.51–4.36 ppm (m, 4 H).


Mutant expression : The 24 CYP102A1 single and double mutants
plus wild type were heterologously expressed in E. coli as reported
previously.[37] The pET22b and pET28+ derivatives were used. Fol-
lowing the manufacturer’s protocol, the QuikChange� site-direct-
ed mutagenesis kit from Stratagene (La Jolla, California, USA) was
used to introduce site directed mutations.


Enzyme activity measurements : CO-difference spectra measure-
ments were used to determine CYP concentrations as described
elsewhere.[38] An extinction coefficient of 91 mm


�1 cm�1 was used
for calculations. A NADPH oxidation assay was applied to deter-
mine the initial activity of the mutants towards nerylacetone [(Z)-
1] , geranylacetone [(E)-1], (4R)-limonene (6) and (+)-valencene
(11). One mL final reaction mixture contained potassium phos-
phate buffer (50 mm, pH 7.5), DMSO (2 %, v/v), substrate (0.2 mm)
as well as CYP enzyme (0.5 mm). Reaction was started by adding
NADPH solution (2 mm, 100 mL). The initial activity was determined
from the absorption decrease at 340 nm, whereas the slope of
the first 30 s was measured and an extinction coefficient of
6.22 mm


�1 cm�1 was applied.


GC-MS analyses : The aqueous reaction mixture was extracted
twice with diethyl ether (or ethyl acetate in case of (+)-valencene)
and the organic phase was dried over magnesium sulfate. Analysis
of reaction products and conversion were performed on a Shimad-
zu QP2010 GC/MS with EI-ionisation, the GC was equipped with a
FS-supreme-5 capillary column (length: 30 m, internal diameter:
0.25 mm, film thickness: 0.25 mm).


Analysis of (4R)-limonene oxidation products : The GC was program-
med as follows: 40 8C, 1 min. iso; 1 8C min�1. to 70 8C, 20 min. iso;
1 8C min�1. to 100 8C; 10 8C min�1. to 110 8C; 30 8C min�1. to 250 8C;
injector temperature 250 8C. The oxidation products carveol (9)
and (4R)-limonene-8,9-epoxide (8) were identified by authentic
samples. (4R)-limonene-1,2-epoxide (7) was identified by compari-
son of its characteristic mass fragmentation pattern with the NIST
mass spectrometry data base.[39] Isopiperitenol was identified by
comparison of the mass spectra to literature data.[40]


Analysis of neryl- and geranylacetone oxidation products : The GC
was programmed as follows: 120 8C, 30 sec. iso; 5 8C min�1. to
165 8C, 2 8C min�1. to 185 8C, 30 8C min�1. to 280 8C, 1 min. iso; injec-
tor temperature 250 8C. The oxidation products 11-hydroxy- and
12-hydroxygeranylacetone [(E)-4, (E)-5] , 5,6-epoxy- and 9,10-epoxy-
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geranylacetone [(E)-3, (E)-2] , 11-hydroxy- and 12-hydroxynerylace-
tone [(Z)-4, (Z)-5] , 5,6-epoxy- and 9,10-epoxy-nerylacetone [(Z)-3,
(Z)-2] were identified using authentic samples.


Analysis of (+)-valencene oxidation products : The GC was program-
med as follows: 150 8C, 4 min. iso; 10 8C min�1. to 250 8C, 5 min iso;
50 8C min�1. to 300 8C, 1 min. iso; injector temperature 250 8C. (+)-
Nootkatone (14) was identified using an authentic sample and cis-
and trans-nootkatol (12, 13) were identified by comparison of the
mass spectra to literature data.[41] To calculate the amount of con-
verted substrate GC peak area ratios between substrate and anACHTUNGTRENNUNGinternal standard (geraniol for geranyl- and nerylacetone conver-
sions; citronellal for (4R)-limonene conversions; (�)-carvone for
(+)-valencene conversions) were measured, before and after reac-
tions. With an enzyme concentration of c mM, a mM of converted
substrate and a time of t minutes to consume the NADPH, the sub-
strate oxidation rate is defined as a/ ACHTUNGTRENNUNG(c·t) [mmol · (mmol CYP)�1 ·
min�1] . Regioselectivity was determined from the gas chromato-
grams by integrating the product peaks.


Abbreviations : CYP, cytochrome P450 monooxygenase
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Introduction


The lack of drugs with tumor cell specificity often results in
life-threatening toxic effects for patients undergoing traditional
chemotherapy for cancer. To overcome this problem and im-
prove the selectivity of cancer therapy, cytotoxic drugs should
be delivered to tumor-specific sites. Biochemical synthesis of
ligand-linked drug conjugates plays an important role in ac-
complishing this goal. For instance, monoclonal antibodies
(mAb) that bind to specific markers on the surface of tumor
cells have been covalently linked to drugs for such targeted
cancer therapy. These mAb-immunoconjugates can selectively
deliver drugs to tumors and, hence, improve antitumor efficacy
while reducing the systemic toxicity of otherwise beneficial
therapies. In addition, immunoconjugates have been created
using drugs that have a wide range of functions and potencies.
So far, only the immunoconjugates that incorporate drugs with
much higher potencies demonstrated impressive results in pre-
clinical models, and they are currently being evaluated in clini-
cal trials.[1, 2] An example of one of these advanced agents is
the humanized anti-CD33 antibody–alicheamicin conjugate
Mylotarg, which has already been approved for the treatment
of acute myeloid leukemia (AML).


In recent years, new of single-stranded oligonucleotides
called aptamers have emerged as a novel class of molecules
that rival antibodies in both therapeutic and diagnostic appli-
cations.[3–6] Aptamers not only combine the advantages of anti-
bodies, such as high affinity, excellent specificity and low toxic-
ity or immunogenicity, but they are also stable and easy to


synthesize, modify and manipulate. Aptamers which can bind
their specific targets are selected from a process called SELEX
(systematic evolution of ligands by exponential enrichment).[7, 8]


Following several selection cycles, aptamers from a DNA or
RNA pool can be selected and enriched by repetitive binding
of their target molecules. Recently, cell-SELEX has been devel-
oped for the generation of aptamers for specific recognition of
target tumor cells such as T-cell acute lymphoblastic leukemia
(T-cell ALL), small-cell lung cancers and liver cancers.[9–13] These
aptamers can be generated relatively easily. They are highly
specific for different types of tumor cells and have excellent af-
finity. Since they can provide specificity at the molecular level,
we believe that these aptamers can be used to enhance the


The conjugation of antitumor drugs to targeting reagents such
as antibodies is a promising method that can increase the effi-
cacy of chemotherapy and reduce the overall toxicity of the
drugs. In this study, we covalently link the antitumor agent
doxorubicin (Dox) to the DNA aptamer sgc8c, which was se-
lected by the cell-SELEX method. In doing so, we expected
that this sgc8c–Dox conjugate would specifically kill the target
CCRF-CEM (T-cell acute lymphoblastic leukemia, T-cell ALL)
cells, but with minimal toxicity towards nontarget cells. The re-
sults demonstrated that the sgc8c–Dox conjugate possesses
many of the properties of the sgc8c aptamer, including high
binding affinity (Kd = 2.0�0.2 nm) and the capability to be effi-
ciently internalized by target cells. Moreover, due to the specif-
ic conjugation method, the acid-labile linkage connecting the
sgc8c–Dox conjugate can be cleaved inside the acidic endoso-


mal environment. Cell viability tests demonstrate that the
sgc8c–Dox conjugates not only possess potency similar to un-
conjugated Dox, but also have the required molecular specifici-
ty that is lacking in most current targeted drug delivery strat-
egies. Furthermore, we found that nonspecific uptake of mem-
brane-permeable Dox to nontarget cell lines could also beACHTUNGTRENNUNGinhibited by linking the drug with the aptamer; thus, the con-
jugates are selective for cells that express higher amounts of
target proteins. Compared to the less effective Dox-immuno-
conjugates, these sgc8c–Dox conjugates make targeted che-
motherapy more feasible with drugs having various potencies.
When combined with the large number of recently created
DNA aptamers that specifically target a wide variety of cancer
cells, this drug-aptoconjugation method will have broad impli-
cations for targeted drug delivery.
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ACHTUNGTRENNUNGefficacy of experimental and/or
commercial drugs in clinical ap-
plications. Molecular engineer-
ing is thus needed to create mo-
lecular conjugates that have
specificity and drug potency.


In this report, we explored
the usage of DNA-based aptam-
ers, selected from cell-SELEX, for
the molecular engineering of a
ligand–drug conjugate for tar-
geted drug therapy applications.
Specifically, we used an aptamer,
which was selected for human
T-cell ALL CCRF-CEM cell lines,[11]


as a drug carrier for targeting
specific tumor cells. Sgc8c can
recognize the protein tyrosine
kinase 7 (PTK7), a transmem-
brane receptor highly expressed
on CCRF-CEM cells[14] with high
binding affinity (Kd~1 nm). Its
high specificity and well-charac-
terized DNA structure[15] give
sgc8c the capacity to distinguish between target leukemia
cells and normal human bone marrow aspirate, as well as iden-
tify cancer cells closely related to the target cell line in clinical
specimens.[11, 16] Recently, we also demonstrated that sgc8c can
internalize into the target cells after the binding to its target
protein.[17] For these reasons, sgc8c is considered a good candi-
date for proof-of-concept. Doxorubicin (Dox) is the most uti-
lized anticancer drug against a range of neoplasms, ACHTUNGTRENNUNGincluding
acute lymphoblastic and myeloblastic leukemias, as well as ma-
lignant lymphomas.[18] However, its efficacy in cancer treatment
is impeded by such toxic effects as myelosuppression, mucosi-
tis, alopecia, and, most concerning, cumulative cardiac
damage.[19] Therefore, we have molecularly assembled Dox into
our aptamer probe through a simple conjugation method in
order to demonstrate the feasibility of this target-specific ap-
proach in intracellular drug delivery.


Results and Discussion


Aptamer–Dox conjugates are easily prepared


The synthesis procedure for producing the sgc8c–Dox conju-
gate is shown in Scheme 1. In order to release the chemother-
apeutic agent from the conjugate after internalization, we
chose a hydrazone linker to conjugate sgc8c with Dox. Several
studies have already demonstrated that Dox C-13 hydrazone
derivatives possess a cytotoxic effect comparable to unconju-
gated Dox[20] and allow the release of Dox at pH 4.5–5.5.[21]


After conjugation, the sgc8c–Dox was purified by HPLC (see
Figure S1 in the Supporting Information) and dialysis against
buffer (10 mm Tris-HCl, pH 7.4) for 12 h to remove the physical-
ly conjugated Dox.[4] The amount of Dox was then determined
by UV absorption at 495 nm (e495 = 12 000 cm�1


m
�1), while that


of sgc8c was calculated from the absorption at 260 nm accord-
ing to the formula [Eq. (1)]:


sgc8cðMÞ ¼ A260�ðe260 � A495=e495


397 600
Þ ð1Þ


(A is the observed absorbance at noted wavelength), which
includes a correction for the absorbance of Dox at the same
wavelength (e260 = 24 000 cm�1


m
�1). The Dox:sgc8c ratio we


achieved was around 0.5; this indicates that the unconjugated
sgc8c not been well-separated from conjugated sgc8c. Oligo-
nucleotide-based molecular probes are usually considered
stable and easy to synthesize, manipulate, and handle. They
can tolerate harsh conditions, such as high temperature and
extreme pH environments and can be stored for a long time
without stabilization reagents. Using the molecular engineer-
ing strategy described here, we are able to easily assemble a
single Dox into the sgc8 aptamer. Following this method, we
also believe that it is feasible to incorporate multiple Dox mol-
ecules in a similar, but controllable, manner within one apta-
mer. This maneuver is relatively hard to achieve in current
mAb-based immunoconjugation methodology.


Aptamer–Dox conjugates maintain specific binding and
high affinity to target cancer cells


Although most oligonucleotide-based molecular probes can
be modified at the 3’ or 5’ ends without interfering with their
biological properties, it is necessary to confirm the specificity
of the newly synthesized sgc8c–Dox conjugate. In order to
assess the binding of the conjugate to target cells, a simple
competition assay was performed by first incubating the con-
jugate and then incubating a fluorescein-labeled sgc8c. The


Scheme 1. Conjugation of the drug doxorubicin (Dox) to aptamer sgc8c for targeted delivery to cancer cells.


ChemBioChem 2009, 10, 862 – 868 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 863


Targeted Drug Delivery



www.chembiochem.org





fluorescence intensity was then determined by flow cytometry.
The observation that less fluorescence was detected from the
CCRF-CEM cells after the binding sites had already been satu-
rated with sgc8c–Dox (Figure 1 A), confirms that the binding
between sgc8c–Dox conjugates toward CCRF-CEM cells is
through the specific binding of sgc8c to its target. It should
also be noted that the conjugation of Dox to sgc8c by hydra-
zone linker has no effect on the ability of the aptamer–Dox
conjugate to bind to the CCRF-CEM cells. Specifically, the bind-
ing affinity (Kd) of sgc8c–Dox was determined to be 2.0�
0.2 nm through an indirect fluorescence measurement (Fig-
ure 1 B. This result is quite comparable to the unconjugated
sgc8c.


Aptamer–Dox conjugates possess drug efficacy similar to
unconjugated parent Dox


In order to evaluate the cytotoxic effect of Dox after molecular
assembly, the human leukemia CCRF-CEM cell line was chosen
for anticancer drug testing. The relative viability of cells treated
with sgc8c–Dox in the concentration range of 0 to 2.5 mm was
measured by MTT (3-(4,5)-dimethylthiahiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay, and the results shown in Figure 2 A
demonstrate that the inhibition concentration (IC50) of sgc8c–
Dox is 0.32�0.04 mm which is exactly the same as free Dox
(IC50 = 0.32�0.03 mm) (Figure 2 B. The cytotoxic effect of free
sgc8c and its inherent toxicity toward CCRF-CEM cells was ob-
served to be less than 20�5 % (Figure 2 C. Based on these re-
sults, we can conclude that the pharmacological component
of our aptamer sgc8c conjugate still possesses high potency in
cancer therapy. From the differences in the cytoxic effects of
sgc8c–Dox and free sgc8c, we can also rule out any possible
toxicity from the aptamer itself.


Dox plays an important role in cancer treatment and is con-
sidered to be the most utilized anticancer drug worldwide.
However, only it is only able to stop cell proliferation through
intercalation of DNA in the cell’s nucleus. Several reports have
demonstrated that free Dox is membrane permeable and can
be uptaken by cells through a passive diffusion mechanism,


rapidly transported to the
nuclei, and readily bound to the
chromosomal DNA.[22] Within
15 min, cells treated with Dox
already show an intense red
fluorescence in the nuclear
region; this suggests that most
of the Dox is predominately ac-
cumulated there.[23] Our previ-
ous internalization study[17]


showed that sgc8c can be spe-
cifically uptaken by the CCRF-
CEM cells after receptor bind-
ing; however, it has been
shown that sgc8c tends to ac-
cumulate inside the endosomal
compartment. Therefore, in


order to prove that the similar cytotoxicities of sgc8c–Dox con-
jugates compared to unconjugated Dox is the result of the re-
lease of free Dox from the conjugates inside the endosomal
environment, we tracked the intracellular distribution of
sgc8c–Dox conjugates by monitoring the red fluorescence of
Dox by using confocal microscopy (Olympus America Inc. , Mel-
ville, NY). By simultaneously incubating the cells with sgc8c–
Dox and Alexa633-labeled transferrin (transferrin–Alexa633),
we were able to track the location of both sgc8c–Dox and the
endosomal compartment. After 30 min incubation, most of the
sgc8c–Dox was colocalized with transferrin; this indicates that
the conjugates were still internalized inside the endosomes
(Figure 3). However, after 1 h, some of the red dots (Dox
signal) had spread out into the cytosol, and at 2 h they were fi-
nally evenly distributed inside the cells. We believe that it is
the acidic environment of the endosomal compartment[24] that


Figure 1. Binding assay of sgc8c–Dox conjugates to CCRF-CEM cells. A) Flow cytometry assay for the binding of
sgc8c–Dox conjugates with CCRF-CEM cells. The curves represent the fluorescence from fluorescein-sgc8c incubat-
ed with pure cells and cells labeled with sgc8c–Dox (200 nm). B) Flow cytometry to determine the binding affinity
of sgc8c–Dox conjugates to CCRF-CEM cells. The fluorescence is derived from the second stain of cells by fluores-
cein-labeled sgc8c. Inset is the plot of mean fluorescence [a.u.] versus sgc8c–Dox concentration [nm] in log scale.


Figure 2. Cytotoxicity assays of A) sgc8c–Dox conjugates, B) free Dox, C) free
sgc8c, and D) TDO5–Dox conjugates with the CCRF-CEM cell line. The cells
(2 � 104 cells/well) were incubated with Dox or aptamer–Dox conjugates (0
to 2.5 mm) in culture medium without FBS at 37 8C, 5 % CO2 for 2 h. After
drug treatment, cells were subsequently grown in fresh medium (10 % FBS)
for 48 h. The cytotoxicity was then measured by an MTT assay.


864 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 862 – 868


W. Tan et al.



www.chembiochem.org





specifically cleaves the acid-labile linker and allows the Dox to
be rapidly transported to and function in the nucleus. This is
supported by our published results[17] that show no accumula-
tion of fluorophore-conjugated sgsc8c within the cytosol at
the same time point, since the fluorescent conjugate is not
acid-labile.


According to the literature, several in vitro studies demon-
strated that the immunoconjugates of Dox were only moder-
ately potent and often less active than the parent drugs.[2, 25]


Therefore, highly potent drugs with IC50 values in the range of
0.01–0.1 nm are usually required for immunoconjugates to ach-
ieve successful cancer treatment toward tumor cell lines.[2] On
the other hand, our sgc8c–Dox conjugate is as potent as free
Dox in target cells ; this means that it will not be necessary to
use highly potent drugs in future conjugates. This improved
potency compared to immunoconjugates can be traced to the
high affinity of the aptamer conjugate as well as the efficient
internalization of this aptamer by its target cell.


Aptamer–Dox conjugates show excellent specificity forACHTUNGTRENNUNGkilling target cancer cells


We also examined the specificity of sgc8c–Dox by comparing
the cytotoxic effect of a different aptamer–Dox conjugate to
CCRF-CEM cells. The TDO5 aptamer binds specifically to the
human Burkitt’s lymphoma cell line, Ramos, and can therefore
be used as a negative control to show specificity of the sgc8c–
Dox conjugate. After incubation of cells with 0 to 2.5 mm


TDO5–Dox, an MTT assay (Figure 2 D demonstrated that the
cellular toxicity (less than 21�10 %) was similar to that of free


sgc8c. Moreover, less fluorescence was observed inside the
cells with confocal microscopy when applying TDO5–Dox in
0.5 mm for 2 h incubation (Figure S2), indicating that the non-
specific uptake of Dox is minimized by linking with the control
DNA, TDO5. This comparative study provides strong evidence
that while TDO5–Dox shows no internalization, our sgc8c–Dox
can recognize and be uptaken by its target cells specifically.
Therefore, it is clear that only the aptamer conjugated drug,
which can bind and be internalized by the target cells, canACHTUNGTRENNUNGdeliver drugs inside the cells and inhibit cell growth.


Sgc8c–Dox internalization occurs through receptor-
mediated uptake


We further made use of the fluorescence of Dox for cellular
uptake studies. Even though the fluorescence of Dox de-
creased about five-fold after linking with our aptamer (data
not shown), we were still able to monitor its fluorescence by
flow cytometry after incubating cells with free and aptamer-
conjugated Dox. Figure 4 A shows the fluorescence intensity
from Dox-treated CCRF-CEM cells at different drug concentra-
tions (dashed line) after three wash cycles to remove unbound
Dox. It should be noted that the fluorescence signal comes
from both the signal inside and on the cell membrane. Since
only the drug inside the cells can have an effect, we used tryp-
sin to remove the surface-bound drug. After trypsin treatment,
the fluorescence signal showed a linear relationship with differ-
ent Dox concentrations (solid line in Figure 4 A). This result
agrees well with the passive diffusion phenomenon of trans-
porting Dox inside the cells since the mass transportation by


Figure 3. Confocal images display the distribution of sgc8c–Dox conjugates inside CCRF-CEM cells at different time points: A) 30 min, B) 1 h, and C) 2 h. The
cells (106) were incubated with sgc8c–Dox (0.5 mm) and transferrin-Alexa633 (60 nm) in culture medium without FBS at 37 8C, 5 % CO2 for 2 h. From left to
right, the fluorescence images were monitored for sgc8c–Dox, transferrin-alexa633, overlay of these two channels, and bright field channel, respectively.
Transferrin-Alexa633 will both bind to the surface and internalize to the endosomal compartment of CCRF-CEM cells.
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simple diffusion is directly pro-
portion to the concentration
gradient. However, after sub-
tracting the fluorescence inten-
sity from nonspecifically inter-
acted TDO5–Dox from the
sgc8c–Dox signal, we observed
a different curve upon cellular
uptake (Figure 4 B. The fluores-
cence intensity of sgc8c–Dox in-
creases linearly and finally satu-
rates after 0.5 mm. The satura-
tion of this curve proves that
the internalization of sgc8c–Dox
occurs in a receptor-dependent
manner which is different from
the passive diffusion of free
Dox. At high conjugate concen-
trations, all binding sites
become occupied and there can
be no more internalization.


The fluorescence signal quan-
tified by flow cytometry in these
internalization assays coincided
well with the cytotoxicity results.
For example, sgc8c–Dox shows
stronger potency compared to
TDO5–Dox, at concentrations
higher than 125 nm. Similarly,
the fluorescence difference be-
tween sgc8c–Dox and TDO5–
Dox starts to increase at 125 nm.
Furthermore, at the concentra-
tion above 0.5 mm, both the cy-
totoxicity of sgc8c–Dox to the
cells as well as the fluorescence
difference between sgc8c–Dox and TDO5–Dox achieve their
maximum capacity.


By comparing the either fluorescence or cytotoxic effects
among different aptamer-(sgc8c and TDO5)-conjugated drugs,
our investigation has thus far shown that sgc8c can be useful
for targeted delivery of membrane-permeable drugs. Com-
pared to the reported prostate-specific membrane antigen
(PSMA) RNA aptamer, which can promote the uptake of gelo-
nin (a ribosomal toxin that cannot penetrate the cell mem-
brane by itself) even at significantly high concentrations,[3] our
conjugation strategy with the DNA aptamer, specifically, sgc8c,
can be more useful for delivering universal toxic payloads to
tumor cells, such as membrane-permeable anticancer drugs
that show no specificity to target cells.


Sgc8c–Dox conjugates show selective killing efficiency for
different cancer cells


To further prove that the linkage with an aptamer can be
useful for targeted drug delivery, we tested the cytotoxicity of
our sgc8c–Dox conjugates with two more cell lines, NB-4 and


Ramos (Figure 5). For CCRF-CEM, NB-4 and Ramos cells, the
IC50 of free Dox is about 0.32�0.03 mm, 0.49�0.07 mm and
1.46�0.22 mm, respectively. However, our sgc8c–Dox conju-
gates show a 6.7-fold increase in toxicity to their target CCRF-
CEM cells (Figure 2), when compared to that of NB-4 cells
(Figure 5). The selectivity is even better when compared with
the Ramos cells, since the toxicity in Ramos cells essentially
leveled off at the highest concentrations tested with no indica-
tion that further increases would lead to additional toxicity. We
also conducted additional experiments by treating these three
cell lines with TDO5–Dox (Figure 5). Compared to the cellular
fluorescence of cells labeled with (R-phycoerythrin)–gc8c and
(R-phycoerythrin)–TDO5 (20 min incubation) by flow cytometry
(Figure 6), we determined that the cytotoxicity is well correlat-
ed to the different expression levels of protein receptors on
the membrane surface of these cell lines. It should be noted
that both the binding test and MTT assay were conducted at
37 8C, during which TDO5 lost its binding capability to the
target Ramos cells. These results further confirmed the high
specificity of our aptamer–-drug conjugate and its potential in
targeted drug delivery. The reason TDO5 does not have strong


Figure 4. Quantitative analysis of A) Dox and B) sgc8c–Dox inside CCRF-CEM cells. The cells (105 cells) were incu-
bated with Dox or aptamer–Dox conjugates in culture medium without FBS at 37 8C, 5 % CO2 for 2 h. A) Dashed
and solid lines represent the fluorescence signal from Dox before and after trypsin treatment, respectively. Trypsin
was applied to remove the membrane-bound Dox. B) Fluorescence signal from sgc8c–Dox inside cells determined
by flow cytometry. All the signals have been subtracted by the fluorescence intensity from TDO5–Dox nonspecifi-
cally uptaken by CCRF-CEM cells.


Figure 5. Cytotoxicity assays of free Dox, sgc8c–Dox, and TDO5–Dox conjugates with two additional cell lines:
A) NB-4 and B) Ramos cells. All the conditions are the same as those in Figure 2.
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binding at 37 8C is under investigation. Preliminary results by
NMR show that the second structures of TDO5 at different
temperatures are quite different.


When treating Ramos cells with Dox in low concentration
(less than 0.25 mm), it is interesting to note that higher MTT sig-
nals, which can be interpreted as cell growth, are comparable
to those observed for untreated cells. This result is specific to
Ramos cells since no similar effect is seen for most leukemia
cell lines (data not shown). In terms of morphological changes,
the size of cells with 0.25 mm-Dox treatment increases about
1.4-fold, while the cell numbers remain equal (with 20 % devia-
tion) in comparison to the untreated Ramos cells (data not
shown). Higher metabolic activity of proliferating cells may be
attributed to an increasing MTT signal. However, the detailed
mechanism that underlies the drug effect is still under investi-
gation.


DNA-based aptamers are usually considered stable and
easily modified with different drug molecules and nanomateri-
als. Therefore, we also tried to synthesize a multiple-Dox–apta-
mer conjugate through a bifunctional linker (see more experi-
mental details in the Supporting Information). The ratio of Dox
to aptamer of our final product (sgc8c–3Dox) is about 2.9 and
each Dox molecule can be cleaved from the acid-labile linkage
independently. However, the IC50 of sgc8c–3Dox, compared to
that of sgc8c–Dox with CCRF-CEM cells, shows no significant
difference (with 14 % deviation) based on the same concentra-
tion of sgc8c. The toxicity was, therefore, less than expected.
Our binding assay demonstrates that this resulted from the
comparatively reduced binding capability of sgc8c–3Dox to
the target cells (Kd = 20�3 nm).


Conclusions


In summary, we applied effective molecular engineering
schemes to link aptamers with drug molecules for targeted de-
livery. We confirmed that linking the universal antitumor agent
doxorubicin with our DNA-based, cell-SELEX-selected aptamer,
sgc8c, is feasible for targeted drug delivery. The aptamer pre-
vents the nonspecific uptake of Dox and decreases cellular tox-
icity to the nontarget cells. It also efficiently internalizes into
cells and selectively delivers toxic payloads to specific cells


which abundantly express the target proteins. We also took
advantage of the fluorescent properties of these drug conju-
gates to confirm their uptake by target cells occur after bind-
ing to the target proteins. Release of drugs from the acid-labile
linkages in endosomes, as well as transport to nuclei, could
also be monitored by confocal microscopy at different time
points. In the future, we plan to further investigate the antitu-
mor activity of our aptamer–Dox conjugates in human xeno-
graft models inside nude mice. This effort will lay the ground-
work for continued development of target-specific drugs for
efficient therapy having reduced side effects. When imple-
mented with recently created aptamers for various cancer cell
lines, this simple drug–aptamer conjugation method will have
wide-ranging implications in targeted drug delivery of many
different cancers.


Experimental Section


Chemicals : Doxorubicin hydrochloride (Dox) was purchased from
Fisher Scientific (Houston, TX, USA). N-(Epsilon-maleimidocaproic
acid) hydrazide (EMCH) was purchased from Pierce Biotechnology
(Rockford, IL, USA). Tris(2-carboxyethyl)phosphine (TCEP) wasACHTUNGTRENNUNGobtained from Sigma–Aldrich. Deoxyribonucleotides and 5’-thiol
modifiers were purchased from Glen Research (Sterling, VA, USA).
Unless otherwise noted, starting material, reactants and solvents
were obtained commercially from Fisher Scientific.


Aptamers : Aptamer sgc8c (5’-ATC TAA CTG CTG CGC CGC CGG
GAA AAT ACT GTA CGG TTA GA-3’) and a control sequence TDO5
(5’-CAC CGG GAG GAT AGT TCG GTG GCT GTT CAG GGT CTC CTC
CCG GTG-3’) with a 5’-disulfide group were synthesized on
ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA,
USA). The completed sequences were then deprotected in AMA
(ammonium hydroxide/40 % aqueous methylamine 1:1) at 65 8C for
20 min and further purified with reversed-phase HPLC (ProStar,
Varian, Walnut Creek, CA, USA) on a C-18 column.


Synthesis of aptamer–Dox conjugates : The synthesis of aptamer–
Dox conjugates was similar to that of immunoconjugate BR96–
Dox.[21] Briefly, Dox hydrochloride (5 mg, 8.62 mmol) and EMCH
(10 mg, 44.4 mmol) were dissolved in methanol (4 mL). Trifluoroace-
tic acid (3 mL) was added, and the solution was stirred at room
temperature for 24 h while being protected from light. The metha-
nolic solution was concentrated under reduced pressure at room


Figure 6. Flow cytometry assay for the binding of biotin-labeled TDO5 and sgc8c with three different cell lines: CCRF-CEM, NB-4, and Ramos cells. Cells (105)
were incubated with biotin-labeled TDO5 and sgc8c at 37 8C for 20 min in 100 mL culture medium without FBS. After washing twice, cells were mixed with
streptavidin–(R-phycoerythrin) (20 min on ice), and the fluorescence was determined by flow cytometry.
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temperature to a volume of 0.25 mL. Acetonitrile (2.5 mL) was
added, and the resulting suspension was allowed to stand at 4 8C
for 48 h for crystallization of the product. The red solid hydrazone
was isolated by centrifugation, washed with fresh methanol/aceto-
nitrile (1:10), and dried under vacuum to yield the (6-maleimido-
caproy1) hydrazone of Dox (2.9 mg, 3.85 mmol, 44.6 % yield).


A disulfided DNA (300 nmol) was reduced with TCEP in PBS
(pH 7.4) for 2 h at room temperature. TCEP was removed by G-25
Sephadex size-exclusion column (NAPTM-5, Amersham Pharmacia
Biotech, Uppsala, Sweden) equilibrated with PBS. The eluate was
added to the (6-maleimidocaproy1) hydrazone of Dox (2 mmol) dis-
solved in dimethylformamide (DMF, 50 mL) and incubated on ice
for 12 h. The product conjugates were purified by HPLC with Tris-
HCl buffer (10 mm, pH 7.4) and acetonitrile as mobile phase and
monitored with UV at 260 and 495 nm. After concentration under
vacuum to 0.1 mL, the amount of conjugate was measured by UV
scan. 140 nmol of conjugate was obtained (47.7 % yield).


Cell lines : Human T-cell ALL (CCRF-CEM) and human B-cell Burkitt’s
lymphoma (Ramos) cell lines were obtained from the American
Type Culture Collection (Manassas, VA). The acute promyelocytic
leukemia cell line NB-4 was obtained from the Department of Path-
ology at the University of Florida. All of the cells were grown in
RPMI-1640 containing fetal bovine serum (FBS, 10 %) and penicil-
lin–streptomycin (100 IU mL�1) at 37 8C in a humid atmosphere
with 5 % CO2.


Flow cytometric analysis : The binding affinity of sgc8c–Dox conju-
gate was determined by incubating CCRF-CEM cells (105) on ice for
20 min with a serial concentration of sgc8c–Dox conjugates in cul-
ture medium (100 mL) without FBS. Cells were then washed twice
with washing buffer (0.5 mL) and suspended in fluorescein-labeled
sgc8c (25 nm, 0.1 mL) for further incubation (20 min on ice). Before
flow cytometric analysis, cells were washed with washing buffer
once more and suspended in washing buffer (0.2 mL). The mean
fluorescence intensity of cells labeled with fluorescein–sgc8c was
used to calculate the equilibrium dissociation constant (Kd) of
sgc8c–Dox and CCRF-CEM cell interaction by fitting the depend-
ence of fluorescence intensity (F) on the concentration of the
sgc8c–Dox (L) to the equation F = Bmax[L]/ ACHTUNGTRENNUNG(Kd+[L]). The binding
assay experiments were repeated at least three times.


To monitor the uptake of Dox and aptamer–Dox by CCRF-CEM
cells, cells (5 � 105) were incubated with Dox or aptamer–Dox con-
jugates in 500 mL culture medium without FBS at 37 8C, 5 % CO2.
After 2 h, cells were then washed twice with washing buffer
(500 mL) and suspended in washing buffer (100 mL) for flow cyto-
metric analysis. For trypsin treatment, cells were first washed twice
with washing buffer (500 mL), and then incubated with trypsin
(500 mL, 0.05 %)/EDTA (0.53 mm) in HBSS at 37 8C for 10 min. After
the incubation, FBS (50 mL) was added and the cells were washed
with the washing buffer (500 mL) once again and suspended in
washing buffer for the fluorescence measurement.


Cytotoxicity assay : Chemosensitivity of cell lines to Dox or apta-
mer–Dox conjugates was determined using the CellTiter 96 cell
proliferation assay (Promega, Madison, WI, USA). The cells (2 � 104


cells/well) were incubated with Dox or aptamer–Dox conjugates (0
to 2.5 mm) in culture medium without FBS at 37 8C, 5 % CO2. After
2 h, 75 % of media was removed and fresh media (10 % FBS) were
added for further cell growth (48 h). For cytotoxicity measurement,
CellTiter reagent (20 mL) was added to each well and incubated for
2 h. Using a plate reader (Tecan Safire microplate reader, AG, Swit-


zerland), the absorption was recorded at 490 nm. The percentage
of cell viability was determined by comparing Dox and aptamer–
Dox conjugate-treated cells with the untreated control.
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Rapid Matrix-Assisted Refolding of Histidine-Tagged
Proteins
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Martin Haslbeck[a]


Introduction


The recombinant expression of genes is of importance both
for biotechnology and basic research in protein function and
structure. Thousands of DNA targets have been cloned andACHTUNGTRENNUNGexpressed in bacteria. Although the expression of recombinant
proteins in a bacterial host offers several advantages, including
short doubling times, well established methods for genetic
manipulation, and simple, inexpensive cultivation, the ex-
pressed proteins often accumulate in insoluble and inactiveACHTUNGTRENNUNGinclusion bodies (IBs).[1–3] In a study on human proteins, forACHTUNGTRENNUNGexample, only 13 % of the recombinant proteins could be ex-
pressed and purified in a soluble form.[4] Thus, soluble protein
expression is a major bottleneck in protein science. Insoluble
expression commonly occurs when proteins are produced at
unphysiologically high levels, as folding competes with aggre-
gation due to the exposure of hydrophobic surfaces.[5, 6] Addi-
tionally, the imbalance in the ratio of chaperones and folding
catalysts with respect to the folding polypeptides during re-
combinant protein synthesis can also result in protein aggrega-
tion.[7]


The deposition of target protein in insoluble, inactive forms,
at first glance, seems to be a failure of the expression strategy.
However, IBs also offer advantages as the over-expressed pro-
tein is often highly enriched and protected from proteolytic
degradation. In addition, the high-level expression of certain
proteins in soluble form might be toxic to the host organism.
Since the first observation of the formation of IBs more than
30 years ago,[8] a number of folding protocols for different pro-
teins have been described, which overcome problematic steps
during the folding process.[9–12] However, to date there exists
no common, rational strategy for protein refolding. The highly
diverse set of parameters that influence refolding has still to
be varied and tested experimentally for each specific protein.


Currently there are three different approaches to refolding:
dilution, dialysis and matrix-assisted strategies. So far, less than
20 % of the published reports are matrix-assisted, while more
than 50 % use dilution.[13] The dilution-based refolding strat-
egies, however, are problematic as they produce large volumes
of highly diluted (mg mL�1) protein solution. General methods
enabling protein refolding at high concentrations are therefore
desirable. Matrix-assisted strategies seem to be especially well-
suited for this purpose as refolded proteins can be eluted from
the matrix at high concentration.[14] Furthermore, the folding
pathways of immobilized proteins might be improved.


Here, we describe a stepwise strategy that allows the fast
and efficient refolding of immobilized His-tagged proteins.
Successful refolding of individual proteins on chelating matri-
ces has been shown previously,[15] although no general strat-
egy has been demonstrated prior to this work. We show that
the refolding of five different proteins, on-matrix, displays re-
markably similar dependencies on reaction conditions; this
suggests that a generic refolding strategy is possible. Also sur-
prising was the observation that refolding and assembly ofACHTUNGTRENNUNGdimeric and tetrameric proteins appears to be more efficient
on-matrix than in-solution.


The formation of inclusion bodies (IBs)—amorphous aggre-
gates of misfolded insoluble protein—during recombinant pro-
tein expression, is still one of the biggest bottlenecks in pro-
tein science. We have developed and analyzed a rapid parallel
approach for matrix-assisted refolding of recombinant His6-
tagged proteins. Efficiencies of matrix-assisted refolding were
screened in a 96-well format. The developed methodologyACHTUNGTRENNUNGallowed the efficient refolding of five different test proteins,ACHTUNGTRENNUNGincluding monomeric and oligomeric proteins. Compared to


ACHTUNGTRENNUNGrefolding in-solution, the matrix-assisted refolding strategy
proved equal or better for all five proteins tested. Interestingly,
specifically oligomeric proteins displayed significantly higher
levels of refolding compared to refolding in-solution. Mecha-
nistically, matrix-assisted folding seems to differ from folding
in-solution, as the reaction proceeds more rapidly and shows a
remarkably different concentration dependence—it allows re-
folding at up to 1000-fold higher protein concentration than
folding in-solution.
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Results and Discussion


In vitro refolding of proteins is still a case-specific problem.
The efficiency of in vitro folding of proteins from IBs is influ-
enced by many parameters, such as pH, ionic strength, addi-
tives or protein concentrations and has to be determined for
each protein empirically.[9–11, 16] Due to the lack of generic re-
folding strategies and the need for intensive screening of reac-
tion conditions, refolding continues to be a major bottleneck
in protein science. In addition to dilution and dialysis refolding
strategies,[17–19] matrix-assisted strategies are attractive because
of the spatial separation of matrix-bound proteins during the
folding process, which could limit aggregation processes. Fur-
thermore, this strategy allows the optimization of multiple re-
folding parameters in a fast and efficient manner. Although
there are examples of the refolding of His6-tagged proteins im-
mobilized on chelating materials,[15] there is little information
on general strategies and specific mechanisms. We set out to
systematically analyze the matrix-assisted refolding perfor-
mance of five different proteins. To determine the efficiency of
the strategy we used proteins from different organisms with a
wide range of molecular weights, quaternary structures and
enzymatic activities that could be produced either as IBs or in
soluble form (Table 1).


To minimize the number of buffer conditions in the optimi-
zation process, we established a new, stepwise optimization
strategy (Figure 1). After solubilization, the unfolded proteins
were bound to the matrix and refolded, on-matrix, in various
buffers. The first step was the variation of the basic buffer
component and pH value. This was followed by optimization
of the ionic strength and additives in further steps. Depending
on the results obtained after every step, two to six conditions
(in exceptional cases even more) resulting in the highest re-
folding efficiencies were used as the basis for buffers used in
the next screening step. During the initial steps of optimiza-
tion, the number of selected buffers was usually higher com-
pared to later steps, when specific additives were screened.
Here, usually two optimized buffer conditions were sufficient
to determine which additives increased the refolding yields.


Initial candidates tested were monomeric proteins, namely
enhanced green fluorescent protein (eGFP) and ferredoxin–
NADP(+) reductase (FNR). As demonstrated in Figure 2 and
Figure S1 in the Supporting Information, this strategy allowed
the matrix-assisted refolding with efficiencies of up to 100 %
for eGFP and ~80 % for FNR. The refolding efficiencies were
rather low in the initial screening steps of the procedure and


increased when additives were screened at already optimized
pH and ionic strength conditions (Figure 2, Figure S1). Interest-
ingly, in the case of eGFP, the additive screening indicated that
especially a suitable redox potential is necessary to further en-
hance the refolding efficiency while other additives even de-
creased the refolding yields. It should be notes that the chro-
mophore of eGFP has to be oxidized correctly to be able to
emit fluorescence. It seems that especially buffers containing
reducing agents are suitable to reduce unproductive oxidized
states or to allow fast oxidation during refolding. Due to varia-
tions between individual assays, the standard deviation was on
average 8 % (Table S1). Thus, triplicates of experiments are ad-
visable for screening.


To compare the quality of the new matrix-assisted strategy
versus a classical dilution-based approach, we analyzed refold-
ing by dilution in the respective buffers, also in a stepwise
manner (Figure 3, Figure S2). Again, the buffers showing the
highest refolding efficiencies were selected and used as the


Table 1. Analyzed proteins.


Protein Organism Mw [kDa] pI Activity QS[a]


eGFP[30] Aequorea victoria 28 5.67 intrinsic fluorescence monomer
FNR[7] Arabidopsis thaliana 35 6.18 catalyzes the final step in the photosynthetic electron transport chain monomer
CS[34] Sus scrofa 49 8.12 catalyzes the first step in the citric acid cycle dimer
GLK[35] E. coli 35 6.1 facilitates phosphorylation of glucose to glucose-6-phosphate dimer
b-Gal[36] E. coli 116 5.28 hydrolysis of terminal nonreducing b-d-galactose residues in b-d-galactosides tetramer


[a] Quaternary structure.


