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Cover Picture

Peter Sommer, Viviana S. Fluxa, Tamis Darbre, and
Jean-Louis Reymond*

The cover picture shows the discovery of proteolysis sites within peptide dendrimers.
On p. 1527 ff. of this issue, J.-L. Reymond et al. explain how proteolytic cleavage within
the branches of these molecular trees was found to be possible by proteases such as
trypsin (Trp) or chymotrypsin (Chy) when the correct amino acid (Arg for Trp, Phe for
Chy) was placed at the cleavage site. Protease-reactive dendrimers were identified by
screening a one-bead-one-compound combinatorial library of dendrimers (top left)
using an on-bead proteolysis assay (red indicates the presence of free amino termini
after proteolysis). It was also possible to hide proteolysis sites from the proteases by
using a higher degree of branching in the dendrimers (not shown). A space-filling ren-
dering of a peptide dendrimer and its cleavage products upon trypsin cleavage is
shown. Cover design and realization by Louise A. Reymond and Viviana S. Fluxa.
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CORRIGENDA

Throughout this article (including in the tables), the values given for variant F87L/ A. Seifert, S. Vomund, K. Grohmann,
A328lI should be reassigned to variant F87A/A328V and vice versa. S. Kriening, V. B. Urlacher, S. Laschat,
J. Pleiss*

Furthermore, in Table 3, in the top row of column 4, compound label 9 should be . . ..

. Rational Design of a Minimal and
replaced by 10, and in the top row of column 5, compound label 10 should be . X

. . Highly Enriched CYP102A1 Mutant

replaced by 9. The authors apologise for these mistakes.

Library with Improved Regio-, Stereo-
and Chemoselectivity

ChemBioChem 2009, 10, 853-861
DOI 10.1002/cbic.200800799
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In Figure 1 in this article, the second column should have been labelled as “+" for A. Umeda, G. N. Thibodeaux, J. Zhu,
L-DOPA rather than “—". We apologise for this error. Y. Lee, Z. J. Zhang*

Site-Specific Protein Cross-Linking
with Genetically Incorporated
3,4-Dihydroxy-L-Phenylalanine

ChemBioChem 2009, 10, 1302-1304
DOI 10.1002/cbic.200900127
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Synthesis and Application of Peptide Arrays: Quo Vadis

SPOT Technology

Rudolf Volkmer*®@

Dedicated to Dr. Ronald Frank on the occasion of his 60th birthday.*

Introduction

In 1990, at the 21st European Peptide Symposium in Barcelo-
na, Ronald Frank presented a method for the rapid and effec-
tive simultaneous parallel synthesis of multiple peptides on a
filter paper™ Two years later the first seminal paper on this
method was published; this manuscript defined the approach
as SPOT synthesis, an easy technique for positionally addressa-
ble, parallel chemical synthesis on a membrane support.”? The
SPOT synthesis technique established itself in a series of inves-
tigations beginning with Mario Geysen’s visionary concept of
peptide synthesis on derivatised plastic pins.”! A few years
later the first oligonucleotide array synthesis on a planar glass
surface was reported.*® Peptide library methods such as Ri-
chard Houghten’s®®” tea-bag approach and combinatorial pep-
tide library techniques®'” emerged almost simultaneously.
Progress in library and array technologies was driven by a
paradigm change in the life sciences, through the application
of a more empirical search rather than an iterative rational ap-
proach to the solving of complex biological questions. Indeed,
combinatorial chemical libraries, together with biological libra-
ries such as phage display™ and yeast-two-hybrid libraries,?
were the trail-blazing technologies, and it is likely that all paral-
lel handling techniques found their inspiration from these pio-
neering concepts.

The array format is a high-throughput device for binding
assays and involves the spatially addressable presentation of
different molecules immobilised in discrete areas on a planar
support surface. The device is simultaneously analysed with
one or more purified or crude biological samples used to
probe the array. This principle has been fruitfully applied in
RNA hybridisation experiments.">'¥ In particular, the genomic
field—the human genome project, for example—has driven
the progress of array technology. However, the distribution of
cellular labour between DNA and proteins may make measure-
ments of genetic change insufficient to explain emergent phe-
notypes™ involved in normal or pathological cellular behav-
iour. Moreover, RNA levels do not correlate with protein abun-
dance,"®'” and it is proteins rather than genes that are the im-
mediate operational agents of cellular functions. Here, assays
at the protein level are required in order to identify gene func-
tion at the phenotypic level, and protein arrays are ideally
suited to support proteomic research. However, critical factors
such as native folding stability or functionality have been an
enormous challenge for the production of protein arrays. It is
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therefore not surprising that the first reports on protein arrays
came just in time for the new millennium.!'82%

Peptides, in contrast, are easier to handle and retain partial
aspects of protein function, and so peptide arrays are suitable
to support proteomic research. Two techniques for the prepa-
ration of peptide arrays were published almost simultaneously.
Firstly, Frank presented the SPOT synthesis technique™? and,
secondly, Fodor and co-workers®?"" reported the concept of
light-directed, spatially addressable chemical synthesis. Both
techniques are milestones in the advancement of peptide
array technologies. However, the majority of peptide arrays re-
ported to date have been produced by use of the SPOT syn-
thesis concept. This is due to the fact that SPOT synthesis is a
very simple but extremely robust method for the highly paral-
lel synthesis of peptides on planar surfaces. Not surprisingly,
the technology has been successfully commercialised, by, for
example, the company JPT Peptide Technologies GmbH
(http://www.jpt.com).

The SPOT synthesis technique was initially applied to molec-
ular recognition events based on synthetic peptides in the
immune system. Over a period of 18 years, the SPOT synthesis
technique—or SPOT technology for short—has become a
widespread and essential tool in biology and biochemistry. The
technique has been used for a broad spectrum of protein-pro-
tein or protein-ligand interactions. From 1990 until now, more
than 400 original, peer-reviewed papers relevant to SPOT tech-
nology have been published. In the bibliography compiled by
Frank and co-workers, 167 original publications published be-
tween 1992 and 2001 are mentioned.”” A comprehensive bib-
liography on peptide array and SPOT technology can be found
in the impressive review of peptide arrays in proteomics and
drug discovery published by Reineke and co-workers.” The
authors collected all kinds of literature on peptide array tech-
nologies and applications from 1991 up to 2004.

[a] Dr. R. Volkmer

Institut fir Medizinische Immunologie, AG Molekulare Bibliotheken
Charité-Universitdtsmedizin Berlin

Hessische Strasse 3-4, 10115 Berlin (Germany)

Fax: (+49) 304-5052-4942

E-mail: rve@charite.de

Ronald Frank introduced the concept of the SPOT technology for studying
protein-ligand interactions. His pioneering work has been a source of inspi-
ration for many research groups. | wish him a happy and full life and sever-
al years of active research ahead.

[+
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Here | would like to give a basic overview of the technology,
subdivided for demonstrative and didactical reasons into fun-
damental and advanced SPOT technology sections. Finally |
will focus on recently published applications of SPOT technolo-
gy. To those interested in more details about peptide array
preparation and applications | recommended the extensive
review by Reineke and co-workers.”®

Fundamental SPOT Technology

SPOT synthesis (for further reviews refer to refs. [22-37]) is one
player on the array technology field and fulfils the main char-
acteristics of array technology. These are: 1) spatially addressa-
ble immobilisation of huge numbers of different capture mole-
cules, 2) probing of the array with a biological sample in a
simultaneous and highly parallel manner to detect binding,
3) tendency towards miniaturisation of the arrays, and 4) soft-
ware supported read-out and data analysis. Fundamental SPOT
technology makes use of peptides as capture molecules. Those
are synthesised in a stepwise and parallel manner directly on a
planar cellulose support. The basic principle of SPOT technolo-
gy involves the positionally addressed delivery of small vol-
umes of activated reagent solutions (for example, activated
amino acid derivatives) directly onto a cellulose membrane
sheet. The areas wetted by the resulting droplets can be con-
sidered microreactors, provided that a nonvolatile solvent
system is used. The functional groups fixed on the membrane
surface react with the pipetted reagents as in conventional
solid-phase synthesis. The physical properties of the mem-
brane surface, the solvent system and the applied volumes
define the size of the resulting spots. Both immobilised and
soluble peptides can be prepared by SPOT technology. Fig-
ure 1A demonstrates the synthesis of six different peptides,
but with each peptide equally distributed as 1000 reiterations
on membrane A and used for testing antibody binding.®
Small-scaled spots are typically used for such an approach. In
contrast, large-scaled spots are used for preparation of soluble
peptides (Figure 1B). On membrane B, 949 peptides were syn-
thesised to generate soluble peptides, here subsequently used
in a cell-based assay.”?

29cm

Figure 1. Left: A cellulose-membrane-bound peptide array for protein bind-
ing studies (binding results in a black spot). Right: A cellulose membrane
with a peptide array useful for generating soluble peptides (spots are
stained for visualisation). On membrane A, 6000 spots with an average diam-
eter of 1.2 mm were generated with the goal of synthesizing huge numbers
of peptides for an on-support binding study. On membrane B, 949 spots
with diameters of 8 mm were produced and used for the synthesis of solu-
ble peptides subsequently applied in a cell-based assay (spots are coloured
with bromophenol blue).
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In situ peptide synthesis on cellulose membranes

Whatever the intended application of SPOT technology, the
general strategy for parallel peptide assembly on a cellulose
membrane is the same, as shown in Scheme 1. In a first step,
hydroxy groups in the cellulose membrane are used as anchor-
ing points for the attachment of the more reactive amino func-
tions (Scheme 14, @, b). The most frequently used procedure
results in ester-type cellulose membranes.>*? Treatment of a
cellulose membrane with a solution either of activated Fmoc-
[-alanine or of Fmoc-glycine gives modified membranes (for
working protocols refer to refs. [2,40-43]). The commercially
available filter paper types Whatman 50, Chr1 and 540, as well
as the chromatography paper type 3MM (Whatman, Maid-
stone, UK) are the preferred supports. Glycine ester-type cellu-
lose membranes are suitable and inexpensive supports for the
synthesis of soluble peptides,?**¥ whereas B-alanine ester-
type membranes are mostly used for binding studies per-
formed directly on the support.?%2333437

Spots are defined next (Scheme 1¢, ¢, d, e) with droplets of
an activated Fmoc-B-alanine solution.”** Activation can be
achieved with N-hydroxybenzotriazole ester (HOBt ester) inter-
mediates®**”*} generated in situ or by use of commercially
available pentafluorophenyl esters (OPfp esters)24283031.401
available from several suppliers (Novabiochem/Merck Biosci-
ences, Schwalbach, Germany, or Bachem, Bubendorf, Switzer-
land). For the preparation of soluble peptides (Scheme 1),
spots are defined with solutions of activated amino acids cor-
responding to the given C-terminal residue.*>#4-*

In the next step, peptides are assembled from the C to the
N terminus (Scheme 1 f), exclusively by Fmoc-/tBu-chemistry.”¢!
In the first standard SPOT synthesis protocol, Frank described a
manual process.” The subsequently published protocols take
into account the development from a manual®*”! to semiauto-
matic®**) and then fully automated systems.® The pub-
lished SPOT synthesis protocols (e.g., refs.[31,37,41-43]) vary
slightly in the procedures for amino acid activation or coupling
steps and also in the use of different solvents. We have recom-
mended the use of amino acid OPfp ester derivatives because
this simplifies the synthesis process, particularly if SPOT robots
are used.” SPOT synthesis protocols for research and practical
courses at the Volkmer lab can be found on the internet."?

During the last synthetic step (Scheme 1g) side chains of
the completed peptides are deprotected. The limited stability
of standard cellulose membranes against the deprotection re-
agent trifluoracetic acid (TFA) has to be taken into account. We
recommend our two-step deprotection procedure,“>*? which
starts with immersion of the membrane in 90% TFA in di-
chloromethane (DCM) for 0.5 h and, after several washing
steps, further treatment with 50% TFA in DCM for another 3 h.
Details of this working protocol have been published.“***

Peptides synthesised on large-scale spots can be cleaved
from the cellulose membrane after side chain deprotection
(Scheme 1h’ i) by dry aminolysis®® of the peptide-ester bond
with ammonia gas.B"3*#451.52 The compounds are released
from the cellulose membrane as carboxamides and remain
physically adsorbed on the membrane. The spots can be
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NH
* NH,
NH,

]

filter paper

a) Fmoc-p-Ala-OH,
DIC, NMI
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DIC, NMI
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h) blocking buffer

i) incubation proceily

on-support assays

of peptide sequence "\-'-
\

f) SPOT-synthesis (from C to N terminus)
g) side-chain deprotection

h') gaseous NH,

i') punch press
\ microtiter plate

MINIREVIEWS

91.3% range. Even longer
peptides such as the 34-meric
FBP28 WW domain could be
SPOT-synthesised in good quali-
ty (65% purity).®™ However, opti-
mised SPOT protocols must be
used in such special cases (see
advanced SPOT technology sec-
tions).

[54]

¢') Fmoc-aa-Opfp
(C-terminal aa)

Assays for cellulose-membrane-
bound peptide arrays

After side chain deprotection,
peptide arrays are ready to be
used for protein binding experi-
ments (Scheme 1h,i). These are
carried out by incubating mem-
branes with solutions of the pro-
tein partners, such as an anti-
body, a bodily fluid, a cell ex-
tract, a recombinant protein, an
enzyme, a synthetic protein
domain or a peptide, etc. Planar
cellulose supports have proven
to be compatible and excellent
materials for various screening

d) Ac,0, DIEA
e) 20% piperidine

methods. In general, prior to in-
cubation with a putative interac-

tion partner, unspecific binding

cell-based assays

sites on the membranes must be

membrane-bound

huge number of

peptide arrays

soluble peptides

blocked by incubation with
blocking solutions. It is reported

Scheme 1. Standard SPOT technology procedure. One the one hand, thousands of immobilised cellulose-mem-
brane-bound peptides can be synthesised rapidly and inexpensively especially for on-support binding studies. On
the other hand, large numbers of soluble peptides can be easily generated in sufficient quality and in yields suita-

ble for several kinds of solution- and cell-based assays.

punched out and the adsorbed compounds can be extracted
with water or any suitable buffer system. Use of glycine ester-
type membranes as solid supports results in peptides with
C-terminal glycinamide modifications. The amount of peptide
recovered from each spot (0.23 cm?) is typically around 40-
70 nmol.