Figure 1. Schematic description of the stepwise optimization of matrix-as-
sisted refolding. Solubilized, unfolded protein was applied to 96-well format
HisMultiTrap plates. After loading of the matrices under denaturing condi-
tions, the proteins were incubated in various refolding buffers on-matrix. In
a stepwise manner, the respective best buffer components (pH, salt concen-
tration and additive) were determined. After every step, the conditions re-
sulting in the highest refolding efficiencies were selected and used as the
basic buffer in the next screening step. The indicated protein structure rep-
resents GLK.
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Figure 2. Stepwise optimization of matrix-assisted refolding of eGFP. Efficiencies of refolding after incubation for 1 h at 20 8C in the respective buffers were de-
termined according to the intrinsic GFP fluorescence at 503 nm. Equally treated native GFP, which was used as reference, is depicted in gray. The fluorescence
of the native protein was cut at 50 % (A–C) for better visualization. A) First step: initial screening for optimal buffer substances and pH. Buffers: 100 mm


HEPES (red), 100 mm MOPS (green), 40 mm Na-P (blue), 100 mm Tris-Ac (pink), 100 mm Tris-HCl (cyan), 100 mm Na-P (dark red), 100 mm K-P (dark green).
B) Second step: screening of salt concentrations in the best buffers selected in the previous step. Buffers: 40 mm Na-P, pH 7.5 (red) or pH 8.0 (green), 100 mm


Tris-HCl, pH 7.5 (blue) or pH 8.0 (cyan). C) Third step: screening of different concentrations of an l-Arg/l-Gln (R + Q) mixture. Buffers: 40 mm Na-P, 200 mm


NaCl, pH 7.5 (red) or pH 8.0 (green), 100 mm Tris-HCl, 300 mm NaCl, pH 7.5 (blue) or pH 8.0 (cyan). D) Fourth step: screening of different refolding additives;
glycerin: 2.5 % (a), 5 % (b), 10 % (c); sucrose: 100 mm (d), 200 mm (e), 300 mm (f) ; TCEP: 1 mm (g), 2 mm (h) ; PEG: 0.01 % (i) ; CaCl2 : 1 mm (j) ; MgCl2: 1 mm (k) in
40 mm Na-P, 200 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (red) or 100 mm Tris-HCl, 300 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (green). E) Fifth step: screen-
ing of reducing conditions. Buffers: 40 mm Na-P, 200 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (red) or pH 8.0 (green), 100 mm Tris-HCl, 300 mm NaCl, 40 mm


Arg, 40 mm Gln, pH 7.5 (blue) or pH 8.0 (cyan). Reducing agents: DTE: 1 mm (a), 2 mm (b), 5 mm (c) ; TCEP: 2 mm (d), 5 mm (e), 10 mm (f).
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Figure 3. In-solution refolding of eGFP. Efficiencies of refolding, after incubation for 16 h at 20 8C in the respective buffers were determined according to the
intrinsic GFP fluorescence at 503 nm. Equally treated native GFP, which was used as reference, is depicted in gray. Fluorescence of native protein was cut at
50 % (A) for better visualization. A) First step: initial screen of buffer substances and pH; 100 mm Tris-HCl (red), 100 mm Tris-Ac (green), 40 mm Na-P (yellow),
100 mm HEPES (blue). B) Second step: screening of salt concentrations in the best buffers selected in the previous step. Buffers: 40 mm Na-P, pH 7.0 (red),
pH 7.5 (green) or pH 8.0 (yellow), 100 mm Tris-HCl, pH 7.0 (blue), pH 7.5 (pink) or pH 8.0 (cyan), 100 mm MOPS, pH 7.0 (dark green) or pH 8.0 (dark yellow),
100 mm HEPES, pH 7.0 (dark red) or pH 8.0 (dark cyan). C) Third step: screening of different concentrations of an l-Arg/l-Gln (R + Q) mixture. Buffers: 40 mm


Na-P, 200 mm NaCl, pH 7.5 (red) or pH 8.0 (green), 100 mm Tris-HCl, 300 mm NaCl, pH 7.5 (blue) or pH 8.0 (cyan). D) Fourth step: screening of different refold-
ing additives; glycerin: 2.5 % (a), 5 % (b), 10 % (c); sucrose: 100 mm (d), 200 mm (e), 300 mm (f) ; TCEP: 1 mm (g), 2 mm (h) ; PEG: 0.01 % (i) ; CaCl2: 1 mm (j) ;
MgCl2 : 1 mm (k) in 40 mm Na-P, 200 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (red), or 100 mm Tris-HCl, 300 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (green).
E) Fifth step: screening of reducing conditions. Buffers: 40 mm Na-P, 200 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (red) or pH 8.0 (green), 100 mm Tris-HCl,
300 mm NaCl, 40 mm Arg, 40 mm Gln, pH 7.5 (blue) or pH 8.0 (cyan). Reducing agents: DTE: 1 mm (a), 2 mm (b), 5 mm (c); TCEP: 2 mm (d), 5 mm (e), 10 mm (f).
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basis for the next optimization step. Especially in the case of
eGFP (Figure 3 A), the first screening step did not allow dis-
crimination between different buffers and pH values. In this
case, all conditions were screened with various salts, and the
selection of the optimal buffers was performed after this
second screening step. Nevertheless, also here, the stepwise-
optimization strategy proved to be applicable and resulted in
overall high refolding efficiencies (Figure 3, Figure S2). In Fig-
ure 3 B, the ten buffer setups giving the highest refolding
yields after this second screening step are shown. In compari-
son to the matrix-assisted approach, similar refolding efficien-
cies were obtained for eGFP (100 %). However, for FNR the
folding efficiency in-solution (55 %) was significantly lower
than on-matrix (80 %). Comparable to other refolding stud-
ies,[7, 20] the standard deviation for refolding in-solution was rel-
atively high (on average 15 %; Table S2).


On the basis of these initial results, we set out to test wheth-
er dimeric proteins like citrate synthase (CS) and glucokinase
(GLK) are refoldable using this approach. As demonstrated in
Figures 4 and S3, high refolding yields of up to 70–80 % were
achieved. Again, in comparison to the respective in-solutionACHTUNGTRENNUNGrefolding approach, the matrix-assisted refolding yields were
significantly higher (Figure S4). For CS, the optimum refolding
yields were up to approximately fourfold higher than reported
previously.[21–23]


Finally, we tested whether a large, oligomeric protein, such
as b-galactosidase (b-Gal), is refoldable on-matrix. Previously,
b-Gal was shown to be recalcitrant with respect to refolding
after denaturation, and more or less no refolding was detected
in-solution for b-Gal when standard protocols were applied.[24]


According to the literature, some refolding in-solution can only
be obtained when the molecular chaperones GroEL/ES or
Hsp70/Hsp90 are present during refolding.[25, 26] Following our
matrix-assisted strategy (Figure 1), we were able to optimize b-
Gal refolding and we obtained up to 20–30 % refolding yield in
a set of eight selected buffers (Figure 5). Similar to published
reports, we were unable to obtain significant refolding of b-Gal
by stepwise optimization in-solution (Figure 5). Interestingly,
the obtained matrix-assisted refolding yields for b-Gal are even
~ twofold higher than the previously reported optima for chap-
erone-assisted refolding.[25]


For better comparison, the optimized refolding yields ob-
tained for both matrix-assisted and in-solution refolding are
summarized in Figure 6 for all proteins tested. In this context
it should be noted that for the individual proteins, additiveACHTUNGTRENNUNGeffects on the refolding efficiency were visible in nearly all opti-
mization steps; this indicates that a stepwise strategy is gener-
ally applicable. In addition, the matrix-assisted optimization
strategy results in protein samples in identical buffer condi-
tions after elution. In contrast, for the in-solution strategies,
the samples are in different screening buffers after the refold-
ing step, which can affect subsequent protein activity assays.
Therefore, an additional dialysis step is typically required after
the in-solution refolding step in order to obtain samples in
identical buffers.


Unexpectedly, for all five proteins tested the optimization of
matrix-assisted refolding resulted in very similar optimum


buffer conditions. This suggests that the chromatography con-
ditions might have a greater influence on the buffer require-
ments than expected. The minimum set of buffers identified in
this study is summarized in Table 2 together with the respec-
tive refolding yields for all five analyzed proteins.


A further limitation of in-solution refolding strategies in-
cludes the variation in optimum reaction times, which might
depend on the protein and/or the respective refolding buffers.
These can vary from minutes to many hours.[23, 27, 28] We, there-
fore, compared the kinetics of refolding in-solution and on-
matrix for CS. In solution, incubation times >1 h were needed
to reach maximum refolding yields (Figure 7 A). For the matrix-
assisted strategy, however, the kinetic analysis demonstrated
that shorter (~20 min) refolding times (as already used during
the optimization screen) seem to be sufficient. This surprising
observation suggests that matrix-assisted refolding results in
accelerated renaturation compared to in-solution approaches.


Figure 4. Matrix-assisted refolding of dimeric proteins. A) The final step of
the optimization of matrix-assisted refolding of GLK is shown. Buffers:
100 mm Tris-HCl, 300 mm NaCl, 50 mm Arg (R), 50 mm Gln (Q), pH 7.5 (red)
or pH 8.0 (green); 40 mm Na-P, 200 mm NaCl, 50 mm Arg, 50 mm Gln, pH 7.5
(yellow) or pH 8.0 (blue) ; 100 mm K-P, 300 mm NaCl, 50 mm Arg, 50 mm Gln,
pH 7.5 (pink) or pH 8.0 (cyan). Additives; sucrose: 100 mm (a), 200 mm (b);
PEG 6000: 0.01 % (c); glycerin: 5 % (d); cyclodextrin: 5 mm (e), 10 mm (f) ;
DTE: 2 mm (g); TCEP: 2 mm (h), 5 mm (i). B) The final step of the optimization
of matrix-assisted refolding of CS. Buffers: 100 mm Tris-HCl, 300 mm NaCl,
pH 7.5 (red) or pH 8.0 (green); 40 mm Na-P, 200 mm NaCl, pH 7.5 (yellow) or
pH 8.0 (blue).


ChemBioChem 2009, 10, 869 – 876 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 873


Refolding of Histidine-Tagged Proteins



www.chembiochem.org





At the moment, it is unclear how this influence on the refold-
ing kinetics can be explained. It might be that binding to the
matrix is similar to the binding of substrates to chaperones.[12]


Classically, chaperones bind hydrophobic residues that would
otherwise be accessible to the solvent and lead to incorrect in-
teractions that can slow down folding.[29] Binding to the matrix
might also inhibit protein aggregation in a similar manner by
decreasing interactions with other protein chains.


Finally, the most striking difference between folding in-solu-
tion and on-matrix is the influence of protein concentration on
refolding. For solution-based refolding strategies low protein
concentration (ng mL�1–mg mL�1) are generally needed for ef-
fective refolding.[11] Consistent with previous studies, the re-
folding of CS in-solution was most efficient at ng mL�1 concen-
trations and decreased dramatically at higher concentrations
with no refolding observed above 15 mg mL�1 (Figure 7 B).
When we analyzed the effect of protein concentration on the
matrix-assisted refolding of CS, we found that CS refolding
yields were not significantly influenced by concentrations up
to 10 mg mL�1 (Figure 7 C). For b-Gal, the protein concentra-
tions during matrix-assisted refolding could be increased to a
similar extent (data not shown). Thus, the matrix-assisted re-
folding strategy allows the refolding of proteins at up to 1000-
times higher concentrations compared to refolding in-solution.


Figure 5. Matrix-assisted refolding of tetrameric b-Gal. Comparison of b-Gal
refolding in-solution (red) and on-matrix (green) at 20 8C under identical
buffer conditions. Buffers: 40 mm Na-P, 200 mm NaCl, 50 mm l-Arg, 50 mm


l-Gln, pH 7.5, with DTE: 2 mm (a), 5 mm (b) ; TCEP: 2 mm (c), 5 mm (d) or
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, pH 7.5, with DTE:
2 mm (e), 5 mm (f) ; TCEP: 2 mm (g), 5 mm (h). Equally treated native b-Gal,
which was used as reference, is depicted in gray. The activity of the native
protein was cut at 35 % for better visualization.


Figure 6. Comparison of refolding efficiencies. The respective refolding effi-
ciencies on-matrix and in-solution are compared for the five proteins tested.
The yields for the respective best refolding buffer are shown.


Table 2. Minimum set of buffers for matrix-assisted refolding.


Buffer eGFP CS GLK FNR b-Gal


100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, pH 7.5 40–45 % 80–85 % 40–45 % 35–40 % 10–15 %
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, pH 8.0 40–45 % 80–85 % 35–40 % 35–40 % 10–15 %
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm DTE, pH 7.5 90–95 % –[a] 50–55 % 40–45 % 20–25 %
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm DTE, pH 8.0 95–99 % – 55–60 % 40–45 % –
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm DTE, pH 7.5 55–60 % – – – 20–25 %
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm DTE, pH 8.0 40–45 % – – – –
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm TCEP, pH 7.5 60–65 % – 60–65 % 60–65 % 20–25 %
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm TCEP, pH 8.0 55–60 % – 60–65 % 55–60 % –
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm TCEP, pH 7.5 60–65 % – 70–75 % 75–80 % 20–25 %
100 mm Tris-HCl, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm TCEP, pH 8.0 55–60 % – 70–75 % 75–80 % –
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, pH 7.5 40–45 % 45–50 % 45–50 % 35–40 % 10–15 %
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, pH 8.0 45–50 % 45–50 % 45–50 % 35–40 % 10–15 %
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm DTE, pH 7.5 85–90 % – 70–75 % 45–50 % 15–20 %
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm DTE, pH 8.0 80–85 % – 60–65 % 50–55 % –
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm DTE, pH 7.5 50–55 % – – – 20–25 %
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm DTE, pH 8.0 55–60 % – – – –
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm TCEP, pH 7.5 50–55 % – 60–65 % 50–55 % 15–20 %
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 2 mm TCEP, pH 8.0 50–55 % – 70–75 % 55–60 % –
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm TCEP, pH 7.5 55–60 % – 70–75 % 75–80 % 20–25 %
40 mm Na-P, 300 mm NaCl, 50 mm l-Arg, 50 mm l-Gln, 5 mm TCEP, pH 8.0 55–60 % – 75–80 % 75–80 % –


[a] Yields were not determined; this indicates that the respective buffer was not selected during the optimization process.
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Conclusions


In summary, our systematic analysis of matrix-assisted refolding
revealed general reaction principles, which could be applicable
for a wide range of proteins. It represents a rational strategy to


optimize refolding of insolubly expressed proteins. In the mul-
tifactorial space of possible refolding buffers, stepwise optimi-
zation allows the efficient minimization of the number of ex-
periments. This offers the possibility to reduce the time of the
screening procedure. Additionally, up-scaling of the optimized
refolding procedure is directly and easily possible. From the
scientific point of view, the striking differences in kinetics and
concentration dependence suggest that matrix-assisted folding
follows different routes to the native state, which possibly
avoid kinetic traps in the energy landscape of folding.


Experimental Section


Materials : All chemicals were p.a. grade and were obtained from
Sigma–Aldrich. The expression plasmids for eGFP and FNR were
kind gifts from S. Tçpell and F. Rohdich, respectively.


Expression and purification of test proteins : GLK und b-Gal were
amplified from E. coli by PCR and cloned into a pET28b expression
vector (Novagen, Madison, US) to generate an N-terminal His6-tag.
The gene for the mitochondrial pig heart CS was obtained as de-
scribed elsewhere,[7] and cloned, without its leader sequence, into
the pIVEX2.3 expression vector (Roche Diagnostics, Mannheim,
Germany) to create a N-terminal His6-tag fusion protein.


All proteins were expressed in E. coli BL21 (DE3) COD+RIL cells
(Qiagen, Hilden, Germany). Cells were cultured in lysogeny broth
(LB) supplemented with ampicillin (100 mg mL�1) or kanamycin
(35 mg mL�1) at 37 8C until an OD600 = 0.8 was reached. Protein ex-
pression was subsequently induced with IPTG (1 mm) and the cells
were incubated 30 8C for 16 h. Cells were harvested by centrifuga-
tion at 3000 g for 20 min. The harvested cells were cracked by
using a Basic Z cell disruption system (Constant Systems, Warwick,
UK). After separation of the soluble and insoluble protein content
by centrifugation at 40 000 g for 30 min, insoluble target proteins
were further isolated by following the IB preparation protocol as
described elsewhere.[28] The solubilized proteins were affinity-puri-
fied on 5 mL HisTrap columns under denaturing conditions andACHTUNGTRENNUNGdialyzed into denaturing buffer (50 mm Tris-HCl, 100 mm NaCl,
10 mm DTE (GLK, FNR, b-Gal), 20 mm DTE (CS) or without DTE
(eGFP), pH 8.0 containing 6 m GdmCl) after elution. All chromatog-
raphy steps were performed by using an �kta Purifier 10 system
(GE Healthcare, Munich, Germany) equipped with an eight column
vent system. Native proteins were obtained by purification from
the soluble protein fraction by affinity chromatography on 5 mLACHTUNGTRENNUNGHisTrap FF columns.


To purify the target proteins to homogeneity, ion-exchange chro-
matography on a 6 mL Resource Q column, followed by prepara-
tive size-exclusion chromatography on a 16/60 Superdex 75 pg
column was applied for CS and b-Gal. FNR and GLK were further
purified by ion-exchange chromatography on 5 mL HiTrap Q FF
columns. After every chromatography step the protein-containing
fractions were analyzed by SDS-PAGE.


Matrix-assisted refolding : Solubilized protein samples were ap-
plied to HisMultiTrap FF plates (GE Healthcare). HisMultiTrap plates
were handled according to the manufacturer’s protocols; protein
samples were pre-equilibrated in denaturing buffer, solubilized
(50 mg) and then applied to each well. The respective refolding
buffer (500 mL) was added subsequently to each well and the
plates were centrifuged for 5 min at 50 g. Addition refolding buffer
(500 mL) was added to each well and plates were incubated for 1 h


Figure 7. Differences in the mechanism between matrix-assisted folding and
folding in-solution. A) Comparative analysis of the refolding kinetics of CS.
Refolding on-matrix (black) and in-solution (gray) was analyzed in identical
buffers (100 mm Tris-HCl, 300 mm NaCl, 50 mm Arg, 50 mm Gln, pH 7.5).
B) Concentration dependence of the refolding efficiency of CS in solution.
Denatured CS was diluted 100-fold into the refolding buffer (100 mm Tris-
HCl, 300 mm NaCl, 40 mm Arg, 40 mm Gln, pH 8.0) to yield the respective
protein concentration. Refolding efficiencies after 16 h of refolding time are
compared. C) Concentration dependence of the matrix-assisted refolding ef-
ficiency of CS. Denatured CS was loaded onto HisTrap matrix to yield the re-
spective protein concentration per mL of matrix. For refolding, the proteins
were incubated in 100 mm Tris-HCl, 300 mm NaCl, 40 mm Arg, 40 mm Gln,
pH 8.0. Refolding efficiencies after 1 h of refolding time are compared.
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at 20 8C. Refolded proteins were eluted with Na-P (200mL; 40 mm),
NaCl (300 mm) and imidazole (500 mm), pH 7.8.


For reference, in each plate three wells were loaded with the same
amount of the respective native protein. These wells were treated
under nondenaturing conditions (without GdmCl) and by following
identical processing conditions. The activity of the native sample
was set as 100 % and the refolding yields in the various buffers
were normalized accordingly. All data shown represent the average
of at least three individual experiments.


Refolding in solution : For each refolding experiment, solubilized
protein (5 mg) was diluted 100-fold in the respective buffer. The
samples were mixed immediately, gently but vigorously, and incu-
bated at 20 8C for 16 h prior to activity determination. For refer-
ence, three dilutions of the respective native protein in Tris-HCl
(50 mm), NaCl (100 mm), pH 8.0, were prepared and incubated at
20 8C for 16 h. Data analysis was performed as described for the
matrix-assisted procedure.


Determination of enzyme activities : The activity of eGFP (variant
F64L and S65T[30]) was determined according to the fluorescence
emission of the folded and oxidized protein. Fluorescence was ana-
lyzed by using a SPEX II fluorescence spectrometer (Jobin Yvon,
Unterhaching, Germany). The excitation wavelength was set to
395 nm and fluorescence emission was scanned from 430–550 nm.
After baseline subtraction, the signal intensities at 508 nm were
compared with the intensity of equally treated, native eGFP.


To determine FNR activity, reduction of potassium ferricyanide was
monitored at 419 nm (decrease in absorbance). The reaction was
performed at 25 8C in Tris-HCl (100 mm), pH 8.0, containing potassi-
um ferricyanide (1 mm) and various concentrations of NADPH
(200–400 mm). The activity of GLK samples was determined accord-
ing to Darrow and Colowick.[31]


CS activity was determined as described elsewhere.[32, 33] The activi-
ty measurements were carried out at 25 8C in Tris-HCl (50 mm),
EDTA (2 mm), pH 8.0, by using a Jasco V-550 spectrophotometer
(Jasco, Gross-Umstadt, Germany). b-Gal activity was determined as
described elsewhere.[24]


Abbreviations : CS: citrate synthase; DTE: dithioeritol ; eGFP: en-
hanced green fluorescent protein; FNR: ferredoxin–NADP(+) reduc-
tase; b-Gal : beta galactosidase; GdmCl: guanidinium hydrochlo-
ride; GLK: glucokinase; HEPES: N-2-hydroxyethylpiperazone-n-2-
ethanesulfonic acid; His6-tag: hexahistidine tag; K-P: potassium
phosphate buffer; MOPS: 3-(N-morpholino)propanesulfonic acid;
Na-P: sodium phosphate buffer; PAGE: polyacrylamide gel electro-
phoresis ; PEG: poly(ethylene glycol) ; SDS: sodium dodecyl sulfate;
SEC: size-exclusion chromatography; TCEP: Tris(2-carboxyethyl)-
phosphine hydrochloride.
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Introduction


The increasing awareness of the importance of glycosylation
to biological systems has led to recognition of the need to de-
velop better tools for the analysis of protein–carbohydrate in-
teractions. In contrast to template-driven nucleic acid and pro-
tein sequences, which aid function assignments, the need for a
more empirical, high-throughput analysis of potential carbohy-
drate patterns has resulted in a variety of approaches.[1] The
two key newcomers in the area of functional glycomics thus
far have been glycan[2] and lectin microarrays,[3] in which gly-
cans or lectins are immobilized on glass slides for investigating
the specificity of glycan-binding proteins or glycoconjugates,
respectively. In lectin microarrays, carbohydrate-binding pro-
teins, such as lectins and anticarbohydrate antibodies, are im-
mobilized on a solid support in high spatial density. Interroga-
tion of these arrays with fluorescently-labeled samples creates
binding patterns (glycosignatures) that depend on the carbo-
hydrate structures present, and provide a method for rapid
characterization of glycans on glycoproteins,[4] bacteria,[5] or
mammalian cells.[6] The microarray format allows rapid parallel
analysis of multiple carbohydrate–protein interactions with a
minimal amount of sample. Notwithstanding the advantages,
lectin microarrays are intrinsically handicapped by restricted
availability,[3] and the limited and often unexpected specificities
of natural lectins.[7] Only about 60 lectins are commercially
available, and they have the ability to recognize only a fraction
of glycans present on mammalian and especially on microbial
cells.[3] The common problems inherent to other protein
arrays,[8] such as linking chemistry, orientation-dependent bind-


ing activity, and storability, are also important factors that
strongly argue in favor of alternative approaches.


Proteins are not the only molecules that bind carbohydrates.
Cyclic tricatechol[9] and terphenyl[10] constructs, acyclic pyridine,
pyrimidine, and naphthyridine units,[11] self-assembled struc-
tures and various boronic acid derivatives[12, 13] have been de-
scribed. Also, aptamers and peptides have been explored.[14]


Synthetic peptides have long been known as highly versatile
molecules for a variety of biological applications. Unlike pro-
teins, which unfold readily and subsequently lose their biologi-
cal activities, peptides are functionally stable and capable of
retaining their activities under most reaction conditions; this
makes them the preferred molecules for facile and robust
screening assays, especially in microarray-based formats.


We have an ongoing program applying addressable random
sequence peptide microarrays, as an alternative to phage dis-


Current analytical methods have been slow in addressing the
growing need for glyco-analysis. A new generation of more
empirical high-throughput (HTP) tools is needed to aid the ad-
vance of this important field. To this end, we have developed a
new HTP screening platform for identification of surface-immo-
bilized peptides that specifically bind O-antigenic glycans of
bacterial lipopolysaccharides (LPS). This method involves
screening of random sequence peptide libraries in addressable
high-density microarray format with the newly developed lu-
minescent LPS–quantum dot micelles. Screening of LPS frac-
tions from O111:B4 and O55:B5 serotypes of E. coli on a micro-
array consisting of 10 000 20-mer peptide features revealed
minor differences, while comparison of LPS from E. coli
O111:B4 and P. aeruginosa produced sets of highly specific pep-


tides. Peptides strongly binding to the E. coli LPS were highly
enriched in aromatic and cationic amino acids, and most of
these inhibited growth of E. coli. Flow cytometry and isother-
mal titration calorimetry (ITC) experiments showed that some
of these peptides bind LPS in-solution with a Kd of 1.75 mm.
Peptide selections against P. aeruginosa were largely composed
of hydrogen-bond forming amino acids in accordance with
dramatic compositional differences in O-antigenic glycans in
E. coli and P. aeruginosa. While the main value of this approach
lies in the ability to rapidly differentiate bacterial and possibly
other complex glycans, the peptides discovered here can po-
tentially be used off-array as antiendotoxic and antimicrobial
lead compounds, and on-array/on-bead as diagnostic and af-
finity reagents.
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play, to the analysis of various biomolecular interactions. As a
part of this program, we have tested these microarrays for
their ability to detect carbohydrate interactions. We hypothe-
sized that owing to the large chemical diversity of peptide
structures with no preconceived specificity, the microarray
could provide an expedient approach to de novo discovery of
artificial lectin mimics with engineered specificities towards
glycans of interest. As a proof-of-concept, we chose to use the
microarray to analyze the saccharidic portion of bacterial lipo-
polysaccharides (LPS). The reason for choosing such a complex
target was threefold. First, the diversity of glycan structures
unique to bacteria would allow the widest dynamic range of
molecules to be tested and therefore let us evaluate the limita-
tions of this approach. Second, from a practical standpoint LPS
have been implicated in the systemic inflammatory response
and septic shock, which have claimed more than 200 000 lives
each year in the U.S. alone.[15] Hence, there is a great deal ofACHTUNGTRENNUNGinterest in developing therapeutic agents that can efficiently
bind LPS.[16] Third, whereas the therapeutic strategy directed
against viral glycans was a success, a similar approach to anti-
bacterial therapies has not been systematically explored due
to difficulties in finding molecules that can selectively bind to
bacterial glycans.[17]


Herein, we report our findings in screening of 10 000
random 20-mer peptide sequences printed on a glass slide
with newly developed luminescent LPS glycoprobes for poten-
tial lectinomimetic activity. A set of specific lectinomimetic an-
tagonists of LPS molecules have been discovered that can be
used as a new class of diagnostic, antiendotoxic, and antimi-
crobial peptide leads in both on- and off-array formats. To our
knowledge, this is the first application of peptide microarrays
to studying carbohydrate interactions.


Results and Discussion


General experimental set-up


The peptide microarrays were constructed by spotting 10 000
random 20-mer sequences in duplicates on a maleimide-func-
tionalized microscope glass slide by using a robotic pin spot-
ter. The random peptide library was produced by conventional
solid-phase synthesis based on computer-generated random
sequences of 19 amino acids, excluding cysteine, for the first
17 amino acids. A C-terminal �GSC sequence was incorporated
into each peptide to facilitate coupling to the array surface.
These arrays were probed directly with fluorescently labeled
LPS.


General considerations in the design of LPS glycoprobes


LPS is a complex, negatively charged lipoglycan composed of
three distinct regions: 1) a fatty acid region called lipid A that
has very low variability ; 2) a conserved glycosidic “core” con-
sisting of approximately ten monosaccharides; and 3) a highly
variable region called O-antigen, consisting of repetitive sub-ACHTUNGTRENNUNGunits of one to eight monosaccharides repeated up to 100
times.[18] The O-antigen region defines the strain, serotype, and


even the virulence of the bacteria ; this makes it a very attrac-
tive target to study. Probing the peptide microarray with di-
rectly labeled LPS allowed us to avoid the use of secondary de-
tection reagents, which complicate the interpretation and later
deconvolution of the data. This consideration is especially im-
portant for the random peptide microarrays because each pep-
tide on the array de facto is not specific and serves as a puta-
tive ligand for any target of choice. Not only can the secondary
probe bind to the array, but it could also compete with the pri-
mary probe. In the case of carbohydrates, the binding affinities
of which are typically weak, the latter can present a serious
problem. For these reasons, the arrays were probed directly
with conventional organic dye-labeled and the newly devel-
oped quantum dot (Qdot)-labeled LPS in order to specifically
single out carbohydrate interactions.


LPS labeling with Qdots


The existing LPS labeling strategies rely on chemical modifica-
tion of LPS molecules with organic dyes (Figure 1 A). This
method requires complex manipulation and purification steps,
is not site-specific, and depends on the availability of reactive


groups in the LPS molecule.[19] When such groups are unavaila-
ble, an extra functionality is introduced into the saccharidic
branch of LPS, which might affect its physical properties and
biomolecular recognition events; thus it is not ideally suitable
for the purposes of this study. For this reason, we have devel-
oped an alternative labeling strategy that takes advantage of
the amphipathic nature of LPS molecule and does not intro-
duce any new chemical modalities into the structure.


We used nanometer-sized crystals of semiconductors known
as quantum dots (Qdots) that have recently emerged as useful
luminescent labeling agents.[20] Coating of hydrophobic Qdots
with phospholipids[21] and synthetic amphiphilic polymers have
been previously described.[22] Both methods rely on phase
transfer of hydrophobic Qdots from organic solvent to an
aqueous solution of an amphiphile. Using a similar approach,
we conjugated smooth-type LPS from E. coli and P. aeruginosa
to hydrophobic Qdots (Figure 1 B). In this case, the lipid A,
which is responsible for self-aggregation, also confers the abili-
ty of LPS to bind to hydrophobic surfaces of Qdots. Since the
lipid functionality is attached directly to the label, Qdot–LPS
constructs are especially useful for studying the saccharidic
moiety of LPS.


Figure 1. A cartoon depicting: A) organic dye labeled LPS; B) Qdots-labeled
LPS; m designates the number of O-antigen repeating units, n designates
the number of LPS molecules attached to the Qdot.
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Comparison of Qdot- and organic dye-labeled LPS


Although many peptides have been shown to bind LPS in so-
lution,[23] at the outset of this work it was not clear if peptides
in the microarray format would also be able to bind LPS specif-
ically and reproducibly. In order to demonstrate that the pep-
tides on the microarray indeed bind LPS and the interaction is
not dye- or lipid-induced, we conducted several experiments.
In the first of these experiments, identical concentrations of
LPS from E. coli O111:B4 (ECO111) labeled with FITC (FITC–ECO111)
and with Qdots (QDot–ECO111) were used to probe the microar-
ray slides. The “unblocked” sample was used as is, while the
“blocked” sample was spiked with 100-fold excess of unlabeled
ECO111 during the binding step. For both FITC–ECO111 and QDot–
ECO111 probes (Figure S1 in the Supporting Information) block-
ing with unlabeled LPS localized the specific interactions, as
most of the top binders to LPS become low binders when
excess unlabeled LPS is used to inhibit the specific peptide–
LPS interactions. This simple test effectively eliminated any un-
specific dye-induced interactions. The same test was applied to
all binding experiments described below.


To test the applicability of the Qdot–LPS probes for specifi-
cally detecting carbohydrate-binding events, we used scatter
plots as previously reported by Reddy and Kodadek,[24] and


compared the results with those obtained with conventionally
labeled LPS. This representation helped us to focus our atten-
tion only on peptides with high expression profile for both ex-
periments (FITC–ECO111 and Qdot–ECO111). Figure 2 shows rea-
sonable correlation (R = 0.824) between the two experiments.
Although some unique hits were present both in Qdot–LPS
and FITC–LPS binding peptides, they can be attributed to dif-
ferences in the probe construction and photophysical proper-
ties of the labels. The LPS is presented on the multivalent
Qdots in a defined orientation, since the hydrophobic Qdots
only exist in aqueous solution when they are enclosed in the
hydrophilic environment created by the lipid portion of the
LPS molecules. This orientation exposes the saccharidic branch
of the LPS, similar to their orientation in the micellar (or cellu-
lar) state of LPS. In contrast the monovalent FITC–LPS probe
can potentially detect saccharidic-, dye-, and lipid-induced in-
teractions. It has been found that aggregated micellar FITC–
LPS has strongly diminished fluorescence due to quenching,
while the disaggregation of single FITC–LPS molecules from
micelles leads to enhancement in fluorescence.[25] So, it is likely
that oriented micellar LPS molecules would not be observable,
and the most significant signal detected would come from the
single LPS molecules, which include nonsaccharidic compo-
nents. Due to the well-known cluster glycoside effect,[26] the in-


Figure 2. FITC-labeled versus Qdot-labeled E. coli O111:B4 LPS correlation (R = 0.824). Annotated black dots indicate selected LPS-binding peptides shown in
Table 1. Both axes show normalized signal in a logarithmic (log2) scale. Blue lines delimit the twofold change.
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teraction of multiple sugars is also stronger than a single LPS
molecule. These observations highlight the utility of Qdot–LPS
for studying variable saccharidic components.


Selection of peptides binding the saccharidic branch of LPS


Since the Qdot labels were novel for LPS, we argued that only
peptides that bind both FITC–LPS and Qdot–LPS with high in-
tensity were the most reliable saccharidic LPS-binding pep-
tides. Such peptides were identified by statistical analysis by
using image-processed data, and visualized as a scatter plot.[24]


We have selected only high intensity binders with a minimal
standard deviation (s<0.2) that were present in both Qdot–
LPS and FITC–LPS experiments (Figure 2). Autofluorescent pep-
tides were filtered as described in the Experimental Section
and each hit was independently confirmed by careful visual in-
spection of the slides.


The data revealed 16 peptides, QF1–QF16, that bound with
high affinity to E. coli O111:B4 LPS (Table 1). Most of these pep-
tides contain noticeably abundant cationic arginine, lysine, and
histidine, along with clusters of aromatic hydrophobic trypto-
phan and phenylalanine and/or tyrosine. Since many
of the existing LPS-binding peptides are also antimi-
crobial,[27] we hypothesized that if our selections
were valid then at least some of the peptides should
share sequence similarity with the existing antimi-
crobial peptides (AMPs). To test this hypothesis, we
compared the selected sequences against several
AMP databases. In particular, we found that the
above amino acids were also abundant in indolici-
din-like AMPs.[28] Moreover, using the Antimicrobial
Peptide Database,[29] we found that some of these
peptides (QF1–8) shared 30 to 40 % similarity to
human histatins-2, -6, or -9, which are histidine-rich
AMPs found in oral cavities. Finally, we applied a re-
cently developed algorithm that predicts antibacteri-
al sequences based on similarity to the existing 486
AMPs.[30] The higher the antibacterial peptides pre-


diction (APP) score, the more probable the antibacterial activi-
ty, while negative scores suggest no antibacterial activity. The
APP scores shown in Table 1 predicted that 11 out of 16 select-
ed peptides had potential antibacterial properties.


Antimicrobial properties of the LPS binding peptides


We assayed the ability of the LPS-binding peptides to inhibit
E. coli growth, and compared them to 142 LPS nonbinding
peptides (Table S1). Figure 3 shows that nearly 70 % of the LPS-
binding peptides demonstrated some growth inhibition activi-
ty against E. coli DH10B, while none of the 142 nonbinding
peptides inhibited growth by more than 20 % (Figure S2). Inter-
estingly, the peptides QF12, -13, -14, and -16 demonstrated en-
hancement of bacterial growth (Figure 3). In agreement with
the APP scores peptides QF1–10 displayed antibacterial activity
(Table 1). An evident outlier, QF15, which departs from the con-
ventional cationic amphipathic motifs associated with AMPs,
was also identified. Further testing through kinetic growth
curves showed that these peptides are bacteriostatic, not bac-
tericidal. This agrees with recent work demonstrating that the


Table 1. E. coli O111:B4 LPS binding peptides arranged by isoelectric point (pI), number of negative residues (NR), number of positive residues (PR), aliphat-
ic index (AI), and antibacterial peptides prediction score (APP).[27]


ID Peptide sequence pI NR PR AI APP


QF1 RHWRKPRKWHKKWPPHRGSC 12.0 0 8 0 1.904
QF2 HRKHWRKRHKKHWKKRKGSC 12.0 0 11 0 2.673
QF3 HWKRRHKHKWPKRHPHKGSC 11.8 0 8 0 2.035
QF4 HFRKWHKRRWKHHKKWKGSC 11.8 0 9 0 2.155
QF5 WKKKRKHRHKKHWHPWRGSC 11.8 0 9 0 1.616
QF6 WKFRHRHHRHHWHKKWKGSC 11.8 0 7 0 2.167
QF7 WFWKHKKWRRHPRKWHWGSC 11.8 0 7 0 1.567
QF8 HRKPKFRHHHFKWKHWKGSC 11.2 0 7 0 1.529
QF9 WWHHKWFKHKKFWRHKFGSC 10.6 0 6 0 2.121
QF10 RVFKRYKRWLHVSRYYFGSC 10.6 0 6 49 1.296
QF11 VLKHHRVKAFKFWHEYIGSC 9.6 1 4 73 0.724
QF12 TWTQQMHHFRFSHKLERGSC 9.5 1 3 20 �0.566
QF13 THRPHNWYLFKNILFSHGSC 9.3 0 2 59 �0.964
QF14 GTNERYNMRKYHWWYWYGSC 9.0 1 3 0 �0.348
QF15 FQTAKLFFGYHNHTESSGSC 6.9 1 1 25 �0.036
QF16 EWHHIWINNQHYNHASHGSC 6.6 1 0 44 �0.795


Figure 3. Relative growth inhibition activities of peptides QF1–16 tested against E. coli
DH10B. The error bars are standard deviations of triplicate measurements; Neg1 is a neg-
ative control peptide.
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biophysical properties required to kill bacteria differ from
those to bind LPS.[31] In addition to affinity for LPS, bactericidal
activity requires the abilities to traverse the LPS layer and to
disaggregate LPS micelles. Our concentration-dependent stud-
ies (data not shown) demonstrated that even at 10 mm concen-
tration, peptides QF7, -8, and -10 retained their ability to inhib-
it up to 50 % of E. coli growth.


Flow cytometry studies of the LPS-binding peptides


Intrigued by the high incidence of antimicrobial activity of the
selected peptides, we conducted flow cytometry studies to
quantify the in vivo binding abilities of the selected peptides
to E. coli, and the ability of preincubation with LPS to block
binding.[32] The LPS nonbinding peptide, Neg1, was used as a
negative control. The peptides were biotinylated and their spe-
cificities were compared through quantifying the cell surface
staining of E. coli DH10B cells with AlexaFluor488-labeled strep-
tavidin. Cells labeled only with streptavidin were used as con-
trols, and fluorescent intensity greater than that associated
with streptavidin only labeled cells was quantified as the M1
region. Peptides QF1 through QF10 bound the cells almost
completely in the M1 region; this indicates that these peptides
bound the cells with higher affinity than would be expected


from streptavidin-only binding (Table S2). The results for strep-
tavidin, the negative control peptide Neg1, QF5, and QF8 are
summarized in Figure 4. Both QF5 and QF8 bound to DH10B
cells, and their cell-surface binding was nearly eliminated after
preincubation with ECO111 LPS. While these results do not eluci-
date the nature of the target on the DH10B cell surface, they
do show that the peptides bind to and are sequestered by the
interaction with their target ECO111 LPS.


Surface plasmon resonance (SPR)


High resolution differential SPR was used to compare the bind-
ing of QF5, QF8, and Neg1 to ECO111 (Figures 5 and S3). This
technique has sufficient sensitivity to detect direct binding of
free glycans to lectins immobilized on a sensor chip and allows
the evaluation of sugar–lectin dissociation constants in the nm


range.[33] Both QF5 and QF8 are strong antimicrobial candi-
dates, while Neg1—a peptide showing no binding to LPS on
the peptide microarrays—was used as a negative control. The
relative responses of these peptides were compared by using
normalization based on the immobilization density and molec-
ular weight of the respective peptides. Both QF5 and QF8 pep-
tides had similar abilities to bind LPS, while Neg1 had negligi-
ble binding (Figure S3 A).


Figure 4. Flow cytometry of AlexaFluor488-labeled streptavidin, Neg1 control peptide, QF5, QF8, and QF5 and QF8 after 1 h preincubation with 100-fold
excess of E. coli O111:B4 LPS. The y axes show the cell count, and the x axes show the AlexaFluor488 intensity.
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Isothermal titration calorimetry (ITC)


To estimate the ability of peptide QF8, which exhibited maxi-
mal antimicrobial activity, to bind LPS in solution, we conduct-
ed the microcalorimetry titration of LPS ECO111 with QF8. The
integrated heats in Figure 5 B represent the net heats of each
injection after subtraction of the heat of dilution of QF8 into
pure buffer. The upward position of the ITC titration peaks
(Figure S3 B) and the resultant positive integrated heats indi-
cate that the association between QF8 and LPS is an endother-
mic process.[34] With a single site independent binding model,
the enthalpy (DH) of association between QF8 peptide and
LPS is 7.8 kcal mol�1 with an equilibrium association constant
(Ka) of 568 731 m


�1 (Kd = 1.75 mm) and a stoichiometry of 0.2–0.4
QF8/LPS (due to heterogeneity of LPS) obtained at pH 7.4. This
ratio likely corresponds to the net charge compensation be-
tween anionic LPS (2–4 negative charges) and cationic QF8
(seven positive charges).[35] The free energy (DG) and entropy
(DS) changes of binding are estimated to be �7.8 kcal mol�1


and 52.6 cal mol�1 deg�1, respectively.


Differentiation of E. coli serotypes


Gram-negative bacteria are classified by serological types (sero-
types) based on the composition of the LPS O-antigen do-
mains. Thus, the O-antigen, which is responsible for much of
the immunospecificity of the bacterial cells, essentially serves
as the “glycosignature” of a bacterium.[18] To test whether we
can distinguish among different serotypes of a bacterium
using the peptide microarray, we screened Qdot-labeled LPS
derived from two different serotypes of E. coli : O111:B4 (ECO111)
and O55:B5 (ECO55). Figure 6 shows the 2D scatter plot corre-
sponding to these experiments. Overall, an excellent correla-
tion (R = 0.907) was observed between the two serotypes; this
indicates that there are only marginal differences detectable
by the microarray. The high correlation coefficient is in agree-
ment with the compositional similarity of the LPS molecules
derived from the two serotypes (Figure 7). The O-antigen re-
peating units of ECO111


[36] and ECO55
[37] LPS are composed of five


neutral monosaccharides, which include glucose (Glc), galac-
tose (Gal), N-acetyl-galactosamine (GalNAc), N-acetylglucosa-
mine (GlcNAc), and colitose (Col; 3,6-dideoxy-l-galactose). Al-
though both structures differ in branching and sequence, the
overall sugar content remains similar.


Despite the negligible statistical differences, a close visualACHTUNGTRENNUNGinspection of the slides revealed several distinct hits that are
unique to ECO111 (Figure 6, insert) and to ECO55. In all the cases,
for a hit to be statistically significant it must be reproduced in
all replicate slides with a standard deviation of less than 0.2.


Differentiation between E. coli and P. aeruginosa


While the two E. coli serotypes have subtle compositional dif-
ferences, more prominent differences are apparent when the
LPS structures of P. aeruginosa 10 (PA10) and ECO111 are com-
pared (Figure 7). The repeating unit of PA10 consists of three
unusual sugars: 2-O-acetyl-l-rhamnose (RhaAc), 2-N-acetyl-l-
galacturonic acid (GalNA), and 2-N-acetyl-2,6-dideoxy-d-glucos-
amine (QuiN).[38] One of these sugars (GalNA) contains a car-
boxylic acid group that can carry negative charge and form
strong hydrogen bonds. Screening of the PA10 LPS labeled with
Qdots and statistical correlation of the results with ECO111 re-
vealed a number of distinct hits for ECO111 and PA10. Indeed,
even a superficial visual inspection of the slides immediately
shows differences in binding patterns between the two experi-
ments (Figure 8).