The qualities of SPOT-synthesised peptides have been inves-
tigated by several authors. Takahashi and co-workers®® report-
ed peptide purities higher than 92%, whereas Kramer and co-
workers®" reported lower purities. An extended HPLC analysis
has shown that purities of SPOT-synthesised short peptides of
up to 15 amino acids are similar to those synthesised by solid-
phase methods in reactors.®” Ay and co-workers analysed a
huge number of SPOT-synthesised cytomegalovirus-derived
nonameric peptides by HPLC-MS and found peptide purities
in the 50-85% range.® This is in good agreement with Molina
and co-workers, who reported peptide purities in the 74.4-

ChemBioChem 2009, 10, 1431 - 1442
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that signal-to-noise ratios can be
varied by use of different block-
ing solutions. Brauning and co-
workers®® investigated the influ-
ence of six blocking solutions on
an antibody-peptide interaction
and listed some general consid-
erations, such as 1) polyclonal sera require strong blocking sys-
tems, 2) horse serum, BSA and Tween 20 are not very effective
in reducing unspecific reactions, and 3) superblock [a mixture
of horse serum (50%), blocking buffer concentrate (Genosys,
Cambridge, UK, 10%), Tween 20 (0.2%) and sucrose (150 mm)
in TBS] acts as the most effective blocking system. Dirauer
and co-workers®” investigated the influence of salt concentra-
tions on the signal-to-noise ratios, and Beutling and co-work-
ers® published a ranking of blocking solutions in terms of in-
creasing “stringency”. For a long time in our lab we used a
blocking buffer solution made up of sucrose (2.5 g), blocking
buffer concentrate (Sigma, 5 mL) and TBS concentrate (10 X,
5 mL) diluted with water to a solution volume of 50 mL. This
blocking solution works best for most cellulose membrane
array applications.?"“*%8%1 As well as the influence of blocking
buffers, we recognised that both peptide density®® and mem-
brane type®®*? also strongly influence signal-to-noise ratios.
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The quality of an assay system used for probing peptide
arrays depends on the well-balanced combination of screening
and read-out methods. Both should address either the molecu-
lar recognition event or the means of observing which peptide
was bound or modified by an interaction partner. In general,
both screening and read-out are carried out directly on the
peptide array. Screening and read-out can be achieved simulta-
neously if the soluble interaction partner is labelled with a de-
tectable moiety, such as a fluorescent dye, a radioactive iso-
topes (*°S, '%l, 3¥33pP etc.) or an enzyme such as a peroxidase or
phosphatase.?>¢%263 pyplished protocols for protein labelling
can be found either online or in a handbook.®®’ Fortunately,
in situ labelling of immobilised peptides with radioactive iso-
topes [***P] can occur while probing them for enzyme-sub-
strate interactions with protein kinases.®®®” The resulting enzy-
matically converted *¥*3P-phosphopeptides can be detected by
autoradiography or scintillation counting.®®%® Rathert and co-
workers®®’® recently published an analogous screening/read-
out procedure for the enzyme-substrate interaction of methyl-
transferases. Here, immobilised peptides are enzymatically
methylated and simultaneously labelled with [*H] by use of
[methyl-*H]AdoMet.

In practice, screening and read-out are mostly performed as
separated procedures. The visualisation of peptides binding
the interaction partner is carried out in an additional step, in
which the probed peptide array is subsequently immersed
with a labelled moiety that recognises the actual interaction
partner. Antibody-based immunoblotting with the additional
use of labelled secondary antibodies®® is a common approach
mostly used for antibody or serum profiling studies.”” Labelled
proteins A or G represent alternatives to secondary antibod-
ies.’>73 peptide-interacting proteins can be detected on the
array by use of an antibody either against the protein itself or
against a purification tag (poly-His-, Strep-, S-tag, etc.) or a
fused region (for example, GST fusion). If biotinylated proteins
are used for array probing, the array read-out is achieved with
a streptavidin conjugate.”’¥

False-positive results can occur in all cases while probing a
peptide array. This is due to the fact that peptides may interact
directly with any of the detection agents, such as a protein-
fusion moiety, a protein-tag moiety, an anti-tag antibody, a la-
belled secondary antibody or a streptavidin conjugate. Control
incubations using only the detection agents for the read-out
procedure are always required. Fortunately, peroxidase itself
shows almost no detectable binding to peptides. Discussions
continue about the use of horse radish peroxidase or alkaline
phosphatase.®’” The detection of peptide—protein binding with
a chemiluminescence read-out (peroxidase-labelled moieties
with a chemiluminescence substrate) is highly sensitive, but
oxidation of peptides due to the use of hydrogen peroxide
may occur, so some authors recommend alkaline phosphatase
rather than peroxidase as an enzyme label. In our lab we
prefer the peroxidase label, due to its higher sensitivity and
variable imaging system, with easy quantification of spot
signal intensities.***® Chromogenic read-out and densitometry
involve methods such as 1) precipitating nitroblue tetrazolium
(NBT)/bromochloroindolylphosphate (BCIP) catalysed by alka-
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line phosphatases,”**3” 2) binding of dye-coupled moiet-

ies®7 or 3) metal ion detection with chromogenic chela-
tors.?*7® The advantage is that no expensive imaging system
is required and documentation only requires a scanner. How-
ever, the sensitivity is much poorer than with chemolumines-
cence or radioactivity.

Fluorescence read-out and quantification on cellulose mem-
branes is hampered by the intrinsic background of the cellu-
lose membrane. Preferably, fluorescent dyes with longer emis-
sion wavelengths should be applied for binding studies.*®”” In
contrast, aminobenzoic acid was used as a fluorescent dye in
protease assays.’®”"

Peptide library types for fundamental SPOT technology

A great variety of library types have been designed and
evolved since Mario Gysen’s revolutionary concept.®®” The
design principles of libraries can be classified into approaches
based on protein sequences and de novo approaches.?*%!

Libraries derived from protein sequences provide the basic
tools to elucidate interactions between a protein and a ligand.
Scans of overlapping peptides (synonyms: peptide scan, pep-
scan, SPOTscan analysis®®®) signify that the entire protein se-
quence is synthesised as short, linear, overlapping peptides
that are tested for ligand binding, usually as hexa- to 15-mer
overlapping peptides.’>?*34 These lengths are sufficient for an-
tibody-protein interactions because linear epitopes do not
exceed this range.®" In contrast, pepscans comprising overlap-
ping peptides of up to 20-mers in length have been synthes-
ised to elucidate the binding sites of Pex,®28¥ Tat®>®*! and mal-
tose importer proteins.®>® Besides peptide length, the
number of overlapping amino acids between the consecutive
peptides defines a peptide scan. In general, peptides are shift-
ed by one to three positions along the linear sequence. Simple
peptide scans are sufficient for revealing linear binding motifs,
but often fail for discontinuous motifs. Therefore, the so-called
hybritope scan, duotope scan® and matrix scan®
oped.

After elucidation of a binding motif, details can be elaborat-
ed by amino acid substitution scans and substitution analyses.
Key residues of a binding motif are those amino acids that are
effectively in contact with the binding partner. Critical residues
are those residues that facilitate adoption of a certain binding
conformation prior to or upon binding. These residues define
the specificity and binding free energy. The concept of alanine
scanning® (synonyms: alanine walk, alanine scan) was devel-
oped to identify these residues and has been successfully ap-
plied in SPOT technology.”” Residues that cannot be ex-
changed by alanine without loss of binding are regarded as
key residues for the interaction. In this sense further scans
such as glycine scans®*®@ tyrosine scans® and proline
scans® have also been reported. All these scans reveal effects
that depend on the amino acid side chains, with the exception
of proline scans, which influence peptide conformation. Fur-
ther modifications of amino acid substitution scans have been
reported by Podolnikova and co-workers®® and by Espaniel
and co-workers.””-%

were devel-
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Applying all genetically encoded amino acids for an amino
acid substitution scan results in a so-called complete amino
acid substitution scan or (complete) substitution analysis (syn-
onyms: substitutional analysis, mutational analysis, replace-
ment analysis). Here, each amino acid of the original sequence
(synonym wild-type—or wt—sequence) is replaced by all the
other 19 gene-encoded amino acids. This approach has been
used quite often in SPOT technology since its begin-
ning.?%393299 gy pstitution analyses are well suited for SPOT
technology (synonym: SPOT analogue analysis®®) for rapid and
effective mapping of the structure-activity relationships of
binding motifs, or even of a complete protein domain.®>%1%

Further sequence-derived libraries are truncation and dele-
tion libraries. These types are constructed to determine the
minimum lengths of binding motifs. Truncation libraries (syno-
nyms: size scan, window scan, length analysis, SPOTsize analy-
sis®) display binding site sequences with omission of one or
more N- or C-terminal amino acids, or of both simultaneous-
ly.2326:33 Deletion libraries involve the deletion of one or more
consecutive amino acids at all possible sequence positions.”
As an alternative to truncation, substitution with one or more
alanine residues can be used.””**'" Cyclic libraries are de-
signed to optimise the free energy of a binding peptide by sta-
bilisation of the binding conformation.">'®! The most widely
applied type is the disulfide-cyclisation scan, which comprises
all possible combinations of two cysteine residues throughout
the original sequence.

Peptide libraries designed de novo are used if no natural
protein binding partner is known or if (novel) peptide ligands
need to be identified without any prior information. In such
cases one has to use combinatorial libraries or randomly gen-
erated libraries. Combinatorial library types were pioneered in
the 1990s, predominantly for peptide libraries on beads!* %
(for review see refs. [106] and [107]), and the principles were
translated to SPOT technology.”® The synthesis and application
of cellulose-membrane-bound combinatorial peptide libraries
have been reviewed extensively several times,**??%3% and so,
because of limitations of space here, the interested reader is
referred to these reports. As an alternative to combinatorial li-
braries, random peptide libraries consist of individual peptide
sequences generated by a random algorithm. This approach
works well for identifying distinct antibody epitopes and mim-
OtOpeS.“OS’mgl

Advanced SPOT Technology

This section focuses on expansion and improvements to SPOT
technology. Improvements to SPOT technology include em-
ployment of nonpeptidic capture molecules, construction of
diverse membrane supports, development of novel membrane
modifications, elaboration of useful library and assay types and
efforts to quantify read-out of spot signals. In consequence,
these improvements allow the application of SPOT technology
to answer a broad range of biological and biochemical ques-
tions.

ChemBioChem 2009, 10, 1431 - 1442
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Special membranes and membrane modifications

As well as cellulose membranes, researchers have once in a
while used polypropylene membranes®” for SPOT technolo-
gy. Polypropylene membranes are more stable to certain reac-
tion conditions than cellulose membranes and could therefore
be used for the synthesis of organic compounds. However, the
labour- and time-consuming manufacturing processes for poly-
propylene membranes are drawbacks for common use. Fortu-
nately, though, commercially available functionalised polyprop-
ylene membranes for SPOT technology can now be purchased:
from AIMS Scientific Products GmbH,"” for example, who also
offer several types of cellulose membranes with adjusted sta-
bility and/or functionality."™"

Historically, amino-functionalised ether-type membranes
were developed five years after the first reported classical
amino-functionalised ester-type cellulose membranes.”*?
Unlike ester-type membranes, ether-type membranes guaran-
tee stable membrane-anchoring of peptides or other com-
pounds, thanks to the chemical stability of the ether bond.
Furthermore, such chemically resistant anchoring allows more
demanding chemistry on planar supports."'#"3 The first report
on an ether-type membrane appeared in 1997 and described
the synthesis and application of a cellulose-aminopropyl ether
membrane (CAPE membrane).*? Since then, CAPE membranes
have been successfully used for several biological studies (e.g.,
refs. [58, 82-84,114-116]). They are distinguished by excellent
signal-to-noise ratios during on-support assays, due to the ex-
tremely low background signal of the membrane itself.*® Un-
fortunately, CAPE membranes cannot be used in fully automat-
ed SPOT synthesis processes”” because of their mechanical
brittleness. However, semiautomatic synthesis methods have
successfully been adopted.”® The mechanical stabilities of the
more recently developed N-CAPE-"7 and trioxa-ether-type
membranes""” look much better. Epibromhydrin and diamine
compounds such as trioxa- or 1,3-diaminopropane are used for
their preparation. These ether-type membranes open up the
opportunity for more demanding chemistry such as the syn-
theses of peptoids"'®'?% triazine libraries,'? inverted peptide
arrays®®'?" and soluble peptides with authentic C termini.””'*?
Continuing towards more challenging nonpeptide arrays,
Helen Blackwell’s lab developed a robust and linker-functional-
ised planar cellulose support.'* Direct tosylation of the sup-
port was found to be an effective method to activate cellulose
prior to introduction of a diamine compound.'?? Densities of
several amino-functionalised cellulose membranes are shown
in Table 1.

Another idea advancing SPOT technology involves the use
of linker strategies to enable cleavage of peptides from the
support. In contrast with ester-type glycine membranes, incor-
poration of special linker molecules allows the release of pep-
tides with authentic C termini. An interesting linker moiety is
the Carboxy-Frank-Linker'*'* (commercially available from
IRIS Biotech, GmbH; http://www.iris-biotech.de). This type of
linker allows peptide release from the resin in aqueous solu-
tion (pH 7-8); this makes in situ tests possible."?” Other linker
types used in SPOT technology nowadays are the p-hydroxy-
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Table 1. Amino-modified cellulose membrane types including loading ca-
pacity.

Cellulose membrane type 1 Capacity [nmolcm™?  Refs.”!
ester-type: f-alanine 400-600 [2,26,40-43]
ester-type: -alanine reduced 10-300 [31,57]
ester-type: glycine 800-1800 [44,45]
ester-type: different amino acids ~ 200-1700 [39]
ether-type: CAPE 30-120 [58,52]
ether-type: trioxa, N-CAPE 200-1200 [77,117]
amine-type: TsCl, diamine 450-4000 [123,130]

[a] Selected references.

methyl-benzoic acid (HMB) linker,”? the Rink-amide link-
er[113128129 photolabile linker moieties,">"7 3% the Wang
linker,"* thioether moieties””'* or 4-hydroxymethyl-phenoxy
acetic acid (HMPA) and 4-(4-hydroxymethyl-3-methoxyphenoxy)-
butyric acid (HMPB) linkers.""

An interesting approach based on the use of the C-terminal
amino acid of a peptide as a linker moiety was reported by Ay
and co-workers,?®*? who sorted peptides according to their
C termini and modified membranes with the corresponding C-
terminal amino acids, either spot- or surface-wise.

Due to the fact that peptide density is crucial for probing
peptide arrays with a protein of interest,®*"*® several authors
have reported on amino functionality adjustment in order to
optimise synthesis or screening.B'%7133-13%]

Advanced in situ synthesis on planar supports

Normally, with the exception of combinatorial approaches, the
rule “one spot, one peptide” is valid. Espanel and co-workers
enlarged this rule and called the result the SPOT-DS method
(one spot, two peptides).’**"3” Two different peptides could
be synthesised on one spot by an orthogonal protection
group strategy through the use of a mixture of Fmoc-f-alanine
and Alloc-p-alanine for spot definition. In consequence, this
method allowed synergistic components of interacting pro-
tein—protein motifs to be mapped. A similar concept called
IANUS (induced organisation of structure by matrix-assisted to-
getherness) was introduced by Yu and co-workers."*® Here,
two different peptides could be synthesised on an orthogonal-
ly protected template.

In addition to the standard coupling procedures of the basic
SPOT synthesis approach, activators such as 2-(1H-9-azobenzo-
triazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate
(HATU), benzotriazol-1-yl-N-tetramethyl-uronium tetrafluorobo-
rate (TBTU) or benzotriazole-1-yl-oxy-tris-pyrrolidino-phospho-
nium hexafluorophosphate (PyBOP) have been used in combi-
nation with bases.”>**"3 Recently it was reported that 2-
ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) is the ac-
tivator of choice for incorporation of phospho-amino acids in a
growing peptide chain by the SPOT synthesis approach.!*
This is in good agreement with other reports in which EEDQ
has been applied as a satisfactory coupling reagent for incor-
poration of different building blocks and residues.> 7122
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As mentioned above, ether-type and amine-type cellulose
membranes provide opportunities for more demanding SPOT
synthesis chemistry. In particular, Helen Blackwell’s group has
made several important contributions, such as microwave-ac-
celerated SPOT synthesis,!?*'?¥ the construction of small-mole-
cule macroarrays through Ugi four-component reactions!3* '
or the discovery of fluorescent cyanopyridines.""" As well as
the peptoids, peptomers or triazines mentioned above, hydan-
toins"? and glycopeptides'*'*¥ have recently been synthes-
ised by the SPOT technology approach.

SPOT synthesis of peptides is not restricted only to short
peptides. This has been demonstrated by Toepert and co-work-
ers in the synthesis of a complete substitution analysis of the
hYAP WW domain."® In a similar approach using pseudopro-
line building blocks, Przezdziak and co-workers managed to
perform a complete substitution analysis of the difficult-to-syn-
thesise FBP28 WW domain.®®’ A successful SPOT synthesis that
enabled the complete substitution analysis of the GCN4 leu-
cine zipper has been reported more recently by Portwich and
co-workers.®™ Even native chemical peptide ligation has been
applied for SPOT synthesis.””" An interesting adaptation of the
template-assembled synthetic proteins (TASP) concept to SPOT
technology has been shown by Haehnel and co-workers 6127

A widespread strategy through which to optimise the bind-
ing free energy of a peptide interacting with a binding partner
is to stabilise the binding conformation; this is mostly achieved
by cyclisation. On-support cyclisation of peptides is predomi-
nantly achieved by disulfide bridge formation (see, for exam-
ple, refs.[103,145,146]). More sophisticated approaches in-
volve the formation of amide bridges (see, for example,
ref. [102]), thioether bridges®™ or cyclic peptidomimetics.!"?

Reports on nonporous planar supports used for in situ SPOT
synthesis are rare, due to difficulties in generating addressable
spots on such surfaces. An interesting approach to SPOT syn-
thesis of peptide arrays on self-assembled monolayers coated
on gold surfaces was reported very recently by Laurent and
co-workers."™ A further possibility was reported by Kim and
co-workers, who designed a glass slide for SPOT synthesis by
patterning with photoresist and perfluorination followed by
amination."*®

Advanced assays and peptide library types

Obviously, function initially requires an interaction. This is why
proteome research aims to provide a complete description of
the network of protein interactions within a cell, an organism
or a tissue. Both the quantitative analysis and the time-depen-
dent description of protein—protein networks is still a great
challenge today. Proteins interact through surface-accessible
interaction sites, which involve amino acid side chain and
backbone contacts. Such contact residues are presented along
a linear (not necessarily contiguous) segment of the protein
chain, or are parts of two or more regions of the protein chain
brought together by the folded conformation.

The strength of SPOT peptide assays is their unbiased, com-
prehensive and systematic approach to evaluation of a given
protein for binding linear peptide sequences, which may also
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be additionally modified. The clear advantage of the array
format can be fully exploited for study of protein interactions
in which one of the partners participates in complex formation
by docking with a relatively short peptide within a receptor
protein. In fact, a fairly large set of protein interactions are
mediated by families of protein binding domains such as the
SH2, SH3, PH, EVH1, PDZ or WW domains. Those domains, also
called peptide recognition modules (PRMs), act as receptors to
accommodate short peptides in their binding pockets, in ex-
tended conformations.'* ™% In an ideal scenario, unique pep-
tides representing the entire proteome of an organism would
be synthesised on an array and assayed individually for interac-
tions with a PRM of interest. In practice, however, a filtering
step is required to generate an array of manageable size. One
approach, involving a strategy named WISE (Whole Interac-
tome Scanning Experiment), has been described by Landgraf
and co-workers.®¥ All sequences within the yeast proteome
matching a relaxed consensus of a given SH3 domain were
identified by computational methods. The consensus sequen-
ces were deduced through

screening of random peptide

PDZ domains anchor transmembrane proteins to the cyto-
skeleton and hold signalling complexes together."*>'*¥ |n gen-
eral, PDZ domains recognise four to seven residues of their
protein binding partners. In other words, PDZ domains are
PRMs known to recognise short linear peptides containing free
C termini. Unfortunately, SPOT-synthesised peptides lack free
C termini, due to their C-terminal fixation to the cellulose sup-
port. Boisguerin and co-workers developed a robust SPOT syn-
thesis concept for synthesising inverted peptide arrays with
free C termini,®? which was recently adjusted to incorporate
phosphorylated amino acids."?" Briefly, a library of peptides
was synthesised on a solid support. Upon completion of the
peptide sequence, the N termini were further modified such
that they could loop back and attach to the solid support
through a thioether. The Ctermini were then liberated from
the solid support, leaving the peptides attached only by the
N termini. Scheme 2> shows the key SPOT synthesis steps of
the procedure actually used to prepare an inverted peptide

Cleavage site Peptide

repertoires such as phage dis- Ancher

play libraries. Next, all of the

matching peptides were syn- Cys(Trt)
TS

thesised on a cellulose mem-
brane and probed for binding of
the yeast SH3 domains. In very
recently finished work, the com-
plete SH3 domain interactome
of yeast was analysed in more
detail by computational and
mathematical methods in combi-
nation with orthogonal experi-

HMPA bromoacetic acid

0 o N N
EPAC-N k/\N) O 7B 0\\\)\N NH )
2 N 3N = [peptide chain]——
N N—lpep ]
o}

c N

a) Trt-group cleavage
b) Cyclization

mental proteomic tools such as
phage display, yeast two-hybrid
and SPOT technology. The re-
sults will be published soon else-
where.

There are considerably more
modular protein domains, espe-
cially PRMs, in the human pro-
teome than there are in the yeast
model organism. The human pro-
teome harbours approximately
300 SH3 domains, whereas yeast
contains only 28 copies of the
same domain family. Neverthe-
less, Wu and co-workers have
started a systematic study to
identify ~ SH3 domain-mediated
human protein—-protein interac-
tions by synthetic peptide array
target screening.”®” A SPOT-syn-
thesised peptide array of 1536
potential peptide ligands was
used to probe a group of 12
human SH3 domains.

ChemBioChem 2009, 10, 1431 - 1442
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Scheme 2. Key steps during the synthesis of inverted peptides. Top row: It is recommended that the synthesis be
performed on an ether-type membrane (on a N-CAPE membrane, for instance). The sequence (3-Ala-Cys(Trt)-3-Ala
represents the anchor molecule (black) and is coupled under standard SPOT synthesis conditions. The cleavage
site (green) is formed by [4-(hydroxymethyl)phenoxylacetic acid (HMPA) and the C-terminal amino acid. Peptide
completion (blue) is carried out under standard SPOT synthesis conditions, and finally bromoacetic acid is at-
tached as the cyclisation moiety (crimson). Second row: After selective cleavage of the Trt group, cyclisation oc-
curs upon treatment with cesium carbonate. Bottom row: Hydrolysis and side chain deprotection occurs simulta-
neously, and the inverted peptide sequence with the free C terminus is the result.
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array. Meanwhile, this kind of library has been applied to map
the specificities of several PDZ domains.% 12154153

A genome-wide peptide screening approach should directly
address functional protein interaction sites; this would lead to
detailed insights into the discovered molecular recognition
events, and place them in context in the whole genome. It
even allows one to rapidly decipher the chemical natures of
these interactions.™ In this context, Bialek and co-workers
developed a peptide array-based epitope-targeted proteome
analysis."*""*® The concept involves screening of a library of
peptide fragments with a library of protein domains displayed
on a bacteriophage library. Because phage particles are easy to
propagate and analysis by modern DNA microarray analysis is
feasible, these are chosen for the read-out.

Cellulose-membrane-bound peptide arrays are ideal tools
with which to investigate both protease-substrate and pro-
tease-inhibitor interactions. Peptides labelled at their N termi-
nus with a chromophore and/or fluorescent dye are used, and
protease specificity around the cleavage site is mapped as a
function of time by measuring the absorbance or fluorescence
of the liberated dyes.’®7%'%°16" protease-inhibitor interactions
are analysed by determination both of binding to and inhibi-
tion of a given protease. Binding has been studied directly on
a cellulose membrane through the use of HRP-labelled pro-
teases, for example, whereas inhibition has been measured in
microtitre plates with punched-out peptide spots and a chro-
mogenic substrate (see, for example, refs. [145,162]).

In general, cellulose-membrane-bound peptides are probed
for binding with a protein of interest. Otte and co-workers
turned it around and probed 42 presynthesised WW domains
immobilised onto a cellulose membrane with HRP-labelled
peptide ligands.!"**

Ay and co-workers have developed an assay to map an
entire virus proteome for putative CD8 Tcell epitopes. Based
on a sorting and pooling strategy, it was used with the pro-
teome of human cytomegalovirus.®

Spot technology is an ideal tool with which to initiate and
control transformation of a peptide into a nonpeptide ana-
logue with retention of biological activity. Starting with a bio-
logically active peptide, Hoffmann and co-workers applied an
iterative transformation process involving a sequence of suc-
cessive complete substitution analyses, which finally resulted
in a peptoid with comparable biological activity."*"

Recent Applications of SPOT Technology

This section presents a selection of very recently published
papers relevant to SPOT technology. For reasons of space,
however, a complete overview of SPOT technology papers
over the past five years cannot be presented here.

Bleeding disorders can be caused by an antibody that inhib-
its the human clotting factor VIl. Kopecky and co-workers
screened cellulose-membrane-bound combinatorial peptide li-
braries for peptides capable of neutralising these antibod-
ies.'™ The study demonstrated for the first time that short
peptides can be used to compete for polyclonal inhibitory an-
tibodies from various patients. Subsequently, these peptides
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were converted into different PEGylated forms with the aim of
using them as therapeutic substances."*”

Nuclear pore complexes (NPCs) are large organelles that
bridge the double membrane of the nuclear envelope and me-
diate all macromolecular exchanges between the nucleus and
cytoplasm. A vertebrate NPC is made up of approximately 30
different proteins called nucleoporins or Nups. Most nuclear
proteins contain targeting signals and are actively transported
into and out of the nucleus by transport carriers that bind
both the transport cargo and the NPC. Cushman and co-work-
ers used the SPOT technology approach to identify short
amino acid sequences within Nups that bind the nuclear carri-
er importin-f.1"%?

Bacterial infections are commonly treated with antibiotics.
Unfortunately, though, the effectiveness of antibiotics has
become limited for several reasons. To bring antibiotic resist-
ance under control, it is a challenge for scientists to design
novel antimicrobial candidates. Hilpert and co-workers started
to analyse the modes of action and sequence requirements of
host defence peptides.*>'®” Substitution analyses, scrambled
peptides and random peptide libraries prepared by the SPOT
technology approach helped to reveal sequence requirements
and an optimisation strategy for short antimicrobial peptides.
More recently, N-CAPE membranes””'* were used to synthe-
sise peptides that remained covalently bound during biological
assays. Out of 122 tested sequences, the best surface-tethered
nona-, dodeca- and 13-mer peptides were found to be highly
antimicrobial against bacteria and fungi, as was confirmed by
use of alternative surface materials and coupling strategies, as
well as by coupling through the C and N termini of the pep-
tides."®® Cherkasov and co-workers® very recently created
two large random nine-amino-acid peptide libraries based on
the amino acid compositions of the most antibiotically active
peptides. The resulting data were used together with “Artificial
Neural Networks”, a powerful machine learning technique, to
create quantitative in silico models of antibiotic activity. On the
basis of random testing, these models proved remarkably
effective in predicting the activity of 100000 virtual peptides.
The best peptides, representing the top quartile of predicted
activities, were effective against a broad array of multidrug-
resistant bacteria. Blackwell’s lab extended the approach to
small-molecule macroarrays synthesised on a planar cellulose
support and probed for antimicrobial activity against Staphylo-
coccus aureus."”™ Macroarrays of chalcones and heterocycles
were constructed and subjected to a suite of antibacterial
assays conducted either on or off the macroarray support.

Surprisingly, it took a long time before SPOT technology was
applied to chromatin research. One of the primary mechanisms
regulating access to DNA is the post-translational modification
of histone proteins."”” Many of these modifications occur on
the N-terminal tails of histone proteins that protrude from the
nucleosome. Nevertheless, there are huge gaps in our knowl-
edge of which proteins read and write the histone code. Mod-
ules in proteins that recognise the modified histones include
the BROMO and CHROMO domains, malignant brain tumour
repeats, plant homeodomain zinc fingers and tudor domains.
Arrays of peptides immobilised on a cellulose membrane seem
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to be a perfect tool for investigation of the specificity of these
histone code readers. This has very recently been demonstrat-
ed by Nady and co-workers, who used synthetic peptide arrays
in a screening approach to characterise macromolecules that
interact with specific covalent modifications of histone tails.'”?
Looking at the writers of the histone code, Rathert and co-
workers developed a novel assay based on SPOT technology
that could determine the specificity profiles of protein methyl-
transferases.®’” The authors found that the methyltransferase
G9a mostly recognises an Arg-Lys sequence and that enzyme
activity is inhibited by methylation of the arginine residue. Fur-
thermore, the authors were able to identify new nonhistone
protein targets of the enzyme G9a.

Data relating to peptide-ligand interactions gained from ap-
proaches based on extensive screening of synthetic peptide
arrays could be used for modelling studies. This has recently
been demonstrated by two contributions from Mandrika and
co-workers, who applied chemometric techniques and a statis-
tical molecular design to model an antigen-antibody interac-
tion on the basis of SPOT-synthesised peptide arrays.l'”>'7¥

Besides other functions, short linear peptides are also known
to regulate various cellular events, such as phagocytosis,
smooth muscle contraction and lymphocyte activation. Investi-
gation of such peptide-cell interactions is important for further
understanding of cellular regulatory mechanisms and should
also lead to the design of biologically functional materials for
clinical applications."” Synthetic peptide arrays were applied
by the Honda lab'"’® to assay peptide—cell interactions be-
tween cellulose-membrane-bound peptides and anchorage-de-
pendant cells."”® As a model case, they investigated cell-adhe-
sive peptides that could enhance cell growth as tissue engi-
neering scaffold materials. In a further study from the same
lab, Okochi and co-workers screened for human mesenchymal
stem cell-adhesive peptides derived from fibronectin type lll
domains."””

Outlook: Quo Vadis SPOT Technology

| hope this review has shown that SPOT technology is today a
well-established screening tool for biologically active peptides.
Starting from simple antibody-peptide binding assays, the
methodology is nowadays applied to sophisticated enzyme
assays, comprehensive proteomic studies and recently for stud-
ies with living microbes or cells. A multitude of investigations
are possible with this technology, which has now become inte-
grated into many biochemical laboratories. The equipment for
SPOT technology is commercially available and does not re-
quire special conditions. It is likely that SPOT technology will
be adapted and used in new fields over the next few years.
One aspect of SPOT technology needs to be improved. The
quantitative read-out of the SPOT technology approach is not
as good as might be expected.®®*® Further development of
the method is required to obtain highly accurate quantitative
signals. And there is one aspect of SPOT technology that re-
mains controversial. Although several protocols for membrane
regeneration are reported in the literature, this process seems
to be a crucial point. From personal experience there is no
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robust and reliable protocol for reproducible membrane regen-
eration available. This is a severe limitation of SPOT technolo-
gy, especially from the viewpoint of proteomics. It would be
very welcome if a given peptide array could be screened sever-
al times without any loss of quality—with, for example, differ-
ent representatives from a protein domain family. Furthermore,
comprehensive serum profiling studies depend on reliable
membrane regeneration. One way out of this dilemma could
be the use of peptide microarrays that could be prepared for a
multitude of replicas. Presynthesised soluble peptides have
been immobilised on glass slides by several methods.” 78789
However, the peptide microarray technique requires expensive
equipment and special laboratory conditions. At the moment,
production of peptide microarrays involves highly parallel and
high-throughput peptide synthesis, as well as robotic-support-
ed immobilisation of pre-synthesised peptide derivatives on
glass slides. High peptide densities can be achieved, for exam-
ple, with the SC*> method,®” in which the individual peptide-
cellulose conjugates synthesised in a first array are separated
and spotted in high density on a secondary support. Hence,
SPQOT synthesis is a prerequisite for the preparation of peptide
microarrays.