Figure 9 shows the statistical correlation between Qdot–PA10


and Qdot–ECO111 experiments as a scatter plot.[24] The correla-
tion coefficient is far lower (R = 0.630) than in the case of ECO111


versus ECO55 (R = 0.907; Figure 7). Peptides EC1–8 (Table 2),
which specifically bind ECO111 but not PA10, were identified by
minimizing the error (standard deviation s<0.2) while maxi-
mizing the ratio of normalized ECO111 to PA10 signals. These
comparisons independently validate the first selection of ECO111


binding peptides QF1–16 (Table 1) which are annotated in blue
in Figure 9. A similar selection strategy seeking peptides that
specifically bind PA10 but not ECO111 yielded peptides PA1–8


Figure 5. A) High resolution differential (HRD) SPR responses of peptides Neg1, QF5, and QF8 to E. coli O111:B4 LPS. B) ITC titration curve of the LPS ECO111


with peptide QF8.
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(Table 2). The heat map shown in Figure 9 graphically demon-
strates the expression levels of each of the EC1–8 and PA1–9
peptides in Qdot–PA10 and Qdot–ECO111 experiments. All EC
peptides present a high expression in the ECO111 experiment,
while the expression in the PA10 experiment is low. The oppo-
site is true for PA peptides, which have high expression in the
PA10 experiment, but low in the ECO111 experiment.


Structural considerations


As seen in Table 2, most of the peptides unique to ECO111 are
enriched in aromatic tryptophan and cationic arginine, lysine,
and histidine, while peptides specific to PA10 tend to contain
aliphatic amino acids, anionic aspartic, and glutamic acids, and
especially hydrogen bond forming glycine, proline, serine, and
threonine (Figure S4). These differences are reflected in the
consistent differences in pI values and aliphatic indices (AI) of
the selected peptides (Table 2). This can be explained by the
prominent compositional differences between ECO111 and PA10


LPS. Interestingly, Cherkasov et al.[39] recently found the same


kind of amino acid distribution by using artificial intelligence in
the design of peptide antibiotics.


As shown in Figure 7, the O-antigens of ECO111 and ECO55 LPS
are dominated by neutral galactose-like structures, such as col-
itose, galactose, and galactosamine. The aromatic amino acids,
W, F, or Y, are known to interact with the nonpolar b-face of
galactose to provide a common binding motif residue for
most galactose-binding proteins.[40, 41] So, it is not unusual that
the ECO111 binding peptides show a high incidence of aromatic
amino acids, such as tryptophan, phenylalanine, and tyrosine.
These observations are further supported by two independent
investigations. In one study, peptides were selected to bind
components of the bacterial cell membrane devoid of polysac-
charides. This selection led to peptides containing only cationic
arginine and lysine, but no aromatic residues.[42] In a second
study, peptides that bind LPS from S. enterica (LPSs from E. coli
and S. enterica are closely related)[37] were identified by screen-
ing phage displayed peptide libraries against bead-immobi-
lized LPS.[43] All of these peptides were found to be enriched in
aromatic hydrophobic residues, such as tryptophan and phe-


Figure 6. E. coli O111:B4 versus E. coli O55:B5 Qdot–LPS correlation for triplicate experiments of each (R = 0.907). The black dot corresponds to the ECO111 spe-
cific peptide FPKDQW (shown in the insert, with ECO111 on the left and ECO55 on the right). Both axes show normalized signal in a logarithmic (log2) scale. Blue
lines delimit the twofold change. Insert shows close-up of the peptide microarray binding patterns of: A) ECO111 and B) ECO55. The first six (of 20) amino acids
are shown. (For a full sequence see the Supporting Information.)
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nylalanine, along with cationic residues. These peptides were
capable of discriminating between various bacterial species,
which strongly supports their ability to target the distinctly
variable O-antigenic domains.


In contrast to the neutral ECO111 and ECO55 repeating units,
the repeating unit of PA10 consists one third of negatively
charged galacturonic acid (Figure 7), which can form strong
hydrogen bonds with the aspartic and glutamic acids,[44] as
well as with hydrophilic glycine, proline, serine, and threonine,
which are prominently over-represented in the selected PA10-
specific peptides (Figure S4).


Electrostatic contributions


To test the contribution of electrostatic interactions to LPS
binding to microarray peptides, we measured the zeta poten-
tial (z-potential) of ECO111 and PA10 LPS. The zeta potential is
the overall charge a particle acquires in a specific medium and
is a measure of the potential at the slipping plane, which is
the layer just past the bulk solution layer of ions surrounding
the particle. Under conditions identical to those used in the
microarray probing experiments, the ECO111 LPS had a charge
of z= (�6.7�1.4) mV, while the PA10 LPS was also negative
and of significantly greater magnitude at z= (�25.7�3.1) mV,
which is consistent with the presence of negatively charged
galacturonic acid. Since the ECO111 LPS has only hydroxyls in
the structure and thus lacks the ability to form strong hydro-
gen bonds in aqueous solutions,[45] its interactions are domi-


nated by CH–p interactions[45]


and by electrostatic attraction,
which drive the selection to-
wards hydrophobic aromatic
and cationic amino acids. On
the other hand, the galacturonic
acid in the repeating unit of
PA10 LPS has a strong propensi-
ty to form hydrogen bonds,
which overpowers the electro-
static forces and drives theACHTUNGTRENNUNGselection towards hydrogen-
bond-forming amino acids.


We conclude that specific in-
teractions of peptides with LPS
on microarrays are not driven
by electrostatic forces alone,
but involve far more specific
molecular interactions, such as
hydrogen bonds and hydropho-
bic forces. This makes the pep-
tide microarray a suitable tool
for studying carbohydrate inter-
actions.


Conclusions


In summary, we have developed
a LPS screening technology to


quickly identify LPS binding peptides that are specific to the
variable saccharidic branch of LPS. We demonstrated that such
a platform, which consists of only 10 000 random 20-mer se-
quences, is capable of differentiating between Gram-negative
bacterial strains based on differences in their LPS structures.
We also demonstrated that the parallel analysis platform, in-
herent to the microarray format, allows rapid and, most impor-
tant, direct identification of multiple LPS interactions at the
same time. In contrast to screening of phage displayed or
other solution-based combinatorial peptide libraries, microar-
ray format allows systematic analysis and statistical deconvolu-
tion of postselection data. In the future, as peptide microarray
technology matures and the number of features increases, this
platform could enable direct discovery of high-affinity and pro-
tease-resistant peptidomimetics since peptides can be readily
synthesized with unnatural functionalities, for example, d-
amino acids, cyclic structures, and unnatural side chains, to fa-
cilitate the transition of discovered leads into the clinic. Finally,
this technology paves the way for systematic investigation of
disease-associated changes in other poorly defined complex
glycobiomolecules, such as mucins and glycosylaminoglycans
that currently present insurmountable challenges to the avail-
able analytical methods.


Experimental Section


Materials and methods : Smooth-type LPS from E. coli serotype
O111:B4 was obtained from Fluka (Cat# 62 325), serotype O55:B5


Figure 7. Chemical structures of the repeating units of LPS used in this work.[36–38]
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was from Sigma (Cat# 62 326); P. aeruginosa 10 was from Sigma
(Cat# L8643). FITC-labeled LPS from E. coli O111:B4 was from Sigma
(Cat# F3665). CAUTION! LPS molecules are highly pyrogenic and
can cause severe fever in humans if inhaled, ingested, or absorbed
through skin. Good laboratory practices should be employed. Wear
a lab coat, gloves, safety glasses, and a respiratory mask while han-
dling LPS.


Unless noted otherwise, all chemicals were purchased from Sigma–
Aldrich, Inc. (Milwaukee, WI, USA) and used without further purifi-
cation. Deionized water was obtained from a Millipore ultrapure
water filtration unit. PEPscreen� peptides were synthesized by
Sigma–Genosys, Inc. , with 100 % quality control and used as re-
ceived for initial screens. Lead peptides were resynthesized in-
house by using Fmoc chemistry and purified to 95 % by HPLC. Or-
ganic Qdots� were purchased from Invitrogen (Carlsbad, CA, USA;
Cat# Q21701MP). Sephacryl HiPrep 16/60 (S-200 HR) was from GE


Healthcare. In-solution nanosizing and zeta potential was mea-
sured by using a Zetasizer Nano-ZS instrument (Malvern Instru-
ments, Worcestershire, UK). Spectrophotometric measurements
were carried out by using a NanoDrop� ND-1000 instrument.


Labeling LPS with Qdots : The supplied solution of organic Qdots
(QDot 605 ITKTM, Cat# Q21701MP, Invitrogen, Inc.) in decane (1 mm)
was evaporated to dryness by using a SpeedVac� at room temper-
ature and redissolved in equal amount of chloroform. An aliquot
(100 mL) of the chloroform solution was diluted to 500 mL with
chloroform and mixed with an aqueous solution of corresponding
LPS (100 mL of 10 mg mL�1; E. coli O111:B4, E. coli O55:B5, and
P. aeruginosa 10). Methanol was added dropwise and the sample
was occasionally vortexed until both phases were completely
mixed (about 400 mL of MeOH). The mixture was then evaporated
to dryness by using a SpeedVac and the solid residue was suspend-
ed in ddH2O (100 mL). A saturated solution of tetramethylammoni-
um hydroxide pentahydrate (Me4NOH � 5H2O) was added until the
mixture was at pH 11–12 (about 25 mL). The latter basification step
is critical as it allows the transfer of the Qdots into the aqueous
phase; no transfer occurs in nonbasified solutions. The mixture
was sonicated for 30 min, and the colored solution was then
passed through two consecutive Zeba columns (2 mL; Pierce) to
remove salts and excess free LPS. We further purified the LPS-
coated Qdots by size-exclusion chromatography using Sephacryl
HiPrep 16/60 (S-200 HR) column (50 � 1 cm). The Qdot–LPS con-
structs eluted in a narrow color band and were stored in the dark
at 4 8C. Under these conditions, the Qdot–LPS are stable for at
least one month without any visible signs of deterioration. In a
control experiment, the above procedure was repeated without
LPS. No solubilization of Qdots was observed without LPS as deter-
mined by measuring absorbance of Qdots in the supernatant.


Peptide microarray design and construction : The peptide micro-
array consisted of 10 000, 20-residue peptides of random sequence,
with a C-terminal linker of �Gly-Ser-Cys-COOH. All peptides were
synthesized by Alta Biosciences Ltd. (Birmingham, UK) based on
amino acid sequences provided by in-house custom software
(Hunter, Preston, and Uemura, Yusuke, CIM, The Biodesign Insti-
tute). Nineteen amino acids (cysteine was excluded) were selected
at random for each of the first seventeen positions with �GSC as
the carboxy-terminal linker. The synthesis scale was 2–5 mg total at
�70 % purity and 2 % of the peptides were tested at random by
mass spectrometry as quality control. Dry peptides were dissolved
in N,N’-dimethylformamide (100 %), then diluted 1:1 with purified
water at pH 5.5 to a master concentration (2 mg mL�1). The original
96-deep-well plates were robotically transferred to 384-well spot-
ting plates, and the peptides were diluted to a final spotting con-
centration (1 mg mL�1) in phosphate buffered saline at pH 7.2.
High-quality precleaned Gold Seal glass microscope slides were ob-
tained from Fisher (Fair Lawn, NJ, USA; Cat# 3010). Each slide was
treated with amino-silane, activated with sulfo-SMCC (Pierce Bio-
technology, Rockford, IL, USA; Cat# 22 622) to create a maleimide-
activated surface, and the quality was checked for coating efficien-
cy. During spotting, we employed a Telechem Nanoprint 60 using
48 Telechem series SMP2 style titanium pins. Each pin spots ap-
proximately 500 pL of peptide (1 mg mL�1) per spot—an estimate
based on pin trajectory, surface dwell time, and the amount of
liquid each pin holds. The spotting environment was at 25 8C and
55 % humidity. The maleimide-activated surface reacts with the
sulfhydryl group on the peptide’s terminal cysteine. Each peptide
was spotted twice per array. The arrays were spotted in an orange-
crate packing pattern to maximize spot density. Six fiducials were
applied asymmetrically by using AlexaFluor647, -555, and -488 la-


Figure 8. LPS binding patterns (“glycosignatures”) on the microarray of :
A) P. aeruginosa 10 LPS and B) E. coli O111:B4 LPS. Sequences in yellow indi-
cate peptides unique to P. aeruginosa ; sequences in green are unique to
E. coli ; sequences in white are common binders. Only the first six (of 20)
amino acids are shown. (For a full sequence see the Supporting Informa-
tion.)
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beled peptides. The fiducials were used to align each subarray
during image processing. The printed slides were stored under an
argon atmosphere at 4 8C until used. Quality control included
imaging the arrays by laser scanner (Perkin–Elmer ProScanArray HT,


Perkin–Elmer, Wellesley, MA, USA) at 647 nm to image the spot
morphology. If the batch passed this test, further testing of ran-
domly selected slides with known proteins and antibodies was car-
ried out for the quality control of precision spot intensity. Array


Figure 9. A) E. coli O111:B4 versus P. aeruginosa 10 LPS correlation (R = 0.630). Annotated blue dots correspond to peptides shown in Table 1; annotated black
dots correspond to the peptides shown in Table 2. Both axes show normalized fluorescence signal at 605 nm on a logarithmic scale. Blue lines delimit the
twofold change. B) Heat map compares the level of expression (luminescent intensity, log2) for the EC and PA peptides (green: low; red: high).


Table 2. Peptides specific to EC LPS versus PA10 LPS. Column headings indicate the isoelectric point (pI), negative residues (NR), positive residues (PR), and
aliphatic index (AI).


ID Peptide sequence Qdot–ECO111 Qdot–ECO55 Qdot–PA10 pI NR PR AI


EC1 KFWHHKWWHWFKWRRRRGSC + + – 12.0 0 7 0
EC2 RHWRKPRKWHKKWPPHRGSC + + – 12.0 0 8 0
EC3 HHFKHHRHWKRRRHWFWGSC + + – 12.0 0 6 0
EC4 KFWKFWHKHRHRHRWHRGSC + + – 12.0 0 7 0
EC5 HRWWFKKKHRFRWWKRWGSC + + – 12.0 0 8 0
EC6 WRHWRRRKHFWWKRRWHGSC + + – 12.3 0 8 0
EC7 GWAREHHWPRIIYGVLRGSC + + – 9.5 1 3 78
EC8 HHPRHWWWKRWHPFRFFGSC + + – 11.7 0 4 0
PA1 VPTPNDQGKQWVNSVNAGSC – – + 5.8 1 1 49
PA2 RKHDYEEVESEFHPRKGGSC – – + 6.0 5 4 15
PA3 SHPRITTSDDHGDSPKGGSC – – + 5.9 3 2 20
PA4 VPVHDKTRKTAPAEEIVGSC – – + 6.7 3 3 73
PA5 GSSMHHHPLWPTPEPHTGSC – – + 6.4 1 0 20
PA6 RGMFHSPGDVMETEPHVGSC – – + 5.3 3 1 29
PA7 WIEVEKTMDSGSGPKGHGSC – – + 5.5 3 2 34
PA8 MTGIWSAMPYHNIESHNGSC – – + 5.9 1 0 44
PA9 SHGNNQSHPEAYPGPWTGSC – – + 5.9 1 0 5
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batches that failed to meet an array-to-array variability of 30 % CV
(coefficient of variation) were discarded.


Microarray probing : Each microarray probing was performed in
triplicate. The slides were placed in a humidified chamber and
blocked for 1 h at room temperature with BSA (650 mL of 3 % solu-
tion) and methoxytetraethyleneglycol thiol (mPEG4-SH; 1 mm)[46] in
1 � PBS with Tween-20 (TBS-T; 0.05 %). The slides were washed with
1xTBS-T (3 � 30 inversion in a Coupling jar) and ddH2O (3 � 30 inver-
sion in a Coupling jar). The slides were then dried by centrifugation
at 1500 rpm for 3 min, with the barcode label at the bottom to
avoid the spread of the label glue onto the slide surface. The slides
were then scanned at the appropriate wavelength to note any
peptide autofluorescence. An AbGene frame was then attached to
the surface of each slide to confine the solution (260 mL) of labeled
LPS in 1xPBS (0.154 mg mL�1 for FITC–LPS or AF488–LPS and
0.630 mg mL�1 for Qdot–LPS) that was added to the printed area.
A plastic coverslip was used to spread the solution on the surface
of the slide and seal the frame while avoiding bubbles. The slides
were incubated for 1 h in the dark at room temperature in a hu-
midified chamber. The coverslips and AbGene frames were then re-
moved, and the slides were washed by being dipped two times in
ddH2O, then incubated for 5 min in ddH2O, and then dipped two
more times in ddH2O; the solution was changed each time. Finally
the slides were dried by centrifugation at 1500 rpm for 3 min at
room temperature and scanned.


Microarray scanning and image analysis : Microarrays were
scanned by using a Perkin–Elmer ProScanArray HT Microarray Scan-
ner with the 488 and 543 nm excitation lasers at 100 % power and
70 % photomultiplier tube gain. Detection was done at 605 nm for
Qdot probes and at 543 nm for FITC probes. All scanned images
were analyzed by using GenePix Pro 6.0 software (Axon Instru-
ments, Union City, CA, USA). Upon careful visual inspection, bad
spots were eliminated by flagging them “absent”. Median spot in-
tensities were used in further analyses. Statistical analysis compari-
son of microarray data was done with GeneSpring 7.2 (Agilent,
Inc. , Palo Alto, CA, USA) by importing image-processed data from
GenePix Pro 6.0 (Molecular Devices, Inc.). Median signal intensities
were used in the calculations. For statistical comparisons, each
slide was normalized to 50th percentile. Measurements of less than
0.01 were set to 0.01; per “gene” normalization were not included
since it tends to overemphasize differences in peptide expression,
even when the intensity value is almost negligible for all the ex-
periments. However, the goal of this work is to differentiate pep-
tides that show a distinct behavior towards different probes, not
only by statistical means, but also by visual inspection of the
slides. Autofluorescent peptides were identified by scanning the
slides prior to binding with LPS, peptides which had fluorescent in-
tensities comparable to the postbinding intensity were eliminated
from the final selections. The results collected for each experiment
were represented by using scatter plots as previously reported by
Reddy and Kodadek.[24] This representation helped us focus our at-
tention only on peptides with the right expression profile, that is,
either with high expression against one of the LPSs tested and low
expression for the other LPS, or with high expression for both.


Antimicrobial assays : DH10B E. coli cells (MAX Efficiency� DH10BTM


Competent Cells, Cat# 18297-010, Invitrogen Inc.) were grown,
overnight, at 37 8C at 270 rpm rotation in LB medium with strepto-
mycin (0.1 %) to a cell density of 2000 � 106 CFU mL�1. An aliquot
(1 mL) of these cultured cells was then mixed with fresh medium
(1 mL) containing an individual peptide at concentrations of 25, 50
and 100 mm, and allowed to grow, overnight. The McFarland tur-
bidity scale for E. coli[47, 48] was used to quantify the overnight


growth of the cells by comparing the optical density of the cells at
600 nm to the turbidity equivalent of BaCl2 (1 %)/H2SO4 (1 %) in the
microplate reader (Spectra MAX 190, Molecular Devices, Inc.). In
control experiments, the above procedure was repeated with no
peptide in the culture and with nonbinding peptide (Neg1, se-
quence EFSNPTAQVFPDFWMSDGSC) as a negative control.


Flow cytometry : Peptides were conjugated to biotin by incubation
with heterobifunctional maleimide-PEO2-biotin linker (Pierce Bio-
technology, Inc. ; Cat# 21 901) in 1 � PBS at pH 7.2, overnight, at
room temperature. Excess biotin was removed by overnight dialy-
sis by using 1 kDa cutoff membrane (Spectrum Laboratories, Inc.).
E. coli DH10B (MAX Efficiency� DH10BTM Competent Cells, Cat#
18297-010, Invitrogen Inc.) were cultured under routine conditions,
pelleted by centrifugation and washed (3 � 1 � PBS) to remove
traces of media. The harvested cells were resuspended in blocking
buffer (1 � PBS, 0.05 % FBS). Experiments with LPS preincubationACHTUNGTRENNUNGinvolved mixing biotinylated peptide solution (400 mm ; 10 mL) with
LPS solution (200 mm ; 20 mL) for 1 h at room temperature. Then,
10 � 106 cells were mixed with biotinylated peptides (400 mm ;
10 mL), biotinylated peptides preincubated with LPS, or biotinylat-
ed wheat germ agglutinin (WGA) lectin (EY Laboratories, Inc. ; 10 mL
of 1 mg mL�1 solution) and incubated for 1 h on ice. The cells were
then washed three times with blocking buffer (1 mL) to remove
unbound peptides or lectins. For detection of bound peptides and
lectins, streptavidin–AlexaFluor488 (4 mg mL�1, 100 mL; Invitrogen,
Inc. , Cat# S-11223) was added to the cells and incubated for 1 h.
Cells were washed three times in blocking buffer, resuspended in
blocking buffer (300 mL) and analyzed for cell-surface staining by
using the FACS Caliber machine (BD Biosciences, Inc.). Cells stained
with streptavidin–AlexaFluor488 only, were used as controls.


Surface plasmon resonance : Bare gold SPR sensor chips (Biosens-
ing Instruments, Tempe, AZ, USA) were functionalized by adding 8-
amino-1-octanethiol (1 mm; Dojindo Molecular Technologies, Inc. ,
Cat# A424) in ddH2O to the ethanol prewashed gold surface and
incubating for 2 h at room temperature in a humidified chamber.
The surface was then washed with ddH2O and dried by using ultra-
pure argon gas. A solution of sulfo-SMCC linker (1 mm ; bio-
WORLD, Dublin, OH, USA) in 1 � PBS was added to the gold surface,
incubated for 30 min at room temperature in a humidified cham-
ber, then washed and dried as above. The SPR instrument sensitivi-
ty was calibrated by using the response from ethanol (1 %) in
water on a bare gold sensor chip as a standard. The AOT/sulfo-
SMCC modified chip was mounted on the instrument, and the
peptide was immobilized in the sample channel by injecting a so-
lution of peptide (100 mm) in TBS-T. A solution of sodium dodecyl-
sulfate (0.01 %; SDS) in TBS-T was injected to dissociate any peptide
aggregates. The SPR response after the SDS wash was used toACHTUNGTRENNUNGcalculate the immobilization density, where 1 RU = 1 pg mm�2. To
abrogate possible unspecific interactions, a solution of mPEG4-SH
(1 mm)[46] was used to block unreacted maleimide groups on the
sample channel and to act as a nonbinding control on the refer-
ence channel. A solution of LPS (1 mg mL�1) from E. coli serotype
O111:B4 was injected at 20 mL min�1 flow rate in the TBS-T analyte
solution. Regeneration was accomplished by using SDS (0.05 %) fol-
lowed by an injection of glycine (10 mm ; pH 2.5).


LPS zeta potential (z-potential) and size measurements : The
zeta potential of the LPS was determined by electrophoretic mobi-
lity by using a Zetasizer Nano-ZS (Malvern Instruments). Measure-
ments were performed at 25 8C in clear disposable Zeta cells (Mal-
vern Instruments). LPS concentrations were the same as the ones
used in the microarray probing experiments. All measurements
were done in triplicate.


ChemBioChem 2009, 10, 877 – 888 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 887


Bacterial Glycoprofiling



www.chembiochem.org





ITC measurements :[34] LPS was dissolved in PBS, pH 7.4, to give a
75 mm solution (assumed MW = 10 000 kDa) equilibrated by dialysis,
overnight, and degassed under vacuum. The QF8 peptide was dis-
solved in the same buffer at 1 mm and degassed under vacuum.
Isothermal calorimetric titrations were performed by using the
Nano ITC (TA Instruments, New Castle, DE, USA) at 23.5 8C. De-
gassed LPS (0.075 mm) was loaded into the sample cell (volume
950 mL), the reference cell was filled with water, and the degassed
QF8 peptide (1 mm) was loaded into the injection syringe. Aliquots
of QF8 (20 � 5 mL) were titrated into the LPS in the reaction cells at
an interval of 300 s while being stirred at 150 rpm. Raw data were
corrected for the heat of dilution of QF8 into buffer and integrated
by using NanoAnalyze 1.1.0 software. The independent binding
model allowed the determination of the binding stoichiometry (n),
association constant (Ka), and enthalpy change (DH). The free
energy (DG) and enthalpy (DS) changes were calculated through
the fundamental equations of thermodynamics: DG =�RT ln Ka and
DS = (DH�DG)T�1, respectively. All titration curves were repeated
at least three times.


Acknowledgements


The work was funded by the Arizona Technology and Research
Initiative Funds to S.A.S. and S.A.J. and by the Wallace Founda-
tion grant AI057156 to S.A.J. Dr. Jose Cano Buendia and Dr. Miti
Shah are thanked for help with antimicrobial assays. Dr.
David W. Thomas (TA Instruments) is acknowledged for help with
ITC interpretation.


Keywords: bacterial lectins · microarrays · mimetics ·
peptides · polysaccharides


[1] J. E. Turnbull, R. A. Field, Nat. Chem. Biol. 2007, 3, 74–77.
[2] C. Ortiz Mellet, J. M. Garcia Fernandez, ChemBioChem 2002, 3, 819–822.
[3] K. T. Pilobello, L. K. Mahal, Curr. Opin. Chem. Biol. 2007, 11, 300–305.
[4] K. T. Pilobello, L. Krishnamoorthy, D. Slawek, L. K. Mahal, ChemBioChem


2005, 6, 985–989.
[5] K. L. Hsu, L. K. Mahal, Nat. Proteins 2006, 1, 543–549.
[6] K. T. Pilobello, D. E. Slawek, L. K. Mahal, Proc. Natl. Acad. Sci. USA 2007,


104, 11534–11539.
[7] J. C. Manimala, Z. T. Li, A. Jain, S. VedBrat, J. C. Gildersleeve, ChemBio-


Chem 2005, 6, 2229–2241.
[8] T. Kodadek, Chem. Biol. 2001, 8, 105–115.
[9] M. Cacciarini, E. Cordiano, C. Nativi, S. Roelens, J. Org. Chem. 2007, 72,


3933–3936.
[10] Y. Ferrand, M. P. Crump, A. P. Davis, Science 2007, 318, 619–622.
[11] M. Mazik, H. Cavga, P. G. Jones, J. Am. Chem. Soc. 2005, 127, 9045–9052.
[12] M. Dowlut, D. G. Hall, J. Am. Chem. Soc. 2006, 128, 4226–4227.
[13] N. Y. Edwards, T. W. Sager, J. T. McDevitt, E. V. Anslyn, J. Am. Chem. Soc.


2007, 129, 13575–13583.
[14] S. A. Svarovsky, L. Joshi, Curr. Drug Discovery Technol. 2008, 5, 20–28.
[15] S. A. David, J. Mol. Recognit. 2001, 14, 370–387.
[16] S. J. Wood, K. A. Miller, S. A. David, Comb. Chem. High Throughput


Screening 2004, 7, 733-743.


[17] J. Balzarini, Nat. Rev. Microbiol. 2007, 5, 583–597.
[18] M. Caroff, D. Karibian, Carb. Res. 2003, 338, 2431–2447.
[19] K. Triantafilou, M. Triantafilou, N. Fernandez, Cytometry 2000, 41, 316–


320.
[20] U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke, T. Nann,


Nat. Methods 2008, 5, 763–775.
[21] B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux, A. H. Brivanlou, A.


Libchaber, Science 2002, 298, 1759–1762.
[22] R. E. Anderson, W. C. W. Chan, ACS Nano 2008, 2, 1341–1352.
[23] J. L. Ding, P. Li, B. Ho, Cell. Mol. Life Sci. 2008, 65, 1202–1219.
[24] M. M. Reddy, T. Kodadek, Proc. Natl. Acad. Sci. USA 2005, 102, 12672–


12677.
[25] C. J. C. de Haas, H. J. van Leeuwen, J. Verhoef, K. P. M. van Kessel, J. A. G.


van Strijp, J. Immunol. Methods 2000, 242, 79–89.
[26] J. J. Lundquist, E. J. Toone, Chem. Rev. 2002, 102, 555–578.
[27] M. Mancek, P. Pristovsek, R. Jerala, Biochem. Biophys. Res. Commun.


2002, 292, 880–885.
[28] D. I. Chan, E. J. Prenner, H. J. Vogel, Biochim. Biophys. Acta Biomembr.


2006, 1758, 1184–1202.
[29] Z. Wang, G. S. Wang, Nucl. Acids Res. 2004, 32, D590–D592.
[30] S. Lata, B. K. Sharma, G. P. S. Raghava, BMC Bioinformatics 2007, 8, 263.
[31] Y. Rosenfeld, H. G. Sahl, Y. Shai, Biochemistry 2008, 47, 6468–6478.
[32] Q. P. Lin, L. F. Zhou, N. N. Li, Y. Q. Chen, B. C. Li, Y. F. Cai, S. Q. Zhang, Eur.


J. Pharmacol. 2008, 596, 160–165.
[33] K. J. Foley, E. S. Forzani, L. Joshi, N. Tao, Analyst 2008, 133, 744–746.
[34] A. Bhunia, G. L. Chua, P. N. Domadia, H. Warshakoon, J. R. Cromer, S. A.


David, S. Bhattacharjya, Biochem. Biophys. Res. Commun. 2008, 369,
853–857.


[35] K. Brandenburg, I. Moriyon, M. D. Arraiza, G. Lewark-Yvetot, M. H. J.
Koch, U. Seydel, Thermochim. Acta 2002, 382, 189–198.


[36] R. K. Gupta, W. Egan, D. A. Bryla, J. B. Robbins, S. C. Szu, Infect. Immun.
1995, 63, 2805–2810.


[37] G. Samuel, J. P. Hogbin, L. Wang, P. R. Reeves, J. Bacteriol. 2004, 186,
6536–6543.


[38] Y. A. Knirel, O. V. Bystrova, N. A. Kocharova, U. Zahringer, G. B. Pier, J. En-
dotoxin Res. 2006, 12, 324–336.


[39] A. Cherkasov, K. Hilpert, H. Jenssen, C. D. Fjell, M. Waldbrook, S. C. Mul-
laly, R. Volkmer, R. E. W. Hancock, ACS Chem. Biol. 2009, 4, 65–74.


[40] K. Drickamer, Structure 1997, 5, 465–468.
[41] M. S. Sujatha, P. V. Balaji, Proteins Struct. Funct. Bioinf. 2004, 55, 44–65.
[42] Q. H. Xie, S. Matsunaga, Z. S. Wen, S. Niimi, M. Kumano, Y. Sakakibara, S.


Machida, J. Pept. Sci. 2006, 12, 643–652.
[43] Y. G. Kim, C. S. Lee, W. J. Chung, E. M. Kim, D. S. Shin, J. H. Kim, Y. S. Lee,


J. H. Chung, B. G. Kim, Biotechnol. Lett. 2006, 28, 79–84.
[44] J. H. Chen, C. L. Brooks, H. A. Scheraga, J. Phys. Chem. B 2008, 112, 242–


249.
[45] A. P. Davis, R. S. Wareham, Angew. Chem. 1999, 111, 3160–3179; Angew.


Chem. Int. Ed. 1999, 38, 2978–2996.
[46] M. Zheng, Z. G. Li, X. Y. Huang, Langmuir 2004, 20, 4226–4235.
[47] A. L. Koch in Methods for General and Molecular Bacteriology (Ed. : P. Ger-


hardt), American Society for Microbiology, Washington DC, 1994,
pp. 248–277.


[48] R. M. Smibert, N. R. Keig in Methods for General and Molecular Bacteriol-
ogy (Ed. : P. Gerhardt), American Society for Microbiology, Washington
DC, 1994, pp. 607–654.


Received: November 1, 2008


Published online on February 26, 2009


888 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 877 – 888


S. A. Svarovsky et al.



http://dx.doi.org/10.1038/nchembio0207-74

http://dx.doi.org/10.1002/1439-7633(20020902)3:9%3C819::AID-CBIC819%3E3.0.CO;2-Z

http://dx.doi.org/10.1016/j.cbpa.2007.05.002

http://dx.doi.org/10.1002/cbic.200400403

http://dx.doi.org/10.1002/cbic.200400403

http://dx.doi.org/10.1038/nprot.2006.76

http://dx.doi.org/10.1073/pnas.0704954104

http://dx.doi.org/10.1073/pnas.0704954104

http://dx.doi.org/10.1002/cbic.200500165

http://dx.doi.org/10.1002/cbic.200500165

http://dx.doi.org/10.1016/S1074-5521(00)90067-X

http://dx.doi.org/10.1021/jo0702286

http://dx.doi.org/10.1021/jo0702286

http://dx.doi.org/10.1126/science.1148735

http://dx.doi.org/10.1021/ja043037i

http://dx.doi.org/10.1021/ja057798c

http://dx.doi.org/10.1021/ja073939u

http://dx.doi.org/10.1021/ja073939u

http://dx.doi.org/10.2174/157016308783769504

http://dx.doi.org/10.1002/jmr.549

http://dx.doi.org/10.2174/1386207043328229

http://dx.doi.org/10.2174/1386207043328229

http://dx.doi.org/10.1038/nrmicro1707

http://dx.doi.org/10.1016/j.carres.2003.07.010

http://dx.doi.org/10.1002/1097-0320(20001201)41:4%3C316::AID-CYTO10%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1097-0320(20001201)41:4%3C316::AID-CYTO10%3E3.0.CO;2-Z

http://dx.doi.org/10.1038/nmeth.1248

http://dx.doi.org/10.1126/science.1077194

http://dx.doi.org/10.1021/nn700450g

http://dx.doi.org/10.1007/s00018-008-7456-0

http://dx.doi.org/10.1073/pnas.0501208102

http://dx.doi.org/10.1073/pnas.0501208102

http://dx.doi.org/10.1016/S0022-1759(00)00207-6

http://dx.doi.org/10.1021/cr000418f

http://dx.doi.org/10.1006/bbrc.2002.6748

http://dx.doi.org/10.1006/bbrc.2002.6748

http://dx.doi.org/10.1016/j.bbamem.2006.04.006

http://dx.doi.org/10.1016/j.bbamem.2006.04.006

http://dx.doi.org/10.1186/1471-2105-8-263

http://dx.doi.org/10.1021/bi800450f

http://dx.doi.org/10.1016/j.ejphar.2008.08.017

http://dx.doi.org/10.1016/j.ejphar.2008.08.017

http://dx.doi.org/10.1039/b719321a

http://dx.doi.org/10.1016/j.bbrc.2008.02.105

http://dx.doi.org/10.1016/j.bbrc.2008.02.105

http://dx.doi.org/10.1016/S0040-6031(01)00731-6

http://dx.doi.org/10.1128/JB.186.19.6536-6543.2004

http://dx.doi.org/10.1128/JB.186.19.6536-6543.2004

http://dx.doi.org/10.1179/096805106X118906

http://dx.doi.org/10.1179/096805106X118906

http://dx.doi.org/10.1021/cb800240j

http://dx.doi.org/10.1016/S0969-2126(97)00202-5

http://dx.doi.org/10.1002/prot.10612

http://dx.doi.org/10.1002/psc.774

http://dx.doi.org/10.1007/s10529-005-4950-4

http://dx.doi.org/10.1021/jp074355h

http://dx.doi.org/10.1021/jp074355h

http://dx.doi.org/10.1002/(SICI)1521-3757(19991018)111:20%3C3160::AID-ANGE3160%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/(SICI)1521-3773(19991018)38:20%3C2978::AID-ANIE2978%3E3.0.CO;2-P

http://dx.doi.org/10.1002/(SICI)1521-3773(19991018)38:20%3C2978::AID-ANIE2978%3E3.0.CO;2-P

http://dx.doi.org/10.1021/la035981i

www.chembiochem.org






DOI: 10.1002/cbic.200800837


Directed Biosynthesis of Phytotoxic Alkaloids in the
Cyanobacterium Nostoc 78–12A
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Introduction


Cyanobacteria constitute a promising source for novel bioac-
tive metabolites that employ a structurally diverse chemical
framework.[1] These prokaryotic photoautotrophs face ecologi-
cal pressure from both competing organisms and grazers and
have thus evolved sophisticated chemical defense strategies
through secondary metabolites. Whereas many depsipeptides
and cyclopeptides have been identified as major bioactive
compounds,[2] relatively few alkaloids have been described
from cyanobacteria.[3] We have recently isolated the carbolini-
um alkaloid nostocarboline from the freshwater cyanobacteri-
um Nostoc 78–12A[4] and found strong algicidal effects against
competing eukaryotic and prokaryotic photosynthetic organ-
isms.[5] The allelochemical activity of this chlorinated carbolini-
um[6] is thought to offer competitive advantage to the produc-
ing organism through selective inhibition of competitors popu-
lating the same habitats.[7]


As recognized in recent years, such ecological implications
of natural products can open up new avenues for potential
therapeutic applications, if corresponding pathways in compet-
itors or grazers and pathogens are targeted.[8] In the context of
the research of our laboratories, the ecological implications of
nostocarboline provided a chemical ecology rationale for its
evaluation against the malaria parasite Plasmodium falciparum,
as this parasite contains an organelle of photoautotrophic (cya-
nobacterial) origin, the apicoplast.[9] Nostocarboline was found
to be active against P. falciparum at submicromolar concentra-
tions, yet it was also shown to be selective, as little cytotoxicity
(IC50>100 mm against rat myoblasts) was determined.[10] The
potent and selective biological profile of this compound thus
indicates that similar pathways in algae and Plasmodium might
be targeted. Complementing this selective profile, nostocarbo-
line was not determined active against a panel of pathogenic


bacteria and fungi.[5] These results substantiated the hypothe-
sis that pathways unique to photoautotrophs and to Plasmodi-
um, potentially through the apicoplast, are targeted by nosto-
carboline. This potent and selective profile of nostocarboline
thus clearly warrants the evaluation of additional derivatives.


Precursor-directed biosynthesis is a technology for the pro-
duction of modified natural products in the producing organ-
ism itself.[11] This strategy offers certain advantages when com-
pared to combined approaches such as mutasynthesis or com-
binatorial biosynthesis.[11] Existing biosynthetic pathways in the
native organisms can be exploited and no modification of the
relevant enzymes is required. Moreover, questions about the
biosynthesis of metabolites can be investigated and the pro-
miscuity of enzymes for unnatural substrates can be probed.
For cyanobacteria, relatively few studies documented the suc-
cessful implementation of precursor-directed strategies in vivo
for the generation of novel natural product analogues.[12] This
might be due in part to the challenges associated with feeding
potentially toxic precursors to prokaryotic photoautotrophic
organisms. In addition, some cyanobacteria such as Nostoc or
Anabaena are able to carry out nitrogen fixation, thus further
decreasing their need for xenobiotic uptake. Lastly, the produc-


Nostocarboline, a chlorinated and N-methylated carbolinium
alkaloid, displays potent and selective inhibition of photoauto-
trophic organisms as well as the malaria parasite Plasmodium
falciparum, while showing very low toxicity to bacterial and
fungal pathogens, rat myoblasts and crustaceans. New deriva-
tives of nostocarboline incorporating Br, F or methyl substitu-
ents have been obtained through precursor-directed biosyn-
thesis in Nostoc 78–12A (identical to Nostoc sp. ATCC 43238) by
feeding this cyanobacterium with differently substituted tryp-
tophan derivatives or 6-Br-norharmane (eudistomin N). These


experiments substantiate the biosynthetic hypothesis and vali-
date the inherent flexibility of the corresponding enzymes for
metabolic engineering. The new derivatives inhibit the growth
of the toxic-bloom-forming cyanobacterium Microcystis aerugi-
nosa PCC 7806 above 1 mm. The mode of action of nostocar-ACHTUNGTRENNUNGboline was investigated by using chlorophyll-a fluorescence
imaging, and it was demonstrated that a decrease in photo-
synthesis precedes cell death, thus establishing the phytotoxic
properties of this alkaloid.
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tion of novel algicidal or phytotoxic compounds in a prokary-
otic cyanobacterium constitutes a serious problem for the pro-
ducer. In this study, we demonstrate that all these challenges
can be successfully addressed, and that the bioproduction of
novel algicidal nostocarboline derivatives can be carried out in
Nostoc 78–12A. Moreover, chlorophyll-a fluorescence imaging
was used to investigate the mode of action of nostocarboline.


Results and Discussion


We postulate that the biosynthesis of nostocarboline follows
the well-investigated route for b-carboline alkaloids
(Scheme 1).[13] The halogenation of tryptophan likely proceeds


through a tryptophan halogenase; this is well-precedented in
the biosynthesis of halogenated indole alkaloids such as rebec-
camycin[14] and pyrroindomycin.[15] Decarboxylation of 5-Cl-
tryptophan (2) would generate 5-Cl-tryptamine (3), which
reacts with glyoxylic acid in a Pictet-Spengler-type reaction to
give the tetrahydro-b-carboline derivative 4.[13, 16] Subsequent
decarboxylation and oxidation would generate the 6-Cl-b-car-
boline (5), which is proposed to be finally N-methylated by
SAM-dependant methyltransferase to nostocarboline (6). We
wanted to investigate two distinct processes of this proposed
biosynthetic scheme, that is, the final methylation and the pos-
sibility of employing different starting materials (derivatives of
1 or 2) to carry analogues through the whole biosynthetic
pathway.


At first, reference compounds (standards) as well as required
precursors for feeding experiments needed to be synthesized.
The brominated derivative 11 of nostocarboline as well as the
precursor utilized for feeding were prepared starting from
tryptamine 7 following literature procedures.[17–20] 1,2,3,4-Tetra-
hydro-b-carboline 8 was obtained via a Pictet-Spengler reac-


tion between 7 and glyoxylic acid followed by an acidic decar-
boxylation.[17] Compound 8 was then oxidized with Pd/C to
give norharmane 9 in high yield (98 %).[18, 19] Bromination of 9
with NBS afforded eudistomin N (10) in good yield (75 %).[20] Fi-
nally, the methylation of compound 10 to Br-nostocarboline
(11) with CH3I was realized according to the procedure devel-
oped for the total synthesis of nostocarboline[4] (Scheme 2).


Having the required standards at hand, we wanted to inves-
tigate whether the enzyme mediating the putative terminal N-
methylation step would recognize a different carboline sub-
strate and if it would tolerate the larger Br substituent. There-
fore, 6-Br-norharmane 10 (0.25 mm, final overall concentration,
previously dissolved in DMSO) was added to BG11 medium,
and inoculated with Nostoc 78–12A (identical to Nostoc sp.
ATCC 43 238).[21] The culture was allowed to grow for four
weeks in a 250 mL Erlenmeyer flask exposed to a 12 h:12 h
light/dark cycle. The culture was harvested by lyophilization
and the metabolites extracted with 60 % EtOH. The extract was
analyzed by HPLC-MS and the presence of 6-Br-nostocarboline
(11) in the mixture was clearly identified upon comparison to
the totally synthetic standard (Scheme 3). This result showed
that feeding experiments with compounds similar to putative
biosynthetic intermediates are possible in Nostoc 78–12A, cor-
roborated the hypothesis that methylation of a halogenated
carboline such as 10 is a biosynthetically viable operation, and


Scheme 1. Postulated biosynthesis of nostocarboline.


Scheme 2. a) 1. H2O, HCl, RT; 2. KOH, 3. HCl, pH�4, RT, 49 %; b) Pd/C, p-
xylene, 98 %; c) NBS, AcOH, 75 %; d) MeI, iPrOH, 40 %.


Scheme 3. Biotransformation of Br-carboline 10 to 11 mediated by
Nostoc 78–12A.
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demonstrated that the corresponding enzyme tolerates a
modified substrate.