In situ synthesis of high-density peptide microarrays is still a
great challenge. Arrays with thousands of peptides per square
centimetre can be synthesised by photolithography on a glass
surface® and the technology has been commercialised by
LC Sciences (http://www.lcsciences.com). One further possible
route uses chargeable amino acid particles that are guided
step by step onto a computer chip’s surface by electric field
patterns.'®" In continuation, and with the aim of generating
customised peptide arrays at high density, high speed and low
costs, Stadler and co-workers used a modified colour laser
printer to “print” the 20 amino acids in the form of solid amino
acid toner particles at defined positions on a glass support.'®?
The peptide laser printer opens up the opportunity to translate
entire proteomes into huge sets of immobilised peptides that
can be screened with ligands of interest. The technology of
particle-based synthesis of peptide arrays has been commer-
cialised by the company PEPperPRINT (http://www.pepper
print.com).

It is quite evident that generation of peptide microarrays is
a task for highly specialised laboratories, due to the high in-
vestment costs. However, one can assume that peptide micro-
arrays have the potential to become commercialised in future.

In conclusion, the capability to prepare high-quality peptide
arrays efficiently and at low cost, as well as the implementation
of cost-effective and rapid analytical techniques to generate
and process data from peptide arrays, are milestones for the
future development of both peptide macro- and peptide mi-
croarrays. It has become apparent that SPOT technology meets
most of these requirements. However, quality has to be im-
proved and array miniaturisation on cellulose membranes
would be preferable. Nevertheless, SPOT technology has estab-
lished itself as a highly flexible, robust and reliable research
method that could be implemented in nearly every biochemi-
cal laboratory.
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Triple-Stem DNA Probe: A New Conformationally
Constrained Probe for SNP Typing

Dmitry M. Kolpashchikov*®

The specificity of nucleic acid hybridiza-
tion has been a subject of intensive in-
vestigation due largely to its significance
in single-nucleotide polymorphism (SNP)
analysis. SNPs represent the most abun-
dant form of genetic variations, account-
ing for 80 to 90% of the differences be-
tween two human genomes. SNP analy-
sis is important in population-based ge-
netic risk assessment, molecular diagnos-
tics, pharmaceutical drug development,
linkage analysis, and identity testing in
forensic applications." Allele-specific hy-
bridization is a technique used in SNP
typing among others.” In this approach,
an allele-specific probe should hybridize
to the perfectly matched target se-
quence while remaining unbound to a
target containing a single base mispair-
ing under the same hybridization condi-
tions (Figure 1A, left). The simplicity of
the probe and the assay design is an im-
portant advantage of this method when
compared with pyrosequencing, invasive
cleavage, primer extension, or ligation
techniques, which use extra protein-
mediated steps for SNP discrimination.
However, the low specificity of the
probe-analyte hybridization is a major
challenge in the application of hybridiza-
tion approaches to SNP typing. Indeed,
an oligonucleotide probe of a practical,
useful length hybridizes with similar af-
finities to the perfectly matched nucleic
acid and to a target containing a single
noncomplementary base.”

The formation of at least 15-20 nu-
cleotide hybrids between the probe and
the analyte is required to uniquely
define a specific fragment in a genome-
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sized nucleic acid. Hybrids of such
length are too stable to be sensitive to a
base mispairing, since a single mis-
matched unit results in an energetic
penalty equivalent to only a small frac-
tion of the total energy gain upon
duplex formation (Figure 1A, right).>¥ It
is possible to discriminate between two
alleles if the energy of the probe-analyte
dissociated state (DS) has a value be-
tween the energies of associated states
(AS) for matched and mismatched du-

A) Linear DNA probe for SNP analysis

plexes. In this energy disposition, which
is optimal for SNP typing, the fully
matched complex is formed, while the
mismatched hybrid is dissociated. This
difference can be easily detected, thus
constituting a means for SNP discrimina-
tion by hybridization techniques. In
order to achieve these conditions, con-
ventional techniques use destabilization
of the probe-analyte AS (Figure 1A,
right, dashed bars) by employing buffers
of low ionic strength, denaturing agents,

Mismatched analyte Mismatch position
e >
Linear 15-25 nt probe R | | - i
—_— * | Specific
_— — Analytes AG i hybridization
i conditions
Matched analyte > T T/ Mismatched \!
{*
) ) ) Matched . : AS
Dissociated state (DS) Associated state (AS)
Reaction coordinate
B) Triple-stem DNA probe gr/"' High fluorescence DS of a linear probe
1 ——__ 3
5 )
I —Q
o I
:-’ F AG
2 3/:/
\
Analyte X“‘ )
" 2
" T T -
Reaction coordinate
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C) Molecular beacon probe B
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e ' stg¢m
Analyte E ac| S
— [NANRNEANENEREEN :
. Longer
i stem 5
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Figure 1. Schemes and energy diagrams for the hybridization of oligonucleotide probes to a nucleic
acid analyte. “DS” and “AS” represent probe-analyte dissociated and associated (hybrid) states, respec-
tively. A) Hybridization of a linear oligonucleotide probe. The difference in the energy between matched
and mismatched duplexes is much smaller than the energy gap between DS and AS. At high tempera-
ture or in denaturing buffers, the DS energy is higher than the energy of the fully matched hybrid, but
lower than the energy of the mismatched hybrid. B) A triple-stem DNA probe hybridizes to the analyte
by consecutive unwinding of the three stems. Local minima in the energy curve correspond to the par-
tially hybridized analyte. “F” and “Q" indicate a fluorophore and a quencher dyes, respectively. C) Hy-
bridization of a molecular beacon probe. The energy of DS is reduced due to the formation of a 4-6 nt
stem. All energy graphs represent theoretical predictions rather than experimental curves.
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or elevated temperatures (usually 50—
60°C). However, the optimal hybridiza-
tion conditions are sequence-dependent,
and the temperature and buffer that
enable analysis of one nucleotide substi-
tution often fail in discriminating others.
Therefore, optimization of the multiplex
hybridization reactions, for example, in
microarrays, requires a substantial invest-
ment of capital and time. Alternatively,
the optimal energy disposition can be
created by reducing the free energy of
DS. One approach to achieve this situa-
tion was originally suggested by Roberts
and Crothers for DNA triplexes™ and
later demonstrated for DNA duplexes by
introducing conformationally constrain-
ed probes, the probes that form compet-
ing secondary structures in DS.>® Molec-
ular beacon (MB)® and displacement hy-
bridization probes® are two well-studied
representatives of conformationally con-
strained probes. In addition to an im-
proved specificity, both oligonucleotide
constructs are designed to detect specif-
ic nucleic acids in real time, that is, they
fluoresce instantly after hybridization to
the cognate targets.

Xiao et al. have designed and charac-
terized a new, representative, conforma-
tionally constrained probe named a
“triple-stem DNA probe” that is capable
of detecting nucleic acid analyte fluores-
cence immediately after hybridization.”
The probe is a single-stranded oligode-
oxyribonucleotide that is folded in a
compact secondary structure with three
separate relatively short (7-nucleotide)
stems (stems 1, 2, and 3 in Figure 1B,
top left). In the absence of a comple-
mentary target, the fluorescence of the
3’-end fluorophore group is quenched
by a closely located quencher. Hybridiza-
tion of the complementary oligonucleo-
tide unwinds all three stems and sepa-
rates the fluorophore from the quencher
(Figure 1B top right). As a result, the
fluorescence is increased by up to 30
times. At the same time, only a negligi-
ble fluorescence increase is observed in
the presence of the oligonucleotides
containing a single noncomplementary
base. Remarkably, the high probe specif-
icity is maintained over the wide temper-
ature range, that is from 20 to 60°C.

What are the factors that make the
new probe highly specific even at room

1444
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and physiological temperatures? What
distinguishes the triple-stem DNA probe
from widely used MB probes? MB
probes are oligonucleotide hairpins with
a fluorophore and a quencher conjugat-
ed to the opposite ends of the oligomer
(Figure 1C). Binding to complementary
nucleic acids causes MBs to switch to
their elongated conformation, thereby
increasing their fluorescence. In this
case, the reduction in the free energy of
DS is achieved by Watson-Crick base-
pair formation in the stem of the hairpin
(Figure 1C, left). MBs distinguish mis-
matches over a wider temperature range
than linear probes do;® however, ther-
mal destabilization of the hybrid is still
required for accurate SNP discrimina-
tion®'? because short 4-6 nt MB stems
cannot bring the energy of DS to the op-
timal dislocation. Elongation of the MB
stem improves the mismatch discrimina-
tion ability, but at the same time slows
down the hybridization due to the larger
activation energy required for duplex
formation."

The secret behind the excellent specif-
icity of the triple-stem DNA probe de-
signed by Xiao et al. lies in the greater
level of conformational constraint pro-
vided by the three stems, which in total
form 21 Watson-Crick base pars in DS. It
is reasonable to suggest that the energy
of DS for this probe is brought to the
optimal dislocation, that is, between the
energy of AS for the fully matched and
mismatched duplexes (Figure 1B, right).
One can argue that the same situation
can be achieved by the introduction of a
single long (~20nt) nucleotide stem.
That is true; however, the hybridization
of such a probe would be kinetically hin-
dered by the high energy barrier (dotted
curve in Figure 1B) required for the un-
winding of a 20 nt stem. At the same
time, the three 7 nt stems of the triple-
stem DNA probe can be unwound con-
secutively during hybridization with the
analyte (Figure 1B). In this stepwise pro-
cess, the high activation-energy barrier is
divided into three lower barriers (solid
curve). Hence, the triple-stem design
should provide a high level of conforma-
tional constraint without greatly reduc-
ing the hybridization rate, thus repre-
senting a balance between thermody-
namic stability and kinetic flexibility. In

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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addition, the three-stem architecture
should enable fine tuning of the probe
specificity simply by adjusting the stabili-
ty of each stem. Therefore, the approach
suggested by Xiao etal. demonstrates
that the probe design itself rather than
the hybridization conditions can prede-
termine high specificity of analyte recog-
nition.

Nevertheless, the hybridization kinetics
for the triple-stem DNA probe were
found to be relatively slow: the fluores-
cent signal only approaches a plateau
about three hours after mixing the
probe with the target. In comparison,
hybridization of a five-stem MB with the
corresponding analyte is substantially
completed in one minute.!” The slow
binding kinetics might hinder the appli-
cation of the new probe in real-time
PCR, for which a quick fluorescent re-
sponse during each amplification cycle is
desirable. Furthermore, the probe re-
sponds to the presence of ~60 nm fully
complementary analyte by generating a
fluorescent signal with a signal-to-noise
ratio of ~3, whereas MBs generate sig-
nals of comparable intensity in the pres-
ence of only ~5-10 nm target. Therefore,
the highly stable secondary structure of
the triple-stem probe predetermines its
high specificity, while slowing down the
response and reducing the limit of de-
tection.

The displacement hybridization probe
is another type of conformationally con-
strained probe that can recognize mis-
matches at room temperature in real
time.” The design of this probe takes
advantage of intermolecular DNA du-
plexes to bring a fluorophore-conjugat-
ed oligonucleotide to the partially com-
plementary competitive strand conjugat-
ed with a quencher. When the probe
strand hybridizes to the target, the
quencher-conjugated competitor is dis-
placed into solution, thus generating
high fluorescence. The hybridization of
these probes is essentially complete in a
few minutes, thus enabling their applica-
tion in real-time PCR.™ It would be in-
teresting to compare the performance of
displacement hybridization probes with
that of the triple-stem DNA probe in a
systematic study.

In conclusion, Xiao et al. have suggest-
ed an original design for a probe that

ChemBioChem 2009, 10, 1443 - 1445
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forms a competing secondary structure
when unbound to nucleic acid analytes
and generates a fluorescent signal in the
analyte-bound state. The introduction of
a new structurally constrained probe
broadens the spectrum of highly specific
tools for nucleic acid analysis and un-
doubtedly represents a step toward new
multiplex SNP-typing techniques that are
free from the meticulous optimizations
of hybridization conditions.
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Investigation of Tailoring Modifications in Pradimicin Biosynthesis

Jixun Zhan,®* Kangjian Qiao,” and Yi Tang*"

Pradimicins and benonamicins are pentangular polyphenols™

that display potent antiviral and antifungal activities.>” Pradi-
micins bind to the cell-wall mannan of many fungal strains and
cause osmotic lysis that leads to cell death.®® Pradimicin A (1)
is a highly decorated aromatic polyketide (PK) with a benzo[a]-
naphthacene aglycone and a number of interesting structural
features (Figure 1A), especially on the D and E rings. Two chiral
alcohols are present in the D ring of 1, and are located at C-5
and C-6. A disaccharide consisting of p-xylopyranose and 4-
methylamino-4-deoxy-p-fucopyranose is linked O-glycosidically
to the 5-OH group. The two hydroxyls are in opposite stereo-
chemical configurations and are both presumed to be inserted
into the nonaromatic ring D by a dedicated P450 hydroxylases
during tailoring steps.

A)

G-2A 2

Pradimicin A 1

On the E ring of 1, the terminal carboxylic acid is amidated
with the nonproteinogenic amino acid p-alanine (Figure 1A).
The p-alanine moiety is a frequently used building block for
nonribosomal peptides (NRPs) and NRP/PK hybrids, such as mi-
crocystin,"? daptomycin,”” and leinamycin.'? In these biosyn-
thetic pathways, p-alanine can be either converted from an ac-
tivated L-alanine enantiomer by an epimerization domain in
the NRP biosynthetic assembly line, or directly activated by a
dedicated adenylation domain. Pradimicin A represents the
only known example in which a p-amino acid is appended to
the aglycon of an aromatic polyketide. Structure-activity rela-
tionships studies have shown that the amide proton in 1 is
necessary for the antifungal property." In addition, the p-en-
antiomer is required for the bioactivity, as the synthetic L-ala-

B)
pdmP1l  pdmP2  pdmP3  pdmY  pdmX pdmV. — pdmU  —  pdmT —  pdmS  pdmQ pdmQ
.‘ ] ] e '< l | - -
pdmRI  pdmR2 pdmM1 pdmA pdmC pdmk . pdmG, pdml pdm
. , _ )|
pdmM " pdmL. pamB pdmD — pdmF pdmH

M Minimal PKS [ Cyclase

I Ketoreductase B Oxygenase O P450 hydroxylase

Amino acid ligase [l Other enzymes

Figure 1. A) Proposed post-PKS tailoring steps involved in converting G-2 A (2) to pradimicin (1). The three arrows indicate key modifications performed on
the aglycon. B) The pradimicin A gene cluster. The enzymes identified in this work are boxed.
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nine-containing isomer of 1 has no antifungal activity."¥ The
more water-soluble semisynthetic derivative BMS-181184,
which contains a p-serine substitution at C-16 exhibited broad-
spectrum antifungal activity against 167 different fungal
strains."™ The biosynthetic mechanism in which the p-alanine
is ligated to the aglycon of 1 has not been elucidated. Because
of the importance of this moiety to the biological activity of 1,
characterization of the enzyme involved in the ligation reaction
might enable us to biosynthesize new pradimicin analogues.
Since 1 was first isolated from Actinomadura hibisca P157-2
(ATCC 53557)," its biosynthesis has been investigated in both
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native’?? and heterologous®?? hosts. The pdm biosynthetic
gene cluster has been recently sequenced,”’?" and has provid-
ed important genetic information on the biosynthesis of 1. The
dodecaketide carbon backbone of 1 is synthesized by the
type Il pdm minimal polyketide synthase (PKS),”® which con-
sists of the ketosynthase (KS, PdmA), chain length factor (CLF,
PdmB), and acyl carrier protein (ACP, PdmC). The backbone is
subsequently converted into the benzo[alnaphthacenequi-
none aglycon G-2A (2) via the actions of immediate tailoring
enzymes, which include three cyclases (PdmD, PdmK, PdmL),
the ketoreductase PdmG, and the monooxygenase PdmH.**
Recently, we demonstrated that the concerted actions of
PdmK, PdmL, and PdmH are required for the biosynthesis of 2.
We report here that PAmN and PdmJ were identified as b-
amino acid ligase and C-5 P450 hydroxylase, respectively, while
PdmW was deduced to be the putative C-6 P450 hydroxylase.