Encouraged by this result, we next tried to use different pre-
cursors to evaluate the promiscuity of all enzymes along the
putative biosynthetic pathway towards substrate modifica-
tions. Different tryptophan derivatives were first dissolved in
DMSO and then diluted in BG11 medium to a final concentra-
tion of 0.25 mm before inoculation with Nostoc 78–12A in
500 mL Erlenmeyer flasks. The cultures were allowed to grow
during four weeks exposed to a 12 h:12 light/dark cycle, and
then harvested and extracted with 60 % EtOH. We could un-
equivocally demonstrate by HPLC-MS analysis and comparison
to a synthetic standard that 5-Br-Trp was converted by
Nostoc 78–12A to 6-Br-nostocarboline (11). In addition, a series
of fluorinated Trp derivatives was transformed by Nostoc to
the corresponding nostocarboline derivatives 17 and 18
(Scheme 4). Interestingly, substitution on both positions 5 and


6 on the Trp indole ring was tolerated by the native enzymes
along the biosynthetic pathway. This is noteworthy, as different
steric and electronic consequences result from this substitu-
tion. Likewise, the 5-CH3-Trp and the 6-CH3-Trp were success-
fully employed, and the corresponding dehalogenated methyl-
nostocarboline compounds 19 and 20 were isolated. The com-
pounds were purified by HPLC (characterized by 1H NMR and
HiRes-MS) with isolation yields between 0.5 and 1.2 mg L�1.
Feeding experiments with electron-rich substrates such as 5-
methoxy and 5-hydroxy-Trp were less successful : In the case of
the MeO-Trp, the corresponding nostocarboline derivative
could be identified by HPLC but not isolated. Feeding of 5-hy-
droxy Trp was not possible, and the medium turned brown
after a short amount of time. We also tried to utilize trypta-
mine derivatives, but it appeared that tryptamine was inhibito-
ry to Nostoc 78–12A at the fed concentration (0.25 mm), as
chlorosis was induced within a short amount of time.


Several interesting observations warrant further discussion.
1) Intermediates from the postulated pathway, for example the
halogenated norharmane derivatives related to 5, could not be
observed in any of the feeding experiments. This would likely
be the case if one of the involved enzymes would display
lower tolerance for modification, resulting in the buildup of a
biosynthetic intermediate. 2) No chlorinated derivatives of
compounds 18 and 20 could be observed; this suggests that
the putative Trp halogenase does not accept halogenated or


methylated tryptophan derivatives (at different positions on
the ring) as substrates. This observation thus supports the hy-
pothesis that the employed precursors enter the biosynthetic
pathway en lieu of 2 (and not of 1). In contrast, nostocarboline
itself was always observed, albeit in rather different concentra-
tions with respect to the newly produced derivative. In the
case of precursor-directed biosynthesis using Trp derivatives
halogenated at the 5-position, the observed ratio was in favor
of nostocarboline (Table 1), reaching ratios up to 5:1 in the


case of 5-F-Trp. This could be explained if the endogenously
produced 5-Cl-Trp is favored over the 5-F-Trp in either decar-
boxylation or Pictet-Spengler cyclization reactions. However,
predicting relative rates and substrate preference in vivo with-
out knowledge of substrate concentrations and purely based
on product ratios is difficult. Nonetheless, it is interesting to
point out that the 6-F-Trp precursor reverts the observed selec-
tivity, and the new derivative 18 is observed in excess. Com-
paring these two fluorinated substrates thus shows that the
steric and electronic properties of 6-F-Trp result in higher in-
corporation rates thus suggesting higher tolerance of the proc-
essing enzymes for 6-F-Trp when compared to 5-F-Trp and the
endogenously produced substrate. The methyl substituted Trp
precursors are incorporated in even higher ratios of 3:1 to 4:1
versus nostocarboline (6).


The nostocarboline derivatives 11 and 17–20 were then
evaluated for their inhibitory power to the growth of the toxic
cyanobacterium Microcystis aeruginosa PCC7806. This species is
a prototype of a bloom-forming cyanobacterium of the genus
Microcystis, which is involved in many harmful algal blooms


Scheme 4. Conversion of different Trp derivatives by Nostoc 78–12A.


Table 1. Precursor directed biosynthesis starting from tryptophan deriva-
tives.


Nr. R1 R2 lmax Yield[a] Ratio[b] MIC[c]


11 Br H 251, 306, 383 – 0.85 1
17 F H 250, 302, 385 0.5 0.2 10
18 H F 243, 307, 360 1.2 1.3 10
19 CH3 H 258, 309, 389 0.9 3.8 10
20 H CH3 252, 314, 376 0.9 3.2 10


[a] Isolated yield in mg L�1 of culture suspension. [b] Ratio of produced
derivative to nostocarboline as determined by HPLC. [c] Minimal inhibito-
ry concentration in mm against M. aeruginosa PCC 7806.


Figure 1. Growth curves of Microcystis aeruginosa PCC 7806 before and after
exposure to Br-nostocarboline (11). The compound was administered on day
four. OD refers to the optical density measured at 675 nm.
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throughout the world. The de-
rivatives 11 and 17–20 were
added to growing cultures on
day four following established
assays,[5] and the minimal inhibi-
tory concentration was deter-
mined as the minimal concen-
tration at which the growth rate
of M. aeruginosa is decreased
compared to controls. Whereas
Br-nostocarboline matched the
inhibitory power of nostocarbo-
line (MIC = 1 mm), both the fluo-
rinated and methylated deriva-
tives 17–20 displayed lower ac-
tivities, with the MIC values in-
creased by one order of magni-
tude (Table 1). Inspection of the
growth curves of Microcystis aer-
uginosa PCC 7806 before and
after treatment with Br-nosto-
carboline 11 (Figure 1) demon-
strated that addition of 1 mm is
sufficient to impact the growth
of the toxic cyanobacterium,
and concentrations above
50 mm induced cell death. This
algicidal activity of Br-nostocar-
boline 11 was found compara-
ble to the parent nostocarboline
(6).[5]


After establishing that the
new derivatives 11 and 17–20
display algicidal effects at con-
centrations similar or higher
than nostocarboline (6), we
wanted to investigate whether
the ACHTUNGTRENNUNGobserved effects results
from inhibition of photosynthe-
sis. In order to test the effects of
nostocarboline (6) on photosyn-
thesis, we used chlorophyll-a
fluorescence imaging, a nonin-
vasive technique for probing
oxygenic photosynthesis.[22] Ne-
crotic lesions, which became
visible about 12-24 h after infil-
tration of nostocarboline (6), oc-
curred in tobacco leaves for
concentrations >10 mm (Figure 2 A). Immediately after infiltra-
tion, photosynthetic electron transport (PET) was inhibited, de-
pendent upon the nostocarboline concentration used (Fig-
ure 2 B). Cell death assays demonstrated that the down regula-
tion of PET precedes cell death. In the first hours after nosto-
carboline treatment in the light, about 10 % of all counted cells
were found dead (Figure 2 C), but photosynthesis was downre-
gulated by about 50 % (10 mm nostocarboline) (Figure 2 B).


The occurrence of cell death after nostocarboline treatment
is light dependent. On the one hand, significantly more dead
cells were detected if the leaves had been exposed to light
(Figure 2 C). On the other hand, leaves which were put in the
dark after nostocarboline infiltration showed no formation of
necrotic lesions. But if exposed to light subsequently, necrotic
lesions occurred (Figure 2 D). This also indicates that the effect
of nostocarboline is long-lasting (over days) in plant tissue.


Figure 2. Effects of nostocarboline on photosynthesis and cell death in higher plants A) Representative images of
an infiltrated tobacco leaf at the beginning of the light phase. At 0 hour post infiltration (hpi): Leaf areas infiltrated
with 2 % DMSO (control) or different concentrations of nostocarboline. Occurrence of necrotic lesions 24 and 48 h
after infiltration. B) Chlorophyll-a fluorescence imaging picture of the same leaf. C) Cell death at the infiltration
site. Data are means �SE of at least three individual plants at each time point. D) Representative images of anACHTUNGTRENNUNGinfiltrated tobacco leaf. At 24 h after dark incubation: Marked leaf areas infiltrated with 2 % DMSO (control) or
10 mm nostocarboline and occurrence of necrotic lesions after dark-plus-light combinations.


892 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 889 – 895


J. Scharte, K. Gademann et al.



www.chembiochem.org





Preliminary experiments on the mechanism of photosynthe-
sis inhibition as measured by P700 redox kinetics[23] indicate
that the electron transport chain might be restricted upstream
of photosystem I (PS I, data not shown). The effect of nostocar-
boline might be comparable to the non-selective herbicide
paraquat (methylviologen, 1,1’-dimethyl-4,4’-bipyridinium),
which is a strong autooxidable electron acceptor in PS I ; and
its presence in light-exposed plants has several drastic conse-
quences, like the production of superoxide.[24] Similarly, down-
regulation of photosynthesis in the light after nostocarboline
treatment could lead to an enhanced production of light-
driven reactive oxygen species which could be responsible for
the formation of the necrotic lesions.


Conclusions


In conclusion, we have shown that precursor-directed biosyn-
thesis of algicidal and phytotoxic nostocarboline derivatives 11
and 17–20 in the cyanobacterium Nostoc 78–12A is possible.
Several implications concerning the biosynthetic hypothesis
outlined in Scheme 1 became evident: 1) The N-methylation of
a halogenated precursor is a biosynthetically viable transforma-
tion. 2) Whereas tryptophan derivatives can be employed, the
corresponding tryptamine derivatives were not successful ; this
suggests a role for Trp in the biosynthesis of nostocarboline.
3) The enzymes along the biosynthetic pathway are promiscu-
ous to the extent that other halogenated starter units (such as
Br and F) as well as dehalogenated Me derivatives can be
used. 4) Modified substrates such as 7-substituted Trp deriva-
tives were not found to be halogenated; this lack of halogena-
tion suggests reduced flexibility of the putative halogenase,
and the precursors thus enter biosynthesis in lieu of 6-Cl-Trp 2.
Studies on the mode of action of nostocarboline (6) using fluo-
rescence imaging demonstrated that downregulation of pho-
tosynthesis preceded cell death and that its mechanism is light
dependent. The present work thus delivers new potential anti-
plasmodial agents and encourages the precursor-directed bio-
synthesis of other cyanobacterial metabolites of indole origin.


Experimental Section


Instruments and methods : BG11 was purchased from Sigma. NMR
spectra were acquired on a Bruker AVII-800 equipped with a cryo-ACHTUNGTRENNUNGprobe or a DPX-400 and the chemical shifts are referenced to resid-
ual solvent proton and carbon signals (dH 3.31, dc 49.0 for CD3OD;
dH 2.50, dc 39.5 for [D6]DMSO). Accurate mass ESI spectra were re-
corded on a MICROMASS (ESI) Q-TOF Ultima API (Waters Corpora-
tion, Milford, MA, USA). HPLC purification and analyses were per-
formed on a Dionex HPLC system (Sunnyvale, CA, USA) equipped
with a P680 pump, an ASI-100 automated sample injector, a TCC-
100 thermostated column compartment, a PDA-100 photodiode
array detector, a Foxy Jr. fraction collector and a MSQ-ESI mass
spectrometric detector.


Synthesis


1,2,3,4-Tetrahydro-b-carboline 8.[17] Glyoxylic acid monohydrate
(6.33 g, 68.8 mmol, 1.1 equiv) in water (15 mL) and a few drops of
HCl (aq.) were added to a suspension of tryptamine (7; 10.0 g,


62.5 mmol, 1.0 equiv) in water (190 mL). The milky, light brownACHTUNGTRENNUNGreaction mixture was stirred at RT for 15 min. A solution of KOH
(3.40 g, 60.6 mmol, 0.96 equiv) in water (17 mL) was then slowly
added and the pH was subsequently adjusted to pH~4 with HCl
(aq.). The mixture was stirred at RT for 1 h and then stored at 4 8C
for 12 h. The resulting light brown solid was filtered and washed
thoroughly with water. The solid was then suspended in water
(160 mL) and 25 % HCl (24 mL, 0.60 mmol) was slowly added. The
mixture was heated to reflux for 30 min, 25 % HCl (24 mL,
0.60 mmol) was then added, the mixture was stirred at reflux for
another 15 min before it was allowed to cool down to RT. The reac-
tion mixture was stored at 4 8C for 3 days to allow for precipitation.
The resulting solid was isolated by filtration and washed with
water. The solid was then dissolved in water by heating to 55 8C
and the pH was adjusted to pH~12 with 20 % KOH (aq.). The re-
sulting white precipitate was filtered, washed with water and dried
under reduced pressure to afford compound 8 as a colorless solid
(5.22 g, 30.3 mmol, 49 %). 1H NMR spectrum (400 MHz, [D6]DMSO):
d= 10.62 (s, 1 H, NH), 7.34 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.6 Hz , 1 H), 7.25 (d, 3J-ACHTUNGTRENNUNG(H,H) = 7.9 Hz, 1 H), 7.00 (m, 1 H), 6.92 (m, 1 H), 3.84 (s, 2 H), 3.32 (s,
1 H), 2.96 (t, 3JACHTUNGTRENNUNG(H,H) = 5.7 Hz, 2 H), 2.58 ppm (t, 3J ACHTUNGTRENNUNG(H,H) = 5.6 Hz, 2 H).
HPLC-ESI-MS m/z [M+H]+ 173.3 (calcd for C11H13N2, 173.1).


b-Carboline 9.[18, 19] Pd/C (10 %, three spatulas) was added to a sus-
pension of 8 (5.11 g, 29.7 mmol) in p-xylene (150 mL). The mixture
was stirred at 145 8C. The course of the reaction was monitored by
HPLC-MS. After 24 h the reaction was allowed to cool down to RT
and MeOH (300 mL) was added. The mixture was filtered through
a pad of celite and the solvent was removed under reduced pres-
sure to afford compound 9 as a white solid (4.86 g, 28.9 mmol,
97 %). 1H NMR spectrum (400 MHz, [D6]DMSO): d= 11.55 (s, 1 H),
8.90 (s, 1 H), 8.34 (d, 3J ACHTUNGTRENNUNG(H,H) = 5.4 Hz, 1 H), 8.23 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.0 Hz,
1 H), 8.09 (d, 3J ACHTUNGTRENNUNG(H,H) = 5.4 Hz, 1 H), 7.60 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.0 Hz, 1 H), 7.54
(t, 3J ACHTUNGTRENNUNG(H,H) = 8.1 Hz, 1 H), 7.24 ppm (t, 3JACHTUNGTRENNUNG(H,H) = 8.0 Hz, 1 H).


6-Br-b-carboline 10.[20] NBS (4.98 g, 27.9 mmol, 1 equiv) was added
to a solution of 9 (4.7 g, 27.9 mmol, 1 equiv) in AcOH (180 mL). The
reaction mixture was stirred for 2 h at RT before removing the sol-
vent under reduced pressure. The residue was dissolved in CH2Cl2


and sequentially washed with saturated solutions of NaHCO3, NaCl
and Na2S2O3. The solution was dried (MgSO4) and the solvent was
removed under reduced pressure. The compound was purified by
flash chromatography on SiO2 (AcOEt, NEt3 0.1 %) to afford a
yellow solid (5.13 g, 20.8 mmol, 75 %). Rf (AcOEt, NEt3 0.1 %) 0.19;
1H NMR spectrum (400 MHz, CDCl3): d= 8.93 (s, 1 H), 8.49 (d, 3J-ACHTUNGTRENNUNG(H,H) = 5.4 Hz, 1 H), 8.27 (d, 4J ACHTUNGTRENNUNG(H,H) = 1.9 Hz, 1 H), 7.92 (dd, 3J ACHTUNGTRENNUNG(H,H) =
5.3 Hz, 4J ACHTUNGTRENNUNG(H,H) = 1.1 Hz, 1 H), 7.65 (dd, 3J ACHTUNGTRENNUNG(H,H) = 8.6 Hz, 4J ACHTUNGTRENNUNG(H,H) =
1.9 Hz, 1 H), 7.42 ppm (d, 3J ACHTUNGTRENNUNG(H,H) = 8.6 Hz, 1 H).


6-Bromonostocarboline 11. MeI (50 L, 0.79 mmol, 2 equiv) was
added at RT to a solution of 10 (0.097 g, 0.39 mmol, 1 equiv) in
iPrOH (2.5 mL). The solution was heated to reflux for 4 h. The re-
sulting yellow suspension was then cooled to RT and filtered. The
filtrate was washed with iPrOH and dried under reduced pressure
to afford compound 11 as a yellow solid (0.039 g, 0.15 mmol,
40 %). 1H NMR (400 MHz, CD3OD): d= 9.24 (s, 1 H, H-1), 8.69 (d, 3J-ACHTUNGTRENNUNG(H,H) = 6.4 Hz, 1 H, H-4), 8.66 (d, 4JACHTUNGTRENNUNG(H,H) = 1.7 Hz, 1 H, H-5), 8.54 (d,
3J ACHTUNGTRENNUNG(H,H) = 6.4 Hz, 1 H, H-3), 7.93 (dd, 3JACHTUNGTRENNUNG(H,H) = 8.9 Hz, 4J ACHTUNGTRENNUNG(H,H) = 1.7 Hz,
1 H, H-7) 7.73 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.9 Hz, 1 H, H-8), 4.54 ppm (s, 3 H, N-Me);
UV (MeOH): lmax (log e) = 209 (1.69), 251 (1.13), 306 (0.72), 383
(0.17); HRESI-QqTof-MS calcd for C12H10BrN2 : 261.0027 [M]+ , found:
m/z : 261.0028


General procedure for the feeding experiments : Nostoc 78–12A
(identical to Anabaena 78–12A and ATCC 43 238) was cultured in
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200 mL of BG11 in a 500 mL Erlenmeyer flask at 22 8C with a light/
dark cycle of 12 h:12 h for eight weeks. The precursors were dis-
solved in DMSO (1 mL) and sterilized by filtration prior to addition
to the culture to obtain a final concentration of 0.25 mm.


General procedure for the isolation of the metabolites : The
lyophilized culture was extracted three times with aqueous EtOH
(60 %); the cell material was removed by centrifugation and the
solvents were removed under reduced pressure. The resultingACHTUNGTRENNUNGextract was dissolved in aqueous methanol (80 %) and filtered
(0.25 mm). The metabolites were first identified by C18 RP-HPLC-UV-
MS (Phenomenex Gemini C18 150 � 5 mm; Torrance, CA, USA);
Mobile phase A was TFA (0.05 %) in acetonitrile and B was TFA
(0.05 %) in water. The column was stabilized for 10 min with 10 %
A, then a linear gradient was used to reach 100 % A over 40 min,
followed by washing for 10 min with 100 % A. The flow rate was
1 mL min�1. The compounds were purified by multiple runs of C18


RP-HPLC (Phenomenex Gemini C18 150 � 10 mm). The column was
stabilized for 10 min with 10 % A, the a linear gradient was used to
reach 45 % A in 15 min, followed by washing for 5 min with 100 %
A. The flow rate was 5 mL min�1. The retention times are almost
identical on both columns. The solvent was removed from the
combined fractions with a stream of N2. The amount of sample
was determined spectrophotometrically with the extinction coeffi-
cient of nostocarboline.[4] The fermentation yield was calculated
based on the volume of the culture and is given in Table 1, and
the chemical yield is based on the amount of precursor employed
and is given below.


6-Fluoro-nostocarboline 17. Retention time 8.4 min, (0.10 mg,
1.0 %); UV (MeOH): lmax = 250, 302, 385; 1H NMR spectrum
(800 MHz, CD3OD): d= 9.23 (s, 1 H, H-1), 8.68 (d, 3JACHTUNGTRENNUNG(H,H) = 6.5 Hz,
1 H, H-4), 8.50 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.5 Hz, 1 H, H-3), 8.17 (dd, 3J ACHTUNGTRENNUNG(H,F) =
8.4 Hz, 4J ACHTUNGTRENNUNG(H,H) = 2.5 Hz, 1 H, H-5), 7.80 (dd, 3JACHTUNGTRENNUNG(H,H) = 8.9 Hz, 4J ACHTUNGTRENNUNG(H,F) =
4.0 Hz, 1 H, H-8) 7.64 (ddd, 3J ACHTUNGTRENNUNG(H,H) = 8.9 Hz, 3J ACHTUNGTRENNUNG(H,F) = 8.9 Hz, 4J-ACHTUNGTRENNUNG(H,H) = 2.5 Hz, 1 H, H-7), 4.54 ppm (s, 3 H, N-Me); HRESI-QqTof-MS
calcd for C12H10FN2 : 201.0828 [M]+ , found: m/z 201.0840.


7-Fluoro-nostocarboline 18. Retention time 10.6 min, (0.24 mg,
2.4 %); UV (MeOH): lmax = 243, 307, 360; 1H NMR spectrum
(800 MHz, CD3OD): d= 9.17 (s, 1 H, H-1), 8.63 (d, 3JACHTUNGTRENNUNG(H,H) = 6.4 Hz,
1 H, H-4), 8.51 (d, 3JACHTUNGTRENNUNG(H,H) = 6.4 Hz, 1 H, H-3), 8.46 (dd, 3J ACHTUNGTRENNUNG(H,H) =
9.0 Hz, 4J ACHTUNGTRENNUNG(H,F) = 5.2 Hz, 1 H, H-5), 7.48 (dd, 3J ACHTUNGTRENNUNG(H,F) = 9.1 Hz, 4J ACHTUNGTRENNUNG(H,H) =
2.1 Hz, 1 H, H-8), 7.28 (ddd, 3J ACHTUNGTRENNUNG(H,H) = 9.0 Hz, 3J ACHTUNGTRENNUNG(H,F) = 9.0 Hz, 4J-ACHTUNGTRENNUNG(H,H) = 2.1 Hz, 1 H, H-6) 4.52 ppm (s, 3 H, N-Me); HRESI-QqTof-MS
calcd for C12H10FN2 : 201.0828 [M]+ , found: m/z 201.0838.


6-Methyl-nostocarboline 19. tR = 9.8 min, (0.18 mg, 1.9 %); UV
(MeOH) lmax 258, 309, 389; 1H NMR spectrum (800 MHz, CD3OD):
d= 9.16 (s, 1 H, H-1), 8.64 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.4 Hz, 1 H, H-4), 8.48 (dd, 3J-ACHTUNGTRENNUNG(H,H) = 6.4 Hz, 4J ACHTUNGTRENNUNG(H,H) = 1.0 Hz, 1 H, H-3), 8.24 (br s, 1 H, H-5), 7.70
(m, 2 H, H-7 and H-8), 4.53 (s, 3 H, N-Me), 2.04 ppm (s, 3 H, Me);
HRESI-QqTof-MS calcd for C13H13N2 : 197.1079 [M]+ , found: m/z
197.1071.


7-Methyl-nostocarboline 20. tR = 10.1 min, (0.17 mg, 1.7 %); UV
(MeOH) lmax 252, 314, 376; 1H NMR spectrum (800 MHz, CD3OD):
d= 9.10 (br s, 1 H, H-1), 8.58 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.5 Hz, 1 H, H-4), 8.45 (dd,
3J ACHTUNGTRENNUNG(H,H) = 6.5 Hz, 4J ACHTUNGTRENNUNG(H,H) = 1.0 Hz, 1 H, H-3), 8.28 (d, 3JACHTUNGTRENNUNG(H,H) = 8.2 Hz,
1 H, H-5), 7.34 (br d, 3J ACHTUNGTRENNUNG(H,H) = 8.2 Hz, 1 H, H-6), 7.34 (br s, 1 H, H-8),
4.50 (s, 1 H, N-Me), 2.01 ppm (s, 1 H, Me); HRESI-QqTof-MS calcd for
C13H13N2 : 197.1079 [M]+ , found: m/z 197.1079.


Biological evaluation : Growth inhibition experiments against Mi-
crocystis aeruginosa PCC 7806 were carried out as described in the
literature.[5] Effects of nostocarboline on higher plants were tested


in tobacco (Nicotiana tabacum SNN) by infiltration of different con-
centrations in 6–8 weeks old leaves, exposed to a 14 h:10 h light/
dark cycle, except as noted otherwise. Imaging of photosynthetic
parameters from chlorophyll-a fluorescence were determined as
described previously.[23] Cell death studies were performed with
0.5 mg mL�1 propidium iodide. Cells with disrupted membranes
allow propidium iodide to enter the cell and fluoresce, indicating
cell death. The fluorescence is detected at 590 to 650 nm afterACHTUNGTRENNUNGexcitation at 488 nm using a cLSM (TCS SP2 with inverse DMIRB-
microscope, Leica).
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Identification of a Pentaketide Stilbene Produced by a
Type III Polyketide Synthase from Pinus sylvestris and
Characterisation of Free Coenzyme A Intermediates
Tsung-Lin Li,*[b] Dieter Spiteller,*[a] and Jonathan B. Spencer†[c]


Introduction


Resveratrol (trans-3,5,4’-trihydroxystilbene, 4 ; Scheme 1) is a
phytoalexin produced by a number of plants. It is found in the
skin of grapes, in peanuts, blueberries and knotweed, and also
in some pines, such as Scots pine (Pinus sylvestris) and Eastern
white pine (Pinus strobus). There has been great interest in the
biological properties of resveratrol (4) since it was demonstrat-
ed that it interferes with all three stages of carcinogenesis—in-
itiation, promotion and progression. Recently it has also been
shown to significantly extend the lifespan of the yeast Saccha-
romyces cerevisiae, which adds further to its growing list ofACHTUNGTRENNUNGintriguing properties.[1]


The enzyme responsible for the formation of resveratrol is
stilbene synthase (STS),[2–4] which belongs to the type III family
of polyketide synthases. Resveratrol (4) is generated by se-
quential condensation of three acetate units derived from ma-
lonyl-CoA with the aromatic starter unit coumaroyl-CoA (1) to
form the tetraketide intermediate 2, which is then cyclised and
aromatised to form the stilbene nucleus (Scheme 1). STS also
accepts a number of other starter units, such as cinnamoyl-
CoA and phenylpropanoyl-CoA.[5, 6] From the crystal structure
of the STS from P. sylvestris it has been possible to identify im-
portant residues in the active site that control the mode of
cyclisation.[7] However, it has proved difficult to investigate the
precise mechanism of cyclisation of the tetraketide intermedi-
ate because it is assembled on the enzyme and such a reactive
compound would be very difficult to access synthetically. A
key point in the mechanism is whether decarboxylation occurs
before cyclisation has taken place, concomitantly with cyclisa-
tion, or after cyclisation (Scheme 1). To investigate this we
have carried out detailed analysis of the reaction using LC-MS
and NMR spectroscopy with a view to isolating intermediates
and minor products that could reveal the true reaction path-
way to resveratrol (4).


Results and Discussion


A pentaketide product of the P. sylvestris stilbene synthase


For this study we chose the well characterised STS from P. syl-
vestris, which accepts either coumaroyl-CoA (1) or cinnamoyl-
CoA as starter units to produce resveratrol or pinosylvin
through the addition of three acetate units.[8] The heterologous
recombinant STS was obtained from E. coli BL21 ACHTUNGTRENNUNG(DE3), into
which the cDNA encoding the STS gene from P. sylvestris was
introduced by use of the expression vector pET28. The purified
protein was homogenous as judged by SDS-PAGE and LC/ESI-
MS. Gel filtration analysis suggested that the protein forms a
homodimer, as previously found for other members of the
chalcone synthase (CHS) superfamily.[3, 4]


After incubation of the STS with coumaroyl-CoA as starter
unit and malonyl-CoA, the solution was acidified to precipitate
the enzyme and subjected to LC-MS analysis. To our surprise,
the total ion current and UV chromatogram of the reaction
mixture revealed two major peaks at 16.9 and 18.0 min, show-
ing [M+H]+ values of 315 and 271, respectively. The relative
abundance of the latter peak increased over time whereas the
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The stilbene synthase (STS) from Scots pine (Pinus sylvestris),
which is a type III polyketide synthase, produces the well
known tetraketide resveratrol from coumaroyl-CoA and three
molecules of malonyl-CoA. The same stilbene synthase, howev-
er, also generates the previously unknown pentaketide 2-malo-
nylresveratrol from coumaroyl-CoA and four molecules of ma-


lonyl-CoA; this indicates that the enzyme does not precisely
control the number of condensations leading to diverse prod-
ucts. Tetraketide- and pentaketide-CoA intermediates of the
STS were identified by LC-MS/MS; this suggests that CoA-
bound polyketide intermediates are involved in the product
formation of type III polyketide synthases.
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former peak decreased. The difference of 44 amu suggested
that one is the decarboxylation product of the other. LC-MS/
MS analysis demonstrated that both undergo similar MS frag-
mentation. The elemental compositions were determined by
high-resolution mass spectrometry as C17H14O6 and C16H14O4,
respectively, and the structure 10 was confirmed for the decar-
boxylated product by NMR spectroscopy (Scheme 2, Figure 1
and the Supporting Information).


The NMR analysis also revealed the presence of the cis
isomer of 2-acetylresveratrol (10). It is well documented that
stilbenes can undergo rapid cis/trans isomerisation when ex-
posed to acid or light.[10] When the workup of the enzyme
assay was carried out by avoiding acidic conditions (extraction
with ethyl acetate) and with exclusion of light, only the trans
isomer was found, which shows that the enzyme forms exclu-
sively the trans stilbene. The biosynthesis of 9 and 10 by the
STS was further investigated by using [13C3]-malonyl-CoA.[11]


The LC-MS analysis revealed a gain of eight mass units for 9
and seven mass units for 10, as would be expected for theACHTUNGTRENNUNGincorporation of four [13C2]-acetyl units, which confirms that 9
and 10 are indeed pentaketide derivatives.[3] The other known
type III polyketide synthases (PKSs) that produce pentaketide
products are the bacterial enzyme RppA,[12] the plant enzyme
PCS,[13] and the fungal enzyme ORAS.[14] None of them, howev-
er, has been reported to produce both aldol-type tetraketide
and pentaketide products.


Interestingly, Ch�vez et al. recently reported the isolation of
the pentaketide stilbene 11 (Scheme 2) from the root bark of
Ekebergia benguelensis.[9] Such a new stilbene-like compound
might be a pentaketide product of an STS similar to that from
P. sylvestris.


Coenzyme A intermediates of the stilbene synthase


Besides the major products, four minor peaks were observed
in the LC-MS. One of these peaks (m/z 231 at 17.8 min) had
the correct mass to be a triketide pyrone formed from cou-
maroyl-CoA (1) and two malonyl units. Such derailment prod-
ucts are commonly observed with type III PKSs.[5, 15] A peak
with m/z 229 corresponding to resveratrol (4) nearly co-eluted
with 2-acetylresveratrol (10).[16] Interestingly, the detection of
resveratrol by LC-MS is at least one order of magnitude less
sensitive than that for the tetra- and pentaketides 9 and 10.


Scheme 1. Possible mechanistic scenarios for resveratrol (4) formation by the stilbene synthase from P. sylvestris.[2–4]


Scheme 2. Pentaketide stilbene products of the STS from P. sylvestris with 4-
hydroxycinnamoyl-CoA (1) as starter unit. The closely related pentaketide
stilbene (11) has been isolated from the root bark of Ekebergia benguelen-
sis.[9]
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Because resveratrol virtually coe-
lutes with the 2-acetylresveratrol,
an estimation of the product
ratio by mass spectrometry or
UV spectroscopy was unreliable.
We, therefore, estimated the
product ratio by NMR spectros-
copy, by comparing the 1H inte-
grals of the crude assay mixture
after ethyl acetate extraction. Al-
though there was some varia-
tion, the ratio of 2-acetylresvera-
trol to resveratrol typically fell in
the range of 1–2 to 4.


Two other peaks at 12.8 and
14.1 min and with much higher
masses (m/z 1040 and 1082) also
attracted our attention. The high
masses of these two compounds
suggest that they might contain
CoA (Figure 2).


In assays incubated with
[13C3]-malonyl-CoA the masses of
the two compounds had in-Figure 1. 1H NMR spectra of 2-acetylresveratrol (10) formed by the STS from P. sylvestris. In CD3OD two datasets


corresponding to cis-2-acetylresveratrol (10, *) and trans-2-acetylresveratrol (10, *) were observed.


Figure 2. A) LC-MS of tetraketide-CoA 12 and pentaketide-CoA 13. B) ESI-MS/MS spectra of the pentaketide-CoA intermediate 13 and C) ESI-MS/MS spectra of
its corresponding 13C8-labelled pentaketide-CoA 13 b formed by the STS from P. sylvestris. D) Structures of 12 and 13.
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creased to m/z 1046 and 1090, respectively ; this suggests their
identities to be the tetraketide-CoA (derivative 12) and the
pentaketide-CoA (derivative 13), respectively. Further confirma-
tion of their structures was obtained by MS/MS analysis, which
showed fragmentation[17, 18] clearly indicative of cleavage reac-
tions of the CoA parts of the molecules (Figure 2 and the Sup-
porting Information). Owing to the small quantities of material
isolated it was not possible to determine the precise structures
of these two compounds by NMR analysis.


The parent tetraketide and pentaketide structures 12 and 13
(Figure 2) have the correct masses, but are likely to exist as
mixtures of enolic forms and could possibly be already cyclised
(but not dehydrated). Although there is circumstantial evi-
dence for the involvement of free CoA intermediates interact-
ing with other enzymes during the biosynthesis of several
polyketides produced by plant type III PKSs,[19] and although
we recently managed to trap stilbene synthase intermediates
using a malonyl-CoA analogue,[18] this is the first time that
such compounds have been directly observed. It raises the
possibility that events such as cyclisation might occur while
the polyketone chain is bound to CoA rather than to the
active site cysteine.


Previous studies had established that the STS, like many
other type III PKSs, can take a range of starter units.[8] We
therefore investigated whether the use of different starter
units would also result in the formation of pentaketide prod-
ucts. Assays carried out with either cinnamoyl-CoA or phenyl-
propionyl-CoA as starter units did result in the formation of
the corresponding pentaketide stilbenes, but they were pro-
duced to much smaller extents than when coumaroyl-CoA (1)
served as the starter unit.


Cinnamoyl-CoA and phenylpropionyl-CoA both promoted
the formation of substantial amounts of triketide pyrones, rela-
tive to the amounts of these compounds formed with cou-
maroyl-CoA (1; 30–40 % of the products formed). This implies
that precise binding of the starter unit within the active-site
cavity of the enzyme is an important factor for determining
chain elongation and the mode of cyclisation. The isolation of
2-malonyl-resveratrol (9) also demonstrates that the enzyme
can carry out the cyclisation without requiring decarboxylation.
This could suggest that decarboxylation also does not accom-
pany ring closure for the formation of resveratrol (4). Stilbene
carboxylate has been isolated from several plants ; this sug-
gests a similar mode of cyclisation.[3] But we did not detect any
stilbene carboxylate; this indicates that it is probably not an in-
termediate on the pathway to resveratrol, and might suggest
that decarboxylation occurs immediately after cyclisation but
before the ring becomes aromatic. However, since we have so
far only managed to observe the linear tetraketide-CoA 12 and
pentaketide-CoA 13, further experiments are needed to investi-
gate whether it is the thioester 12 or its free acid derivative that
is cyclised before or after decarboxylation to yield resveratrol.


Conclusions


In summary, we have shown that the STS from P. sylvestris isACHTUNGTRENNUNGcapable of producing the previously unknown pentaketide 9


together with established tetraketide stilbenes, such as resver-
atrol (4). The chain length determination system of the STS is
thus somewhat flexible and can generate diverse products.
The free tetra- and pentaketide-CoA species 12 and 13, respec-
tively, have been detected for the first time, which offers op-
portunities for the analysis of more mechanistic details of poly-
ketide formation. Further analysis of intermediates of the poly-
ketide biosynthesis of the STS and those from other systems
should provide additional insights into the reaction mecha-
nisms of polyketide synthases.


Experimental Section


General synthetic and analytical methods : Synthetic reactions
were performed under N2. Solvents were dried by using standard
methods. 1H NMR and 13C NMR spectra were recorded by using
Bruker Avance (700 MHz) or Bruker DRX (500 MHz) spectrometers,
each fitted with a cryoprobe. Chemical shifts of 1H NMR and
13C NMR spectra are given in ppm (d) based on solvent signals:
D2O 4.67 ppm, CD3OD 3.30 ppm (1H NMR), and CD3OD 49.0 ppm
(13C NMR). LC-ESI-MS/MS spectra were obtained with a ThermoFin-
nigan LCQ (San Jose, USA) ion trap mass spectrometer hooked to
an Agilent HP1100 HPLC system. HPLC separation was performed
either with a Phenomenex Prodigy RP18-column (250 mm �
4.6 mm, 5 mm) by gradient elution (standard programme: 95 % A
to 25 % A in 25 min, 25 % to 0 % A in 5 min, 100 % B 8 min; A: H2O
(0.1 % TFA), B: MeCN (0.1 % TFA); flow rate: 1 mL min�1) or with a
Phenomenex Synergy polar RP-column (150 mm � 2 mm, 4 mm) by
gradient elution (standard programme: 100 % A for 3 min, from
100 % A to 0 % A in 27 min, 100 % B 10 min; A: H2O (0.1 % TFA), B:
MeCN (0.1 % TFA); flow rate: 0.3 mL min�1). High-resolution mass
spectra were recorded with a Micromass Q-TOF (Manchester, UK)
instrument fitted with an ESI source by direct injection of the puri-
fied sample. Preparative RP-18 HPLC (Phenomenex Luna 250 �
20 mm, 10 mm) was used for purification of the CoA derivatives.
The products from large-scale STS assays were purified for NMR
spectroscopic characterisation by HPLC (Agilent HP1100) with a
fraction collection system fitted with the same analytical column as
for the LC-MS analysis. CoA and malonyl-CoA were purchased from
Sigma.


Synthesis of CoA-derivatives : The free aromatic acid (0.10 mmol)
and triethylamine (0.11 mmol) were stirred at �10 8C under argon
in dry THF (1.5 mL), and ethyl chloroformate (0.11 mmol) was
added. After 5 min a solution of coenzyme A lithium salt
(0.10 mmol) in NaOH (0.5 mL, 0.3 n) was added, and the mixture
was stirred at room temperature for 30 min.[20] The progress of the
reaction was monitored by LC-MS. THF was removed in vacuo, and
the aqueous solution was purified by preparative HPLC on RP-18
(Phenomenex Luna 250 � 20 mm, 10 mm) by using gradient elution
(A: H2O, B: MeOH; 100 % A to 100 % B in 30 min, flow rate
10 mL min�1) ; yield: 10–40 %. If the ethyl chloroformate reacted
with the acidic aromatic hydroxy groups, then deprotection was
achieved with pig liver esterase (PLE) while the sample was stirred
at room temperature in phosphate buffer (pH 8).


Coumaroyl-CoA : 1H NMR (500 MHz, D2O) d= 0.58 (s, 3 H), 0.75 (s,
3 H), 2.28 (t, J = 6.45 Hz, 2 H), 2.95 (t, J = 6.12 Hz, 2 H), 3.16 (s, 1 H),
3.19 (s, 1 H), 3.24 (t, J = 6.12 Hz, 2 H), 3.30 (t, J = 6.45 Hz, 2 H), 3.39
(dd, J = 9.60, J = 4.08 Hz, 1 H), 3.70 (dd, J = 9.60, J = 4.08 Hz, 1 H),
3.87 (s, 1 H), 4.08 (s, 1 H), 4.39 (s, 2 H), 4.60–4.63 (m, 2 H) 5.93 (d, J =
5.66 Hz, 1 H), 6.45 (d, J = 15.79 Hz, 1 H), 6.67–6.73 (m, 2 H), 7.24–7.33
(m, 3 H), 7.98 (s, 1 H), 8.35 ppm (s, 1 H); ESI-MS: 936 [M+Na]+ (4),
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914 [M+H]+ (100); HR-ESI-MS: m/z calcd for C30H42N7NaO18P3S
[M+Na]+ : 936.1418; found: 936.1427; m/z calcd for C30H43N7O18P3S
[M+H]+ : 914.1598; found: 914.1490.


Preparation of succinyl-CoA:3-ketoacid-transferase (EC
2.8.3.5):[21] pBR322 containing the gene for succinyl-CoA:3-keto-ACHTUNGTRENNUNGacid-transferase (EC 2.8.3.5) was a gift from Prof. Dr. Fraser (Univer-
sity of Calgary, Canada). E. coli BL21DE3 was transformed with the
plasmid. E. coli cells were grown at 37 8C in LB medium (1 L) until
an OD600 of about 0.8 was reached. Protein expression was induced
with IPTG (0.5 mm) at 16 8C. After 12 h cells were harvested by cen-
trifugation, resuspended in HEPES buffer (pH 7.8, 50 mm) and rup-
tured by sonification. (NH4)2SO4 was added to the cell-free extract
to 45 % saturation in order to precipitate proteins. After centrifuga-
tion, further (NH4)2SO4 was added to the supernatant to 65 % satu-
ration. Centrifugation at 10 000 g for 30 min gave a pellet contain-
ing the crude succinyl-CoA-transferase. This crude preparation was
used to generate [13C3]-malonyl-CoA.


Preparation of labelled [13C3]-malonyl-CoA :[22] Succinic anhydride
(2 mg) was dissolved in acetone (300 mL), an aqueous solution of
coenzyme A lithium salt (12 mg) was added quickly, and the mix-
ture was vortexed for several minutes to generate succinyl-CoA. Its
formation was monitored by LC-MS. The acetone was removed in
an argon stream. [13C3]-Malonate was dissolved in HEPES (pH 7.6,
50 mm, 500 mL), and the pH was readjusted to 7 with the aid of a
pH-microelectrode. The [13C3]-malonate was added to the solution
containing succinoyl-CoA, and the pH was monitored and adjusted
to 7. Finally, a quantity (5–10 mg) from the pellet of the crude suc-
cinoyl-CoA:3-ketoacid-transferase was added. After 1 h the reaction
was quenched by addition of CHCl3 (300 mL). The enzyme was pre-
cipitated by being vortexed for 1 min, the solution was centri-
fuged, and the aqueous solution was collected. [13C3]-Malonyl-CoA
was used for the bioassays. The amount of [13C3]-malonyl-CoA gen-
erated by the enzyme was estimated by comparison of the UV-LC
trace with a standard solution of malonyl-CoA.


Stilbene synthase (STS) enzyme purification : The STS was ampli-
fied by PCR from the plasmid pREP4 containing the STS cDNA by
using the following primers: P1: 5’-ATC GGC TCA TAT GGG GGG
CGT TGA TTT TGA AGG TTT C-3’ (NdeI), P2: 5’-GAC AAG CTT CAT
TAC TGG ATC TAT CAA CAG GAG TC-3’ (HindIII). The product was li-
gated according to the manufacturer’s instructions (Novagen) into
expression vector pET-28a(+), which provides an N-terminal His6-
tagged fusion protein. DNA sequencing (MWG, Ebersberg, Germa-
ny) was carried out for the STS construct and confirmed its 100 %
identity with the published STS sequence (accession no.: S50350,
stilbene synthase, Pinus sylvestris). E. coli cells were grown at 37 8C
in LB medium (1 L) until an A600 of about 0.7 was reached. Protein
expression was induced with IPTG (0.2 mm) at 16 8C, and after 12 h
cells were harvested by centrifugation, resuspended in Tris-HCl
buffer (50 mm) containing imidazole-HCl (binding buffer, 10 mm,
pH 7.8), and ruptured by sonification. The cell-free extract was ap-
plied to a Ni2 +-NTA resin column, which was washed successively
with binding buffer and wash buffer (30 mm imidazole-HCl) before
elution of the target protein with imidazole-HCl (100 mm). The
buffer was changed to HEPES buffer (50 mm, pH 7.2) by using Milli-
pore centrifugal filters. The relative molecular mass of the purified
STS protein was determined by ESI-MS to be 44 760 Da; calcd:
44 761 Da. The concentration of the enzyme was measured by
using the Bradford assay.


Enzyme assays


Microscale reactions : For the standard assay, starter substrate-CoA
(200 nmol) and malonyl-CoA (1 mmol) in HEPES buffer (100–200 mL,


100 mm, pH 7.5, 1 mm EDTA) were added to the STS (ca.
450 pmol). After 1–2 h incubation at room temperature, the
sample was either used directly for LC-MS analysis (after precipita-
tion of the STS with diluted HCl) or extracted with ethyl acetate
(200 mL) after acidification with dilute HCl. The ethyl acetate was
removed in a gentle stream of nitrogen, and the sample was redis-
solved in methanol (100 mL). For the LC-MS analysis 50 mL were
used for injection.


Large-scale reactions : In order to collect enough product for NMR
spectroscopy characterisation, the STS (2.5 mmol) was incubated
with starter unit-CoA (10 mmol) and malonyl-CoA (50 mmol) in
HEPES buffer (10 mL, 100 mm, pH 7.5, 1 mm EDTA) for 10 h at
room temperature. The sample was acidified with diluted HCl and
extracted with ethyl acetate (3 � 10 mL). After removal of the ethyl
acetate in a nitrogen stream the sample was dissolved in MeOH
(0.5 mL). Purification of the products from the STS was achieved by
injection of the sample (100 mL) onto a Phenomenex Prodigy HPLC
column and 0.5 min fractions were collected with the fraction col-
lector. After being dried, the samples were used for NMR analysis.


1-[2-(4-Hydroxystyryl)-4,6-dihydroxyphenyl]ethanone (10): 1H
NMR (700 MHz, CD3OD): d (major isomer) = 2.11 (s, 3 H), 6.14 (d, J =


12.5 Hz, 1 H), 6.20 (d, J = 2.3 Hz, 1 H), 6.27 (d, J = 2.3 Hz, 1 H), 6.70–
6.74 (m, 2 H), 6.92 (d, J = 12.5 Hz, 1 H), 7.16–7.20 ppm (m, 2 H);
d (minor isomer) = 2.29 (s, 3 H), 6.24 (d, J = 2.2 Hz, 1 H), 6.31 (d, J =
2.2 Hz, 1 H), 6.76 (d, J = 16.0 Hz, 1 H), 6.79–6.82 (m, 2 H), 7.40 (d, J =
16.0 Hz, 1 H), 7.46–7.49 ppm (m, 2 H); ESI-MS: 271 [M+H]+ (100),
229 (10), 227 (9); HR-ESI-MS: m/z calcd for C16H14O4Na [M+Na]+ :
293.0790; found: 293.0784; m/z calcd for C16H15O4 [M+H]+ :
271.0970; found: 271.0970.
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Disulfide Bonds versus Trp···Trp Pairs in Irregular b-
Hairpins: NMR Structure of Vammin Loop 3-Derived
Peptides as a Case Study
Yasmina Mirassou,[a] Clara M. Santiveri,[a] M. Jesffls P�rez de Vega,[b] Rosario Gonz�lez-MuÇiz,[b]


and M. Angeles Jim�nez*[a]


Introduction


As a result of the numerous studies on model b-hairpin pep-
tides performed by several research groups in the last two de-
cades,[1–12] nowadays a large amount of information exists on
the factors contributing to b-hairpin formation and stability.
Most of these studies were done in regular b-hairpins that
have short loops with well-defined turn conformations (I’ and
II’ in 2:2 hairpins, and I+G1 b-bulge in 3:5 hairpins[8–12]). b-Hair-
pin motifs are classified by using a X:Y nomenclature,[13] where
X is the number of residues in the loop, and Y depends on
whether the CO and NH groups of the two residues that pre-
cede and follow the loop, form two hydrogen bonds, Y = X, or
only one, Y = X + 2. It is time to test if existent knowledge on
b-hairpin formation can be applied successfully to the design
of irregular b-hairpins, such as those whose strands contain b-
bulges and/or with long loops that cannot be ascribed to can-
onical b turns. b-bulges are b-sheet irregularities, that is, re-
gions where parallel or antiparallel hydrogen-bonded networks
are disrupted, mainly as consequence of the insertion of extra
residues. They are named as classic, wide, bent, G1 and special
according to the number of residues involved and the hydro-
gen-bonding pattern.[14] As far as we know, the only irregular
b-hairpin peptides that have been studied are those derived
from the C-terminal 4:6 b-hairpin of protein G.[2, 15] From a prac-
tical point of view, one interesting application of the current
known “rules” for b-hairpin formation is the design of im-
proved bio-active peptides that sometimes have irregular b-
hairpin conformations. Given the essential role played by the
turn in b-hairpin formation,[5, 7, 15–22] the easiest solution to stabi-
lise b-hairpins with long loops would be to convert the loop
regions into canonical turns. However, this is not always feasi-


ble because residues at the turn might be essential for activity;
this occurs in some antimicrobial b-hairpin peptides[23, 24] and in
b-hairpin inhibitors of viral protein–RNA interactions.[25] The
design of lead peptides that are able to inhibit therapeutically
relevant protein–protein interactions, a field of great current
interest, might consist in mimicking protein b-hairpins that are
sometimes irregular.[26–30]


Blocking angiogenesis, a process crucial in tumour develop-
ment and metastasis, constitutes a promising alternative strat-
egy in cancer treatment. In this field, the interactions between
the vascular endothelial growth factor (VEGF), a pro-angiogenic
agent, and its specific membrane receptors, Flt-1 and KDR,
constitute excellent targets in the search for new anti-angio-
genic agents. Interestingly, mutagenesis studies on VEGF,
whose structure has been solved in solution and in the crystal-
line state[31, 32] indicate that a b-hairpin region, loop 3, is specifi-
cally involved in the interaction with the receptor KDR.[33, 34]


Furthermore, an N-to-C cyclic peptide encompassing loop 3 se-
quence was reported to have anti-angiogenic properties.[35] In-
terestingly, some members of the VEGF protein family, such as


Structural studies on model peptides have led to a good un-
derstanding of the rules behind the formation and stability of
regular b-hairpins. To test their applicability to the successful
design of irregular b-hairpins with long loops and/or b-bulges
at the strands, we mimicked loop 3 of vammin, a 4:6 b-hairpin
with a non-Gly b-bulge. The most stabilising cross-strand pairs,
disulfide bonds or/and Trp···Trp pairs, were incorporated at
non-hydrogen-bonded sites in peptides spanning the 69–80
region of vammin. According to NMR data, these modified
peptides adopt b-hairpin conformations as intended by de ACHTUNGTRENNUNGsign.


The Trp-containing peptides reproduce even the unusual posi-
tive f angle for the Gln residue, with the indole rings in the
preferred edge-to-face orientation. For the first time the b-hair-
pin-stabilising capacities of a disulfide bond and a Trp···Trp pair
are compared in the same model system. We found that the
contribution to stability of the noncovalent indole–indole inter-
action is larger than that of the covalent disulfide bond, and
that their combination gives rise to an even more stable b-
hairpin.
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vammin, a VEGF isolated from snake venom, show high selec-
tivity for KDR, and do not bind at all with Flt-1.[36] Moreover,
the loop 3 structure in vammin is slightly different from that in
VEGF-A,[36] in particular, it exhibits a one-residue insertion
(Thr75; Figure 1). This extends the range of b-hairpins to be
mimicked with the aim of finding inhibitors of the VEGF–KDR
interaction. In this sense, we have addressed the design of 12-
residue peptides derived from loop 3 in vammin, which is an
antiparallel 4:6 b-hairpin showing a non-Gly b-bulge and over-
lapping b turns of type IV and I at the loop region (1WQ8,[36]


Promotif analyses as reported in Pdbsum, http://www.ebi.ac.
uk/pdbsum/).[37, 38] To mimic this hairpin, residues that are con-
sidered to be important for KDR binding were conserved and
either disulfide bonds,[39, 40] or the favourable Trp···Trp pair resi-
due,[41–44] or both were incorporated in the strands (Fig ACHTUNGTRENNUNGure 1).
The structural behaviour of these peptides in aqueous solution
was examined by using NMR spectroscopy. A comparison of
the ability of these peptides to adopt the wild-type b-hairpin
structure constitutes an excellent case study to examine the ra-
tional design of irregular b-hairpins. Moreover, the relative con-
tributions of disulfide bonds and Trp···Trp pairs to b-hairpin sta-
bility are analysed for the first time in the same peptide
system.


Results


Peptide design


The criteria to design analogues of vammin loop 3 that are
able to mimic the native irregular b-hairpin structure consisted
in the incorporation of stabilising interactions at positions that
are not essential for binding to KDR. Thus, positively charged
residues R70 and R74, and the complete loop region (residues
72–77) were conserved in the designed derivatives (Figure 1).
The importance of R70 and R74 is suggested by site-directed
mutagenesis studies, which have revealed the involvement in
the interaction with the KDR receptor of the equivalent resi-
dues R82 and H86 in VEGF (Figure 1[33, 34]). As cross-strand-sta-
bilising interactions, we selected those that are considered to
be the best ones: disulfide bonds[39, 40] and Trp···Trp pairs.[41–44]


They were incorporated in the strands at the non-hydrogen-
bonded sites (M69M80 and V71–S78; Figure 1). The peptides,
C1C12, C3C10, W3W10 and C1C12W3W10 (Figure 1) were de-
signed in a way that makes the comparison of the stabilising
contributions of disulfide bonds and Trp···Trp pairs feasible,
and to examine whether the two contributions are additive or
not. The linear peptide encompassing residues 69–80 of
vammin, denoted as Vam69–80 (Figure 1), was used as a control.


Figure 1. A) Sequence alignment of the loop 3 in VEGF (residues 81–91), the loop 3 in vammin (residues 69–80), and the vammin-derived peptides. Residue
numbers for the intact vammin and for the 12-residue vammin-derived peptides are indicated. Turn and strand regions are indicated at the top. Positively
charged residues are shown in bold and the Cys and Trp residues in bold and boxed. B) Peptide sequences. b-Sheet hydrogen bonds are shown by vertical
lines. Turn and strand regions are indicated at the top. Cys and Trp residues are shown in bold and underlined. C) Schematic representation for backbone
atoms of residues 69–80 of loop 3 in intact vammin (1WQ8). Residues whose side chains are oriented upward of the b-sheet plane are circled. Hydrogen
bonds are shown as broken lines and expected NOEs involving backbone atoms as arrows. The residue numbers used in the 12-residue vammin-derivedACHTUNGTRENNUNGpeptides are also indicated.
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NMR spectroscopy conformational study


To assess whether the designed peptides are really able to
adopt conformations similar to that of vammin loop 3, their
structural behaviour was investigated in aqueous solution by
analysis of several NMR spectroscopy parameters, NOE connec-
tivities and 1H and 13C chemical shifts. As with most proline-
containing peptides, the NMR spectra of all vammin-derived
peptides displayed some minor signals that come from the cis
conformation. That the major species is the trans-Pro rotamer
was confirmed in all cases by the differences between the Pro
13Cb and 13Cg chemical shifts (DdPro =dCb�dCg, ppm), which are
in the 4.9–5.2 ppm range[45] and by the observation of the
characteristic sequential NOEs between the Ha proton of N4
and the Hd and Hd’ protons of P5 (Figure 2). From hereon, anal-
ysis of the NMR parameters refers to the major trans species.


The absence of nonsequential NOE connectivities and the
closeness of 1Ha, 13Ca and 13Cb chemical shifts to their random
coil values (jDdHa j<0.1 ppm, jDdCa j<0.5 ppm and jDdCb j
<0.5 ppm, except for N4, which exhibits the behavioural char-
acteristics of Pro-preceding residues;[46] see Figure S1 in the
Supporting Information), indicate that the linear peptide
Vam69–80 in aqueous solution behaves as a mainly random-coil
peptide. In contrast, the NMR parameters observed for all the
other vammin-derived peptides, in particular, the presence of
nonsequential NOEs that constitutes the strongest evidence
for structure formation, are indicative of some ordered struc-
tures. More interestingly, the long-range NOEs of the backbone


protons exhibited by the vammin analogues are the same as
those that are expected for the strand alignment of vammin
loop 3 (Figure 1 C, Table 1). The number and intensity of these
NOEs is especially remarkable in the case of peptides W3W10
and C1C12W3W10. Some of the nonsequential NOEs observed
for these two peptides are highlighted in the NOESY spectral
region shown in Figure 2. Nonsequential NOEs that involve


Figure 2. Selected NOESY spectral regions of peptides W3W10 and C1C12W3W10 in D2O at pH 5.5 and 5 8C. NOEs are labelled on one side of the diagonal.
In addition, long-range NOEs are boxed.


Table 1. Intensities of the nonsequential NOEs involving backbone pro-
tons characteristic of the b-hairpin structure (see Figure 1) observed for
vammin-derived peptides in aqueous solution at pH 5.5 and 5 8C.


1H resonance NOE intensity[a] in peptide X-ray
in residue C1C12 C3C10 W3W10 C1C12W3W10 distances


i j [�]


Ha 1 Ha12 – – m[b] s[b] 2.39
NH R2 NH K11 – – – Ov. 2.94
NH R2 Ha 12 – – Ov. Ov. 3.37
Ha 3 NH K11 Ov. – – w 3.75
Ha 3 Ha 10 Ov m[b] s[b] s[b] 2.45
NH N4 NH S9 – – – m 3.53
NH N4 Ha 10 vw – Ov. Ov. 3.66
Ha P5 NH Q8 – – w m 4.00
Ha P5 Ha Q8 – – m[b] m[b] 4.06


[a] NOE intensities are classified as strong (s), medium (m), weak (w) and
very weak (vw). “Ov” refers to those NOE cross-peaks that can not beACHTUNGTRENNUNGobserved due to overlap with solvent signal, with other cross-peaks or
closeness to diagonal. [b] Intensity from NOESY spectra recorded in D2O.


904 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 902 – 910


M. A. Jim�nez et al.



www.chembiochem.org





side-chain protons observed for the designed peptides are also
compatible with the structure of vammin loop 3 (Figure 1), for
example, the NOEs between the side-chain protons of facing
residues 3 and 10 observed for the peptides with Trp residues
at these positions (Figure 1), and those between the methyl
group of Thr7 and the amide side-chain protons of Asn4 seen
for peptides C1C12, W3W10 and C1C12W3W10. Strikingly,
peptide C3C10 exhibits NOEs involving the protons of the
Asn4 and Gln8 side chains, which are pointing outwards on
different sides of the b-sheet plane in native vammin loop 3
(Figure 1).


1H and 13C conformational shift values (Dd=dobserved�drandom


coil, ppm) provide further confirmation that the four peptides
adopt b-hairpin conformations. Thus, most residues exhibit
conformational shifts that are large in absolute value and con-
form to the pattern expected for b-hairpins, that is, positive
DdHa, DdCb and DdNH and negative DdCa values at the strands,
and some residues with the opposite sign at the turn region
(Figure S1). Detailed analyses of chemical shift deviations at
the loop region, residues 4–9, indicate that the two Trp-con-
taining peptides are mimicking the features of loop 3 in native
vammin, and that those of peptides C1C12 and C3C10, partic-
ularly the last one, show some differences. The close similitude
to vammin loop 3 is indicated by the fact that the DdHa, DdCa,
DdCb and DdNH values of residues 4–9 in peptides W3W10 and
C1C12W3W10 match with those expected for loop residues in
4:4/4:6 b-hairpins that have f and y dihedral angles in the b-
aR-aR-gR-gL-b regions of the Ramachandran map,[47–49] as do
those occupied by the corresponding 72–77 residues in
vammin (PDB ID: 1WQ8[36]). The negative DdHa value observed
for S9 instead of the positive one expected for a b-sheet resi-
due is the only exception, and it is explained by anisotropy ef-
fects from the close aromatic rings. It is particularly remarkable
that the chemical shift deviations observed for Q8 in peptides
W3W10 and C1C12W3W10 (Figure 3) are in agreement with
its f and y dihedral angles being in the gL region, as displayed
by Q76 in vammin, but quite uncommon for non-Gly residues.
The profiles of conformational shifts presented by peptides
C1C12 and C3C10 differ from that are observed for the Trp-
containing peptides (Figure S1). In particular, significant differ-
ences, that is, opposite signs, occur mainly for DdHa and DdCb


values of residue T7, and in the case of peptide C3C10 also for
the DdHa, DdCa and DdCb values of residue Q8 (Figure 3). This
suggests that peptides C1C12 and C3C10 do not reproduce
the loop 3 characteristics as well as peptides W3W10 and
C1C12W3W10 do, as seen in the calculated structures (see
below).


Chemical shifts for the aromatic rings of the two Trp resi-
dues present in peptides W3W10 and C1C12W3W10 merit fur-
ther consideration because they provide information about
their relative orientation.[44] In peptides W3W10 and C1C12-ACHTUNGTRENNUNGW3W10, the chemical shifts of the He3 and Hbb’ protons of W3
are considerably up-field shifted (Table S1), which is a charac-
teristic of Trp indole rings in an edge disposition. Thus, the ar-
omatic ring of W3 probably adopts an edge orientation rela-
tive to that of W10, as is found in the calculated structures
(see below).


To visualise and get further insights into the preferred con-
formations adopted by the designed peptides, we performed
structure calculations on the basis of distance restraints de-
rived from the observed nonsequential NOEs and dihedral
angle constraints obtained from the 1Ha, 13Ca and 13Cb chemical
shifts (see the Experimental Section). The structures calculated
for the designed peptides are well defined, in particular those
of the two Trp-containing peptides (see Figure 4 and the low
RMSD values reported in Table S2). It is noticeable that the rel-
ative orientation of the two indole rings is also well defined
(Figure 4), as expected by the numerous NOE correlationsACHTUNGTRENNUNGinvolving the side-chain protons of the two Trp residues that
were observed in the NOESY spectra of W3W10 and C1C12-ACHTUNGTRENNUNGW3W10 (Figure 2). The two indole rings are in an edge-to-face
orientation in which the W3 occupies the edge position and
the W10 the face one, as has been deduced from chemical
shift analyses (see above).


CD spectra of Trp-containing peptides


The far-UV CD spectra of peptides W3W10 and C1C12 ACHTUNGTRENNUNGW3W10
(Figure 5 A) display a positive band at ~191 nm and a negative
band at 215 nm, which are both characteristic of a b-sheet
structure.[50] We can also observe an intense positive band at
228 nm that corresponds to a large exciton couplet that is at-
tributable to the interaction between the aromatic chromo-
phores.[44, 51, 52] All bands are more intense in peptide C1C12-ACHTUNGTRENNUNGW3W10 than in peptide W3W10. This indicates that the folded


Figure 3. Histograms showing the DdHa (DdHa = dHa
observed�dHa


random coil, ppm),
DdCa (DdCa =dCa


observed�dCa
random coil, ppm), DdCb (DdCb =dCb


observed�dCb
random coil,


ppm) and DdNH (DdNH =dNH
observed�dNH


random coil, ppm) values exhibited by resi-
due Q8 in peptides Vam69–80 (white bars), C1C12 (tilted stripped bars),
C3C10 (horizontal stripped bars), W3W10 (grey bars) and C1C12W3W10
(grey tilted stripped bars) in aqueous solution at pH 5.5 and 5 8C. Random
coil values for the 1H chemical shifts of Ha protons and for the 13C chemical
shifts of Ca and Cb carbons were taken from Wishart et al. , 1995.[46] DdNH


values were obtained by using the CSDb program[15, 49, 74]


ChemBioChem 2009, 10, 902 – 910 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 905


Disulfide Bonds vs. Trp···Trp pairs in b-Hairpins



www.chembiochem.org





structure is more populated in C1C12W3W10 than in W3W10,
in agreement with the NMR data (see below).


Non-zero near-UV CD spectra of peptides containing aromat-
ic residues are indicative of the aromatic rings adopting some
ordered structures, but interpretation of the observed bands is
hampered by the fact that aromatic rings have positive and
negative contributions in the near-UV CD spectrum.[53] Peptides
W3W10 and C1C12W3W10 (Figure 5 B) exhibit a similar near-
UV CD spectra, with two negative bands at 286 and 294 nm
and a positive band at 288 nm; only the intensity of the
bands, which is slightly stronger in peptide C1C12W3W10, is
different. This indicates that the side chains of the two aromat-
ic tryptophan residues present in both peptides (W3 and W10)
adopt the same geometry and have a similar environment, as
confirmed in the structures calculated from the NMR con-
straints (Figure 4). The intensity differences are in concordance


with the folded structure of peptide C1C12W3W10 being
more populated than that of peptide W3W10, as deduced
from far-UV CD spectra and from the NMR parameters (see
next section).


Ranking of b-hairpin populations


To compare the stabilisation effects of Trp···Trp pairs and disul-
fide bonds it is necessary to order the peptides according to
their b-hairpin populations. Because of the unreliability of ref-
erences for the 100 % and 0 % b-hairpin populations the abso-
lute populations obtained from the chemical-shift-based meth-
ods that have been proposed to quantify b-hairpin popula-
tions[48, 49, 54–58] can only be considered as estimates, but the
qualitative rankings that come from them are reliable. There-
fore, we ranked the ability of the peptides to adopt b-hairpin
structures in a qualitative way. To minimise the influence of the
anisotropy effects caused by aromatic ring currents (the two
Trp residues present in peptides W3W10 and C1C12W3W10 ;
Figure 1) and also considering that the sequence differences in
this set of peptides are at the strands (Figure 1), we selected
chemical shifts from residues at the turn region that are greatly
affected upon b-hairpin formation as the best probes to order
the vammin-derived peptides. These selected probes are: the
difference in 1H chemical shift between the two Hb protons of
N4 (Ddbb’


N4), the 1H chemical shift deviations for the NH amide
and Ha protons of R6 (DdNH


R6 and DdHa
R6), the 13C chemical


shift deviations for the 13Ca and 13Cb carbons of R6 (DdCa
R6 and


DdCb
R6) and the 1H chemical shift deviations for the NH amide


and methyl group of T7 (DdNH
T7 and DdHg


T7). According to
them (Figure 6), b-hairpin populations follow the decreasing
order: C1C12W3W10>W3W10 @ C3C10>C1C12 @ Vam69–80


(random coil).


Discussion


b-Hairpin designed peptides versus native vammin loop 3


According to the NMR data, Vam69–80, the 12-residue peptide
encompassing the native sequence of vammin loop 3, is
mainly random coil. The design of peptides derived from thatACHTUNGTRENNUNGsequence by incorporation of


stabilising pair interactions was
successful, because the four de-
signed peptides adopt b-hairpin
structures as evidenced from the
analysis of NMR data (see
above); but are the structural
features of the irregular loop of
vammin maintained in the de-
signed peptides? To respond to
this question, the structures cal-
culated for the four peptides
were compared with that of
loop 3 in the crystal structure of
vammin (1WQ8,[36] Figure 4 and
Table S2).


Figure 4. Peptide structures. Top: Superposition of the backbone atoms for
the lowest target function structure calculated for: A) peptides C1C12
(grey), C3C10 (white) and region 69–80 of vammin (black, 1WQ8[36]), and
B) peptides C1C12W3W10 (grey), W3W10 (white) and region 69–80 of
vammin (black; 1WQ8;[36]). Bottom: Superposition of the 20 lowest target
function structures calculated for peptides C) W3W10 and D) C1C12W3W10.
Backbones are shown as grey lines and side chains for Trp and Cys residues
are highlighted in grey neon. N- and C-ends are labelled in the four panels.


Figure 5. A) Far-UV and B) near-UV CD spectra of peptides W3W10 (broken line) and C1C12W3W10 (continuous
line) in aqueous solution at pH 5.5 and 5 8C.
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Based on the RMSD values displayed by the structures
adopted by the peptides relative to that of native vammin
loop 3 and the twist angles between the two b-strands
(Figure 4 and Table S2), peptides C1C12, W3W10 and
C1C12W3W10 adopt a b-hairpin quite similar to that of
vammin loop 3, while the one formed by peptide C3C10 dif-
fered appreciably. This is in agreement with the profiles of con-
formational shifts (Dd) for peptide C3C10 exhibiting significant
differences relative to the other peptides (Figures 3 and S1).
In particular, it is remarkable that peptides W3W10 and
C1C12W3W10 exhibit an unusually positive f angle for residue
Gln8, as occurs in native vammin (Table S2). It seems that the
side-chain packing between the two Trp residues at the non-
hydrogen-bonded site closest to the turn helps to fit the
native vammin loop conformation more efficiently than a disul-
fide bond placed at the same position (Figure 1). It looks plau-
sible that Trp···Trp pairs are a better choice than disulfide
bonds to fit irregular b-hairpin loops. The two Trp-containing
peptides also exhibit structural features different from native
vammin. The main difference consists of a tighter side-chain
packing in the b-sheet face where the Trp···Trp pair is located,
which is also the most hydrophobic face (Figures 1, 4 and S2).
This tighter side-chain packing also involves the Gln side chain
and seems to slightly fold the loop region up and away from
the b-sheet plane, while the b-sheet and loop backbones look
more coplanar in native vammin.


Disulfide bonds versus Trp···Trp pairs in b-hairpin stability


Independent of their capacity to mimic loop 3 of vammin, the
sequences of the designed peptides (Figure 1; excluding the
linear wild-type peptide) are useful for comparing the contri-
butions of disulfide bonds and Trp···Trp pairs to b-hairpin sta-
bility. In addition, we can analyse whether their contributions
are compatible and/or additive, and get insights into theACHTUNGTRENNUNGgeometry of the interacting Trp···Trp side chains.


First, we examine peptides C3C10 and W3W10, whose se-
quences differ in a single cross-strand side chain–side chain in-
teraction (Figure 1). Hence, differences in their conformational
behaviour will give us clues about the relative stabilising ca-
pacities of a disulfide bond and a Trp···Trp pair. The b-hairpin
population adopted by peptide W3W10 is clearly larger than
that adopted by peptide C3C10 (Figure 6). This result fully
agrees with previous works that used different b-hairpin pep-
tide models to estimate the stabilising contribution of a Cys–
Cys pair in a non-hydrogen-bonded position as about
1.0 kcal mol�1,[58] and that of Trp···Trp pairs as about
1.2 kcal mol�1.[41, 59] The Trp···Trp pair contribution has also been
quantified by using a small three-stranded antiparallel b-sheet
protein instead of the simpler b-hairpin models. The smaller
contribution of the Trp···Trp pair found in this case (0.6 kcal
mol�1 [43]) might come from context effects on the Trp···Trp in-
teraction. Apart from the stability differences, incorporation of
a disulfide bond in the vammin peptide system results in a b-
hairpin structure with some topological features distinct from
those displayed by the peptide containing the Trp···Trp pair.
Thus, in the structures calculated from the distance and angle
restraints derived from the experimental NMR parameters, the
strands in the b-hairpin formed by peptide C3C10 diverge at
their N and C-terminal ends (Figure 4 and Figure S2). In con-
trast, the side chains of the N- and C-terminal Met residues in
peptide W3W10 are close and interact with the indole ring of
Trp10 (Figure 4 and Figure S2). In brief, our results suggest that
to stabilise b-hairpin structures is better to incorporate a
Trp···Trp pair than a disulfide bond. Although the stabilising
ability of the Trp···Trp pair had been previously recognised and
successfully applied,[41, 52, 59, 60] as far as we know, this is the first
time that its stabilising capacity is directly compared to that of
a disulfide bond.


It is also interesting to analyse whether disulfide bond and
Trp···Trp pair contributions sum up to increase the b-hairpin
stability. To this aim, we compared b-hairpin formation in pep-
tide C1C12W3W10 relative to peptides C1C12 and W3W10
(Figure 1). As expected, the most populated b-hairpin was that
formed by peptide C1C12W3W10 (Figure 6) which indicates
that disulfide bonds and Trp···Trp pairs are compatible and ad-
ditive. In this sense, it is interesting to note that the disulfide
bond and the indole rings hardly contact one another in the
structure calculated for peptide C1C12W3W10 (Figure 4). This
suggests that the favourable contributions to stability of the
disulfide bond and the Trp···Trp are independent and then
probably additive, though their compatibility probably de-
pends on their relative positions within the b-hairpin.


Figure 6. Histograms showing chemical shift deviations representative as
probes for b-hairpin populations shown by peptides Vam69–80 (white bars),
C1C12 (tilted stripped bars), C3C10 (horizontal stripped bars), W3W10 (grey
bars), and C1C12W3W10 (grey tilted stripped bars) in aqueous solution at
pH 5.5 and 5 8C. Random coil values for the selected 1H and 13C chemical
shifts were taken from Wishart et al. , 1995[46] with the exception of DdNH


values that were obtained by using the CSDb program.[15, 49, 74] Values for Ha


and Hg protons belonging to R6 and T7, respectively, are multiplied by 10 in
the plot.
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Geometry of the interacting Trp···Trp side chains


Interacting Trp···Trp pairs can adopt different orientations,
edge-to-face, parallel-displaced and face-to-face; edge-to-face
is the most frequent geometry found in statistical surveys on
protein structures[61, 62] and the one that is favoured according
to quantum mechanical calculations.[63] The large preference
for the edge-to-face geometry seems to be mainly due to an
electrostatic multipole interaction between the Trp side chains
and not to classical hydrophobic interaction.[63] Two different
edge-to-face geometries can be distinguished in the case of
Trp···Trp residues facing each other in antiparallel b sheets, the
edge-to-face and the face-to-edge[52] depending on whether
the edge Trp is located at the N-terminal or at the C-terminal
b strand, respectively. Both orientations have been found in b-
hairpins containing Trp···Trp pairs,[42, 44, 52, 59, 60, 64]


In this scenario, according to chemical shift and NOE data
(see Results), the aromatic rings of the Trp···Trp pairs present in
peptides W3W10 and C1C12W3W10 adopt edge-to-face orien-
tations (Figure 4). The presence of a disulfide bond in peptide
C1C12W3W10 increases the b-hairpin stability, but the inter-ACHTUNGTRENNUNGaction between the indole rings remains unaffected. In fact,
chemical shifts for the Hbb’ protons of the two Cys residues
linked by the disulfide bond are not up-field (see Table S1),
unlike those in a b-hairpin peptide that contains a Trp···Ile pair
in a position relative to the disulfide bond equivalent to that
of the Trp···Trp pair in peptide C1C12W3W10.[58] In agreement
with this, the disulfide bond and the indole rings hardly inter-
act in the structure calculated for peptide C1C12W3W10
(Figure 4).


Conclusions


A 12-residue peptide encompassing the sequence of an irregu-
lar 4:6 b-hairpin in the native structure of vammin behaves as
a mainly random-coil peptide. To mimic this vammin b-hairpin,
designated loop 3, disulfide bonds or/and Trp···Trp pairs, which
are known to be the most stabilising cross-strand pair interac-
tions in b-hairpins[41–44, 65] were incorporated at non-hydrogen-
bonded sites. The NMR data for the four vammin-derived pep-
tides support the idea that all of them adopt b-hairpin confor-
mations, as intended by design. The similitude to the native
loop 3 of vammin is particularly remarkable in the case of the
Trp-containing peptides that reproduce the unusual positive f
angle for the Gln residue at the turn region. Since the design
criteria come from the existing knowledge on b-hairpin forma-
tion and stability that is derived mainly from studies on regular
2:2 and 3:5 b-hairpins with short loops, the success in the
loop 3-mimicking ability of the designed peptides demon-
strates the validity of that knowledge to b-hairpins with longer
loops such as the vammin 4:6 b-hairpin. In this system, the
indole rings of the Trp···Trp pair adopt an edge-to-face orien-ACHTUNGTRENNUNGtation that is preferred according to statistical analyses andACHTUNGTRENNUNGmolecular dynamic simulations.


More interestingly, we have found that the contribution to
stability of a Trp···Trp cross-strand pair can be larger than that
of a disulfide bond. As far as we know, this is the first time


that the stabilising capacities of a disulfide bond and a
Trp···Trp pair have been compared within the same peptide
system. Furthermore, we have found that a disulfide bond plus
a Trp···Trp pair together give rise to higher stability than each
by itself.


Experimental Section


Peptide synthesis : Peptides were synthesised in the solid phase
by using Fmoc (fluorenyl-9-methyloxycarbonyl) protocols and puri-
fied by reversed-phase HPLC (RP-HPLC) up to more than 95 %
purity by either NeoMPS (Strasbourg, France) or CASLO Laboratory
ApS (Lyngby, Denmark).


Vam69–80 : RP-HPLC: tR = 12.8 min; 97.2 % (linear 10–60 % A gradient
for 25 min, A) 0.1 % TFA in CH3CN, B) 0.1 % TFA in H2O); HRMS: m/z
calcd for C57H103N21O18S2 : 1434.7 [M+H]+ ; found: 1434.5.


C1C12 : RP-HPLC: tR = 12.7 min; 99 % (linear 0–30 % A gradient for
30 min, A) 0.05 % TFA in H2O/CH3CN (98:2); B) 0.05 % TFA in H2O/
CH3CN (1:9)). HRMS: m/z calcd for C53H93N21O18S2 : 1375.6 [M+H]+ ;
found: 1375.2.


C3C10 : RP-HPLC: tR = 12.9 min; 98.9 % (linear 10–60 % A gradient
for 25 min, A) 0.1 % TFA in CH3CN, B) 0.1 % TFA in H2O); HRMS: m/z
calcd for C55H97N21O17S4 : 1452.7 [M+H]+ ; found: 1452.0.


W3W10 : RP-HPLC: tR = 14.8 min; 98 % purity (linear 10–40 % A gra-
dient for 30 min, A) 0.05 % TFA in H2O/CH3CN (1:9) ; B) 0.05 % TFA in
H2O/CH3CN (98:2)) ; HRMS: calcd m/z for C71H109N23O17S2 : 1619.8
[M+H]+ ; found: 1619.4.


C1C12W3W10 : RP-HPLC: tR = 15.0 min; 98 % (linear 10–60 % A gra-
dient for 25 min. A) 0.1 % TFA in CH3CN, B) 0.1 % TFA in H2O;
HRMS: m/z calcd for C67H99N23O17S2 : 1562.8 [M+H]+ ; found: 1562.1.


NMR spectra : NMR spectroscopic samples were prepared by dis-
solving the lyophilised peptide (~1 mg) in H2O/D2O (9:1 v/v,
0.5 mL) or in pure D2O (0.5 mL). Peptide concentrations were
about 1–2 mm. The pH was adjusted to 5.5 by adding minimal
amounts of NaOD or DCl, measured with a glass microelectrode
and not corrected for isotope effects. The temperature of the NMR
spectroscopic probe was calibrated by using a methanol sample.
Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as
an internal reference. The 1H NMR spectra were acquired on a
Bruker Avance 600 spectrometer operating at a proton frequency
of 600.13 MHz and equipped with a cryoprobe. 1D spectra were
acquired by using 32 K data points, which were zero-filled to 64 K
data points before performing the Fourier transformation. As previ-
ously reported,[20] phase-sensitive two-dimensional correlated spec-
troscopy (COSY), total correlated spectroscopy (TOCSY), and nucle-
ar Overhauser enhancement spectroscopy (NOESY) spectra were
recorded by using standard techniques by using presaturation of
the water signal and the time-proportional phase incrementation
mode. NOESY mixing times were 150 ms, and TOCSY spectra were
recorded by using 60 ms DIPSI2 with z filter spin-lock sequence.
The 1H,13C heteronuclear single quantum coherence spectra
(HSQC) at natural 13C abundance were recorded in 1–2 mm peptide
samples in D2O. Acquisition data matrices were defined by 2018 �
512 points in t2 and t1, respectively. Data were processed by using
the TOPSPIN program.[66] The 2D data matrix was multiplied by
either a square-sine-bell or a sine-bell window function, and the
corresponding shift was optimised for every spectrum and zero-
filled to a 2 K � 1 K complex matrix prior to Fourier transformation.
Baseline correction was applied in both dimensions. The 0 ppm 13C
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d-value was obtained indirectly by multiplying the spectrometer
frequency that corresponds to 0 ppm in the 1H spectrum, assigned
to internal DSS reference, by 0.25144953.[67]


NMR spectroscopy assignment : Standard sequential assignment
methods[68, 69] were applied to assign the 1H NMR signals of the
vammin-derived peptides. Then, the 13C resonances were straight-
forwardly assigned on the basis of the cross-correlations that were
observed in the HSQC spectra between the proton and the bound
carbon. The 1H and 13C d-values are available as Supporting Infor-
mation (Table S1).


Structure calculation : Distance constraints for structure calcula-
tions were derived from the 2D 150-ms-mixing-time NOESY spectra
recorded either in H2O or in D2O. The NOE cross-peaks wereACHTUNGTRENNUNGintegrated by using the automatic integration subroutine of the
SPARKY program[70] and then calibrated and converted to upper-
limit distance constraints within the CYANA program.[71] The f and
y angle restraints were derived from 1Ha, 13Ca and 13Cb chemical
shifts by using the TALOS program.[72] The f angles for those resi-
dues for which the derived angle restraints were ambiguous were
constrained to the range �1808 to 08, except for Asn and Gly resi-
dues that, in proteins, sometimes exhibit positive f angles. Struc-
tures were calculated by using the CYANA program[71] and an an-
nealing strategy.


Structure analysis : Structures calculated for the cyclic peptides as
well as that reported for vammin (PDB ID: 1WQ8) were examined
by using the program MOLMOL.[73]


Circular Dichroism measurements : CD spectra were recorded in a
Jasco J-810 spectropolarimeter equipped with a Peltier tempera-
ture control unit. The peptide samples (about 30 mm) were pre-
pared in pure H2O at pH 5.5. Far-UV and near-UV spectra were car-
ried out by using cells with 0.1 cm and 1 cm path lengths, respec-
tively. Experiments were recorded at 5 8C with a scan speed of
50 nm min�1, a response time of 2 s, and 1 nm bandwidth. Spectra
are the average of eight scans and were corrected by subtracting
the baseline recorded for the solvent under the same conditions.
Mean residue ellipticities, [V] , are expressed in deg cm2 dmol�1ACHTUNGTRENNUNGaccording to the relationship [V] =V/ ACHTUNGTRENNUNG(10 lcN), where V is theACHTUNGTRENNUNGobserved ellipticity, l is the cell path length in cm, c is the molar
concentration of the peptide sample and N is the number of the
amino acids in the sequence.
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Synthetase by Using Nonproteinogenic Amino Acids
Matthew R. Levengood, Christopher C. Kerwood, Champak Chatterjee, and
Wilfred A. van der Donk*[a]


Introduction


The lantibiotics are a class of ribosomally synthesized peptide
antimicrobial agents produced by Gram-positive bacteria that
have wide-ranging modes of action.[1] For example, nisin and
mutacin 1140 exert their bacteriocidal activity through seques-
tration of the cell wall biosynthetic intermediate lipid II and tar-
geted pore formation,[2, 3] whereas cinnamycin inhibits the ac-
tivity of phospholipase A2 by binding to phosphatidylethanola-
mine.[4] Lantibiotics are short peptides (19–38 amino acids)
characterized by the thioether amino acids lanthionine (Lan)
and/or methyllanthionine (MeLan), which are introduced by
post-translational modifications. They typically also contain the
unsaturated amino acids dehydroalanine (Dha) and Z-dehydro-
butyrine (Dhb). Biosynthetic processing enzymes are responsi-
ble for first catalyzing the dehydration of serine or threonine
residues to Dha or Dhb and the subsequent intramolecular Mi-
chael-type addition of Cys residues to the unsaturated amino
acids to form Lan or MeLan rings. The conformational re-
straints afforded by cyclic lanthionine amino acids are respon-
sible for the biological activity and stability of lantibiotics.[1]


Due to the unique modes of action of these natural products
and their interesting post-translational modifications, the en-
zymes involved in lantibiotic biosynthesis have received con-
siderable interest for use as general catalysts for applications
in lantibiotic and peptide engineering.[5–11]


The understanding of the mode of action of lantibiotics and
the relationships between structure and function has beenACHTUNGTRENNUNGincreased greatly through investigations with analogues pro-
duced by in vivo mutagenesis.[1, 12] However, this strategy is lim-
ited in scope due to possible cytotoxic or regulatory properties
of expressed peptides and the restriction to proteinogenic
amino acids. More recently, the activity of several lantibiotic


biosynthetic enzymes has been reconstituted in vitro. TheseACHTUNGTRENNUNGinclude the cyclase enzyme NisC,[13] which is involved in nisin
biosynthesis, and the bifunctional LanM enzymes involved in
lacticin 481 (LctM)[14] and haloduracin (HalM1 and HalM2) bio-
synthesis.[15] The most extensively studied in vitro system is
that of lacticin 481 synthetase (LctM, see Figure 1). Lacticin 481
is translated as a prepeptide, LctA, which contains an N-termi-
nal leader peptide that is not modified and a C-terminal struc-
tural region that is dehydrated and cyclized by LctM. Enzymat-
ic removal of the leader peptide provides mature lacticin 481.


To date, the ability of LctM to process LctA prepeptides that
contain nonproteinogenic amino acids has not been fully ex-
plored. Such an investigation is of significant interest both for
its potential for creating novel lacticin 481 analogues with im-
proved stability or biological activity and for utilizing LctM as a
general dehydratase or cyclase enzyme for peptide engineer-
ing. Although (Me)Lan residues have been shown to provide
enhanced proteolytic stability of peptides,[16–18] flexible regions
linking the thioether rings in lantibiotics remain susceptible to
degradation. For example, a nisin resistance (nsr) gene has
been reported[19] that encodes an enzyme in the tail-specific
protease family that inactivates nisin.[1] Similarly, lacticin 481
contains a flexible N-terminal tail of eight amino acids that is


Lantibiotics are peptide antimicrobial compounds that are
characterized by the thioether-bridged amino acids lanthionine
and methyllanthionine. For lacticin 481, these structures are in-
stalled in a two-step post-translational modification process by
a bifunctional enzyme, lacticin 481 synthetase (LctM). LctM cat-
alyzes the dehydration of Ser and Thr residues to generate de-
hydroalanine or dehydrobutyrine, respectively, and the subse-
quent intramolecular regio- and stereospecific Michael-type ad-
dition of cysteines onto the dehydroamino acids. In this study,
semisynthetic substrates containing nonproteinogenic amino
acids were prepared by expressed protein ligation and [3+2]-


cycloaddition of azide and alkyne-functionalized peptides.
LctM demonstrated broad substrate specificity toward sub-
strates containing b-amino acids, d-amino acids, and N-alkyl
amino acids (peptoids) in certain regions of its peptide sub-
strate. These findings showcase its promise for use in lantibiot-
ic and peptide-engineering applications, whereby nonprotei-
nogenic amino acids might impart improved stability or modu-
lated biological activities. Furthermore, LctM permitted the in-
corporation of an alkyne-containing amino acid that can be
utilized for the site-selective modification of mature lantibiotics
and used in target identification.