Among the open reading frames reported in the pdm gene
cluster (Figure 1B), pdmN encodes a 620-amino-acid (aa)
enzyme that displays significant sequence identity to type Il as-
paragine synthetases, which catalyze the conversion of aspartic
acid to asparagine in an ATP dependent fashion. Type Il aspara-
gine synthetases contain an N-terminal nucleophile (Ntn) cys-
teine that hydrolyzes the amine of the nitrogen donor gluta-
mine.”® PdmN, however, lacks the Ntn cysteine (replaced with
serine), and is therefore unlikely to be a glutamine-dependent
amidotransferase.”” Instead, PdmN might act as an amino acid
ligase that catalyzes a two-step reaction, in which the first step
is activation of the C-16 carboxylic acid through formation of
the adenylate, followed by amidation with p-alanine. Despite
repeated attempts to express PdmN in Escherichia coli, we
were not able to obtain any enzymes in soluble form. As an
alternative approach, the engineered Streptomyces coelicolor
CH999-pRMS5 host-vector pair was used to reconstitute the
activities of PdmN.”® We have previously shown that CH999
transformed with pJX116, which contains the genes
pdmABCDGHKL, was sufficient to synthesize 2 in good yield.*”
Although the exact pentangular substrate of PdmN is un-
known, we reasoned that 2 might be recognized by PdmN. We
introduced pdmN into pJX116 to yield pJX137 (Table 1) and

Table 1. Plasmids and their resulting polyketide products in S. coelicolor
CH999

Plasmid Genes Products
pJX116 pdmABCDGHKL 2
pJX137 pdmABCDGHKLN 2, 3,49
pJX134 pdmABCDGHKLJ 2,5
pJX152 pdmABCDGHKLW 2,6
pJX165 pdmABCDGHKLIW 2,56

[a] When supplemented with p-serine in R5 agar.

transformed the plasmid into CH999. The transformed strain
was grown on R5 agar supplemented with thiostrepton
(50 mg L") for 8 days, extracted, and subjected to HPLC analy-
sis (Figure 2A). Two major polyketide products, including 2
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Figure 2. HPLC traces (460 nm) of extracts from CH999 transformed with
different plasmids in Table 1. A) a) CH999/pJX116; b) CH999/pJX137 sup-
plemented with p-alanine; c) CH999/pJX137 supplemented with p-serine;
B) a) CH999/pJX134; b) CH999/pJX152. Traces are not drawn to the same
scale to facilitate visualization of 5 and 6.

(35mgL™"), and a new product JX137a 3 (10 mgL™") were
detected (trace b). HRESI-MS suggested a molecular formula of
C,,H,NO, for 3, which is consistent with that of 2 amidated
with alanine (Scheme 1A). The *C NMR spectrum of 3 is similar
to that of 2, except for the appearance of three unique signals
that are characteristic of alanine (6.=167.5, 48.2 and
16.5 ppm). The doublet proton signal at d,,=8.79 ppm with a
coupling constant of Jy,=7.0 Hz was assigned to the a-NH,
whereas 'H-"*C HMBC correlation of a-NH to C-16 confirmed
that the alanine was tethered to C-16 carboxyl group
(Scheme 1B). The remaining 1D and 2D NMR signals (Support-
ing Information) are consistent with the structure of 3 as
shown in Scheme 1A.

Biosynthesis of 3 upon coexpression of PdmN in CH999 con-
firmed that PdmN is indeed the enzyme responsible for trans-
ferring the amino acid to the aglycon. To probe the amino acid
specificity of PdmN, CH999/pJX137 was grown on R5 agar
supplemented with different p- or L-amino acids (0.25 %, w/v).
HPLC analysis of the extracts showed that only the culture that
was supplemented with p-serine afforded a new peak 4 in ad-
dition to 2 and 3 (Figure 2A, trace c), whereas feeding other
amino acids, including L-serine did not lead to the biosynthesis
of new polyketide products in addition to 2. Compound 4
eluted with an earlier retention time (t;=25.8 min) than 3 (tz=
28.2 min); this is consistent with the likely incorporation of the
more polar p-serine. Large-scale culturing and extraction of
CH999/pJX137 on R5 medium supplemented with p-serine, fol-
lowed by purification by using Sephadex LH-20 and prepara-

ChemBioChem 2009, 10, 1447 - 1452
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Scheme 1. A) Compounds produced by CH999, starting from the aglycon 2; B) "H,"*C HMBC correlations for compounds 3-5.

tive reversed-phase HPLC afforded 4 in a yield of 2.5 mgL™".
The molecular formula of 4 is C,;H,;NO,, and confirms the
presence of an extra oxygen atom compared to 3. The identity
of the serine moiety is further confirmed by an oxygenated
CH, signal of the amino acid moiety at 6. 60.8 ppm in the
3C NMR spectrum. The structure of 4 was readily established
as JX137s (Scheme 1A) by a full comparison of its NMR spec-
troscopy data with those of 3.

To confirm the bp-configurations of the ligated alanine and
serine amino acids, the optical rotations of the purified com-
pounds were measured in methanol at 25°C. The [a] values
were found to be +4.4 and +6.9 for 3 and 4, respectively,
which are consistent with those measured for p-alanine (+7.0)
and bp-serine (4+4.0) in methanol under the same conditions.
Interestingly, a study on the biosynthesis of 1 by using racemic
1-"*Clalanine revealed that the producing strain A. hibisca
P157-2 can also uptake L-alanine to synthesize the 17-epimer
of 1, albeit with lower efficiency.”™ Although the conversion of
2 to either 3 or 4 was relatively low, our reconstitution studies
using CH999/pJX137 confirmed PdmN as the first b-amino acid
ligase that uses an aromatic polyketide as the substrate. When
additional p-alanine was supplemented to the medium, no im-
provement in the relative ratio of 3 to 2 was observed; this
suggests that the low conversion is not due to limited concen-
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© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

trations of endogenous p-alanine in CH999. We reason the in-
complete amidation of 2 might be attributed to the fact that 2
is not the actual biosynthetic substrate of PdmN, thus resulting
in an inefficient enzymatic reaction. The PdmN reaction in
A. hibisca might occur later in the biosynthetic pathway after
other tailoring modifications of 2 have taken place. As a result,
significant fractions of 2 might have been exported from
CH999 before the amidation reaction is completed.

The best known bp-amino acid ligases are the bp-alanyl-b-
amino acid ligase (Ddl) family of enzymes, which are associated
with the biosynthesis of bacterial cell wall peptidoglycan as-
sembly.” DdI enzymes catalyze the ATP-dependent ligation of
two p-amino acids and do not share any sequence homology
with PdmN. DdI enzymes typically have varied substrate toler-
ance toward ligating different hydroxyl or amino acids to p-ala-
nine.” By using feeding studies, we showed that PdmN has
narrow amino acid substrate specificity because it can only
ligate p-alanine and bp-serine to 2. This is in good agreement
with previous whole-cell semisynthesis studies in which the b-
serine analogue of 1 (BMS-181184) was the only C-16 amino
acid variant of 1 recovered.®” We next tested the aglycon
substrate specificity of PdAmN by inserting the pdmN gene into
strains that produce other carboxylic acid-containing aromatic
polyketides, such as that afforded DMAC or SEK26.27 No ami-
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dated products were recovered during extract analysis; this
suggests that PAmN has limited tolerance towards polyketide-
derived acceptor substrates.

By using the same heterologous host/vector approach, we
next aimed to reconstitute the enzymes that hydroxylate the
p-ring in 1. Hydroxylation of the aliphatic carbons C-5 and C-6
require two cytochrome P450 hydroxylases. Among the oxy-
genase/hydroxylase enzymes that were identified from bacteri-
al PKS biosynthetic pathways, P450s constitute a relatively
small subgroup and are commonly recruited to activate non-
reactive aliphatic substituents or macrolide aglycons, such as
EryF, EryK,”® DoxA,®¥ and PikC.”*' The pdm biosynthetic path-
way encodes two P450s, pdmW and pdmJ, which are possibly
involved in the hydroxylation of ring D. PdmW (401 aa) and
PdmJ (411 aa) share >45% sequence identity and are both
highly homologous to P450s that are found in other actinomy-
cetes.

To investigate the roles of the two P450s, pdmJ or pdmW
was separately cloned into pJX116 to yield pJX134 or pJX152,
respectively (Table 1). HPLC analysis of the extract of CH999/
pJX134 showed the biosynthesis of a new, polar compound 5
(ty=25.1 min, Figure 2B), albeit with low yield (2 mgL™), along
with 2. The molecular formula of 5 was predicted to be
Cy4H.605 by using HRESI-MS; this suggests that an oxygen
atom has been introduced into the parent compound 2. The
UV absorption spectrum of 5 is identical to that of 2, which
indicates no modification of the chromophore. A sufficient
amount of 5 was purified from a large-scale solid culture for
NMR spectroscopic characterization. Both 'H and ">C NMR as-
signments were consistent with a quinone-containing pentan-
gular compound (Supporting Information). A unique, oxygen-
ated methine signal at 8. 65.9 ppm in the *C NMR spectrum
suggested that 5 is a p-ring hydroxylated analogue of 2, which
was further supported by the spin system of CH—CH, observed
in the "H-"H COSY spectrum. The extra hydroxyl group in com-
pound 5 was determined to be at C-5 based on the 'H-
3C HMBC correlations of H-6 to C-7, C-14a and C-4a, as well as
H-4 to C-5 (Scheme 1B). The coupling constants between 5-CH
and 6-CH, are J,;,=10.0 and 4.9 Hz, representing vicinal cou-
plings of 5-H,,-6-H,, and 5-H,,-6-H,,, respectively. These values
are in line with the reported NMR spectroscopy data for pradi-
micin Q, which is a pentangular polyketide isolated from A. ver-
rucosospora subsp. Neohibisca A10102.5% The only structural
difference between pradimicin Q and JX134 (Scheme 1A) is the
lack of 14-OH in JX134. Furthermore, the circular dichroism
spectrum of 5 was nearly identical to that reported for pradi-
micin Q; this indicates that the 5-hydroxyls of both compounds
have the same S configuration. Taken together, 5 was identi-
fied to be JX134, which in turn confirmed the function of
PdmJ as the C-5 P450 hydroxylase. This enzyme therefore
plays an important role in the biosynthesis of 1 by activating
C-5 and inserting a chiral secondary alcohol, which subse-
quently becomes the site of O-glycosylation by the disacchar-
ide that is essential for the bioactivity of 1.2V

Extraction of CH999/pJX152, which coexpresses PdmW, re-
vealed the biosynthesis of a similarly more polar, new product
6 (t;=24.6 min, Figure 2B) at lower yield (<1 mgL™"). Com-
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pared to 5, compound 6 displayed the same UV absorption
pattern and is predicted to have the same molecular formula
by HRESI-MS analysis. However, due to the poor yield of 6, we
were not able to obtain sufficient product for complete NMR
spectroscopic analysis. Based on UV, HPLC, and MS analysis, as
well as deduction through biosynthetic logic, we conclude the
most likely structure for 6 should be the 6-hydroxyl derivative
of 2, or JX152 (Scheme 1A). As a result, we putatively assigned
PdmW to be the C-6 P450 hydroxylase. Similar P450-catalyzed
hydroxylation of C-6 might take place during the biosynthesis
of compounds such as lysolipin®” and kigamicin.*® Numerous
C-6 hydroxylated shunt products have been observed in the
pradimicin®® and benastatin” biosynthetic pathways. In con-
trast to the P450-catalyzed insertion of the C-6 hydroxyl group
in 6, the phenolic C-6 hydroxyl groups found in the shunt
products JX116a,*" and benastatin H" are introduced as a
result of removing a regioselective C-6 ketoreductase from the
biosynthetic pathways.

Few cytochrome P450 mono-oxygenases have been studied
in the context of bacterial aromatic polyketide biosynthesis.®”
The biosynthesis of 5 and 6 (although the structure has not
been confirmed) reveals the role of the two P450 enzymes in
the pdm biosynthetic pathway. Whereas PdmJ has been un-
equivocally assigned as the C-5 hydroxylase, the assignment of
PdmW as the C-6 hydroxylase is putatively based on UV and
MS data only. Reconstitution of either P450s has resulted in
very small conversion (<5%) of 2 to 5 or 6 in CH999. The
main obstacle for P450 reconstitution in a heterologous host
has always been the lack of an efficient P450 reductase part-
ner, which is required to reconstitute P450 activity together
with a ferredoxin-like protein. The endogenous reductase part-
ners of most P450s associated with polyketide biosynthesis are
not present in the gene cluster. Similarly, no P450 reductase
partners were found in the pdm gene cluster. Hence, the re-
constituted P450s in CH999 are required to partner with S. coe-
licolor P450 reductases. Although S. coelicolor hosts an impres-
sive number of P450 reductases,*” the heterologous inter-
actions are most likely highly inefficient, and result in poor en-
zymatic activity and low yield of the hydroxylated products.
Recently, naturally occurring™®” and bioengineered™®? self-suffi-
cient P450 systems with covalently fused reductase partners
have been reported to have much higher catalytic efficiency.
These strategies can be similarly adopted here to improve the
efficiency of PdmJ and PdmW. Furthermore, analogous to the
explanation provided for the lower conversion observed for
PdmN, the low yield of 5 and 6 might be due to 2 not being
the natural or preferred substrate of PdmJ and PdmW. In fact,
2 can at best be the natural substrate of one of these P450 en-
zymes. When we coexpressed PdmN with either of the P450
enzymes, we did not see compounds that are modified with
both p-amino acid amidation and b-ring hydroxylation. Similar-
ly, when both P450 enzymes were coexpressed, we were not
able to detect the 5,6-dihydroxylated analogue of 2; this is
likely due to the low efficiencies of the individual hydroxylation
reactions.