[a] M. R. Levengood, C. C. Kerwood, C. Chatterjee, Prof. W. A. van der Donk
Department of Chemistry, University of Illinois at Urbana–Champaign
Howard Hughes Medical Institute
600 S. Mathews Avenue, Urbana, IL 61801 (USA)
Fax: (+ 1) 217-244-8533
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important for biological activity,[20] but is prone to enzymatic
proteolysis. The incorporation of protease-resistant nonprotei-
nogenic amino acids, such as d-amino acids, b-amino acids,[21–


24] and N-substituted glycine amino acids (peptoids)[22] might
improve the stability of lantibiotics in vivo, thus increasing
their therapeutic potential. Furthermore, a-amino acids con-
taining reactive handles could be used for further elaboration
of mature lantibiotics with fluorophores, sugars, or other bio-
chemical probes to identify their molecular targets.


In this work, expressed protein ligation (EPL)[25] was utilized
to create a series of LctA analogues containing nonproteino-
genic amino acids. In a second-generation strategy to improve
yields, a 1,3-dipolar cycloaddition between azide and alkyne-
functionalized peptides was employed to generate the sub-
strate analogues. Tests with these (semi)synthetic peptides
demonstrate that LctM displays high tolerance of nonproteino-
genic amino acid incorporation in certain regions of its sub-
strate LctA. To the best of our knowledge, this study also rep-
resents the first example of enzymatic processing of oligopep-
tides that contain engineered peptoid structures. The informa-
tion gained herein can be applied to the design and synthesis
of unnatural derivatives of lantibiotics or therapeutic peptides
containing nonproteinogenic amino acids.


Results


Semisynthesis of LctA analogues by using expressed protein
ligation


EPL[25] has been used previously to synthesize LctA derivatives
that contain phosphorylated amino acids and various unnatu-
ral cysteine and threonine analogues.[26–28] This methodology
was utilized herein to synthesize substrates that contain a
wide array of nonproteinogenic amino acids at positions that
are not involved directly in thioether ring formation (Figure 2,
Table 1). For synthetic ease, truncated LctA substrates were
chosen to survey the substrate promiscuity of LctM rather than
the full-length LctA peptide.


By using Fmoc-based solid-phase peptide synthesis (SPPS),
suitably protected nonproteinogenic amino acids were incor-
porated into the peptides CGVIHTISHEC, CGVIHTISHEA,
CNMNSWA, or CNMNSA (Figure 2 A, underlined residues). The
synthetic peptides were then ligated either to His6-LctA ACHTUNGTRENNUNG(1-27)
or His6-LctA ACHTUNGTRENNUNG(1–37), bearing a C-terminal a-thioester. These
latter peptides were obtained by intein-mediated thioester for-
mation from the corresponding peptide–intein–CDB fusion
proteins in the presence of 2-mercaptoethanesulfonic acid
(MES) by following established protocols.[27, 28] Synthetic pep-
tides were ligated with the thioester peptides, and the prod-


Figure 1. Post-translational modifications in lantibiotic biosynthesis. A) Biosynthesis of lacticin 481. The bifunctional enzyme LctM is responsible for both de-ACHTUNGTRENNUNGhydration of Ser/Thr residues and the subsequent intramolecular cyclization of Cys residues onto the unsaturated amino acids Dha and Dhb in the structural
region (also called propeptide). Subsequent proteolytic removal of the unmodified leader peptide by LctT provides bioactive lacticin 481. B) Formation of Lan
and MeLan. Dehydration is catalyzed through an intermediate phosphorylation step, which targets Ser/Thr residues for elimination.
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ucts were purified by HPLC. Peptidic substrates thus obtained
include His6-LctA ACHTUNGTRENNUNG(1–43)W43A (1), His6-LctA ACHTUNGTRENNUNG(1–44)Q44A (2), His6-
LctA ACHTUNGTRENNUNG(1–37)S28C/E37A (3), and His6-LctA ACHTUNGTRENNUNG(1–38)S28C (4), as well
as a series of derivatives that contain nonproteinogenic amino
acids, as shown in Table 1.


Synthesis of triazole-linked LctA analogues using 1,3-dipolar
cycloaddition of azide- and alkyne-functionalized peptides


Although the EPL methodology has proven useful for the con-
struction of LctA analogues, it suffered from low yields of LctA
thioesters obtained by overexpression in E. coli (about 3 mg
from 3 L of cell culture). Therefore, we sought to develop a
fully synthetic ligation method that could provide larger quan-
tities of LctA analogues. A recent report demonstrated that a
substrate with three alanine residues inserted directly after
Lys25 of LctA was accepted as a substrate by LctM; this indi-
cates a relaxed substrate specificity for mutation in the region
of LctA between the leader and structural peptides.[5] This ob-
servation prompted the evaluation of nonpeptidic linkers that
connect the leader peptide and structural region. In particular,
a triazole-linked substrate was shown to be tolerated by LctM,
and it resulted in dehydration and cyclization.[29] This fully syn-
thetic method provided much higher yields of ligated sub-
strates than the EPL methodology and was used in the later
stages of the current work to synthesize truncated triazole-
linked LctA substrates, as shown in Figure 2 B.


Two peptide components were required to prepare the tri-ACHTUNGTRENNUNGazole-linked substrates: an LctA leader peptide containing a


C-terminal alkyne and a truncated propeptide containing an
N-terminal azide. The azide-functionalized propeptide (6) was
readily prepared by appending 6-azido hexanoic acid[30] in the
last step of Fmoc-based SPPS by using HOBT and DIC as cou-
pling reagents. Synthesis of the alkyne-functionalized leader
peptide was carried out as shown in Scheme 1. LctA ACHTUNGTRENNUNG(1-
24)Ala24Gly (7) was first synthesized on 2-chlorotrityl chloride
resin by using standard Fmoc SPPS protocols. Cleavage of the
fully protected peptide from the resin by using acetic acid and
trifluoroethanol, followed by coupling of but-3-yn-1-amine to
the carboxy terminus of 7 by using DIPEA, HOBT, and DIC gave
fully protected alkyne-functionalized peptide 8. The Fmoc and
side-chain protecting groups were removed by using 20 % pi-
peridine and TFA, respectively, and the final product (5) was
purified by HPLC. The synthesis of 5 provided relatively large
quantities of peptide (30–40 mg from 0.1–0.12 mmol function-
alized resin), a significant improvement compared to the yield
of the LctA-thioesters that were obtained from overexpression
in E. coli. In later experiments, Met1 of LctA was omitted in the
synthesis of LctA ACHTUNGTRENNUNG(2-24)Ala24Gly due to its propensity to oxidize
and complicate MS spectral analysis.


CuI-catalyzed 1,3-dipolar cycloaddition of azide-functional-
ized LctA ACHTUNGTRENNUNG(25-37) with alkyne-functionalized LctA ACHTUNGTRENNUNG(1-24) was at-
tempted initially by using CuSO4 with ascorbate as an in situ
reductant.[31] However, the triazole-linked peptide product was
isolated in very low yield following HPLC purification of the
crude reaction mixture. Use of the recently reported tris(ben-
zyltriazolylmethyl)amine (TBTA) ligand to enhance the catalytic
activity of the catalyst[32] did not improve product formation.
However, the use of anhydrous hydrazine as a reductant (K. B.
Sharpless, personal communication), in combination with
TBTA, resulted in complete conversion to the triazole-linked
substrate 9 (Figure 2 B), as judged by analytical HPLC.


A LctM assay of the triazole-linked LctA ACHTUNGTRENNUNG(1–37) substrate in
the presence of ATP and MgII resulted in complete conversion
to the expected two-fold dehydrated product, as evidenced by
MALDI-TOF MS (see the Supporting Information). This result
prompted the synthesis of a series of analogues containing
nonproteinogenic amino acids (Table 2).


LctM assays of LctA analogues


The substrates in Tables 1 and 2 were incubated with LctM in
the presence of MgII and ATP for 2–3 h at 25 8C. Dehydration
events were analyzed by using MALDI-TOF MS. Two dehydra-
tions at Thr33 and Ser35 are expected for LctA ACHTUNGTRENNUNG(1–37) sub-
strates, whereas Ser42 can also be dehydrated for the longer
substrates in Tables 1 and 2. LctM has been previously shown
to activate Ser and Thr residues for dehydration through anACHTUNGTRENNUNGintermediate phosphorylation step.[26, 33] Therefore, in some in-
stances partially processed phosphorylated species were also
observed (Table 1). Assay results following incubation with
LctM for each substrate are summarized in Tables 1 and 2, with
mutants that were fully processed by LctM denoted in bold
font, and those resulting in incomplete modification shown in
italics. MALDI MS data for all substrates following treatment
with LctM are provided in the Supporting Information.


Figure 2. LctA substrate analogues that were used in this work. A) His6-
tagged LctA substrates were prepared by using expressed protein ligation.
Short synthetic peptides (underlined) were ligated to mercaptoethanesulfon-
ic acid (MES) thioesters of His6-LctA ACHTUNGTRENNUNG(1–27) or His6-LctA ACHTUNGTRENNUNG(1–37). B) Strategy for
the preparation of triazole-linked LctA substrates. CuI-mediated 1,3-dipolar
cycloaddition of alkyne (5) and azide (6) modified peptides was utilized for
the preparation of triazole-linked truncated LctA substrates (9).
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LctM fully processed a series of LctA peptides containing
nonproteinogenic a- and b-amino acids that were synthesized


by EPL. The mutations that were tolerated include homoserine
(Hse), norvaline (Nva), and 4-cyano-2-aminobutyric acid (Cba)
substitutions of Asn39, and propargyl glycine (Pra), norleucine
(Nle) and Nva substitutions of Met40 (entries 1–3, 5–7, Table 1).
Also fully processed were peptides containing Cba in place of
Asn41, and naphthylalanine (Nal) in place of Trp43 (entries 10
and 11, Table 1). Triazole-linked LctA ACHTUNGTRENNUNG(1–37) substrates contain-
ing nonproteinogenic a- and b-amino acids in the N-terminal
region of the structural peptide of LctA, including aminocyclo-
propanoic acid (Acpc) in place of Gly29, Nva in place of Val30,
and b-alanine at positions Gly26 and Gly29 were also good
substrates for LctM (entries 19, 20, 26, and 27, Table 2). Further-
more, a peptide that contained three concurrent b-alanine
substitutions of Gly26, Gly27, and Gly29 (entry 28, Table 2) was
fully modified by LctM. These results demonstrate the relaxed
substrate specificity of LctM toward substrates containing non-
proteinogenic amino acids.


For LctA analogues containing d-amino acids, the position
of incorporation proved to be critical with respect to full con-
version by LctM. Peptides with a d-Cys at position 28 and
d-Val at position 30 were fully processed (entries 12 and 21).


Table 1. Truncated LctA mutants containing nonproteinogenic amino acids prepared by EPL and the results following incubation with LctM in the pres-
ence of MgII and ATP, as analyzed by MALDI-TOF MS. Relative intensities [%] are denoted for LctM assay products containing multiple species. The structure
of each nonproteinogenic amino acid is indicated. The substitutions that were tolerated by LctM are shown in bold whereas substitutions that resulted in
no reaction or incomplete dehydration of the peptide are shown in italics.


Substrate R1 R2 Assay product[a] Maximum number of
expected dehydrations


1 (2) Asn39Hse CH2CH2OH – �3 H2O 3
2 (2) Asn39Nva nPr – �3 H2O 3
3 (2) Asn39Cba CH2CH2CN – �3 H2O 3
4 (1) Asn39d-Asn CH2C(=O)NH2 – �2 H2O 3
5 (2) Met40Pra CH2CCH – �3 H2O 3
6 (2) Met40Nle nBu – �3 H2O 3
7 (2) Met40Nva n-Pr – �3 H2O 3
8 (2) Met40N-Nle – nBu �3 H2O 3
9 (1) Met40d-Met CH2CH2SMe – �2 H2O 3


10 (2) Asn41Cba CH2CH2CN – �3 H2O 3
11 (2) Trp43Nal CH2-2-naphthyl – �3 H2O 3
12 (3) Ser28d-Cys CH2SH – �2 H2O 2
13 (4) Gly29Sar – CH3 �2 H2O 2
14 (4) Ile31Sar – CH3 NR[b] 2
15 (4) Ile31N-Val – iPr NR[b] 2
16 (4) His32Sar – CH3 �H2O (30 %), + PO3


2� ACHTUNGTRENNUNG(100 %) 2
17 (4) Ile34Sar – CH3 NR[b] 2
18 (4) Glu37Sar – CH3 �H2O (30 %), �H2O + PO3


2� ACHTUNGTRENNUNG(100 %) 2


[a] Assay products shown in bold were completely processed whereas those shown in italics are products of incomplete dehydration. [b] NR = no reaction.


Scheme 1. Synthesis of but-3-yn-1-amine-functionalized LctA leader peptide.
The peptide was elongated by using Fmoc-based solid-phase peptide syn-
thesis employing 2’-Cl-Trt resin that was preloaded with Gly. Following pep-
tide synthesis, the Fmoc and side-chain-protected peptide 7 was cleaved
from the resin under mild acidic conditions. But-3-yn-1-amine was coupled
to this peptide by using HOBT, DIC, and DIPEA, yielding alkyne-modifiedACHTUNGTRENNUNGprotected peptide 8. Deprotection of the Fmoc and side-chain-protecting
groups (PG) provided peptide 5 following RP-HPLC purification.


914 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 911 – 919


W. van der Donk et al.



www.chembiochem.org





However, substrates containing d-isomers of Asn39 and Met40
were only partially (two-fold) processed (entries 4 and 9,
Table 1). Meanwhile, triazole-linked substrates (Table 2) contain-
ing d-Ser in place of Ser35 (entry 25) and d-His in place of
His32 or His36 (entries 22 and 23) were poor substrates, and a
peptide containing d-Ser in place of Thr33 (entry 24) was not a
substrate at all. Overall, these results suggest that d-amino
acids incorporated into LctA are tolerated by LctM as long as
they are located in positions remote from the Ser and Thr resi-
dues that are targeted for dehydration.


N-Alkyl glycines or peptoids[34] are promising mimetics of
peptides, as they have shown resistance to proteolysis in bio-
mimetic polymers[34–36] as well as when introduced as single
amino acid mimics in oligopeptides.[22] In addition, peptoid an-
alogues of naturally occurring antibacterial peptides have in-
creased selectivity for pore formation in bacterial membranes
over hemolytic activity against human erythrocytes.[37–39] These
advantageous pharmacological properties have resulted in
screening efforts that have identified several novel antimicrobi-
al peptoids.[40–46] To the best of our knowledge, peptoid-con-
taining substrate analogues that are acted upon by native en-
zymes have not been reported. The potential of lantibiotic syn-
thetases to accept peptoid-containing substrates was probed
through the incorporation of several peptoid monomers in
substrate peptides prepared by EPL. These peptides contained
sarcosine (N-methyl glycine, Sar) at positions Gly29, Ile31,
His32, Ile34, and Glu37. Furthermore, Fmoc-N-isopropyl and
Fmoc-N-butyl glycine were synthesized and incorporated in
place of Ile31 and Met40, respectively. Each of the peptoid-
containing substrates was subsequently incubated with LctM.
The replacement of Gly29 with sarcosine resulted in full proc-


essing by LctM (entry 13, Table 1). Similarly, a substrate con-
taining an N-butyl glycine residue in place of Met40 was fully
processed by LctM (entry 8). However, no dehydrations were
observed following incubation of the substrates containing sar-
cosine or N-isopropyl glycine in place of Ile31 or Ile34 (entries
14, 15 and 17). A substrate containing Sar in place of Glu37
was only partially accepted for dehydration by LctM, resulting
in small amounts of singly and doubly dehydrated products
(entry 18) with the major product consisting of phosphorylated
peptide. Incubation of the mutant containing Sar in place of
His32 also resulted in a product that was phosphorylated
(entry 16). These results indicate that the substrates were rec-
ognized by LctM, but that elimination of phosphate did not
occur. Overall, LctM was able to process several peptoid-con-
taining LctA substrates, but incorporation of these nonprotei-
nogenic amino acids in positions proximal to dehydratable
amino acids had a negative effect on the activity of LctM.


Analysis of cyclization of selected LctA analogues


For a subset of fully dehydrated LctA mutants, analysis of the
cyclization of Cys38 onto Dhb33 was performed. The thiol-
modifying agent p-hydroxymercuribenzoic acid (PHMB) was
used to probe for the presence of uncyclized cysteine resi-
dues[13, 47] following treatment with LctM. For these studies, tria-
zole-linked substrates were designed with a Ser35Ala mutation
and synthesized. The Ser35Ala mutation was included to elimi-
nate the possibility for nonenzymatic cyclization to Dha35 fol-
lowing dehydration by LctM.[27] Triazole cycloaddition by using
azide-functionalized peptides that contain free sulfhydryl
groups did not proceed; therefore Cys residues were protected


Table 2. Truncated LctA mutants containing nonproteinogenic amino acids prepared by CuI-catalyzed triazole cycloaddition and the results following incu-
bation with LctM in the presence of MgII and ATP, as analyzed by MALDI-TOF MS. The side chains (R1) for a-amino acids in entries 19–25 are shown. Sub-
strates that resulted in complete modification following LctM incubation are depicted in bold, whereas those that resulted in incomplete conversion or no
reaction are shown in italics.


Substrate R1 Assay product[a] Maximum number of
expected dehydrations


19 (9) Gly29Acpc CH2CH2 �2 H2O 2
20 (9) Val30Nva n-Pr �2 H2O 2
21 (9) Val30d-Val iPr �2 H2O 2
22 (9) His32d-His CH2-Im �H2O, + PO3


2� 2
23 (9) His36d-His CH2-Im �H2O 2
24 (9) Thr33d-Ser CH2OH NR[b] 2
25 (9) Ser35d-Ser CH2OH �H2O 2
26 (9) Gly26bAla �2 H2O 2
27 (9) Gly29bAla �2 H2O 2
28 (9) Gly26/Gly27/Gly29bAla �2 H2O 2


[a] Assay products shown in bold were completely processed whereas those shown in italics are products of incomplete dehydration. [b] NR = no reaction.
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as tert-butyl disulfides. Following CuI-catalyzed triazole cycload-
dition, the protecting groups were removed by using dithio-
threitol or 2-mercaptoethanol to yield triazole-linked LctAACHTUNGTRENNUNG(2–
39) S35A substrates. PHMB treatment of singly dehydrated tria-
zole-linked peptides containing Val30Nva, His36dHis, or simul-
taneous b-Ala mutations at Gly26, Gly27, and Gly29 did not
result in significant formation of a PHMB adduct; this indicates
that cyclization had occurred (see the Supporting Information).
When His32 was mutated to d-His, a small portion of dehydrat-
ed peptide was converted to a PHMB adduct, which indicates
that the substrate had not undergone complete cyclization.


Discussion


Lacticin 481 synthetase catalyzes a remarkable series of chemi-
cal transformations; it is able to dehydrate specific serine or
threonine residues on a 51 amino acid peptide and subse-
quently guide the formation of three (Me)Lan cross-links in a
regio- and stereospecific manner. Semisynthetic procedures
have been used to probe the permissiveness of LctM toward
unnatural Cys and Thr analogues.[5, 28] A comprehensive ap-
proach directed at investigating the permissiveness of LctM
toward incorporation of nonproteinogenic amino acids at
other positions has not been reported and is presented herein.


The results with peptides containing non-natural a-amino
acids as well as b-amino acids demonstrate the relaxed sub-
strate specificity of LctM. The enzyme displayed a particularly
strong promiscuity toward mutations in the N-terminal portion
of the LctA structural region. For instance, LctM tolerates intro-
duction of a nonpeptidic triazole linker between the structural
and leader peptides of LctA in substrate 9 that extends the dis-
tance between the leader peptide and the first dehydratable
residue, Thr33, by approximately eleven atoms compared to
wild-type LctA. Furthermore, a mutant containing concomitant
b-alanine mutations at positions Gly26, Gly27, and Gly29 was
also fully processed by LctM despite an increase in this dis-
tance by an additional three methylene units. These results
suggest that alteration of the distance of Thr33 to the leader
peptide does not appear to have an effect on the efficiency of
LctM; this is consistent with previous mutagenesis studies on
the substrates for LctM[5] and NisB.[48] Our findings also imply
that LctM does not bind the N-terminal portion of the LctA
structural peptide tightly during modification. This hypothesis
is supported by previous studies where replacement of the
GlySerGly sequence at positions 27–29 of LctA by an IleSerHis
sequence, which has been shown to activate Ser residues for
dehydration, did not result in modification of the inserted Ser
by LctM.[5]


Collectively, these observations suggest that the residues in
the N-terminal linear region of lacticin 481 (Lys25 through
His32) might be good candidates for replacement with non-
proteinogenic amino acids. It is encouraging that LctM accept-
ed d-amino acids, peptoids, and b-amino acid substitutions in
this region (Gly26bAla, Ser28dCys, Gly29bAla, Gly29Acpc,
Gly29Sar, Val30Nva, and Val30dval) as these residues are well
known to impart proteolytic stability onto a-peptides.[21–24] On
the other hand, d-amino acids and peptoids were not tolerat-


ed at several other positions that were more proximal to Ser
and Thr residues that are normally dehydrated, resulting in
greatly decreased efficiency of dehydration. It has previously
been demonstrated that flanking Gly residues deactivate Ser/
Thr residues for dehydration;[5] peptoids located immediately
N-terminal to Ser/Thr (entries 16 and 17, Table 1) might act in a
similar manner because the lack of a substituent at the a-
carbon imparts greater conformational flexibility to the sub-
strate. This hypothesis is also consistent with recent findings,
in which a comprehensive bioinformatic analysis of known lan-
tibiotic structures identified a weak consensus for large, hydro-
phobic residues flanking Ser/Thr positions that undergo dehy-
dration.[8]


The region spanning Asn39 to Trp43 of LctA is also highly
amenable to mutation with nonproteinogenic amino acids.
Substrates containing a wide range of mutations in this por-
tion of LctA were fully modified by LctM, including mutation
of Asn39 with homoserine, norvaline, and 4-cyano-2-aminobu-
tyric acid (Cba), and mutation of Met40 with norvaline, norleu-
cine, propargyl alanine, and N-butyl glycine. In addition, muta-
tions of Asn41 to Cba and Trp43 to naphthyl alanine were tol-
erated by LctM. Therefore, the region spanning the B and C
rings of lacticin 481 is also amenable to engineering of novel
structural or functional features. The exception to these find-
ings is that LctM cannot process substrates that contain d-
amino acids in this region because substrates that contain d-
amino acids at positions Asn39 and Met40 were not fully pro-
cessed. Lastly, a substrate containing an alkyne-bearing amino
acid was readily accepted for modification by LctM (entry 5,
Table 1), indicating that lantibiotics produced in vitro can be
further elaborated with biochemical probes.


Conclusions


We report the synthesis of a series of peptides that contain
nonproteinogenic amino acids that were used to investigate
the substrate specificity of lacticin 481 synthetase. LctM is
highly tolerant toward incorporation of nonproteinogenic
amino acids, including b-amino acids, d-amino acids, and un-
natural a-amino acids, in the N-terminal tail region of lacti-
cin 481. LctM also readily dehydrated mutants that contain
similar nonproteinogenic amino acids in the region spanning
from Asn39 to Trp43 of LctA. On the other hand, LctM did not
dehydrate Ser or Thr residues with flanking peptoids or d-
amino acids. These results indicate that lantibiotic biosynthetic
enzymes, including LctM, have promising potential for use in
peptide-engineering applications, including the synthesis of
tailor-made lantibiotics and post-translationally-modified pep-
tide-derived natural products that contain structurally diverse
architectures.


Experimental Section


General methods and materials : All of the chemicals, amino
acids, and resins that were used were obtained from Acros, Aldrich,
Fisher, Novabiochem (Darmstadt, Germany), Chem-Impex (Wood
Dale, IL, USA), or Advanced ChemTech (Louisville, KY, USA). The
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N,N’-dimethylformamide (DMF) that was used for SPPS was high-
purity reagent grade and was used without further purification. All
other reagent grade chemicals and solvents were used without fur-
ther purification unless otherwise noted. Mass spectral data was
collected at the Mass Spectrometry Laboratory, School of Chemical
Sciences, University of Illinois by either fast atom bombardment
(FAB) ionization, electrospray ionization (ESI), or matrix assisted
laser desorption ionization (MALDI) techniques. Analytical RP-HPLC
was performed on a Beckman Gold system by using Vydac C4 or
C18 analytical columns (5 m, 0.46 cm � 25 cm) at a flow rate of
1 mL min�1. Preparative RP-HPLC was performed on a Waters 600
system by using a Waters PrepLC (25 mm module) column with a
flow rate of 8 mL min�1. For gradient HPLC, solution A was TFA
(0.1 %) in H2O, and solution B was MeCN (80 %)/H2O (20 %) with
TFA (0.086 %). For all HPLC purifications, detection was performed
at 220 nm.


Solid-phase peptide synthesis : Peptides were synthesized on
solid-phase by standard Fmoc chemistry by using an automated
peptide synthesizer (Rainin PS3 or Aapptec 396). Preloaded Wang
resin (0.1 mmol) and Fmoc-amino acids (0.4 mmol) were used
unless otherwise noted. All nonproteinogenic Fmoc-a-amino acids
were purchased from Advanced Chemtech. Fmoc-amino acids
were coupled by using O-benzotriazole-N,N,N’,N’,-tetramethyl-uro-
niumhexafluorophosphate (HBTU, 0.4 mmol) as coupling reagent
with N-methylmorpholine (NMM, 4.4 %) in DMF (8 mL) as base.
Fmoc deprotections were performed by using piperidine (4 �
3 min, 20 %) in DMF (8 mL). Resins were first swollen in DMF (8 mL)
for 30 min. Couplings were performed from 45 min to 3 h. The
completion of couplings was monitored by Kaiser test.[49] To mini-
mize racemization during couplings, Fmoc-Cys derivatives
(0.4 mmol) were coupled by using 1-hydroxybenzotriazole (HOBT,
0.4 mmol) and N,N’-diisopropylcarbodiimide (DIC, 0.4 mmol) in
DMF (8 mL).[50] For the synthesis of azide-functionalized peptide 6
and its analogues, 6-azido hexanoic acid[30] (0.4 mmol) was coupled
by using HOBT (0.4 mmol) and DIC (0.4 mmol). The terminal Fmoc
group was deprotected prior to cleavage of peptides from the
resin. Prior to cleavage, the resin was washed with DMF (5 �
10 mL), EtOH (5 � 10 mL), and CH2Cl2 (5 � 10 mL) and dried for 4–
6 h under reduced pressure in a dessicator. Peptide cleavage from
the resin was achieved by stirring the resin in a mixture of TFA
(10 mL), H2O (150 mL), ethanedithiol (150 mL), and triisopropylsilane
(TIPS, 150 mL) for 1.5 h at room temperature. The resin was then fil-
tered and the filtrate was concentrated under reduced pressure.
The concentrated crude peptide was washed with cold Et2O (3 �
10 mL) and lyophilized from 10 % aqueous acetic acid following fil-
tration through a 0.45 mm filter. The lyophilized crude peptides
were purified by preparative RP-HPLC. Fractions were lyophilized
and those containing product were analyzed by either ESI-TOF or
MALDI-TOF MS.


General procedure for the synthesis of LctA leader peptide de-
rivatized with but-3-yn-1-amine : The peptide was synthesized on
preloaded H-Gly-2’-chlorotrityl resin followed by traditional Fmoc-
based SPPS. The final N-terminal Fmoc group was not deprotected
prior to cleavage from the resin. Cleavage of the fully protected
peptide was accomplished by stirring the resin in a mixture of
CH2Cl2/trifluoroethanol/acetic acid (8:1:1) for 45 min. Solvents were
removed by using rotary evaporation and acetic acid was removed
as an azeotrope with hexanes (5 � 5 mL) to yield the fully protected
peptide 7. The protected peptide was only partially soluble in all
of the solvents that were evaluated, which made MS analysis diffi-
cult. Therefore, the crude peptide was typically suspended in THF
(10 mL) and to this was added a mixture of but-3-yn-1-amine


ACHTUNGTRENNUNGhydrochloride (4 equiv), DIPEA (4 equiv), HOBT (4 equiv), and DIC
(4 equiv), and stirring was continued for 4–6 h at 25 8C. At this
time, the solvent was removed by rotary evaporation and a 20 %
piperidine/DMF mixture was added to the crude product to
remove the N-terminal Fmoc-protecting group. Stirring was contin-
ued for 30 min, followed by in vacuo removal of piperidine and
DMF to give the side-chain-protected leader peptide. The side-
chain-protecting groups were removed to give 5 by stirring the
crude product in mixture of TFA/H2O/ethanedithiol/TIPS (87.5:5:
5:2.5) for 1.5–2 h. Solvent was removed by rotary evaporation fol-
lowed by trituration of the peptide in cold Et2O. The crude peptide
was purified by preparative C18 RP-HPLC and the mass was veri-
fied by MALDI-TOF or ESI MS analysis.


General procedure for 1,3-dipolar cycloadditions to give tria-
zole-linked LctA substrates : The HPLC-purified peptides 5 and 6
or analogues thereof containing nonproteinogenic amino acids
(0.2–1.5 mg each) were dissolved in a 50 % mixture of dioxane and
TRIS buffer (5 mm), pH 7.0 and sparged with N2. In a separate
flask, CuSO4 (0.1 mg) and tris(benzyltriazolylmethyl)amine (TBTA,
0.1 mg)[32] were dissolved in a 50 % mixture of dioxane and TRIS
buffer (5 mm), pH 7.0, and sparged with N2. Anhydrous hydrazine
(10–20 mL) was added to the cupric solution by syringe to form the
active CuI species. The cuprous solution was cannulated into the
peptide solution, and the mixture was stirred for 45 min to 3 h, fol-
lowed by analytical C4 or C18 RP-HPLC purification. The synthesis
of substrates containing Cys residues required protection as StBu
disulfides. Mass spectrometry data for each triazole-linked truncat-
ed LctA substrate is provided in the Supporting Information.


Deprotection of tert-butylthio-protected triazole-linked LctA an-
alogues : HPLC-purified triazole-linked truncated LctA substrates
(10–100 mg) were resuspended in TRIS buffer (100 mm, 50 mL,
pH 8.0) containing dithiothreitol (50–100 mm) and maintained at
25 8C for 12–16 h. The crude product samples were acidified with
TFA (0.1 %) and purified by analytical C4 RP-HPLC. The fractions
containing product were analyzed by MALDI-TOF MS.


Peptoid synthesis : Synthetic protocols and analytical data for
Fmoc-N-butylglycine (norleucine peptoid) and Fmoc-N-isopropyl-
glycine (valine peptoid) are presented in the accompanying Su-
porting Information.


Overexpression and purification of LctA thioesters : E. coli BL21-ACHTUNGTRENNUNG(DE3) cells carrying pET15b plasmids encoding either the His6-LctA-ACHTUNGTRENNUNG(1–27)-intein-CDB fusion protein or His6-LctA ACHTUNGTRENNUNG(1–37)-intein-CBD
fusion protein[14, 27, 28] were grown in LB (3 L) with ampicillin
(100 mg mL�1) at 37 8C until an OD600 of 0.5–0.7 was reached. Pro-
tein expression was induced by the addition of isopropyl b-d-1-thi-
ogalactopyranoside (IPTG, 0.65 mm), and the cells were grown for
an additional 6 h at 25 8C. Cells were harvested by centrifugation
at 18.5 kg for 20 min at 4 8C and the cell pellet (18 g) was resus-
pended in cell lysis buffer (15–20 mL; 20 mm Tris–HCl, pH 7.5,
500 mm NaCl, 1 mm EDTA, 0.1 % Triton-X-100) and lysed by sonica-
tion at an amplitude of 70 (3.3 s on, 9.9 s off) for 10–15 min on ice.
The lysate was centrifuged at 27 kg for 25 min, and the super-ACHTUNGTRENNUNGnatant containing the fusion protein was loaded onto a chitin
column (15–20 mL) that was pre-equilibrated with column buffer A
(20 mm HEPES, pH 7.2, 500 mm NaCl, 1 mm EDTA). The fusion pro-
tein was bound to the chitin column by shaking gently at 4 8C for
2–3 h. The column was then mounted upright and washed with
twenty column volumes of column buffer A until the A280 of the
eluent was less than 0.01. The column was subsequently washed
with three column volumes of column buffer B (100 mm HEPES,
pH 7.75, 200 mm NaCl, 1 mm EDTA). Intein-mediated cleavage of
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the His6-LctA thioesters was performed by gentle shaking of the
chitin resin in column buffer B (50 mL) containing MESNa (50 mm)
for 12–16 h at 4 8C. At the end of this period, the His6-LctA thioest-
er was eluted and fractions containing protein were concentrated
by Amicon YM1 membrane (Millipore) and lyophilized. Crude thio-
esters were purified by preparative C4 RP-HPLC and the purified
products were analyzed by MALDI-TOF MS.


Expressed protein ligation : HPLC-purified synthetic peptides were
redissolved in ligation buffer (200 mL; 100 mm HEPES, pH 7.75,
200 mm NaCl, and 50 mm MESNa) giving an approximate final con-
centration of 5–200 mm, depending upon the peptide that was
used. The peptide solution was added directly to lyophilized His6-
LctA MESNa thioester to obtain a final concentration of 1 mm of
the thioester. The pH of the solution was adjusted to 7.6–7.8 and
the ligation mixture was allowed to react for 12–16 h at 4 8C. The
crude reaction products were analyzed by MALDI-TOF MS to judge
the completeness of the reaction. The crude samples were then
acidified by using TFA (0.1 %) prior to purification by C4 analytical
RP-HPLC. Fractions containing the desired ligation products were
analyzed by MALDI-TOF MS.


LctM assays : An analytical C4 RP-HPLC fraction containing the de-
sired substrate (Abs220 ~0.5–1.6, 20–100 mg) was redissolved in ster-
ile Millipore H2O (20 mL). Typically, 2–5 mL of substrate was used for
each assay. The total volume for the assays was 20 mL of buffer
containing 50 mm Tris–HCl, pH 7.5, 10 mm MgCl2, 1 mm ATP, and
25 mg mL�1 BSA. His-LctM (0.5–2.0 mm) was added to the buffered
peptide suspension and the assay was incubated for 1–5 h at
25 8C. Assay results were analyzed by MALDI-TOF MS. The samples
were prepared as follows: assay (5 mL) was quenched with TFA
(0.1 %, 1.0 mL), then salts and small molecules that interfere with
MS analysis were removed by C18 Zip-tip. The assay product was
eluted directly by using a-hydroxycinnamic acid matrix (4 mL; pre-
pared in 50–70 % MeCN with 0.1 % TFA). The sample was spotted
on the MALDI target by using eluent (1.5 mL). For MS data see the
Supporting Information.


p-Hydroxymercuribenzoic Acid (PHMB) cyclization assays : To
test for the presence of free sulfhydryl groups, PHMB assays were
performed as previously described.[13] Upon completion of the
LctM assay of truncated LctA substrates containing Cys residues,
the assays were concentrated to dryness. A solution of TCEP
(10 mm) and guanidine hydrochloride (4 m, 5 mL) was added to the
dry crude product, of and the sample was incubated at 25 8C for
15 min. Subsequently, a supersaturated solution of PHMB (5 mL)
was added, and the sample was incubated at 25 8C for 12–16 h.
Thiol modification was monitored by MALDI-TOF MS. For MS re-
sults, see the Supporting Information.
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Introduction


Breast cancer resistance protein (BCRP) is a member of the
multidrug transporters of the ATP-binding cassette family,
which can actively extrude a wide range of structurally diverse
drugs, toxins, endogenous compounds, and their metabolites
across the plasma membranes of cells.[1, 2] Although these ATP-
dependent efflux pumps were once thought to be of relevance
only to multidrug resistance in cancer cells, it is now clear that
they have a pronounced role in the pharmacokinetics of a
broad range of drugs and toxins. It is noteworthy that recent
findings have revealed intriguing roles for BCRP in stem
cells.[2, 3] Specific inhibitors are therefore required for further un-
derstanding of the pharmacological and physiological roles of
this interesting transporter in normal and malignant stem cells,
as well as of clinical applications of BCRP inhibition in cancer
chemotherapy. Two BCRP inhibitors—GF120918 and fumitre-
morgin C (6)—have been well characterized. GF120918 is a
synthetic product originally developed as a P-glycoprotein in-
hibitor.[4, 5] In contrast, compound 6, a diketopiperazine myco-
toxin produced by Aspergillus fumigatus,[6] is capable of com-
pletely reversing mitoxantrone, doxorubicin, and topotecan re-
sistance in BCRP-overexpressing cells but does not reverse re-
sistance to cells that overexpress other multidrug transporters
such as P-glycoprotein or multidrug-resistant protein 1.[7, 8] Sev-
eral synthetic analogues of 6 have been investigated and one
such, Ko143, showed more potent inhibitory effects as well as
lower in vivo toxicity.[9, 10] This indicates that 6 may serve as a
lead compound for more potent and specific BCRP inhibitors.
Elucidation of the fumitremorgin biosynthetic pathway pro-
vides a strategy for new drug design.


The A. fumigatus genome harbors more than 20 biosynthetic
gene clusters for secondary metabolites.[11] Their gene organi-
zation allows us to predict biosynthetic products that arise


from the corresponding gene clusters. It has been suggested
that some of the gene clusters are involved in the biosynthesis
of known fungal metabolites.[12–14] The ftm gene cluster has
also been investigated as the most probable candidate for the
biosynthesis of 6 and its related compounds.[15–17] It apparently
consists of nine genes (Figure 1 A). A genetic study has indicat-
ed that the dimodular nonribosomal peptide synthetase
(NRPS) gene ftmA encodes brevianamide F synthetase.[17] Func-


Fumitremorgin C, a diketopiperazine mycotoxin produced by
Aspergillus fumigatus, is a potent and specific inhibitor of
breast cancer resistance protein (BCRP). Elucidation of theACHTUNGTRENNUNGfumitremorgin C biosynthetic pathway provides a strategy for
new drug design. A structure–activity relationship study based
on metabolites related to the ftm gene cluster revealed that
the process most crucial for inhibitory activity against BCRP
was cyclization to form fumitremorgin C. To determine the
gene involved in the cyclization reaction, targeted gene inacti-


vation was performed with candidate genes in the ftm cluster.
Analysis of the gene disruptants allowed us to identify ftmE,
one of the cytochrome P450 genes in the cluster, as the gene
responsible for the key step in fumitremorgin biosynthesis.ACHTUNGTRENNUNGAdditionally, we demonstrated that the other two cytochrome
P450 genes, ftmC and ftmG, were involved in hydroxylation of
the indole ring and successive hydroxylation of fumitremor-
gin C, respectively.
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tional analyses of FtmB and FtmH (also termed FtmPT1 and
FtmPT2, respectively) have been performed to characterize
their enzymatic activities.[15, 16] These results have suggested
that this gene cluster directs the biosynthesis of fumitremor-
gin B (8), with ftmA, ftmB, and ftmH involved in the first,
second, and last steps, respectively, in the biosynthetic path-
way to 8. However, the functions of the other ftm genes
remain to be elucidated. Lack of fumitremorgin production in
the genome reference strain Af293[17] makes a full understand-
ing of the cluster difficult, so in exploring the fumitremorgin
pathway we utilized the strain BM939, which is a high produc-
er of 6 and its related compounds.[18]


In the work reported here we carried out a structure–activity
relationship (SAR) study, revealing that the most crucial event
for exertion of inhibitory activity against BCRP was the C�N
bond formation in the synthesis of 6. To identify the geneACHTUNGTRENNUNGresponsible for the key step to form 6, targeted gene inactiva-
tion for candidate genes in the ftm cluster was performed.
Analysis of the knockout mutants allowed us to identify the cy-
tochrome P450 gene ftmE as involved in the C�N bond forma-
tion. In addition, we demonstrated the role of the other two
cytochrome P450 genes—ftmC and ftmG—in the fumitremor-
gin pathway.


Results and Discussion


Structure–activity relationship study based on metabolites
related to the ftm cluster


To examine the biological activities of 6 and its related com-
pounds, we isolated metabolites associated with the ftm clus-


ter from BM939, a fumitremorgin-producing strain of A. fumi-
gatus. Eight diketopiperazine compounds—brevianamide F (1),


tryprostatin B (2), demethoxyfumitremorgin C (3), desmethyl-
tryprostatin A (4), tryprostatin A (5), fumitremorgin C (6),
12a,13a-dihydroxyfumitremorgin C (7), and fumitremorgin B
(8)—were prepared, and their structures were determined by
mass spectrometry and NMR analysis. Compound 4, a des-
methyl analogue of 5, is a new compound. Disruption of ftmA
in the BM939 strain caused a deficiency in the production of
1–8 (Figure 1 B), indicating that these metabolites are products
of the ftm cluster


These metabolites share a diketopiperazine scaffold but are
structurally diverse and thereby useful for SAR studies of their
bioactivities. In fact, evaluation of 1–8 with regard to BCRPACHTUNGTRENNUNGinhibitory activity (Figure 2 A and B) revealed that 6 was the
most potent inhibitor out of all of the derivatives tested. The
SAR study also indicates that the following three moieties
were important for the inhibitory activity of 6 against BCRP
(Figure 2 C). 1) The most crucial moiety involved in the activity
of 6 is the covalent bond between C-3 and N-4, because com-
pounds 3 and 6–8 all showed detectable activities in assays in
vivo and in vitro, whereas the activities of 1, 2, 4, and 5 were
negligible. Although compound 5 has been reported as a
BCRP inhibitor,[19] its activity was much lower than that of 6
under the conditions used in this study. 2) Dihydroxylation at
C-12 and C-13 of 6 impaired inhibitory activity at the cellular
level. Reversal effects of 1–6, but not of 7 or 8, on drug resist-


Figure 1. The production of metabolites associated with the ftm cluster in
A. fumigatus. A) Gene organization of the ftm cluster. The three cytochro-
me P450 genes are indicated in black. The genes shown in gray—ftmA/
ftmPS, ftmB/ftmPT1, and ftmH/ftmPT2—encode a dimodular NRPS[17] and pre-
nyltransferases.[15, 16] B) HPLC chromatograms of culture extracts of the wild-
type and the ftmA� strains derived from A. fumigatus BM939. UV detection
was carried out at 220 nm. Retention times of authentic standards of fumi-
tremorgins are denoted by Arabic numerals. MS analysis confirmed that the
peak at a retention time of 14.5 min in the chromatograms of extracts of
the ftmA� strains contained no compound 4.
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ance in BCRP-overexpressing K562 cells was in good agree-
ment with their inhibitory activities against BCRP-dependent
ATPase activities. A possible explanation for the weaker effects
of 7 and 8 in the in vivo assay is a change in membraneACHTUNGTRENNUNGpermeability due to further modifications. 3) Compound 6


showed clear inhibitory activities even at submicro-
molar concentrations, whereas its demethoxy form 3
did not (data not shown), which suggests that the
methoxy group at C-18 is important, in agreement
with previous suggestions.[9]


Although fumitremorgins are harmful tremorgenic
mycotoxins produced by A. fumigatus and related
fungi,[6] some of the biosynthetic intermediates be-
sides the BCRP inhibitor 6 have been shown to have
interesting biological and pharmacological activi-
ties.[18, 20] Recently, Jain et al. reported that 5, which
has inhibitory effects on the cell cycle[18] and micro-
tubule assembly,[21] and its synthetic derivatives
showed insignificant bioactivities.[22] Consistently
with this, such inhibitory effects were not detectable
in the compounds isolated in this study.


Identification of the key enzymes for fumitremor-
gin biosynthesis


The SAR study of fumitremorgins 1–8 revealed the
important moieties involved in exertion of the BCRP
inhibitory activity of 6. From this information we
tried to identify the genes involved in the formation
of such important moieties. None of the enzymes
catalyzing the cyclization to form 6, the subsequent
hydroxylation at C-12 and C-13 of 6, or the hydroxyl-
ation at C-6 of the indole ring had been previously
identified. To identify the genes responsible for
these reactions, we first cloned the ftm cluster from


the strain BM939. A 27 kb DNA fragment that covered the ftm
cluster of strain BM939 was sequenced, revealing that the clus-
ter is extremely similar to that of Af293 and consists of nine
genes (see Table 1 for features of the ftm gene products).
There were six uncharacterized genes in the ftm cluster. FtmC,


Figure 2. Evaluation of BCRP inhibitory effects of fumitremorgins. A) Inhibition of drug
efflux in K562/BCRP cells by fumitremorgins 1–8. IC50 values of growth inhibition of
K562/BCRP cells by SN-38 in the presence of fumitremorgins (3 mm) were determined.
IC50 values in K562/BCRP and K562 cells (parental cells) without fumitremorgins were de-
fined as 0 and 100 % inhibition, respectively. B) Inhibition of BCRP-dependent ATPase ac-
tivity by fumitremorgins 1–8. The vanadate-sensitive ATPase activities in the presence of
fumitremorgins (50 mm) were measured in vitro with use of BCRP membranes (BD Bio-
sciences). C) SAR of fumitremorgins. Of the moieties shown in gray, the covalent bond
between C-3 and N-4 and the methoxy group at C-18 are important for the inhibitory ac-
tivity of 6 against BCRP, whereas dihydroxylation at C-12 and C-13 of 6 affects the activity
at the cellular level.


Table 1. Features of the ftm gene products of A. fumigatus BM939.


Protein Size exon Function[a] Relatives[b] (identity/similarity [%]) Accession
bp/aa number


FtmA 6636/2211 1–6636 dimodular NRPS nonribosomal peptide synthetase XyNRPSA ABF29402
from Xylaria sp. BCC 1067 (37/55)


FtmC 1955/559 1–969, 1033–1154, 1227–1525, cytochrome P450 isotrichodermin C-15 hydroxylase TRI11 from O13317
1597–1698, 1768–1955 Fusarium sporotrichioides (31/46)


FtmD 1114/342 1–528, 614–1114 methyltransferase cercosporin toxin biosynthesis protein CTB3 ABC79591
from Cercospora nicotianae (31/51)


FtmB 1464/464 1–1262, 1332–1464 prenyltransferase dimethylallyltryptophan synthase DmaW from AAP81210
Claviceps purpurea (34/56)


FtmE 1581/526 1–1581 cytochrome P450 cytochrome P450 ELN2 from Coprinopsis cinerea BAA33717ACHTUNGTRENNUNG(26/44)
FtmF 876/291 1–876 a-KG dioxygenase fumonisin C-5 hydroxylase Fum3p/FUM9 from AAG27131


Gibberella moniliformis (29/48)
FtmG 1813/504 1–207, 273–389, 451–550, cytochrome P450 GA14-synthase P450-1 from G. fujikuroi (37/56) CAA75565


604–672, 723–1313, 1383–1813
FtmH 1349/427 1–1181, 1247–1349 prenyltransferase tryptophan dimethylallyltransferase FgaPT2 from AAX08549


A. fumigatus (37/56)
FtmI 2043/680 1–2043 protein–protein ankyrin 1 isoform 2 from Homo sapiens (35/53) NP_065210


interaction


[a] Functions of FtmD, FtmF, and FtmI were predicted on the basis of sequence similarities to known proteins. a-KG: a-ketoglutarate. [b] The listed homol-
ogous proteins exclude putative proteins derived from genomic projects.
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FtmE, and FtmG show similarity to cytochrome P450s of fila-
mentous fungi, while FtmF has similarity to proteins that
belong to the a-ketoglutarate dioxygenase family.[23] TheseACHTUNGTRENNUNGenzymes could have roles in the cyclization as well as in the
hydroxylations. Besides the oxygenases, FtmD is predicted to
function as an O-methyltransferase and is thus implicated in
the methylation of the new intermediate 4 to give 5. The ftmI
gene encodes an ankyrin-repeat protein.[24]


To assign the roles of the oxygenase genes in fumitremorgin
biosynthesis, we generated gene disruptants by replacing the
entire coding region of each gene with the hygromycin B-
resistance gene cassette (Dftm ::hph ; Figure 3). The akuA� strain
(TAFK1.39), derived from BM939, was used as a host strain for
the knockout experiments, and correct disruption events oc-
curred in almost all hygromycin-resistant transformants (data
not shown). Two to four transformants of each ftm disruption
were cultivated for analysis of fumitremorgin production. The
metabolite profiles of the disruptants—ftmC� , ftmE� , ftmF� ,
and ftmG�—were determined by HPLC and LC/ESI-MS (see
Table S1 in the Supporting Information for productivity ofACHTUNGTRENNUNGfumitremorgins in the disruptants).


The disruption of ftmC led to substantial accumulation of 2
and its cyclization product 3 (Figure 4 A). Compound 4 (the


product hydroxylated at C-6 of the indole ring of 2) and its
downstream methoxy-group-containing metabolites 5–8 were
not detected in the culture extracts of the ftmC� strain. The
ftmE disruptants produced 2 and 5 but not their cyclization
products 3 and 6 (Figure 4 B). The disruption of ftmG resulted
in the loss of production of 7 and 8 (Figure 4 C). The produc-
tion of 6 was observed in the ftmG� strain, indicating that hy-
droxylation of the indole ring and cyclization proceeded nor-
mally in this strain. These results clearly suggest the roles of
the three cytochrome P450 genes in the fumitremorgin path-
way: hydroxylation at C-6 of the indole ring, C�N bond forma-
tion to form 6, and the subsequent dihydroxylation are medi-
ated by ftmC, ftmE, and ftmG, respectively. On the other hand,
the disruption of ftmF had no significant effect on the produc-
tion of 1–8, suggesting that ftmF should not be involved in
their biosynthesis (data not shown).


On the basis of the phenotypes of the ftm disruptants, the
functions of the three cytochrome P450 genes were demon-
strated by use of a yeast expression system. The cytochro-
me P450 genes ftmC, ftmE, and ftmG were expressed in Sac-
charomyces cerevisiae with a P450 reduction partner gene of
A. fumigatus, AFUA_2g07940. Microsomes that were prepared
from ftmC-expressing yeast catalyzed the hydroxylation of 2 to


Figure 3. Construction of the ftm disruptants. DNA fragments (5.9 kb) containing 1 kb upstream and 1 kb downstream regions of the ftm genes and theACHTUNGTRENNUNGhygromycin B-resistance cassette (hph) were used for the transformation of the wild-type strain (WT, TAFK1.39) and as probes for Southern hybridization.
A) ftmA disruption: total DNA (10 mg) isolated from the hygromycin B-resistant transformants was digested with a) MluI, or b) ApaI. The WT strain shows
a) 16.1, and b) 10.3 and 5.4 kb bands, whereas the ftmA� mutant shows a) 9.7 and 3.5, and b) 12.8 kb bands. B) ftmC disruption: total DNA was digested with
a) NdeI, or b) Aor51HI. WT shows a) 8.8, and b) 6.0 and 2.9 kb bands, whereas the mutant shows a) 5.9 and 4.7, and b) 10.7 kb bands. C) ftmE disruption: total
DNA was digested with a) NheI+XbaI, or b) KpnI. WT shows a) 5.3, and b) 3.5 and 3.4 kb bands, whereas the mutant shows a) 4.2 and 3.3, and b) 9.1 kb
bands. D) ftmF disruption: total DNA was digested with a) NdeI, or b) NruI. WT shows a) 12.9, and b) 5.2 and 3.7 kb bands, whereas the mutant shows a) 10.3
and 5.5, and b) 11.8 kb bands. E) ftmG disruption: total DNA was digested with a) SacII, or b) SmaI. WT shows a) 11.1, and b) 4.3 and 1.9 kb bands, whereas the
mutant shows a) 7.3 and 5.5, and b) 8.2 kb bands.
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yield 4 in the presence of NADPH (Figure 5 A), even though its
expression level was not high enough for the CO spectrum to
be detectable. The functions of FtmE and FtmG were evaluat-
ed by bioconversion experiments: ftmE-expressing yeast cells
converted 5 into 6 effectively (13 nm h�1), whereas they also
converted 2 into the shunt product 3 (6.5 nm h�1; Figure 5 B).
Presumably these cyclizations proceeded through hydroxyl-
ation at C-18 or N-10 by FtmE, followed by dehydration to
form the C�N bond. To the best of our knowledge, this is the
first fungal cytochrome P450 that catalyzes C�N bond forma-
tion. Other than this, there is only one bacterial cytochro-
me P450, StaN, that catalyzes C�N bond formation between
aglycon and deoxysugar moieties during staurosporine biosyn-
thesis in Streptomyces sp. TP-A0274.[25] The conversion of 6 into
7 by ftmG-expressing yeast was observed, though the conver-
sion rate was very low (4.6 nm day�1; Figure 5 C).


Proposed biosynthetic pathway for fumitremorgins


Previous studies have already pointed out that three genes in
the ftm cluster—ftmA, ftmB, and ftmH—are involved in the
first, second, and last steps, respectively, in the biosynthetic
pathway of 8.[15–17] The first committed step of the fumitremor-
gin pathway is the formation of 1—diketopiperazine formation
from two amino acids, l-tryptophan and l-proline. This was
further supported by the lack of production of 1–8 that was
observed in the ftmA disruptants derived from BM939 (Fig-
ure 1 B). Heterologous expression of ftmA conferred the ability
to produce 1 both to S. cerevisiae (data not shown) and to
A. nidulans,[17] so 1 was obviously the biosynthetic productACHTUNGTRENNUNGattributable to ftmA and was the precursor of 2–8. The sub-ACHTUNGTRENNUNGsequent step is the prenylation of 1 to form 2 by FtmB/
FtmPT1.[16] The other prenyltransferase, FtmH/FtmPT2, catalyz-
es the prenylation of the indole ring at N-1 of 7 to yield 8.[15]


Figure 4. The metabolite profiles of the ftm disruptants derived from A. fumigatus BM939. HPLC chromatograms of culture extracts of the knockout mutants
of A) ftmC, B) ftmE, and C) ftmG. The fungal strains were cultivated at 28 8C for 48 h. Fumitremorgins 1–8 in the culture extracts were determined by HPLC
and LC/ESI-MS with reference to authentic standards. The production was analyzed independently in two to four clones of each strain. UV detection was car-
ried out at 220 nm. D) Proposed biosynthetic pathway of fumitremorgins 3–7.
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Our results elucidated the missing link in the fumitremorgin
pathway, which is composed of four processes (Figure 4 D): the
hydroxylation of the indole ring of 2 at C-6 by FtmC, followed
by methylation to form 5, the C�N bond formation for the syn-
thesis of 6 by FtmE, and the subsequent hydroxylation of 6 at
C-12 and C-13 by FtmG. There are three genes—ftmD, ftmF,
and ftmI—in the cluster that remain to be characterized. Be-
cause the predicted function of FtmD is that of a methyltrans-
ferase, FtmD is a plausible candidate for the enzyme that cata-
lyzes the methylation of 4 to form 5.


There are several fumitremorgin-related compounds that
could not be accounted for by the ftm gene functions. One


such compound is verruculogen, which contains a unique epi-
dioxy (C-O-O-C) bridge in its structure.[6] To date, there is no
report of enzymes that catalyze epidioxy formation except for
prostaglandin endoperoxide H synthase.[26] Because the func-
tions of three out of four oxygenase genes in the cluster—
ftmC, ftmE and ftmG—were determined, the last uncharacter-
ized oxygenase gene, ftmF, might be a candidate for this inter-
esting reaction. FtmF-dependent peroxidation is now under in-
vestigation. The disruption of ftmI had no significant effect on
the production of 1–8 (data not shown), indicating that ftmI
was unlikely to be involved in the biosynthesis of 1–8.


Figure 5. Reconstitution of the cytochrome P450-mediated reactions with a yeast expression system. A) HPLC chromatogram of reaction products of FtmC.
Microsomes that were prepared from the yeast cells expressing ftmC and AFUA_2g07940 were incubated with 2 (50 mm) in the presence of NADPH (1 mm) at
30 8C for 60 min. UV detection was carried out at 300 nm. B) HPLC chromatograms of culture extracts of the yeast cells expressing ftmE and AFUA_2g07940.
The cells were incubated with substrates 5 (upper panels) and 2 (lower panels ; each 2.5 mm) at 30 8C for two days. UV detection was carried out at 280 and
300 nm for reaction products of 2 and 5, respectively. C) HPLC chromatograms of culture extracts of yeast cells expressing ftmG and AFUA_2g07940. The cells
were incubated with substrate 6 (2.5 mm) at 30 8C for two days. UV detection was carried out at 300 nm.
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Conclusions


Our SAR study on metabolites associated with the ftm cluster
demonstrated that fumitremorgin C (6) was the most potent
inhibitor against BCRP of all of the metabolites that were
tested. A crucial moiety for exertion of the inhibitory activity of
6 was the covalent bond between C-3 and N-4. Methoxylation
of the indole ring at C-6 and the dihydroxylation at C-12 and
C-13 also modulated inhibitory activity. Targeted gene inacti-ACHTUNGTRENNUNGvation with a fumitremorgin producer strain, BM939, revealed
that the three cytochrome P450 genes—ftmC, ftmE, and
ftmG—are involved in these biosynthetic processes. We con-
firmed their enzymatic activities with a yeast expression
system. In particular, the FtmE-mediated oxidative ring-closure
step is noteworthy. To the best of our knowledge, this enzyme
is the first fungal cytochrome P450 that catalyzes C�N bond
formation. This study has elucidated the missing links in the fu-
mitremorgin pathway, which are also crucial processes for ex-
ertion of the inhibitory activity of 6 against BCRP, not only pro-
viding insights into mycotoxin biosynthesis but also opening
the way to improved biosynthesis of intermediates that have
interesting pharmacological activities.


Experimental Section


Microbial strains and plasmids : A. fumigatus BM939 was isolated
previously.[18] The cosmid AN26, which contains the hygromycin B-
resistant cassette,[27] was obtained from the Fungal Genetics Stock
Center. E. coli strains TOP10 and DH5a and plasmids pCR2.1-TOPO,
pCR4Blunt-TOPO, pDONR P4-P1R/P2R-P3/221, and pDEST R4-R3 (In-
vitrogen) were used for DNA manipulation. S. cerevisiae YPH500
and pESC-URA (Stratagene) were used for heterologous expression
of the ftm genes.


Preparation of fumitremorgins : A. fumigatus BM939 was cultivat-
ed at 28 8C for 3–5 days in complete medium [malt extract (2 %),
Bacto peptone (1 %), glucose (2 %)] . The fungal culture was cleared
by filtration and extracted with ethyl acetate. From the dried ex-
tract, fumitremorgins were isolated by normal-phase chromatogra-
phy on silica 60N (Kanto chemicals) followed by preparative HPLC.
Their structures were determined from the following spectroscopic
parameters.


Brevianamide F (1): 1H NMR (500 MHz, CDCl3): d= 8.24 (br s, 1 H),
7.57 (d, J = 7.8 Hz, 1 H), 7.38 (d, J = 8.1 Hz, 1 H), 7.21 (td, J = 7.3,
0.9 Hz, 1 H), 7.12 (td, J = 7.3, 0.9 Hz, 1 H), 7.09 (d, J = 1.8 Hz, 1 H),
5.73 (br s, 1 H), 4.36 (dd, J = 11.0, 2.8 Hz, 1 H), 4.05 (t, J = 7.3 Hz, 1 H),
3.74 (ddd, J = 15.1, 3.7, 0.9 Hz, 1 H), 3.60 (m, 2 H), 2.95 (dd, J = 15.1,
11.0 Hz, 1 H), 2.30 (m, 1 H), 1.99 (m, 2 H), 1.89 ppm (m, 1 H); ESI-MS:
m/z : 284.1 [M+H]+ . The NMR spectra were identical to the report-
ed data.[16]


Tryprostatin B (2): 1H NMR (500 MHz, CDCl3): d= 7.94 (br s, 1 H), 7.46
(d, J = 7.8 Hz, 1 H), 7.29 (d, J = 8.3 Hz, 1 H), 7.14 (ddd, J = 7.6, 7.1,
1.3 Hz, 1 H), 7.08 (ddd, J = 10.6, 7.8, 1.0 Hz, 1 H), 5.59 (br s, 1 H), 5.30
(t, J = 7.0 Hz, 1 H), 4.35 (br dd, J = 11.5, 2.8 Hz, 1 H), 4.04 (t, J =
7.8 Hz, 1 H), 3.64 (m, 2 H), 3.57 (ddd, J = 11.8, 9.4, 3.2 Hz, 1 H), 3.49
(dd, J = 17.6, 7.8 Hz, 1 H), 3.44 (dd, J = 16.5, 6.9 Hz, 1 H), 2.93 (dd,
J = 15.1, 11.5 Hz, 1 H), 2.31 (m, 1 H), 2.05–2.00 (m, 2 H), 1.95–1.85 (m,
1 H), 1.77 (s, 3 H), 1.74 ppm (s, 3 H); ESI-MS: m/z : 352.1 [M+H]+ . The
NMR spectra were identical to the reported data.[28]


Demethoxyfumitremorgin C (3): 1H NMR (500 MHz, CDCl3): d= 7.79
(br s, 1 H), 7.56 (d, J = 7.3 Hz, 1 H), 7.33 (d, J = 8.1 Hz, 1 H), 7.17 (br t,
J = 6.3 Hz, 1 H), 7.13 (br t, J = 6.9 Hz, 1 H), 6.01 (d, J = 9.6 Hz, 1 H),
4.90 (br d, J = 9.1 Hz, 1 H), 4.17 (dd, J = 11.7, 5.0 Hz, 1 H), 4.10 (br t,
J = 8.2 Hz, 1 H), 3.63 (m, 2 H), 3.55 (dd, J = 16.0, 5.0 Hz, 1 H), 3.11
(dd, J = 15.8, 11.5 Hz, 1 H), 2.40 (m, 1 H), 2.23 (m, 1 H), 2.05 (m, 1 H),
2.00 (s, 3 H), 1.94 (m, 1 H), 1.63 ppm (s, 3 H); ESI-MS: m/z : 350.3
[M+H]+ . The NMR spectra were identical to the reported data.[28]


Desmethyltryprostatin A (4): Pale yellow powder; [a]21
D =�25.5 (c


0.25, in methanol) ; 1H NMR (500 MHz, [D6]DMSO): d= 10.30 (s, 1 H),
8.73 (s, 1 H), 7.19 (d, J = 8.6 Hz, 1 H), 7.03 (s, 1 H), 6.62 (d, J = 2.3 Hz,
1 H), 6.42 (dd, J = 2.3, 8.6 Hz, 1 H), 5.27 (t, J = 7.0 Hz, 1 H), 4.19 (t, J =
5.1 Hz, 1 H), 3.98 (br dd, J = 7.3, 9.3 Hz, 1 H), 3.45 (dd, J = 7.0,
15.5 Hz, 1 H), 3.39 (m, 1 H), 3.28 (dd, J = 7.0, 15.5 Hz, 1 H), 3.17 (d,
J = 4.5 Hz, 1 H), 3.14 (dd, J = 5.1, 14.5 Hz, 1 H), 2.90 (dd, J = 6.5,
14.5 Hz, 1 H), 1.89 (m, 1 H), 1.69 (s, 3 H), 1.68 (s, 3 H), 1.61 (m, 1 H),
1.42 (m, 1 H), 1.15 ppm (m, 1 H); 13C NMR (125 MHz, [D6]DMSO): d=
168.3 (s), 165.4 (s), 152.4 (s), 136.4 (s), 134.7 (s), 131.7 (s), 121.9 (d),
121.3 (s), 118.4 (d), 108.4 (d), 103.8 (s), 96.1 (d), 58.4 (d), 55.2 (d),
44.5 (t), 27.5 (t), 26.2 (t), 25.5 (q), 24.8 (t), 21.6 (t), 17.7 ppm (q); UV/
Vis : lmax = 222, 273, 299 nm; HR-FAB-MS: m/z : calcd for C21H26N3O3:
368.1974 [M + H]+ ; found: 368.1980; ESI-MS: m/z : 368.3 [M+H]+ .


Tryprostatin A (5): 1H NMR (500 MHz, CDCl3): d= 7.79 (br s, 1 H), 7.32
(d, J = 8.7 Hz, 1 H), 6.81 (d, J = 2.3 Hz, 1 H), 6.74 (dd, J = 8.7, 2.3 Hz,
1 H), 5.61 (br s, 1 H), 5.28 (t, J = 7.3 Hz, 1 H), 4.31 (br dd, J = 11.2,
2.7 Hz, 1 H), 4.04 (t, J = 7.8 Hz, 1 H), 3.81 (s, 3 H), 3.63 (ddd, J = 10.2,
8.0, 3.7 Hz, 1 H), 3.62 (dd, J = 15.1, 4.1 Hz, 1 H), 3.57 (ddd, J = 11.9,
8.9, 2.8 Hz, 1 H), 3.43 (dd, J = 17.4, 6.8 Hz, 1 H), 3.39 (dd, J = 16.5,
7.3 Hz, 1 H), 2.89 (dd, J = 15.1 11.5 Hz, 1 H), 2.31 (m, 1 H), 2.05–1.98
(m, 2 H), 1.89 (m, 1 H), 1.76 (d, J = 1.0 Hz, 3 H), 1.73 ppm (s, 3 H); ESI-
MS: m/z : 382.3 [M+H]+ . The NMR spectra were identical to the re-
ported data.[28]


Fumitremorgin C (6): 1H NMR (500 MHz, CDCl3): d= 7.65 (br s, 1 H),
7.42 (d, J = 8.3 Hz, 1 H), 6.84 (d, J = 2.3 Hz, 1 H), 6.79 (dd, J = 8.7,
2.3 Hz, 1 H), 5.96 (d, J = 9.6 Hz, 1 H), 4.89 (dt, J = 9.6, 1.4 Hz, 1 H),
4.17 (dd, J = 11.9, 4.6 Hz, 1 H), 4.09 (t, J = 7.8 Hz, 1 H), 3.82 (s, 3 H),
3.62 (m, 2 H), 3.50 (dd, J = 16.0, 5.0 Hz, 1 H), 3.08 (ddd, J = 15.8, 11.5,
0.9 Hz, 1 H), 2.38 (m, 1 H), 2.22 (m, 1 H), 2.02 (m, 1 H), 1.98 (d, J =
0.7 Hz, 3 H), 1.94 (m, 1 H), 1.63 ppm (d, J = 1.4 Hz, 3 H); ESI-MS: m/z :
380.2 [M+H]+ . The NMR spectra were identical to the reported
data.[28]


12a,13a-Dihydroxyfumitremorgin C (7): 1H NMR (500 MHz, CDCl3):
d= 7.78 (d, J = 8.7 Hz, 1 H), 7.64 (br s, 1 H), 6.83 (d, J = 2.3 Hz, 1 H),
6.78 (dd, J = 8.7, 2.3 Hz, 1 H), 5.85 (dd, J = 9.4, 0.9 Hz, 1 H), 5.73 (dd,
J = 2.8, 0.9 Hz, 1 H), 4.78 (dt, J = 9.6, 1.4 Hz, 1 H), 4.64 (d, J = 2.8 Hz,
1 H), 4.41 (dd, J = 10.1, 6.9 Hz, 1 H), 4.09 (br s, 1 H), 3.82 (s, 3 H), 3.62
(m, 2 H), 2.47 (m, 1 H), 2.08 (m, 1 H), 2.02 (m, 1 H), 1.99 (d, J = 1.4 Hz,
3 H), 1.95 (m, 1 H), 1.65 (d, J = 0.9 Hz, 3 H); ESI-MS: m/z : 394.2
[M+H�H2O]+ . The NMR spectra were identical to the reported
data.[29]


Fumitremorgin B (8): 1H NMR (500 MHz, CDCl3): d= 7.83 (d, J =


8.7 Hz, 1 H), 6.78 (dd, J = 8.7, 2.3 Hz, 1 H), 6.67 (d, J = 1.8 Hz, 1 H),
5.97 (d, J = 10.1 Hz, 1 H), 5.75 (s, 1 H), 5.02 (br t, J = 6.9 Hz, 1 H), 4.68
(br d, J = 10.1 Hz, 1 H), 4.52 (br s, 2 H), 4.43 (dd, J = 9.9, 7.3 Hz, 1 H),
3.82 (s, 3 H), 3.62 (dd, J = 8.9, 4.6 Hz, 2 H), 2.46 (m, 1 H), 2.20–1.90
(m, 3 H), 1.97 (d, J = 1.4 Hz, 3 H), 1.83 (s, 3 H), 1.68 (d, J = 1.0 Hz, 3 H),
1.61 (d, J = 1.4 Hz, 3 H); ESI-MS: m/z : 462.1 [M+H�H2O]+ . The NMR
spectra were identical to the reported data.[30]


BCRP inhibitory assay : The BCRP inhibitory activities of fumitre-
morgins 1–8 were assessed by growth inhibition of K562 cells that
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overexpressed the BCRP gene (K562/BCRP) by the anticancer drug
SN-38, as described previously.[31] Briefly, K562/BCRP cells were
grown in RPMI 1640 medium that was supplemented with fetal
bovine serum (7 %, v/v) at 37 8C in CO2 (5 %, v/v). The sensitivity of
the K562/BCRP cells to SN-38 in the presence of fumitremorgins
(3 mm) was evaluated by cell growth inhibition after incubation at
37 8C for 4 days. Cell numbers were determined with a Coulter
counter. The IC50 values (drug dose that caused 50 % inhibition of
cell growth) were determined from the growth inhibition curves.


The inhibitory effects of fumitremorgins 1–8 on BCRP activity were
also evaluated in vitro by measuring BCRP-dependent ATPaseACHTUNGTRENNUNGactivity, as described previously,[32] with minor modifications. BCRP
membranes (BD Biosciences) were incubated at 37 8C in medium
(95 mL) consisting of Tris-MES (50 mm, pH 6.8), EGTA (2 mm), DTT
(2 mm), KCl (50 mm), sodium azide (5 mm), and fumitremorgins
(50 mm). The ATPase reaction was started by the addition of MgATP
(100 mm, 5 mL). To measure BCRP-independent ATPase activity, an
identical reaction mixture that contained sodium orthovanadate
(400 mm) was assayed in parallel. After incubation for 30 min, re-ACHTUNGTRENNUNGactions were terminated by addition of perchloric acid (0.6 m,
100 mL). The amount of inorganic phosphate was determined as
described previously.[33]


Cloning of the ftm cluster of A. fumigatus BM939 : An AflII site
was introduced into the cloning site of a cosmid vector (Super-
Cos1, Stratagene). The resulting vector was used for construction
of a genomic library of A. fumigatus BM939 with AflII-digested
chromosomal DNA of the strain. On screening of the library, a
27 kb cosmid clone that covered the ftm genes was isolated.


Disruption of the ftm genes : We first prepared the akuA-disrupted
strain derived from A. fumigatus BM939. The akuA gene encodes
the Ku70 component that causes low efficiency of homologousACHTUNGTRENNUNGrecombination in filamentous fungi.[34, 35] For construction of the
akuA knockout plasmids, 1 kb DNA fragments upstream of the
start codon and downstream of the stop codon of akuA wereACHTUNGTRENNUNGamplified by PCR with use of chromosomal DNA of A. fumigatus
BM939 as template. The primer pairs akuA-UF ACHTUNGTRENNUNG(�1023)/akuA-UR-ACHTUNGTRENNUNG(�16) and akuA-DFACHTUNGTRENNUNG(2269)/akuA-DRACHTUNGTRENNUNG(3265) were used for amplifica-
tion of the upstream and downstream regions, respectively. The
pyrithiamine-resistant gene ptrA[36] was used as a selection marker
for the akuA knockout. These DNA fragments were combined in
the original orientation in pDEST by use of the MultiSite Gateway
System (Invitrogen) in the following order: the upstream region,
ptrA, followed by the downstream region. From this plasmid, a
DNA fragment (4.0 kb) was excised by KpnI digestion and used for
transformation of A. fumigatus BM939. Pyrithiamine-resistant trans-
formants (DakuA ::ptrA) that resulted from double-crossover be-
tween the disrupted akuA sequence and the intact chromosomal
akuA sequence were isolated. Correct disruption was checked by
Southern hybridization (data not shown). The resulting akuA�


strain TAFK1.39 was used as a recipient strain for further transfor-
mations.


Knockout mutants of the ftm genes were prepared from TAFK1.39,
in a procedure similar to that described for the akuA disruption.
The 1 kb DNA fragments upstream and downstream of the ftm
genes were amplified by PCR with use of chromosomal DNA of
BM939 as template. The primer pairs ftm-UF and -UR and ftm-DF
and -DR were used for amplification of the upstream and down-
stream regions, respectively. The hygromycin B-resistant cassette
(hph) was used as a selection marker. These DNA fragments were
combined in the original orientation in pDEST in the following
order: the upstream regions, hph, followed by the downstream re-


gions. From these plasmids, 5.9 kb DNA fragments were excised by
restriction enzyme digestion and used for fungal transformation.
The restriction enzymes that were used are indicated in Table S2.
Hygromycin B-resistant transformants (Dftm ::hph) were verified by
genomic Southern analysis to contain the ftm gene replacements
(Figure 3). Note that the parent akuA� strain TAF K1.39 is described
as the “wild-type” strain in this study. All of the DNA fragments am-
plified by PCR were verified by sequencing. The oligonucleotides
that were used for PCR are summarized in Table S2.


Determination of fumitremorgins produced by the ftm disrup-
tants : Freshly harvested spore suspensions of an A. fumigatus
strain were inoculated in fermentation medium [K2HPO4 (0.5 %),
MgSO4·7 H2O (0.05 %), soybean meal (2 %), glucose (3 %), soluble
starch (2 %), pH 6.5] . The culture was cultivated at 28 8C for 48 h
and cleared by filtration. The culture filtrate was extracted with
ethyl acetate. The dried extracts were dissolved in methanol and
analyzed by HPLC and LC/ESI-MS.


HPLC analysis was carried out with a Waters 600 HPLC system with
a photodiode array detector (2996 PDA detector). The HPLC condi-
tions were as follows: column, Senshu Pak Docosil-B 3 m (4.6 �
250 mm); flow rate, 1.0 mL min�1; solvent A, water containing
formic acid (0.05 %, v/v) ; solvent B, acetonitrile. After injection of
the sample into a column equilibrated with solvent B (25 %), the
column was developed with a linear gradient from 25 % to 65 %
over 20 min, followed by isocratic elution of solvent B (65 %) for
20 min. LC/ESI-MS analysis was carried out with a Waters Alliance
HPLC system fitted with a mass spectrometer (Q-TRAP, Applied Bio-
systems). The HPLC conditions were as follows: column, Senshu
Pak Docosil-B 3 m (2.0 � 250 mm, Senshu Scientific) ; flow rate,
0.2 mL min�1. After injection of the sample into a column equili-
brated with solvent B (10 %), the column was developed with a
linear gradient from 10 % to 100 % solvent B over 90 min. Mass
spectra were collected in an ESI-positive mode.


Construction of plasmids for heterologous expression of the ftm
genes : The ORFs of AFUA_2g07940 and ftmE were amplified by
PCR with chromosomal DNA of A. fumigatus BM939 as template.
The ORFs of ftmC and ftmG were amplified by two-step RT-PCR
with total RNA extracted from A. fumigatus BM939 as template. All
DNA fragments amplified by PCR were cloned into pCR4Blunt-
TOPO and verified by sequencing. The AFUA_2g07940 ORF in
pCR4Blunt-TOPO was excised by SalI–XhoI digestion and cloned
into the SalI-XhoI site of pESC-URA, resulting in pEUR07940. The
ORFs of ftmC, ftmE, and ftmG were cloned in the NotI–SpeI site of
pEUR079490, resulting in pEUR07940-ftmC, -ftmE, and -ftmG, re-
spectively. These plasmids contained AFUA_2g07940 and the ftm
gene under the GAL1 and GAL10 promoters, respectively. The oli-
gonucleotides that were used for PCR are summarized in Table S3.


In vitro assay of FtmC : S. cerevisiae YPH500 containing
pEUR07940-ftmC was cultivated at 30 8C for three days in SGI
medium [yeast nitrogen base (0.7 %), galactose (2 %), casamino
acids (0.1 %), with l-tryptophan and l-histidine (20 mg L


�1), l-leu-
cine (30 mg L


�1), and adenine (200 mg L
�1)] . From the harvested


cells, microsomes were prepared as described previously.[37] The CO
spectrum was undetectable. The reaction mixture (500 mL) consist-
ed of Tris·HCl (50 mm, pH 7.5), glycerol (20 %, v/v), 2-mercaptoetha-
nol (15 mm), fumitremorgin substrate (50 mm), NADPH (1 mm), and
microsomes. After the reaction mixtures had been incubated at
30 8C for 60 min, the reactions were terminated by addition of HCl
(a final concentration of 0.1 m). Reaction products were extracted
with ethyl acetate and analyzed by HPLC and LC/ESI-MS.
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Bioconversion assay of FtmE and FtmG : S. cerevisiae YPH500 car-
rying pEUR07940-ftmE or -ftmG was cultivated at 30 8C for 1 day in
SGI medium. After fumitremorgin substrates had been added to
the cultures (final concentrations of 2.5 mm), the cultures were fur-
ther incubated for two days. The compounds in the broths were
extracted with ethyl acetate and analyzed by HPLC and LC/ESI-MS.


The following conditions were used for HPLC analysis of the reac-
tion products of in vitro and bioconversion assays: column, Senshu
Pak Docosil-B (4.6 � 250 mm); flow rate, 1.0 mL min�1. After injec-
tion of the sample into a column equilibrated with 20 % solvent B,
the column was initially developed isocratically for 3 min. The
column was successively developed with a linear gradient 20 % to
100 % over 15 min, isocratic elution for 1 min, a linear gradient
100 % to 20 % over 1 min, followed by isocratic elution of solvent B
(20 %) over 10 min.


Accession numbers : The nucleotide sequence reported in this
paper has been deposited to the GenBank/DDBJ/EMBL database
under accession number AB436628.
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Polymeric ADAM Protein Mimics Interrogate Mammalian
Sperm–Egg Binding
Younjoo Lee and Nicole S. Sampson*[a]


Introduction


Mammalian fertilization is a multistep process whereby twoACHTUNGTRENNUNGgametes (egg and sperm) bind and fuse together to form a
zygote. The egg activates the sperm metabolism, and the
sperm reciprocates by activation of the egg metabolism to ini-
tiate fertilization.[1] The ovulated oocyte is surrounded by the
cumulus layer and the zona pellucida. A capacitated and acro-
some-intact sperm can pass through the cumulus complex
and bind to the zona pellucida. The acrosome reaction results
in the release of the contents of the acrosomal vesicle includ-
ing proteolytic enzymes, and allows the sperm to penetrate
the zona pellucida. Finally, the sperm adheres to and fuses
with the egg plasma membrane, at which point egg activation
is triggered. However, the precise mechanisms of sperm bind-
ing and fusion are not yet understood. Therefore, an under-
standing of the molecular interaction between sperm and egg
proteins is essential for the study of infertility and the develop-
ment of new contraception strategies.


We undertook a chemical biology approach to elucidate the
molecular mechanism of sperm–egg binding. The ADAM
family of proteins[2–5] is widely expressed with a large subset
present in mouse testis.[3, 6] About half of ADAMs found in
testis including ADAM2 (fertilin b) and ADAM3 (cyritestin) are
exclusively or predominantly expressed there.[6, 7] These testis
specific proteins, ADAM2 and ADAM3, have roles in sperm–
egg adhesion, and their disintegrin domains are the primary
binding domains.[8, 9]


ADAM2 and ADAM3 are located in the equatorial region of
the sperm head, and during sperm maturation, their disinte-
grin domains are exposed on the sperm head.[10–16] The short
peptide sequences glutamate-cysteine-aspartate (ECD) and


glutamine-cysteine-aspartate (QCD) are highly conserved
across species in the ADAM2 and ADAM3 disintegrin loops, re-
spectively.[15] These tripeptides, ECD[17–20] and QCD, [18, 21] are the
minimal recognition element necessary for binding to the egg.


Knockout of the ADAM2 or ADAM3 gene in mice reduces
binding of sperm to the egg plasma membrane.[22, 23] However,
interpretation of the genetic studies is complicated by theACHTUNGTRENNUNGunexpected interdependence of protein expression amongst
ADAM proteins in the testis. Knockout of the ADAM2 geneACHTUNGTRENNUNGresults in a significant reduction of other ADAM protein levels
on the sperm surface, including ADAM1a, ADAM1b, ADAM3,
ADAM5 and ADAM7, whereas others are unchanged, for exam-
ple, ADAM27 and ADAM32.[24–28] Knockout of the ADAM3 gene
shows a similar, but not identical codependence of protein ex-
pression and maturation. The dependence of non-ADAM pro-
tein expression levels on the presence of ADAM genes is un-
known. In addition, at least nine testis-expressed ADAM pro-
teins contain the ECD motif.[16, 29–31] The array of ADAM proteins
expressed in sperm with potentially overlapping functions
makes a genetic approach problematic. Here, we utilize an
ECD mimic and a QCD mimic to explore the interrelationship
between the two mimics and the consequences of blocking
ADAM-dependent adhesion.


[a] Y. Lee, Dr. N. S. Sampson
Department of Chemistry, Stony Brook University
Stony Brook, NY 11794-3400 (USA)
Fax: (+ 1) 631-632-5731
E-mail : nicole.sampson@stonybrook.edu


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200800791.


The sperm proteins ADAM2 and ADAM3, members of the
ADAM family of proteins, have been implicated in mammalian
sperm–egg binding. However, elucidating their roles is com-
plex because of the interdependence of ADAM protein expres-
sion in the testis. Hence, multivalent probes containing the
three-amino acid binding sequence of ADAM2, glutamate-cys-
teine-aspartate (ECD), and ADAM3, glutamine-cysteine-aspar-
tate (QCD), were designed, synthesized, and tested to investi-
gate gamete interactions. In this work, ECD polymer mimics
were synthesized by ring-opening metathesis polymerization
with a faster initiating ruthenium catalyst than previously used.
Polymers containing 100 copies of the ECD peptide mimic
were found to be the best inhibitors of fertilization. The multi-


valent QCD polymers were also tested as inhibitors of fertiliza-
tion. The structure-activity profile was the same as ECD poly-
mers, but the overall potency was lower. Both ECD and QCD
polymers require the presence of b1 integrin to inhibit fertiliza-
tion. Next, triblock ABA and ABC copolymers containing both
ECD and QCD ligands were synthesized with 96 monomer
spacers as their B blocks. Although these polymers had lower
densities of ECD and QCD peptides, their potencies correlated
with the potencies of their corresponding homopolymers. In
addition, no synergy between ECD and QCD mimics was ob-
served. All the data suggest that QCD and ECD bind to the
same complex of proteins that includes b1 integrin.
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Short peptides incorporating
the ECD or QCD sequence inhib-
it sperm binding at high micro-
molar concentrations.[16–18, 32–35]


To improve the binding affinity
of monomeric peptide ligands
for the egg surface, we devel-
oped synthetic multivalent poly-
mers to mimic the multivalent
display of ADAM2 on the sperm
surface.[36–39] We employed
ruthenium-catalyzed ring open-
ing metathesis polymerization
(ROMP) to prepare these
mimics.[39] In the series of linear
ECD polymers tested, 6, which
was designed to have ten
copies of the ECD ligand, was
the best inhibitor. Moreover, the
mechanism of inhibition is
direct competition with sperm
binding to the b1 integrin rather
than activation of an egg signal-
ling pathway that alters egg fer-
tilizability.[40]


In the present work, we ad-
dressed the following questions
about the contributions of the
ECD and QCD motifs to binding
at the egg plasma membrane.
First, we determined whether
their structure activity profiles
are identical. We synthesized
and tested a series of linear
QCD polymers, and we com-
pared their inhibition potencies
and patterns with ECD mimics.
As a result of increased initiation rates with catalyst 2, we ob-
tained much narrower molecular weight distributions for these
polymers than in previous work. Therefore, we resynthesized
the ECD polymers to compare their potencies to the newly
synthesized QCD polymers. We found that both longer ECD
and QCD polymers were better inhibitors.


Next, the interdependence of these two polymers was
tested. Inhibition by a copolymer of ECD and QCD was com-
pared to inhibition by individual polymers. Lastly, we examined
the importance of b1 integrin for inhibition by both binding
motifs and found that both inhibit fertilization through the b1


integrin receptor.


Results


Synthesis of oligopeptides polymers


The norbornenyl tripeptide monomers were synthesized in the
solution phase with Fmoc, Cbz a-amino protection and tert-
butyl or trityl side-chain protection. Polymers were produced


by ROMP using the fully protected monomers in dichlorome-
thane/methanol (3:1) with 3 m LiCl (Scheme 1).[39, 41] The poly-
merization of the norbornenyl monomers was catalyzed with
(H2IMes)� ACHTUNGTRENNUNG(PCy3)Cl2Ru = CHPh, 1, or (H2IMes) ACHTUNGTRENNUNG(3�BrPyr)2Cl2Ru =


CHPh, 2, to form homopolymers, and the polymerizations were
terminated by adding ethylvinyl ether.


The polymers were treated with a trifluoroacetic acid/water/
triisopropylsilane cocktail mixture to deprotect the side chains
and were precipitated with diethyl ether. Polymers were re-
duced with tris(2-carboxyethyl)phosphine, were precipitated
with dilute acid, 1 n HCl, and were resuspended in aqueous
ammonium hydroxide to a final pH of 7 before use in assays.
Isolated yields were 67–90 %. Polymers were characterized by
NMR spectroscopy, gel permeation chromatography (GPC), and
laser light scattering. 1H NMR spectra confirmed that no mono-
mer was retained in the polymer precipitation. The integration
of the phenyl end group against the ligand side chains in the
1H NMR spectra agreed with the expected degree of polymeri-
zation. The number-average molecular weights (Mn), the
weight-average molecular weights (Mw), and the polydispersity


Scheme 1. Polymers synthesized by ROMP and tested as inhibitors.
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index (PDI) were determined for the protected polymers by gel
permeation chromatography utilizing a differential refractome-
ter and a multiangle light scattering detector. The size distribu-
tion profiles of deprotected polymers in the assay buffer were
monitored by dynamic light scattering to determine whether
aggregates of polymers formed under the assay conditions.


ADAM2 mimic polymers, 6 and 8 were synthesized with cat-
alyst 1 and monomer 3 at 25 8C or 55 8C, respectively, whereas
polymer 710 was synthesized with catalyst 2 at 25 8C (Table 1).


The Mn values of 710 (14 900) and 8 (12 800) were similar to the
expected degree of polymerization. Despite initiation at 55 8C,
8 had a higher polydispersity than 710. In addition to a high
polydispersity, 6 had an Mn of 82 100, which was ten-fold great-
er than the theoretical value, and six-fold greater than that of
710.