In summary, we have investigated three important tailoring
steps in the pdm biosynthetic pathway starting from the pen-
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tangular aglycon 2. Both PdmN and PdmJ have been shown to
catalyze highly stereospecific and regiospecific reactions en
route to the complete assembly of 1. Whereas the continued
reconstitution of the pradimicin biosynthetic pathway might
be complicated by the low efficiencies of the enzymes in the
heterologous host, in particular the P450 enzymes, our work
has revealed new enzymes that may be used in the semisyn-
thesis of pradimicin analogues, as well as combinatorial bio-
synthesis of other aromatic polyketides.

Experimental Section

General: 1D and 2D NMR spectra were recorded in [Dg]DMSO on a
Bruker DRX-500 instrument (500 MHz for '"H NMR and 125 MHz for
3C NMR). The chemical shift values (0) are given in parts per mil-
lion (ppm), and the coupling constants are in Hz. High resolution
ESI-MS were measured on an lonSpec Ultima 7T FTICR instrument.
IR spectra were measured on an Avatar 370 FT-IR instrument
(Thermo Nicolet). Optical rotations were measured in MeOH on an
Autopol® IV automatic polarimeter. Analyses and separations of ex-
tracts were performed on a Beckman-Coulter HPLC instrument.

Strains and culture conditions: Escherichia coli TOPO 10 (Invitro-
gen) and XL-1 Blue (Stratagene) strains were used for cloning and
plasmid manipulations. S. coelicolor CH999 was used as the heterol-
ogous host for expression for the pRM5 derived plasmids and engi-
neered biosynthesis of pradimicin compounds. Protoplast prepara-
tion and PEG-mediated transformation were performed as de-
scribed previously.”? The transformants were grown on R5 agar
supplemented with thiostrepton (50 mg L") at 28°C for 8 days.

Construction of plasmids: PCR was performed by using Plati-
num Pfx DNA polymerase (Invitrogen). The primers were designed
based on the gene sequence information from the gene cluster to
amplify the individual genes (Table S1). Restriction sites such as
Xbal and Nhel were introduced into the primers for subcloning. All
genes were amplified through PCR with the genomic DNA of A. hi-
bisca P157-2 as the template. The PCR products were cloned into
pCR-Blunt vector (Invitrogen) for subcloning and plasmids are con-
structed by the sequential addition of each gene of interest by
using T4 DNA ligase (Invitrogen). The recombined gene cassettes
are finally ligated into pRM5 shuttle vector before transformed into
S. coelicolor CH999.

Isolation of compound 3: Plasmid pJX137 was transformed into
S. coelicolor CH999 and the transformant was grown on R5 agar
with thiostrepton (50 mgL™"). After five days, a single colony was
transferred to a new R5 plate and cultured for additional eight
days. The solid culture was minced and extracted with EtOAc/
MeOH/AcOH (89:10:1). The extract was dried with anhydrous
Na,SO, and evaporated to dryness. The residue was then dissolved
in DMSO and analyzed on HPLC by using a Varian C,g reversed-
phase column (5p, 250x4.6 mm) with gradient elution from 5 to
95% MeCN/H,O0 (0.1% TFA) over 30min at a flow rate of
1 mLmin~". To purify the compound, the extract was separated on
a Sephadex LH-20 column, eluted with MeOH. Fractions containing
3 were pooled and further separated on an Alltima semi-prepara-
tive C,g reversed-phase column (5u, 250x 10 mm) with isocratic
elution of 75% ACN-H,0O (0.1% TFA) at a flow rate of 4 mLmin',
yielding pure yellow compound 3 (t;=8.0 min).

JX137a (3) was obtained as a yellow powder. [al,=44.4 (c=
MeOH, 0.045); IR (KBr): v,,..= 3444, 2844, 2344, 1650, 1624, 1597,
1362, 1264, 1199 cm™'; HRESI-MS: m/z calcd for Cy,H,005N:
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502.1138; found: 502.1136 [M—H]"; for the 'H and "*C NMR data
see Table S2 in the Supporting Information.

Isolation of compound 4: Transformant CH999/pJX137 was grown
on a R5 agar plate that was supplemented with thiostrepton and
p-serine (0.25%, w/v). The culturing conditions and separation pro-
cedures were same as those for compound 3 except that the re-
tention times on the analytical column and semi-preparative
column for 4 were 25.8 and 5.8 min, respectively.

JX137s (4) was obtained as a yellow powder. [alp,=+6.9 (c=
MeOH, 0.029); IR (KBr) v,,=3412, 2932, 2839, 1722, 1621, 1597,
1475, 1398, 1257, 1165, 1097 cm™'; HRESI-MS: m/z calcd for
CyH,0010N: 518.1093; found: 518.1108 [M—H]~; for the 'H and
3C NMR data see Table S3 in the Supporting Information.

Isolation of compound 5: Transformant CH999/pJX134 was grown
on R5 agar plates that were supplemented with thiostrepton
(50 mgL™") and under the same conditions as described for com-
pounds 3 and 4. The extraction and separation procedures are
same as those for 3 and 4. The retention time for 5 is 6.5 min on
the Alltima semipreparative C,4 reversed-phase column.

JX134 (5) was obtained as a orange powder. [a]p—2.99 (c=0.17,
MeOH); IR (powder) v,,,=3372, 2845, 2475, 1758, 1589, 1464,
1403, 1291, 1262, 1147, 989, 942, 776 cm™"; UV (MeOH): A
(loge) =230 (4.41), 298 (4.23), 459 nm (3.93); CD [0, +73899,
[0),,4 —28345, [0],4; +35431, [0]l,56 —89084, [0l,¢6 —95158, [0]303
+41505, [0]55; +24296; ESI-MS m/z: 447 [M—H]"; HRESI-MS; m/z
calcd for CoHsO,: 447.0722; 447.0715 [M—H]; for the 'H and
3C NMR data see Table S4 in the Supporting Information.

JX152 (6): UV (MeOH) 4., (loge)=230 (4.41), 298 (4.23), 459 nm
(3.93); ESI-MS m/z: 447 [M—H]~; HRESI-MS: m/z calcd for C,,H;504:
447.0722; found: 447.0731 [M—H]".
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Microsphere-Mediated Protein Delivery into Cells

Rosario M. Sanchez-Martin,*® Lois Alexander,”” Mathilde Muzerelle,® Juan M. Cardenas-Maestre,™
Anestis Tsakiridis,” Joshua M. Brickman,” and Mark Bradley*®

The delivery of functional proteins into cells, although a chal-
lenging area of research, offers immense rewards and benefits
and has led to the development of a range of delivery systems.
Recent examples include conjugation of proteins to cell pene-
trating peptides (CPP) such as those derived from HIV-1 TAT,
“profection” by cationic lipids and the use of several “nanode-
vices” such as nanotubes or silica nanoparticles."®

Recently we reported that amino-functionalized, cross-linked
polystyrene microspheres of highly defined sizes (200 nm-
2 um) are efficient cellular delivery devices that can enter a
broad range of cell types including adherent, suspension and
primary cells.®'” These beads have been used for cellular “en-
coding” as well as for intracellular calcium sensing and pH
monitoring; in these cases attachment to the bead avoids the
dilution and cellular degradation observed with other, more
conventional sensors."'? Recently we have also described the
use of streptavidin-loaded microspheres for the delivery of var-
ious biotinylated molecules, such as DNA, into cells. We have
successfully silenced green fluorescent protein (GFP), which is
expressed in human ovarian cancer (Hela) cells, by using
siRNA linked to microspheres through cleavable and noncleav-
able linkers.'* These microspheres are inherently attractive
as a carrier/delivery system due to their lack of toxicity and
highly controllable cellular loading. Additionally, they offer the
opportunity to sort cells at the level of one-bead-one-cell; this
allows for defined cellular dosing based on the number of
beads per cell. Furthermore, unlike other available delivery
methods, these microspheres are released into the cytoplasm
without the need for treatment with an endosome-disrupting
agent. While the mechanism of uptake is not yet established,
we have recently found that these microspheres are unlikely to
enter cells through an endocytic pathway. The application of
chemical ihibitors of endocytosis and extensive colocalisation
studies by microscopy and gene-expression profiling all argue
against an endocytic mechanism. Instead, we have proposed
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an endocytosis-independent uptake mechanism that results in
the uncompartmentalised, cytoplasmic localisation of micro-
spheres and their cargo.”™ Microspheres also do not require
serum-free conditions and can hence be used for long incuba-
tion periods. All these properties make microspheres excellent
candidates for the cellular delivery of proteins.

Herein, we demonstrate the ability of protein-loaded micro-
spheres to deliver functional proteins into the cellular environ-
ment.

The initial model used to study microsphere-mediated trans-
port of proteins was the extensively studied green fluorescent
protein (GFP), which due to its fluorescent properties is an
ideal tool to perform an initial quantitative study of cellular
uptake of protein-loaded microspheres.'® Enhanced green flu-
orescent protein (EGFP) was thus coupled to 500 nm and 2 um
amino-functionalized microspheres derivatised with a polyeth-
ylene glycol (PEG) spacer through reaction with glutaraldehyde
followed by reduction (Scheme 1).'7-" The efficiency of the

HZN/O RS OHCMN/‘O

500 nm (5 attomols per bead) b)
2 um (34 femtomols per bead)

Protein' "2\ 2 /O
1=EGFP N N

2= B-galactosidase
c) i
Protein' ‘”—_N/\/\/\N’O
H H

o]

H
Hszoz HZN/\/\O/\/O\/\O/\/\NJJ\/\“,NVO
o]

Scheme 1. Synthesis of protein-loaded microspheres. a) glutaraldehyde, PBS,
15 h; b) protein (1=EGFP and 2 =[-galactosidase), PBS, 15 h; c) NaCNBH;,,
phosphate buffered saline, (pH 7.4):EtOH (3:1), 2 h.

coupling was determined by spectrofluorimetric analysis, while
the fluorescence properties of EGFP-loaded microspheres were
evaluated by flow cytometry and microscopy analysis; these
studies indicated that the microspheres had become highly flu-
orescent (see the Supporting Information).

Bead cellular uptake was evaluated by the “beadfection” of
several cell lines (B16F10, HeLa, HEK293T and ND7; in triplicate)
with both sizes of microspheres (500 nm and 2.0 ym) at a
range of concentrations (included untreated cells, cells incu-
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Figure 1. A) Confocal microscopy image of a single mouse melanoma cell (B16F10)

0.8 pg pL”’

loaded with a 2.0 um EGFP-loaded microsphere after 24 h of incubation. The cell mem-

brane was stained with a red fluorescent dye (PKH26).

B16F10 cellular uptake of 500 nm and

2 um EGFP-loaded microspheres at dif-
ferent concentrations (ug L") after 3,

6, 12 and 24 h.

bated with unlabelled micro-
spheres and free GFP in solu-
tion). Analysis by flow cytome-
try and fluorescence microscopy
showed that cellular uptake of
the microspheres was highly ef-
fective. Figure 1A shows a con-
focal image of B16F10 cells
after incubation with 2.0 um
GFP-loaded microspheres (after
fluorescence-assisted cell sort-
ing (FACS) and overnight re-
growth). As a general trend, it
was found that 500 nm micro-
spheres loaded with the protein
could be delivered into cells
with a higher efficiency than
2 um beads. Uptake was im-
proved by increasing the con-
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B) Flow cytometry analysis of

COOH

A
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B) 90000

centration and the time of incubation (see Fig-
ure 1B). As expected, cellular uptake was lower com-
pared to microspheres loaded with smaller cargos
such as a sensor (Indo-1), while the degree of cellu-
lar uptake was influenced by cell type (see the Sup-
porting Information for flow cytometry analysis)."~'?

To further validate beadification as an effective
tool for protein delivery, we tested the ability of mi-
crospheres to deliver a functional protein (-galacto-
sidase) into cells. This is a robust model system due
to the number of well-known and defined protocols
and techniques to analyse its activity in mammalian
cells.”52 Following the coupling of B-galactosidase
to PEG-microspheres (see Scheme 1), B16F10 and
Hela cells were treated (in triplicate) with 500 nm
and 2.0 um enzyme-loaded microspheres at a range
of concentrations. Following incubation, intracellular
enzymatic activity was analysed by flow cytometry
following treatment with fluorescein di-p-b-galacto-
pyranoside (FDG), a specific [3-galactosidase fluoro-
genic substrate that releases fluorescein upon hy-
drolysis and allows an accurate determination of en-
zymatic activity. The fluorescence emission from this
substrate is directly proportional to the amount of
enzyme present.?" Based on both fluorescence mi-
croscopy and flow cytometry, we found that cellular
uptake of these [-galactosidase-loaded micro-
spheres was effective and that the enzyme within
the cells was active (Figure 2, over). None of the con-
trols showed any significant fluorescence intensity
(see Figure 2B). Figure 2C shows an image of cells
loaded with [-galactosidase-microspheres and treat-
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Figure 3. A) Principle of bioluminiscence detection of (3-galactosidase activity with a coupled assay consisting of

the luciferin-galactoside substrate (6-O-f3-galactopyranosyl-luciferin), and luciferase (Beta-Glo, Promega).

B) B-gal-

actosidase activity by using bioluminescence analysis of Hela cells incubated with $-galactosidase-loaded micro-
spheres after treatment with 6-O-B-galactopyranosyl-luciferin (C1 and C2 are 0.1 and 0.2 ug uL ', respectively).
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Figure 2. A) Principle of fluorescent detection of -galactosidase activity using FDG as a substrate. B) Flow cytome-
try analysis of cellular uptake of 500 nm and 2 um 3-galactosidase-loaded microspheres (C1 and C2 are 0.1 and
0.2 pg uL ', respectively) by Hela and B16F10 cells after treatment with the fluorogenic substrate FDG. C) Fluores-
cence image of Hela cells incubated with 500 nm -galactosidase-loaded microspheres after treatment with the
fluorogenic substrate C12FDG (white arrows indicate the green fluorescent related to cytoplasmatic release of flu-
orescein due to -galactosidase activity). The nucleus was labelled with Hoechst 33342 (blue). D) Structure of the
fluorogenic substrate C12FDG.

ferin), and luciferase (Beta-Glo,
Promega).”® The substrate was
selectively cleaved by [-galacto-
sidase to release luciferin, which
subsequently serves as a sub-
strate for luciferase (Figure 3A).
The luminescence results rein-
forced those obtained using the
fluorescent FDG substrate (see
Figure 3B). Finally, an evaluation
of cell viability for B16F10 and
Hela cells treated with 500 nm
and 20um f-galactosidase-
loaded microspheres was car-
ried out by using a 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT)
assay.?” These polymeric parti-
cles were found to be nontoxic
at all concentrations tested in
this study (see the Supporting
Information).

In this paper we have shown
that beadfection is an effective
method for the delivery of func-
tional proteins to a variety of
cells types. Proteins were cou-
pled to microspheres following
a simple and reproducible pro-
cedure without altering the ac-
tivity of the protein. The micro-
spheres were efficiently taken
up by cells, and even after only
a few hours incubation, cellular
uptake was already established
and cells could be sorted by
FACS, regrown and analysed by
confocal microscopy. B-Galacto-
sidase bound to the micro-
spheres and delivered into cells
maintained its activity as ana-
lysed by flow cytometry, fluores-
cence microscopy and biolu-
minescence. These results indi-
cate that microsphere-mediated
protein delivery can be per-
formed in an efficient and re-
producible manner and reinfor-
ces the use of these constructs
as protein delivery system in
vitro and in vivo. Future work
will be focused on the develop-

ed with a membrane-permeable derivative of FDG (C12FDG)  ment of strategies for the targeted delivery of proteins, exploit-

that, after enzymatic hydrolysis, is retained within the cell.??

ing the multifunctionality of these microspheres. Additionally,

The enzymatic activity of [-galactosidase-loaded micro-  synthetic strategies to release the protein from the polymer
spheres was also accessed using a coupled assay consisting of  particles for specific applications, such as nuclear localization,

the luciferin-galactoside substrate (6-O--galactopyranosyl-luci-  are under investigation.

ChemBioChem 2009, 10, 1453 - 1456 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1455
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Experimental Section

General protocol for protein loading of microspheres: Amino-
methyl functionalized microspheres (500 nm and 2.0 um) were
washed with PBS buffer (pH 7.4), NaOH (500 mm) and finally PBS
(pH 7.4). After washing and centrifugation, microspheres were re-
suspended in a glutaraldehyde solution (25% (w/v)) in PBS buffer,
and the mixture was shaken for 15 h at room temperature. After
this time the microspheres were washed with PBS (pH 7.4), or a
specific protein buffer, before addition of protein (5 ugmL™" in
PBS, pH 7.4). The mixture was shaken for 15 h at room temperature
prior to washing with PBS (pH 7.4) and treatment with a sodium
cyanoborohydride solution (20 mm) in PBS/EtOH (3:1) for 2 h. Final-
ly the protein-loaded microspheres were washed with PBS and
treated with a quenching solution (40 mm ethanolamine with 1%
(w/v) BSA in PBS). The streptavidin-loaded microspheres were
washed and stored in PBS (pH 7.4) or a specific protein buffer.
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Multiple Pathways for the Irreversible Inhibition of Steroid Sulfatase with
Quinone Methide-Generating Suicide Inhibitors

Vanessa Ahmed, Yong Liu, and Scott D. Taylor*™

Breast cancer is one of the dominant forms of
cancer in North American women. Endocrine thera-
pies, such as estrogen receptor antagonists and aro-
matase inhibitors are being used to treat estrogen-
dependent forms of this disease. More recently, in-
hibitors of steroid sulfatase (STS), which catalyzes
the desulfation of biologically inactive sulfated ste-
roids to biologically active steroids (Scheme 1), are
also being examined as potential drugs for treating estrogen-
dependent breast cancer, and a number of potent inhibitors
have been developed.™

0 0
sTS
‘ ~N
o
) HSO A
0-§-0 “ HO
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estrone sulfate (E1S) estrone (E1)

Scheme 1. Hydrolysis of estrone sulfate by STS.

Because of their potential as anticancer agents we initiated
studies to develop STS inhibitors. Several years ago we sug-
gested that estrone sulfate (E1S) derivatives 1-4 could poten-

o)
X~ .
o |
0507
o Y
1,X=CHF,Y=H, 2 X=CFHY=H
3,X=H,Y=CH,F, 4, X=H,Y=CF,H

tially act as suicide inhibitors of STS.” Hydrolysis of the S—O
bonds in 1-4 by STS would produce quinone methides in the
active site that could react with residues required for catalysis,
thus inactivating STS (as illustrated for compound 1 in
Scheme 2). Herein we show that several of these compounds
are suicide inhibitors of STS. We also demonstrate that the in-
hibition of STS by one of these compounds involves an unex-
pected process in which the main inactivation pathway does
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Scheme 2. Proposed mechanism for inhibition of STS with compound 1.

not involve reaction of a quinone methide with an active-site
nucleophile, and this has led to the discovery of a novel and
potent STS inhibitor.

The synthesis of compounds 1 and 2 is described else-
where.! Compounds 3 and 4 were prepared by using a similar
approach (Scheme 3).®' A trichloroethyl-protected sulfate
group was introduced onto 4-formyl estrone (4-FE1)" by using
trichloroethylsulfuryl chloride™ to give compound 5. Selective
reduction of the aldehyde in 5 with Zr(OiPr),~BINOL complex
gave hydroxymethyl compound 7. Treatment of compounds 5
and 7 with DAST gave mono- and difluoromethyl compounds
6 and 8, respectively, in good yield. Finally, deprotection of the
sulfate group in 6 and 8 by catalytic transfer hydrogenolysis
by using ammonium formate and Pd/C gave compounds 3
and 4.

Compounds 1-4 were examined for time and concentration-
dependent STS inhibition by incubating them with STS at
pH 7.0 in 100 mm Tris buffer, withdrawing aliquots at various
time intervals, diluting the aliquot into a solution of excess 4-
methylumbelliferyl sulfate (4-MUS), a fluorogenic substrate, in
the same buffer, and then following the STS activity by fluorim-
etry.”) Both monofluoromethyl derivatives (1 and 3)® exhibited
time and concentration-dependent inhibition. The inhibition
occurred relatively rapidly within the first few minutes but
then slowed and eventually reached a plateau as illustrated in
Figure 1A for compound 1. However, at high concentrations of
inhibitor (100 um) inactivation continued until almost all activi-
ty was lost as illustrated for compound 1 in Figure 1A. This be-
havior suggests multiple labeling events are required for irre-
versible inhibition, or the inhibitors are rapidly consumed and
the ratio of the number of times that the inhibitors are turned
over is much greater than each enzyme inactivation event (a
high partition ratio).” In the initial five minutes, pseudo-first-
order reaction rates were observed from which a K; of 68 um
and a ki, of 0.34 min~" were derived for 1 by using the meth-
ods of Kitz-Wilson.®” Subjecting the data obtained for com-
pound 3 to a similar analysis yielded a K; of 3.4 um and a ki,
of 0.056 min~"."®! Addition of 5 mm B-mercaptoethanol (-ME),
a good nucleophile, had little or no effect on the rate of inacti-
vation of STS with inhibitors 1 (Figure 1A) and 3;® this sug-
gests that a reactive species was not accumulating in solution,
entering the active site and inactivating STS.®! STS could be
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Scheme 3. Synthesis of compounds 3 and 4. A) trichloroethylsulfuryl chloride. Et;N, DMAP, THF, 14 h (99 %);
B) DAST, CH,Cl,, 0°C, 1 h, RT, 3-12 h (83 % for 6, 92% for 8); C) Zr(OiPr),, BINOL, toluene, 3.5 h (70%); D) 15-20

wt.% 10% Pd/C,HCO,NH,, MeOH, 24 h (86% for 3, 85% for 4).
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Figure 1. A) Inactivation of STS with inhibitor 1. 0: 0 um; ¢: 12.5 pm; m:
25 uMm; A: 50 um; @: 100 um; o: 100 pm 145 mm B-ME. B) Inactivation of
STS with 100 um inhibitor 1 in the presence of E1P. @: 0 um E1P; A: 50 um
E1P; m: 250 um ETP; ©: 500 um E1P; 0: O um 1, 0 um ETP.

protected against inactivation by inhibitors 1 (Figure 1B) and
3" with estrone phosphate (E1P), a good competitive STS in-
hibitor;? this indicates that irreversible inhibition required
active-site binding and enzymatic activation. Finally, after inac-
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o tivation with inhibitors 1 or 3,
no STS activity could be recov-
ered after extensive dialysis;
this emphasizes the irreversibili-
ty of the inhibition.
Difluoromethyl derivatives 2
and 4 were screened for STS
inhibition by using 1-10 um of
each compound. At these con-
centrations the 2-difluoromethyl
derivative 2 did not exhibit
d) time- and concentration-depen-
dent inhibition, yet was readily
consumed by STS as deter-
mined by HPLC®' In contrast,
o} the 4-difluoromethyl derivative
4 displayed time and concentra-
tion-dependent STS inhibition.
However, an initial lag phase
was observed. This was fol-
lowed by relatively rapid loss of
activity, which did not follow
pseudo first-order kinetics (Fig-
ure 2A). Moreover, incubation
of 4 (10 um) with STS in the
presence of 3-ME (5 mm) result-
ed in an appreciable decrease
in the inactivation rate, no lag phase was observed, and the in-
activation kinetics were pseudo-first order (Figure 2A). A small
amount of activity (approximately 3%) could be recovered
after extensive dialysis (10'>fold dilution over 24 h), and E1P
protected STS against inactivation (Figure 2B). Taken together,

A) 100 e
L 00— -0
§ :::t@»:»\\\o\ °
g, i\ o—
= N
'S 10 \\\ff\\ =—n
= . —a
e e
2
=
°
< 1
40 60
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S~ .
= N\ TR
= > i SN
& 10 e <+ S
e I
2
=
Q
<
1+ T T |
0 20 40 60
t/min

Figure 2. A) Inactivation of STS with inhibitor 4. ©: 0 um; 0: 1 pum; 0: 2.5 pum;
m:5uM 4; A: 7.5 um; @: 10 um; ©: 10 um 4+ 5 mm B-ME. B) Inactivation of
STS with 10 um inhibitor 4 in the presence of ETP. @: 0 um E1P; A: 1 um E1P;
m:5um ETP; o:0 um 4, 0 um ETP.
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these results suggest that upon cleavage of the S—O bond, a
reactive species accumulates in solution and then enters the
active site and inactivates the enzyme.

When STS hydrolyzes the sulfate group from inhibitor 4, 4-
difluoromethylestrone (4-diFME1, Scheme 4), the initial enzy-
matic hydrolysis product, can breakdown to form quinone me-

o] o) o}
4 STS "-HF_ -HF
; H,O
HSO, HO o] HO
CF,H CFH CHO
4-diFME1 9 4-FE1

Scheme 4. Formation of 4-FE1 from inhibitor 4.

thide 9 in the active site. The quinone methide could then
react with an active-site residue(s) and inactiate STS. Alterna-
tively, 4-diFME1 could diffuse out of the active site and break-
down to form compound 9 in solution, which could then react
with water to give 4-formyl estrone (4-FE1, Scheme 4). HPLC
analysis of the reaction of STS with inhibitor 4 revealed that 4-
FE1 was indeed produced (Figure 3C-E). In addition, we were
also able to detect a peak corresponding to 4-diFME1. This
species, whose presence was confirmed by spiking the STS-cat-
alyzed reaction with an authentic sample of independently
synthesized 4-diFME1® (Figure 3F), is formed as an unstable
intermediate and rapidly decomposes to give 4-FE1 (Figure 3F
and G). Because aldehydes have been known to act as highly

S D)
I
i il
I
I
|
m
G)

Figure 3. RP-HPLC analysis of the reaction of inhibitor 4, with STS. A) 10 um
Inhibitor 4 in 0.10 ™ Tris, pH 7.0, 0.01 % Triton X-100 (assay buffer). Peak |
corresponds to inhibitor 4 (t;=15 min); B) 10 um inhibitor 4-FE1 in assay
buffer containing 2% DMSO. Peak Il corresponds to 4-FE1 (t; =38 min). C)-
E) 10 um inhibitor 4 with STS in assay buffer after C) 5 min, D) 10 min, and
E) 30 min of reaction. Peak Ill corresponds to 4-diFME1 (t; =33 min). F) Re-
action of 10 um inhibitor 4 with STS in assay buffer after 5 min spiked with
25 um 4-diFME1. G) 25 pm 4-diFMET in assay buffer. Although the 4-diFME1
was injected into the HPLC within 15 s of dissolving it in the assay buffer,
some decomposition to 4-FE1 had occurred in this time interval as evi-
denced by the presence of peak Il.
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potent and sometimes almost irreversible enzyme inhibitors,

we reasoned that inactivation of STS by compound 4 might be
mainly due to inhibition by 4-FE1. Indeed, incubation of STS
with just 4-FE1 resulted in time and concentration-dependent
inhibition of STS (Figure 4 A). At low concentrations (< 1 um) of

A) 100 ﬁiﬁf\
¥ T3 -
: B e S S
) Ty e
s - gy
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g 10z \"}\\\%
@ T
> X
= T
'05 4
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Figure 4. A) Inactivation of STS with inhibitor 4-FE1. 0: 0 uM; ©: 0.25 um; m:
0.5 um; A: 1 um; @: 5 uMm. B) Inactivation of STS with 5 um 4-FE1 in the pres-
ence of E1P. @: 0 um E1P; A:2.5 um ETP; ©: 5 um E1P; 0: 25 um E1P; m: O um
4-FE1, O um ETP.

4-FE1 the inactivation plateaus after about 40 min, whereas at
higher concentrations (>1 pum) pseudo-first-order behavior
was observed throughout, and almost complete inactivation
could be achieved within 60 min with just 5 um. This behavior
might be due to multiple labeling events that are both pro-
ductive and unproductive towards inactivation. Extensive di-
alysis (10'fold dilution over 24 h) of the 4-FEl-inactivated
enzyme resulted in the recovery of only 5% activity; this indi-
cates that inhibition with 4-FE1 is almost irreversible, although
it can best be classified as a slow-binding inhibitor with an ex-
tremely slow off-rate. A Kitz-Wilson analysis by using the initial
reaction rates (first 30 min) yielded a K; of 1.5 um and a ki, Of
0.65 min~" (kip.o/K; of 4.3%x10°M "min~").2" E1P protected STS
against inhibition by 4-FE1; this indicates that inactivation re-
quired a reaction with an active-site residue(s) (Figure 4B). 8-
ME (5 mm) had no effect on the inhibition with 4-FE1, and this
reveals that the effect of 3-ME with compound 4 was due to
the reaction of B-ME with quinone methide 9.®' Thus, the lag
phase that is seen with inhibitor 4 is likely due to the time that
is required for sufficient 4-FE1 to accumulate in solution and
then enter the active site and inhibit STS."? The fact that some
inhibition still occurs in the presence of 5 mm B-ME indicates
that some inhibition by quinone methide 9 occurs, though it
appears that inhibition by 4-FE1 is the dominant inhibitory
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pathway. Inhibition of STS with A-ring-formylated estrones ex-
hibits some specificity for the formyl group at the 4-position
because incubation of STS with 10 um 2-formylestrone (2-FE1)
did not result in time- and concentration-dependent inhibition;
this is consistent with compound 1, which is a STS substrate
that produces 2-FE1 as a product”™ and does not show any
time or concentration-dependent inhibition of STS at 10 pm."™
Although the site of STS modification by 4-FE1 has yet to be
established, it is highly likely that it is forming a Schiff base
with an active-site residue because it has been shown that cer-
tain aldehydes can function as almost irreversible enzyme in-
hibitors through the formation of stable Schiff base adducts
with residues bearing side-chain amines.'” Lys368 in the active
site of STS is a strong candidate for Schiff base formation
because it is in close proximity to the 4-position of estrone,
which has been modeled into the active site of STS." It is pos-
sible that the formyl group of 2-FE1 cannot attain the correct
geometry or is too far removed from Lys368 to form a stable
Schiff base. The active site has other nucleophilic residues,
such as Lys134 and Arg79, that might also be capable of being
labeled by 4-FE1 as well as by the quinone methides that are
generated from inhibitors 1, 3, and 4.

The finding that the monofluoro derivatives (1 and 3) func-
tion as classic suicide inhibitors, whereas compound 2 and, to
a lesser extent compound 4, do not, can be explained by the
greater stability of the difluoromethyl estrones compared to
the monofluoromethylestrones.™™ The more stable difluoro-
methyl estrones have more time to diffuse out of the active
site before decomposition to the corresponding quinone me-
thides. Difluoromethyl-based suicide inhibitors that operate by
generation of quinone methides have been reported for other
hydrolytic enzymes,">'® and some are currently being exam-
ined as activity-based probes for proteomic studies." To our
knowledge, this is the first example in which this class of inac-
tivator functions by generating an aldehyde that acts as an
almost irreversible inhibitor. These studies also underscore the
need for a careful kinetic analysis of the inactivation process
such that the inhibitory mechanism can be properly ad-
dressed.