ADAM3 mimic polymers, 101, 102, 103, 106, 1010, and 10100,
and mutant polymers, 1110 and 11100, were prepared with cata-
lyst 2 and monomers 4 and 5, respectively, as described above
(Table 2). The ABA and ABC block copolymers 72–1196–72, 102–


1196–102, and 72–1196–102 were synthesized with monomers 3,
4, and 5 with catalyst 2. Two ECD or QCD ligands were placed
at each terminus of the bivalent block copolymers, 72–1196–72,
102–1196–102, and 72–1196–102 polymers, so that statistically at
least one ligand was present on both ends of the polymers.
Block copolymers were produced by sequential addition of
monomers. After complete disappearance of the first norbor-
nenyl monomer, the second monomer was added to the reac-
tion followed by the third. The consumption of monomers was
monitored by TLC before addition of the subsequent mono-
mers. They were deprotected and purified as described forACHTUNGTRENNUNGhomopolymers.


Assay of polymers


In vitro fertilization assays were executed with zona pellucida-
free mouse eggs. Eggs were preincubated in Hoechst 33442,
and polymers were incubated with eggs prior to inseminating
with sperm. Sperm fusion was used as an endpoint to measure
inhibition of sperm binding. Sperm were scored as fused if
their chromatin stained with Hoechst 33442 that was loaded
into eggs. Fertilization was scored two ways.[32] The fertilization
rate, FR, reports the ratio of fertilized eggs to the total number
of eggs. The fertilization index, FI, reports the total number of
sperm fused divided by the total number of eggs.


The concentrations of inhibitors are reported as concentra-
tion of polymer because the density and type of ligands
varied. The concentrations of ADAM3 mimic homopolymers
used covered at least a 1000-fold range in the determination
of their IC50s by both FR and FI. For other polymers, compari-
sons of inhibition were performed at fixed concentrations of
polymer.


Inhibition of fertilization by 6, 710 and 7100 was tested (Fig-
ures 1 and S 1). Polymers 6 and 7100 were nearly equipotent


Table 2. Inhibition of fertilization by QCD mimic homopolymers and
mutant control polymers.


Polymer[a] IC50 [mm] in polymer Mn [ � 103][c] PDI[c]


by FI by FR


102 469�29 492�65 1.1[d] 1.00[d]


103 11�5 26�19 3.6 1.15
106 28�17 24�6 4.9 1.21
1010 3.0�1.5 14.7�8.8 20.8 1.06
10100 4.1�0.9 5.7�2.5 149.9 1.45
1110 n.i.[b] n.i.[b] 10.1 1.07
11100 n.i.[b] n.i.[b] – –


[a] Subscript represents monomer/catalyst ratio. [b] n.i. , no inhibition.
Negative control polymers, 1110 and 11100 inhibited fertilization less than
15 % at 500 mm in peptide concentration. At least 10–15 independentACHTUNGTRENNUNGexperiments with 250–350 eggs were performed at each concentration.
In the untreated controls, 71�2 % eggs were fertilized. The average
number of sperm fused per egg was 1.3�0.2. Errors are the S.E.M. [c] De-
termined by GPC in THF utilizing a differential refractometer and a multi-
angle light scattering detector. [d] Determined by ESI mass spectrometry
after deprotection.


Figure 1. Inhibition of fertilization by ECD mimic polymers at 0.05 mm and
0.5 mm in polymer concentration by FR (percentage of eggs fertilized). At
least five independent experiments with 100–120 eggs were performed at
each concentration. In the untreated controls, 79�3 % eggs were fertilized.
The average number of sperm fused per egg was 1.5�0.1. Errors are the
S.E.M.


Table 1. Analytical data for ECD mimic homopolymers.


Polymer[a] C[b] [M]0/[C]0 T Theo. Mn Mn PDI[e]


[8C][c] ACHTUNGTRENNUNG[�103][d] ACHTUNGTRENNUNG[�103][e]


6 1 10 25 8.6 82.1 1.46
710 2 10 25 8.6 14.9 1.15
8 1 10 55 8.6 12.8 1.37
9 1 100 25 85.5 130.7 1.54
7100 2 100 25 85.5 133.7 1.21


[a] Side-chain protection was intact and norbornenyl ECD monomer 3
was used. [b] Catalyst 1 or 2 was used. [c] Temperature at which polymer-
izations were performed. [d] Theoretical molecular weights were calculat-
ed based on the ratio of monomer/catalyst. [e] Determined by GPC in
THF utilizing a differential refractometer and a multiangle light scattering
detector.
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and inhibited fertilization more than 50 % at 0.5 mm in polymer
concentration. 710 was a poor inhibitor and its potency was
ten-fold lower than that of 6 or 7100.


Next, the inhibition potencies of QCD polymers were mea-
sured (Table 2). Polymer 101, a monomer, did not inhibit consis-
tently at 500 mm. 102, isolated as a side product from the prep-
aration of 101, inhibited fertilization 50 % at 500 mm in polymer
concentration. 10100 was 100 times more potent with an IC50 of
5.7 mm by FR. The IC50 of 1010 was similar to that of 10100 but
the reproducibility was not as robust. Control polymers 1110


and 11100 inhibited less than 15 % at 500 mm in peptide con-
centration.


The codependency of inhibition of fertilization was investi-
gated with a mixture of ECD polymer 7100 and QCD polymer
10100 (Figures 2 A and S2 A). These positive controls were
tested at two independent polymer concentrations, 0.5 mm


and 1 mm. The mixture of 7100 at 0.5 mm and 10100 at 0.5 mm in
polymer concentration inhibited 34 % of egg fertilization,
whereas 7100 alone at 0.5 mm in polymer concentration inhibit-
ed 52 % of egg fertilization. This difference was not statistically
significant.


Inhibition of fertilization by bivalent ECD mimic block copo-
lymer 72–1196–72 at 0.5 mm in polymer concentration was 46 %
by FR (Figures 2 B and S2 B). This inhibition was equipotent to
homopolymer 7100. Likewise, bivalent QCD mimic block copoly-
mer 102–1196–102 was nearly equipotent to homopolymer,
10100 at 0.5 mm in polymer concentration with 15 % inhibition
of egg fertilization.


Polymer 72–1196–102, the heterobivalent, triblock copolymer
containing both ECD and QCD ligands with a 96 monomer
spacer, was tested. The inhibition potency of polymer 72–1196–
102 was lower than ECD mimic polymers, but better than QCD
mimic polymers. It inhibited fertilization 30 % by FR at 0.5 mm


in polymer concentration.


Assay of KO eggs


The inhibition potencies of 7100 and 10100 were tested with b1


integrin knockout eggs (Figures 3 and S 3). Eggs homozygous
for the b1 integrin knockout allele (Cre+b1 f/f, KO) and wild-
type (Cre�b1 + / + , WT) eggs were obtained as previously de-
scribed.[32]


Immunofluorescence microscopy with anti-b1 and anti-a6 in-
tegrin antibodies confirmed that the b1 integrin knockout eggs
had no b1 integrin or a6 integrin on the plasma mem-
brane.[32, 40] 7100 inhibited fertilization 12 % by F.R. at 1 mm in po-
lymer concentration, as compared to 52 % in WT eggs. 10100 in-
hibited egg fertilization 10 %, as compared to 35 % in WT eggs.


Figure 2. A) Inhibition of fertilization by a mixture of 7100 at 0.5 mm and 10100 at 0.5 mm in polymer concentration by FR (percentage of eggs fertilized). At
least three independent experiments with 60–100 eggs were performed at each concentration. In the untreated controls, 66�8 % eggs were fertilized. The
average number of sperm fused per egg was 1.5�0.1. B) Inhibition by bivalent block copolymers 72–1196–72, 72–1196–102, and 102–1196–102 at 0.5 mm in poly-
mer concentration. At least three independent experiments with 60–80 eggs were performed at each concentration. In the untreated controls, 65�3 % eggs
were fertilized. The average number of sperm fused per egg was 1.4�0.2. Errors are S.E.M.


Figure 3. Inhibition by homopolymers at 1 mm in polymer concentration by
FR (percentage of eggs fertilized). Black bars : wild-type (WT) eggs. At least
six independent experiments with 100–120 eggs were performed at each
polymer concentration. In the untreated controls, 76�2 % eggs were fertil-
ized. The average number of sperm fused per egg was 1.6�0.1. Gray bars :
b1 integrin KO eggs. Two independent experiments with 25 eggs for 7100,
and three independent experiments with 39 eggs for 10100 were performed.
In the untreated controls, 70�3 % eggs were fertilized. The average number
of sperm fused per egg was 1.2�0.1. *p <0.05 for WT vs. b1 KO eggs.
Errors are the S.E.M.
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Discussion


Testing the functions of molecules that have been implicated
in mediating mammalian sperm–egg binding and fusion is the
first step for understanding the molecular mechanisms of
gamete interactions. For this type of discovery, it is critical to
develop specific methods for exploring the mechanisms of
binding. Probe–protein interaction studies are a valuable tool
in many biological systems, but they have been applied in a
limited fashion to fertilization because of the limited quantities
of material available to study gametes in mammalian systems
and the lack of cell culture models. Most experiments in the
field of fertilization biology rely on genetic and immunohisto-
chemical methods. Here, we employed chemical synthesis,
ROMP, to produce multivalent mimics of ECD and QCD to imi-
tate sperm complexes that bind the egg with optimal binding
affinity.


Comparison of polymers synthesized with catalysts 1 and 2


Previously in our laboratory, multivalent ECD mimic polymer 6,
synthesized to display ten copies of the ECD peptide with cata-
lyst 1, was found to be a potent inhibitor of fertilization.[39]


However, extensive analysis revealed that the average length
of 6 by catalyst 1 was not ten monomer units as originally de-
termined. Next, we synthesized a series of ECD mimic polymers
with catalyst 2 and undertook a comparison of the molecular
weight distributions of the protected polymers by GPC using
static light scattering.


ECD mimic polymers, 6 and 9 synthesized with catalyst 1 at
25 8C had uncontrolled molecular weights and broad polydis-
persities. Mn values were at least six-fold greater than intended
based on initial monomer:catalyst feed ratios. The lack of con-
trol resulted from slow initiation rates, fast propagation
rates,[42, 43] and competing chain-transfer reactions.[44–46] Because
chain transfer is minimized with catalyst 1 at 55 8C,[47] 8 was
synthesized with catalyst 1 at 55 8C. ROMP with catalyst 1 at
55 8C yielded 8 with the desired Mn. However, its polydispersity
was still broad (PDI of 1.37). Because the electron-deficient 3-
bromopyridine ligand is dissociated rapidly and rebinding of
the ligand is slow, catalyst 2 initiates ROMP least six orders of
magnitude faster than catalyst 1.[48–50] ROMP of 7 with catalyst
2 resulted in polymers 710 and 7100 with lower PDIs ranging
from 1.15 to 1.21 and better molecular weight control. Thus,
catalyst 2 promotes living ROMP of norbornenyl oligopeptides
with both higher activity and better control.[51]


Assay of homopolymers


Because the molecular weight analysis revealed that the most
potent inhibitor, 6 was actually a 100-mer, we tested 7100


which also displays 100 copies of the ECD peptide, but is syn-
thesized with catalyst 2 to compare their biological activities.
Although their average molecular weights are the same, their
weight dispersities and backbone stereochemistries were not
identical. Inhibition by 7100 was equipotent to inhibition by 6
and was 100-fold more potent than the corresponding mono-


meric peptide. These results suggested that the 100-mer ECD
mimic polymers bound multivalently to the egg surface with a
large tolerance for varying molecular structure.


Polymers mimicking sperm protein QCD were also prepared
with catalyst 2. These mimic polymers contained the con-
served QCD tripeptide sequence thought to be required for
fertilization. Their sizes ranged from 1 to 100 monomer units in
length (Table 2). 10100 was more potent than the monomeric
peptide or the shorter mimic polymers as an inhibitor of fertili-
zation. However, its inhibition potency (IC50) was four times
worse than the corresponding ECD mimics, 6 and 7100 ; this
suggests that the binding affinity is weaker.


We also mutated the ECD and QCD sequences to ESA, gluta-
mate-serine-alanine, to synthesize control polymers 1110 and
11100 with catalyst 2. We chose to mutate ECD and QCD rather
than scramble them, because two of the ECD amino acids con-
tained carboxylates.[39] ESA polymers, similar in length to the
ECD and QCD polymers, were tested as inhibitors of fertiliza-
tion and no inhibition was observed. Thus, the polymer back-
bone does not contribute to binding.


Are the ECD and QCD receptors the same?


Based on the inhibition results, we explored the identity be-
tween ECD and QCD receptors. We expected two possibilities.
In the first case, different receptors or protein complexes on
the egg membrane might be targeted by either mimic. If so,
their inhibitory behaviors should be independent, and the
combination of two mimics would inhibit more than each indi-
vidual mimic. In a second scenario, ECD and QCD might bind
the same receptors on the egg and no net increase in inhibi-
tion at a fixed concentration of polymer would be expected.
Therefore a mixture of polymers 7100 and 10100 was tested.


Inhibition by the mixture of 0.5 mm 7100 and 0.5 mm 10100


was not dramatically increased relative to inhibition by 1 mm of
either homopolymer. Within experimental error, inhibition by a
mixture of 7100 and 10100 was the same as by 10100 alone. The
combination of 7100 and 10100 decreased the potency of 7100


20 %. Thus, these two mimic polymers 7100 and 10100 appear to
compete for the same receptor rather than bind to independ-
ent receptors.


This comparison was further tested with a series of triblock
copolymers. First homobivalent polymers 100 units in length,
72–1196–72 and 102–1196–102, were synthesized. Two ECD or
QCD ligands were at each terminus of the polymers to ensure
that statistically at least one ligand would be present on the
end of every polymer. The inactive ESA peptides were incorpo-
rated in the center of the triblock copolymers as spacers.
These polymers are the same average length as 7100 and 10100,
but they have a lower density of ECD and QCD peptides. Inter-
estingly, they were only 10–15 % less potent as inhibitors of
fertilization compared to their corresponding homopolymers,
7100 and 10100 (Figures 2 and S 2). This result suggested that of
the 100 ligands present in the homopolymers only a small per-
centage are required for binding to the egg surface and that it
is the overall size of the polymer that is most important forACHTUNGTRENNUNGinhibition, rather than the ligand density.
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Because both the ECD and QCD bivalent mimics were effec-
tive inhibitors, we replaced the norbornenyl ESA spacer with a
flexible linker, polyethylene glycol (PEG), between the ligands.
PEG is resistant to the nonspecific adsorption of proteins,[52, 53]


and would be better suited for covalent cross-linking experi-
ments to identify receptors and coreceptors. PEG linkers com-
prised of twelve, 67, and 178 ethylene glycol units were intro-
duced between ECD ligands. However, inhibition by all of
three of the PEG-linked polymers was no more effective than
with the monomeric peptides. The increased degrees of free-
dom in the PEG backbone compared to norbornenyl polymers
most likely diminished their binding affinities.[54] Thus, the con-
formational constraints inherent to the norbornenyl backbone
dictate the shape of the polymers and consequently, make a
positive contribution to the binding affinity.


Next, 72–1196–102, a heterobivalent triblock copolymer con-
taining both ECD and QCD ligands separated by a 96-mer
spacer was tested to explore the relationship and degree of
identity between ECD and QCD receptors. The inhibition po-
tency of polymer 72–1196–102 was lower than ECD mimic poly-
mers, 72–1196–72 and 7100. However its potency was better
than QCD mimic polymers, 102–1196–102 and 10100. Thus, syn-
ergy between ECD and QCD mimics was not observed. In
agreement with the results of the mixed inhibition experi-
ments, these data suggest that these two mimics engage the
same egg-surface receptors or protein complex and that the
QCD ligand binds more weakly than the ECD ligand to theACHTUNGTRENNUNGreceptor.


The a6b1 integrin on the mouse egg plasma membrane has
been identified as the ECD binding partner on the egg
through a multitude of different experiments.[10, 40, 55, 56] We
tested whether 7100 and 10100 inhibit fertilization of b1 integrin
knockout eggs (Figures 3 and S 3). As expected from related
studies,[40] polymer 7100 did not significantly inhibit fertilization
of b1 integrin knockout eggs. Consistent with QCD binding to
the same receptor, polymer 10100 also did not inhibit fertiliza-
tion of knockout eggs.


We conclude that both the ADAM ECD and QCD binding
motifs adhere to the b1 integrin in sperm–egg binding that
leads to fertilization. However, the affinity of QCD is weaker
than the affinity of ECD. This difference suggests that ADAM2
and other ECD-presenting ADAMs are the primary adhesion
proteins for the b1 integrin on the egg.


Experimental Section


Materials : Amino acids and coupling agents used were purchased
from Advanced Chem Tech. (Louisville, KY) or Novabiochem (Gibbs-
town, NJ). Solvents and chemical reagents were obtained from
Fisher Scientific, Inc. or Sigma–Aldrich. (H2IMes)ACHTUNGTRENNUNG(3-BrPyr)2Cl2Ru=
CHPh, 2, was prepared according to the literature.[48] CH2Cl2,
CH3OH and Et2O were dried and purified by pushstill solvent-dis-
pensing system (SG Water USA LLC, Nashua, NH). LiCl was oven-
dried and stored over P2O5 before use. All reactions were carried
out under an Ar atmosphere in oven-dried glassware unless other-
wise specified. Moisture and oxygen-sensitive reagents were han-
dled in an N2-filled drybox. 5-Norbornene-exo-carboxylic acid was
synthesized according to the literature.[57]


Eight- to ten-week-old virgin female mice (ICR or CD-1) were pur-
chased from Taconic Inc.(Hudson, NY, USA) or Charles River Labora-
tories, (Troy, NY, USA). Eight-month-old ICR retired male breeders
were purchased from Taconic Inc. Mice containing the floxed b1 in-
tegrin gene were provided by Ruth Globus (NASA Ames Research
Center, Mountain View, CA, USA) with permission from Reinhardt
F�ssler (MPI, Martinsried, Germany). Transgenic mice expressing
the Cre recombinase under the control of the ZP3 promoter were
obtained from Paul Primakoff (University of California, Davis) with
permission from Jamie Marth (University of California, San Diego).
Pregnant mare’s serum gonadotropin (PMSG, #367 222), hyaluroni-
dase (#H3506), and Hoechst 33342, were purchased from Sigma–
Aldrich, and human chorionic gonadotropin (hCG, #230734) was
obtained through the National Hormone and Peptide Program, the
National Institute of Diabetes and Digestive Kidney Diseases, and
Dr. A.F. Parlow. Chemicals for assay buffers were purchased from
Sigma–Aldrich and Fisher Scientific.


General methods : Analytical thin layer chromatography (TLC) was
performed on precoated silica gel plates (60F254) and flash chroma-
tography on silica gel-60 (230–400 mesh). TLC spots were detected
by UV and by staining with 10 % phosphomolybdic acid (PMA) in
ethanol. The molecular weight of the polymers was assessed by
gel permeation chromatography (Phenogel 5 m Linear(2) GPC
column, Phenomenex) eluting with 10 % CH3OH in CH2Cl2 or THF.
Inova400, Inova500, and Inova600 MHz NMR spectrometers were
used to perform NMR analysis, and spectra were recorded in CDCl3


unless otherwise noted. 1H NMR spectra are reported as chemical
shift in parts per million (multiplicity, coupling constant in Hz, inte-
gration). 1H NMR data are assumed to be first order. Copies of poly-
mer spectra are available in the Supporting Information with this
article online. The purities of all peptide monomers were assessed
by RP-HPLC on a Vydac C18 column (Atlanta, GA, USA). Linear gradi-
ent elution was performed at 1 mL min�1 with CH3CN and H2O
(both containing TFA, 0.1 %).


PMSG and hCG were resuspended in sterile PBS to 7.5 IU per
100 mL. These solutions were stored at �20 8C. Hyaluronidase was
resuspended in sterile water to a final concentration of 30 mg mL�1


and was stored at �20 8C. Tyrode’s acid was prepared with NaCl
(0.8 g), KCl (0.02 g), CaCl2 (0.02 g), MgCl2 (0.01 g), Na2HPO4


(0.005 g), glucose (0.1 g), and polyvinylpyrrolidone (0.4 g) dissolved
in 100 mL sterile water. After filtration through a 0.2 mm filter, dilut-
ed 1 n HCl was added to adjust the pH to 2.0. Tyrode’s acid was
stored at �20 8C. Hoechst 33342 (2’-[4 ethoxyphenol]-5-[4-methyl-
1-piperazinyl]-2,5’-bi-1H-benz-imidazole trihydrochloride) was
stored in the dark at 4 8C. All of the steps involving the use of
Hoechst 33342 were performed with minimum exposure to light.


ROMP : The procedure detailed below for polymer 6 is representa-
tive of the procedure followed for synthesis of all of the homopoly-
mers and the block copolymers. Scale, yield, and spectra are pre-
sented for each of the individual polymers. The number of ligands
(n) is based on the monomer:catalyst ratio used in the synthesis.
Monomers 3 and 5 were prepared as described.[39]


Fmoc-Gln ACHTUNGTRENNUNG(Trt)-Cys ACHTUNGTRENNUNG(Trt)-Asp ACHTUNGTRENNUNG(OtBu)-OMe : Fmoc-Cys ACHTUNGTRENNUNG(Trt)-AspACHTUNGTRENNUNG(OtBu)-
OMe,[39] (5.19 mmol, 4.0 g) was dissolved in dry CH2Cl2 (10 mL). 1-
Octanethiol (51.9 mmol, 9.0 mL) and DBU (0.52 mmol, 78 mL) were
added, and the reaction was stirred for 15 h at RT under Ar. After
evaporation of the solvent, the resulting product was purified by
flash chromatography eluting with a step gradient ranging from
2 % to 50 % EtOAc/CH2Cl2. H-Cys ACHTUNGTRENNUNG(Trt)-AspACHTUNGTRENNUNG(OtBu)-OMe (2.1 g, 73 %)
was obtained as a fine white powder. H-CysACHTUNGTRENNUNG(Trt)-Asp ACHTUNGTRENNUNG(OtBu)-OMe,
(3.47 mmol, 1.9 g), Fmoc-GlnACHTUNGTRENNUNG(Trt)-OH (3.82 mmol, 2.3 g), EDC·HCl
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(4.16 mmol, 0.8 g), and HOBt·hydrate (4.16 mmol, 0.6 g) were dis-
solved in dry CH2Cl2 (13 mL) and cooled to 0 8C. DIEA (3.82 mmol,
0.5 mL) was added to the mixture, and the reaction was stirred for
5 h at RT under Ar. The crude mixture was diluted into CH2Cl2 and
was washed three times with 5 % NaHCO3, followed by three
washes with 1 n HCl, and was dried over Na2SO4. After evaporation
of solvent, the peptide product was purified by flash silica chroma-
tography (acetone/CH2Cl2 1:20) to yield Fmoc-Gln ACHTUNGTRENNUNG(Trt)-Cys ACHTUNGTRENNUNG(Trt)Asp-ACHTUNGTRENNUNG(OtBu)-OMe (3.4 g, 87 %) as a white powder. 1H NMR (400 MHz,
CDCl3): d= 7.75 (d, J = 7.6 Hz, 2 H) 7.55 (d, J = 8.0 Hz, 2 H), 7.38 (m,
8 H), 7.21 (m, 26 H), 6.87 (d, J = 8.0 Hz, 1 H), 6.61(d, J=6.8 Hz, 1 H),
5.91 (d, J = 5.6 Hz, 1 H), 4.62 (m, 1 H), 4.33 (d, J = 7.6 Hz, 2 H), 4.16 (t,
d = 7.2, 1 H), 4.00 (m, 1 H), 3.93 (m, 1 H), 3.60 (s, 3 H), 2.70 (m, 2 H),
2.57 (m, 2 H), 2.45 (m, 1 H), 2.40 (m, 1 H), 2.02 (m, 1 H), 1.92 (m, 1 H),
1.38 (s, 9 H).


NB-Gln ACHTUNGTRENNUNG(Trt)-CysACHTUNGTRENNUNG(Trt)-AspACHTUNGTRENNUNG(OtBu)-OMe, 4 : H-GlnACHTUNGTRENNUNG(Trt)-Cys ACHTUNGTRENNUNG(Trt)-Asp-ACHTUNGTRENNUNG(OtBu)-OMe (0.33 mmol, 300 mg) deprotected with DBU and 1-
octanethiol as described above, 5-norbornene-exo-carboxylic acid
(0.36 mmol, 50 mg), EDC·HCl (0.40 mmol, 76 mg), and HOBt·hy-
drate (0.40 mmol, 61 mg) were dissolved in dry CH2Cl2 (2 mL). DIEA
(0.40 mmol, 70 mL) was added to the mixture, and the reaction was
stirred for 1 h at RT under Ar. The crude mixture was diluted into
CH2Cl2 and was washed three times with 5 % NaHCO3, followed by
three washes with 1 n HCl, and was dried over Na2SO4. After evap-
oration of solvent, the peptide product was purified by flash silica
chromatography (acetone/CH2Cl2 1:20) to yield 4 (220 mg, 64 %) as
a white powder. 1H NMR (400 MHz): d= 7.41 (m, 6 H) 7.29 (m, 6 H),
7.21 (m, 3 H), 6.94 (d, J = 8.4 Hz, 1 H), 6.73 (m, 1 H), 6.67 (m, 1 H),
6.11 (m, 1 H), 6.02 (m, 1 H), 4.72 (m, 1 H), 4.29 (m, 1 H), 4.04 (m, 1 H),
3.67 (s, 3 H), 2.92 (m, 1 H), 2.83 (m, 3 H), 2.70 (m, 1 H), 2. 48 (m, 2 H),
2.29 (m, 1 H), 2.02 (m, 2 H), 1.88 (m, 4 H), 1.64 (d, J = 7.2 Hz, 1 H), 1.
44 (d, J = 5.6 Hz, 9 H), 1.41 (s, 9 H), 1.27 (m, 2 H); 13C NMR (100 MHz):
d= 26.92, 27.31, 28.24, 28.28, 30.61, 30.88, 33.72, 37.50, 41.79,
44.42, 46.51, 46.71, 46.96, 47.53, 49.22, 52.49, 52.59, 52.61, 54.21,
54.52, 67.39, 67.42, 70.90, 81.60, 127.12, 127.27, 128.16, 128.31,
128.94, 129.78, 136.24, 136.39, 138.06, 138.21, 144.55, 144.69,
144.72, 169.71, 169.87, 171.14, 171.43, 172.73, 172.82, 177.03,
177.14.


6 : Monomer 3 (117 mmol, 100 mg) was dissolved in CH2Cl2/MeOH
(3:1, 1 mL). Oven-dried LiCl (2.4 mmol, 102 mg), 1 (11.7 mmol,
10 mg) dissolved in CH2Cl2/MeOH (3:1, 500 mL) and additional
CH2Cl2/MeOH (3:1, 200 mL) at 0 8C were added to the reaction mix-
ture under Ar. The reaction was stirred for 1 h at RT under Ar. Ethyl-
vinyl ether (1 mL) was added to quench the reaction, and the mix-
ture was stirred for an additional 40 min. After removing the sol-
vent, the residue was dissolved in CH2Cl2. The solution was washed
three times with H2O, dried with Na2SO4, concentrated by rotary
evaporation, and precipitated with cold Et2O. The product was iso-
lated by centrifugation and dried. Crude protected polymer was
deprotected with TFA/TIPS/H2O (95/2.5/2.5) for 5 h. The reaction
mixture was concentrated with N2 and was precipitated with cold
Et2O. The precipitate was collected by centrifugation. Polymer was
dissolved in H2O (1 mL) at pH 6–7 and reduced with 10–20 mm


tris(2-carboxyethyl)-phosphine (TCEP) for 2 h at RT. Reduced poly-
mer was isolated by precipitation with 1 n HCl (200 mL). Residual
TCEP was removed by repeated washing of the precipitate with
H2O (3 � 1 mL). 6, a yellowish-white solid, was collected (40 mg,
67 %), dried, and stored at �20 8C. 1H NMR (500 MHz, D2O): d= 7.32
(m) 5.39 (m), 4.56–3.93 (with max at 4.68, 4.42, 4.25), 3.66 (br s),
3.02–2.40 (with max at 2.87, 2.63, 2.48), 2.34–1.44 (with max at
2.19, 1.95, 1.83, 1.60), 1.24 (br s).


710 : Monomer 3 (117.1 mmol, 100 mg) and 2 (11.7 mmol, 10.4 mg) in
CH2Cl2/MeOH (3:1, 1 mL) yielded a yellowish-white solid (48 mg,
80 %). 1H NMR (500 MHz, D2O): d= 7.28 (m) 5.36 (m), 4.06–4.03
(with max at 4.58, 4.44, 4.27), 3.64 (br s), 3.09–2.36 (with max at
2.83, 2.65, 2.48), 2.37–1.38 (with max at 2.22, 1.93, 1.82, 1.59), 1.20
(br s), 0.93 (br s).


8 : Monomer 3 (47 mmol, 40 mg) and 1 (4.7 mmol, 4 mg) in CH2Cl2/
MeOH (3:1, 1 mL) at 55 8C yielded a yellowish-white solid of a side-
chain protected polymer (34 mg, 84 %). 1H NMR (500 MHz, CDCl3):
d= 7.66–7.08 with max at 7.40, 7.27, 7.19) 5.14 (m), 4.84–4.22 (with
max at 4.64, 4.39), 3.62 (br s), 3.20–2.46 (with max at 2.81, 2.68),
2.46–1.49 (with max at 2.25, 1.94, 1.76), 1.40 (br s).


9 : Monomer 3 (58.5 mmol, 50 mg) and 1 (0.59 mmol, 0.5 mg) in
CH2Cl2/MeOH (3:1, 1 mL) yielded a yellowish-white solid of a side-
chain protected polymer (44 mg, 87 %). 1H NMR (500 MHz, CDCl3):
d= 7.48–7.10 (with max at 7.40, 7.27, 7.19) 5.19 (m), 4.93–4.14
(with max at 4.64, 4.37), 3.63 (br s), 3.23–2.49 (with max at 2.81,
2.68, 2.56), 2.45–1.51 (with max at 2.24, 1.97, 1.65), 1.40 (br s).


7100 : Monomer 3 (117 mmol, 100 mg) and 2 (1.17 mmol, 1.0 mg) in
CH2Cl2/MeOH (3:1, 1.5 mL) yielded a yellowish-white solid (47 mg,
80 %). 1H NMR (500 MHz, D2O): d= 7.34 (m) 5.34 (m), 4.65–4.14
(with max at 4.64, 4.39), 3.67 (br s), 3.15–2.44 (with max at 2.86,
2.74), 2.43–1.41 (with max at 2.34, 1.99, 1.87), 1.22 (br s), 0.95 (br s).


101 and 102 : Monomer 4 (96.9 mmol, 100 mg) and 2 (101.7 mmol,
90 mg) in CH2Cl2/MeOH (3:1, 2 mL) yielded a mixture of 101 and
102 as a brownish white solid (62 mg, 56 %). After deprotection
with a mixture of H2O, TFA and TIPS, the polymer was purified by
RP-HPLC with a prep C18 column. MALDI mass spectrum: 101;
calcd: 625.23 [M+Na]+ , found 625.20; 102 ; calcd (MNa+) 1123.41,
found 1123.59.


103 : Monomer 4 (145.3 mmol, 150 mg) and 2 (48.4 mmol, 43 mg) in
CH2Cl2/MeOH (3:1, 2 mL) yielded 103 as a brownish white solid
(68 mg, 84 %). 1H NMR (500 MHz, D2O): d= 7.28 (m) 5.33 (m), 4.65–
4.01 (with max at 4.18), 3.63 (br s), 3.29–2.40 (with max at 3.13,
2.59), 2.35–1.80 (with max at 2.21, 2.00), 1.21 (m), 0.93 (br s).


106 : Monomer 4 (145.3 mmol, 150 mg) and 2 (24.22 mmol, 22 mg)
in a total volume of 2 mL yielded 106 as a brownish white solid
(65 mg, 81 %). 1H NMR (500 MHz, D2O): d= 7.28 (m) 5.36 (m, br),
4.54–4.13 (with max at 4.44, 4.33), 3.63 (br s), 3.30–2.40 (with max
at 2.84, 2.65, 2.59), 2.38–1.43 (with max at 2.23, 1.98, 1.86), 1.21
(m), 0.93 (br s).


1010 : Monomer 4 (145.3 mmol, 150 mg) and 2 (14.53 mmol,
12.90 mg) in CH2Cl2/MeOH (3:1, 2 mL) yielded 1010 as a brownish
white solid (58.9 mg, 79 %). 1H NMR (500 MHz, D2O): d= 7.28 (m)
5.35 (m), 4.58–4.13 (with max at 4.47, 4.33), 3.65 (br s), 3.10–2.42
(with max at 2.85, 2.74), 2.41–1.41 (with max at 2.25, 1.99, 1.88,
1.62), 1.21 (m), 0.93 (br s).


10100 : Monomer 4 (112.67 mmol, 117 mg) and 2 (1.12 mmol, 1.0 mg)
in CH2Cl2/MeOH (3:1, 2 mL) yielded a yellowish white solid (45 mg,
79 %). 1H NMR (500 MHz, D2O): d= 7.26 (m) 5.36 (m), 4.56–4.09
(with max at 4.48, 4.33), 3.64 (br s), 3.04–2.38 (with max at 2.85,
2.66, 2.61), 2.38–1.32 (with max at 2.24, 1.98, 1.88, 1.60), 1.21 (m),
0.93 (br s).


1110 : Monomer 5 (38 mmol, 21 mg) and 2 (13.8 mmol, 3.3 mg) in
CH2Cl2/MeOH (3:1, 200 mL) yielded 1110 as a brownish-white solid
(10 mg, 67 %). 1H NMR (500 MHz, D2O): d= 7.29 (m) 5.36 (m), 4.56–
3.96 (with max at 4.34, 4.07), 3.77 (br s), 3.65 (br s), 3.07–2.34 (with
max at 2.90, 2.51), 2.36–1.50 (with max at 2.20, 1.95, 1.86, 1.62),
1.44–1.12 (with max at 1.34, 1.27).
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11100 : Monomer 5 (225 mmol, 124 mg) and 2 (2.25 mmol, 2.0 mg) in
CH2Cl2/MeOH (3:1, 2 mL) yielded 11100 as a brownish-white solid
(89 mg, 90 %). 1H NMR (500 MHz, D2O): d= 7.30 (m) 5.38 (m), 4.44–
3.93 (with max at 4.35, 4.07), 3.77 (br s), 3.65 (br s), 3.10–2.30 (with
max at 2.91, 2.51), 2.32–1.47 (with max at 2.15, 1.93, 1.82, 1.61),
1.43–1.03 (with max at 1.34, 1.25), 0.95 (br s).


72–1196–72 : Monomer 3 (4.5 mmol, 3.9 mg) was dissolved in CH2Cl2/
MeOH (3:1, 300 mL). Oven-dried LiCl (1.2 mmol, 51 mg) and 2
(2.25 mmol, 2.0 mg) dissolved in CH2Cl2/MeOH (3:1, 100 mL) were
added and additional CH2Cl2/MeOH (3:1, 100 mL) was added to the
reaction at 0 8C under Ar. The reaction was stirred for 20 min at RT
under Ar. Monomer 5 (216.3 mmol, 119 mg) was dissolved in
CH2Cl2/MeOH (3:1, 500 mL) and was added to the reaction at 0 8C
under Ar. The reaction was stirred for 1 h at RT under Ar. Monomer
3 (4.5 mmol, 3.9 mg) was dissolved in CH2Cl2/MeOH (3:1, 300 mL) at
0 8C under Ar. The reaction was stirred for 1 h at RT under Ar. After
quenching the reaction, crude polymer was precipitated, andACHTUNGTRENNUNGdeprotected to yield 72–1196–72 as a yellowish-white solid (77 mg,
77 %). 1H NMR (500 MHz, D2O): d= 7.24 (m) 5.37 (m), 4.53–3.97
(with max at 4.33, 4.07), 3.77 (br s), 3.65 (br s), 3.14–2.34 (with max
at 2.90, 2.50), 2.35–1.45 (with max at 2.19, 1.94, 1.85, 1.61), 1.33
(br s), 1.27–0.90 (with max at 1.15, 0.95).


102-1196-102 : Monomer 4 (4.5 mmol, 4.7 mg) was dissolved in
CH2Cl2/MeOH (3:1, 300 mL). To the reaction was added oven-dried
LiCl (1.2 mmol, 51 mg) and 2 (2.25 mmol, 2.0 mg) dissolved in
CH2Cl2/MeOH (3:1, 100 mL) and additional CH2Cl2/MeOH (3:1,
100 mL) was added at 0 8C under Ar. The reaction was stirred for
20 min at RT under Ar. Monomer 5 (216.3 mmol, 119 mg) was dis-
solved in CH2Cl2/MeOH (3:1, 500 mL) and was added to the reaction
at 0 8C under Ar. The reaction was stirred for 4 h at RT under Ar.
Monomer 4 (4.5 mmol, 4.7 mg) was dissolved in CH2Cl2/MeOH (3:1,
300 mL) and was added at 0 8C under Ar. The reaction was stirred
for 5 h at RT under Ar. After quenching the reaction, crude polymer
was precipitated and deprotected to yield 102-1196-102 as a yellow-
ish-white solid (82 mg, 82 %). 1H NMR (500 MHz, D2O): d= 7.36 (m)
5.37 (m), 4.52–3.94 (with max at 4.34, 4.07), 3.77 (br s), 3.65 (br s),
3.16–2.31 (with max at 2.90, 2.49), 2.34–1.50 (with max at 2.16,
1.93, 1.84, 1.60), 1.34 (br s), 1.29–1.04 (with max at 1.25, 1.14).


72-1196-102 : Monomer 3 (4.5 mmol, 3.9 mg) was dissolved in CH2Cl2/
MeOH (3:1, 300 mL). To the reaction was added oven-dried LiCl
(1.2 mmol, 51 mg) and 2 (2.25 mmol, 2.0 mg) dissolved in CH2Cl2/
MeOH (3:1, 100 mL) and additional CH2Cl2/MeOH (3:1, 100 mL) was
added at 0 8C under Ar. The reaction was stirred for 20 min at RT
under Ar. Monomer 5 (216.3 mmol, 119 mg) was dissolved in
CH2Cl2/MeOH (3:1, 500 mL) and was added to the reaction at 0 8C
under Ar. The reaction was stirred for 4 h at RT under Ar. Monomer
4 (4.5 mmol, 4.7 mg) was dissolved in CH2Cl2/MeOH (3:1, 300 mL)
and was added at 0 8C under Ar. The reaction was stirred for 5 h at
RT under Ar. After quenching the reaction, crude polymer was pre-
cipitated, and deprotected to yield 72–1196–102 as a yellowish-
white solid (73 mg, 73 %). 1H NMR (500 MHz, D2O): d= 7.32 (m) 5.38
(m), 4.45–3.96 (with max at 4.36, 4.07), 3.77 (br s), 3.18–2.31 (with
max at 2.90, 2.50), 2.32–1.42 (with max at 2.14, 1.93, 1.78, 1.60),
1.25 (br s), 1.12 (m).


In vitro fertilization assay


Isolation of oocytes and spermatozoa for IVF assay : All experiments
performed with mice were in accordance with the National Insti-
tute of Health and United States Department of Agriculture guide-
lines, and the specific procedures performed were approved by
the Stony Brook University IACUC (protocol #0616). Eggs were col-
lected from the oviducts of 8- to 10-week-old superovulated


female ICR/CD-1 mice or C57 mutant progeny that were wild type
(Cre� b1 +/+) or knockouts (Cre+ b1 f/f) for the b1 allele. Mice
were superovulated by injecting PMSG (7.5 IU), followed 48–52 h
later by an injection of hCG (7.5 IU). 12–14 h after hCG injection,
mice were sacrificed. All manipulations and incubations of eggs
were performed at 37 8C, 5 % CO2 unless otherwise noted. The ovi-
ducts were removed from euthanized mice and were incubated in
prewarmed 0.5 % BSA/M16 (medium). Cumulus-egg complexes
were collected and transferred to 500 mL drops of medium contain-
ing hyaluronidase (30 mg mL�1) surrounded by mineral oil. After a
10 min incubation at 37 8C, 5 % CO2, cumulus free metaphase II
eggs (eggs with one polar body) were collected, transferred first to
a 80 mL drop of medium, and then washed through six 80 mL
drops of medium. Eggs were recovered for 1 h before treating
with Tyrode’s acid. Zona pellucidae of metaphase II eggs wereACHTUNGTRENNUNGremoved by treating eggs with a Tyrode’s acid drop (100 mL) for
1 min at RT. Zona free eggs were washed six times with medium
and were recovered for 2 h, then preloaded with Hoechst 33342
dye (10 mg mL�1) for 30 min at 37 8C, 5 % CO2. Meanwhile, sperm
for the in vitro adhesion and fusion assay were isolated from the
cauda epididymis and vas deferens of 8-month-old ICR retired
male breeders. Sperm were released from dissected cauda and vas
deferens into 3 % BSA/M16 modified Krebs-Ringer medium. Re-
leased sperm were incubated at 37 8C, 5 % CO2 for 2.5 h to 3 h in
the same medium to allow them to capacitate and acrosome react.


Inhibitor assay : The polymers were dissolved in aqueous NH4OH
and fully reduced with 10 mm TCEP for 1–2 h. The pH of reducing
solutions was between 6 and 7 to prevent formation of precipi-
tates. The solutions were centrifuged at 16 000 g for 3 min, and the
supernatants were collected. The polymers were precipitated by
adding 1 n HCl to the supernatants, centrifuged at 2000 g for 3 min
until the polymers formed a thin film on the Eppendorf tubes,
washed with water three times, and residual water was removed
by lyophilization. Polymers of high molecular weight were handled
carefully to prevent aggregate formation upon centrifugation.
Polymers were redissolved in water adjusted to pH 7 with NH4OH
immediately before assays to a final concentration of 0.1 mm. Zona
free eggs that had been loaded with Hoechst 33342 were washed
six times with 3 % BSA/M16, and placed in 100 mL drops of polymer
solution in 3 % BSA/M16, and incubated with eggs for 45 min prior
to sperm addition. No more than 6 mL of stock solution was diluted
into an egg drop. Capacitated and acrosome reacted sperm were
added to eggs at a final concentration of 1–5 � 104 sperm per mL.
After 45 min at 37 8C, 5 % CO2, eggs were gently washed through
six 60 mL drops of 3 % BSA/M16. Eggs were mounted onto glass
microscope slides, covered with glass cover slips, and sperm bind-
ing and fusion were scored by epi-fluorescence microscopy and
DIC microscopy (NIKON Eclipse 400, 40 � , 0.75 NA objective).
Fusion was scored as the fluorescent labeling of sperm nuclei with
Hoechst 33342 present in the preloaded eggs. Two measures of
fusion were used: fertilization index (FI, mean number of fused
sperm per egg) and fertilization rate (FR, percentage of eggs fused
with at least one sperm). IC50s were calculated by a three parame-
ter fit (GRAFIT software) by Equation (1):


y ¼ 100�b
½1þ ðI=IC50Þ�s


ð1Þ


where y is the percent FR or FI, b is the remaining percent fertiliza-
tion after saturation with inhibitor, and s is the slope of the fit.
Errors were reported as S.E.M.
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