In summary, we have shown that irreversible STS inhibitors
can be obtained by using compounds that produce reactive
quinone methides upon activation by STS."”'® We also dem-
onstrate that the inhibition of STS by compound 4 involves an
unexpected process in which the main inactivation pathway
does not involve reaction of a quinone methide with an
active-site nucleophile; this has led to the discovery of 4-FE1
as a potent, slow-binding inhibitor of STS. Efforts to improve
the potency of 4-FET1, such as by introducing benzylic moieties
to the 17-position,"” are in progress. Further kinetic and mech-
anistic studies and investigations to determine which residues
are being modified are also in progress and will be reported in
due course.

Experimental Section

General procedure for the determination of time and concentra-
tion-dependent inhibition of STS by compounds 1-4 and 4-FE1:
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A solution of STS (2 um, 10 pb) in Tris (20 mm, pH 7.4) containing
Triton X-100 (0.1%) was added to solutions of various concentra-
tions of the compounds (90 uL) in Tris (0.10m, pH 7.0, for com-
pounds 1-4) or Tris (0.10Mm, pH 7.0) containing DMSO (2%, for 4-
FET). Controls that did not contain inhibitor were performed for all
experiments. These mixtures were allowed to incubate at 22°C
and aliquots (4 pL) were removed at various time intervals and
added to the wells of a 96-well microtiter plate containing 4-meth-
ylumbelliferyl sulfate (4-MUS, 196 pL, 4 mm, ca. 20xK,™) in Tris
(0.10 M, pH 7.0) containing Triton X-100 (0.01%). The production of
the fluorescent product, 4-methylumbelliferone (4-MU), was fol-
lowed for 8 min (1,,=360 nm, 4., =460 nm) by using a fluorimeter
platereader at 22°C. All determinations were carried out in tripli-
cate, and errors are reported as the standard deviation. The per-
cent activity of STS in the presence of inhibitor after each time
interval was calculated as a percentage of activity in the absence
of inhibitor. The percent activity remaining as a function of time
was plotted as a semilog graph.

Time- and concentration-dependent inhibition of STS by inhibi-
tors 1, 3, 4 and 4-FE1 in the presence of estrone phosphate
(E1P): Studies with E1P were performed in the same manner as
described above for the time- and concentration-dependent inhibi-
tion studies except various amounts of E1P were present in the
incubation mixtures. The concentrations of the inhibitors were
100 pum for inhibitors 1 and 3, 10 um for inhibitor 4, and 5 pm for
4-FE1.

Time- and concentration-dependent inhibition of STS by inhibi-
tors 1, 3, 4 and 4-FE1 in the presence of f}-mercaptoethanol (f3-
ME): Time- and concentration-dependent inhibition studies of STS
by compounds 1, 3 and 4 and 4-FE1 in the presence of B-ME were
performed in the same manner as that described above for the
time and concentration-dependent inhibition studies except 5 mm
B-ME was present in the incubation mixtures. The concentrations
of the inhibitors were 100 um for compounds 1 and 3, 10 um for
inhibitor 4, and 5 um for 4-FE1.

Dialysis experiments: For inhibitors 1, 3 and 4, STS (200 nm) was
incubated with inhibitor (100 um of 1 and 3, 10 um inhibitor 4) in
Tris (0.10Mm, pH 7.0) containing Triton X-100 (0.01%) in a total
volume was 200 L. For 4-FE1, STS was incubated with inhibitor (4-
FET 5 um) in Tris, (0.10m, pH 7.0) containing Triton X-100 (0.01 %)
and DMSO (2%) in a total volume of 200 pL. The mixture was al-
lowed to incubate for 1 h. A control was also performed in an iden-
tical manner except that it did not contain inhibitor. Aliquots (4 pL)
were withdrawn, and the STS activity was determined in the usual
manner. Almost no activity (less than 5%) remained for all of the
mixtures. The remaining incubation mixtures were dialyzed in mi-
crodialysis units (1L of 0.1m Tris, pH 7, 0.1% Triton at 4°C). The
dialysis proceeded for 24 h with the dialysis buffer changed after 3,
6, and 9 h. After 24 h, aliquots (4 uL) were withdrawn from the
incubation mixtures and diluted into MUS (4 mwm) in Tris (0.1m,
196 uL, pH7) and the STS activity was followed in the usual
manner.

HPLC analysis of the reaction of compound 4 with STS: Com-
pound 4 (10 um) was incubated with STS (200 nm) in Tris, (0.10 M,
pH 7.0) containing Triton X-100 (0.01 %). Aliquots were withdrawn
after 5, 10 and 30 min incubation and injected into an HPLC
equipped with a C-18 reversed-phase analytical column and a UV
detector set at 270 nm. An isocratic gradient consisting of 55% of
TFA (0.1%)/H,0 and 45% CH,CN over 45 min at 1 mLmin~' was
employed. The retention times for compounds 4, 4-difluoromethyl-
estrone (4-diFME1) and 4-FE1 are 15, 33, and 38 min respectively.

ChemBioChem 2009, 10, 1457 - 1461
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Selective Antifolates for Chemically Labeling Proteins in Mammalian Cells

Laura E. Pedré Rosa,”™ D. Rajasekhar Reddy,” Sherry F. Queener,” and Lawrence W. Miller*®

Pairs of small molecule ligands and receptor proteins that asso-
ciate to the exclusion of all other biological components (that
is, orthogonal interaction pairs) are powerful tools for analyz-
ing, modulating, or otherwise perturbing protein function in
living cells and organisms.™ Trimethoprim (TMP, 1, Scheme 1)

1 2: R=Me SN
2a: R = (CH,),CONHCH,(CH,0OCH,),CH,NHBOC
2b: R = (CH,),CONHCH,(CH,OCH,),CH,NHcFDA

3: R=Me
3a: R = (CH,),CONHCH,(CH,0OCH,),CH,NH,
3b: R = (CH,),CONHCH,(CH,0CH,),CH,NHcFDA

COOH

Scheme 1. Schematic representation of antifolates under study. The com-
mon numbering Scheme for 5-substituted benzyl pyrimidines is given for 1
(trimethoprim, TMP). Compounds 2b and 3b are heterodimeric conjugates
of 2 and 3 to acetylated 5(6)-carboxy fluorescein (cFDA).

is a selective inhibitor of bacterial forms of dihydrofolate re-
ductase (DHFR). TMP strongly inhibits Escherichia coli DHFR
(eDHFR) (K;=about 1 nm), yet weakly inhibits mammalian
forms of the enzyme (K;>1 um).? The orthogonality of the
TMP-eDHFR interaction to eukaryotic cells has been exploited
to develop a general method for labeling eDHFR fusion pro-
teins in wild-type mammalian cells with cell-permeable TMP-
fluorophore conjugates.®* A heterodimeric conjugate of TMP
with synthetic ligation factor (SLF) has been developed as a
chemical inducer of dimerization (CID) and used to activate
transcription in a yeast three-hybrid assay as well as modulate
glycosylation in mammalian cells.®®
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We sought to determine whether selective DHFR inhibitors
(antifolates) other than TMP could be utilized for biotechnolog-
ical applications in mammalian cells. DHFR has been the focus
of intense drug discovery efforts for several decades,” and in
recent years there has been considerable focus put on devel-
oping selective inhibitors against DHFRs from pathogenic or-
ganisms such as Pneumocystis carinii, Plasmodium falciparum,
and Staphylococcus aureus.”' Hundreds of TMP analogues (sub-
stituted 5-benzyl pyrimidines) have been prepared in efforts to
analyze binding modes and to develop improved therapies
against resistant organisms.”'® We chose to focus our efforts
on compounds 2 and 3 (Scheme 1, Table 1) which exhibit
approximately nanomolar inhibitory activities against P falci-
parum DHFR (pfDHFR) and P. carinii DHFR (pcDHFR), while they
exhibit minimal or no activity against mammalian DHFRs.*'>'¢

Table 1. DHFR enzyme inhibition (K, [nm]) for selected antifolates
(Scheme 1).2!

Compound 1 2 3

rat liver DHFR 193000 No inhibition 540

E. coli 13 n.d.” n.d.
P. falciparum 10.3 0.3 n.d.
P. falciparum (C59R, S108N) 242 2.2 n.d.
P, carinii 6700 n.d. 0.054

[a] Values taken from previously published data®®*'*"'¥ [b] n.d.: not deter-
mined.

Conjugates of 2 and 3 to a hydrophobic, acetylated fluores-
cein were prepared (Scheme 1, 2b, 3b). The conjugation strat-
egy was informed by previously reported structural analyses
that revealed the binding modes of each compound to their
respective targets. Yuthavong and co-workers used semiempiri-
cal methods to model the binding of a close analogue of 2 to
the known structure of pfDHFR.'™® The 4-trimethoxy-benzyl
substituent was modeled to form a m-m stacking interaction
with Phe116 of the wild-type pfDHFR. The para-methoxy is in
van der Waals contact with Cys50 near the entrance to the
binding pocket, and we surmised that alkyl linkage at this posi-
tion would be the least disruptive to binding. The structure of
pcDHFR in complex with 3 and NADPH was reported by Cody
and co-workers.'” The 5'-(5-carboxy-1-pentynyl side chain
interacts with Arg75, and this contributes strongly to the high
affinity. The 4-methoxy group interacts with the hydrophobic
side chains of Leu25 and lle33 near the entrance to the bind-
ing pocket, and we chose to conjugate at this position.

We first sought to validate our conjugation strategy by
directly characterizing the ability of the nonfluorescent ana-
logues 2a and 3 a to inhibit Toxoplasma gondii DHFR (tgDHFR),
a protozoan DHFR used as a model for biochemical characteri-
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zation of pfDHFR inhibitors™® and pcDHFR. By using an assay
based on measurement of the change in absorbance at
340 nm when dihydrofolate is reduced to tetrahydrofolate in
the presence of NADPH, inhibition constants for each analogue
were determined (Table 2).' Methotrexate (MTX) and TMP

Table 2. DHFR enzyme inhibition (ICs,, [um]) of substituted inhibitor ana-
logues.

Compound 16 2a 3a
Rat liver DHFR 180 6 9.1
pcDHFR 12 1.373 0.025
tgDHFR 2.8 0.032 0.026

[a] Values taken from previously published data.”’

were included in the assay as controls. 2a potently inhibited
tgDHFR (IC5,=0.032 pum), while it poorly inhibited rat liver
DHFR (ICs,=6 pum). 3a also exhibited excellent potency and se-
lectivity, and strongly inhibited pcDHFR (IC5,=0.025 pm), while
it showed about 350-fold lower activity against mammalian
DHFR. The inhibition data suggested that heterodimers of 2
and 3 linked at the indicated positions would retain effective
potency against their putative targets, while maintaining suffi-
cient selectivity for applications in mammalian cell lines.

The linker-substituted analogues, 2a and 3a were further
characterized by determining their ability to inhibit E. coli
growth. The minimum inhibitory concentrations (MIC) of TMP,
2a and 3a were about 0.2 um, 20 um and>100 pMm, respec-
tively. We were interested in knowing the affinity of 2a for
eDHFR relative to that of TMP. Compound 2 is about 30-fold
and about 100-fold more potent than TMP against wild-type
pfDHFR and the TMP-resistant double mutant (C59R, S108N),
respectively (Table 1). Because an analogue of 2 is substantially
less potent against eDHFR than TMP, it is possible that 2b or
other heterodimers of 2 could be used simultaneously with
TMP for assays in mammalian cells. In the case of 3a, we ex-
pected that it would strongly inhibit eDHFR, as a 5'-(5-carboxy-
alkyloxy)-TMP analogue was shown to be about 50-fold more
potent against eDHFR than TMP itself."” The fact that 3a does
not inhibit E. coli growth up to the concentrations tested sug-
gests the molecule cannot cross the cell membrane. This is not
entirely surprising as the carboxyl group of 3a is likely depro-
tonated, and localized charges typically lower the membrane
permeability of small molecules.”!

In order to be useful as a research tool for chemical biology
applications, orthogonal ligand-receptor pairs must meet, at
minimum, three criteria: 1) The protein acceptor must be solu-
ble and expressible in mammalian cells; 2) the ligand and its
conjugates must be cell permeable; and 3) the ligand must dif-
fuse freely within cells and not partition to particular organ-
elles or subcellular domains. We used epifluorescence micro-
scopy to determine the cell permeability and subcellular distri-
bution of 2b and its selective binding to a soluble, TMP-resist-
ant mutant (K27E, C59R, S108N) of the DHFR domain of P. falci-
parum DHFR-thymidylate synthetase.'” An expression vector
that targeted pfDHFR to the nucleus was prepared. Targeting

ChemBioChem 2009, 10, 1462 - 1464
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was achieved by encoding pfDHFR soluble domain with a
N-terminal fusion of three copies of the canonical simian virus
40 large T-antigen nuclear localization sequence (DPKKKRKV).™
We then transiently transfected NIH 3T3 fibroblast cells with
the vector. Approximately 24 h after transfection, the cells
were incubated with low (500 nm) concentrations of 2b and
imaged microscopically (Figure 1).

Figure 1. Selective chemical labeling of subcellularly targeted pfDHFR in
living mammalian cells. Bright field (left) and fluorescence (right) micro-
graphs show adherent NIH3T3 fibroblast cells transiently expressing nu-
cleus-localized pfDHFR soluble domain (K27E, C59R, S108N). The cells were
incubated in growth medium containing 500 nm 2b for 15 min, washed two
times with PBS, immersed in medium without compound and imaged.

Diffuse fluorescence was observed in all cells incubated with
2b, and some of the cells exhibited distinct nuclear fluores-
cence with more brightly fluorescent nucleoli, characteristic of
the nucleus-targeting sequence. The diffuse fluorescence
indicates that 2b readily enters cells, where the fluorescein
moiety is hydrolyzed by intracellular esterases; this yields the
fluorescent fluorescein dianion. We attribute nuclear staining
to the specific binding of 2b to nucleus-targeted pfDHFR solu-
ble domain. We performed analogous imaging experiments
with 3b and cells transfected with a vector encoding pcDHFR
fused to the N-terminal nucleus localization sequence. Howev-
er, we did not observe any intracellular fluorescence or nuclear
staining with 3 b; this provides further evidence that analogues
of 3 cannot passively diffuse into cells due to the presence of
the 5'-(5-carboxy-1-pentynyl) moiety.

Substituted analogues of the established antifolates 2 and 3
retain similar potency and selectivity of the parent compounds
when assessed in an inhibition assay. Compound 2a, a hetero-
dimeric conjugate of 2 to a hydrophobic, acetylated fluores-
cein passively diffused into mammalian cells and selectively la-
beled a recombinantly expressed fusion of the soluble domain
of pfDHFR. These results demonstrate that the considerable
efforts devoted to finding selective inhibitors of pathogenic
DHFRs can be leveraged to identify and develop new tools for
chemical biology. Further studies are underway to comprehen-
sively characterize the interaction between substituted ana-
logues of 2 and soluble mutants of pfDHFR, and to further ex-
ploit this interaction for chemically labeling proteins in living
mammalian cells.

Experimental Section

The complete details of antifolate syntheses and characterization,
plasmid vector construction, cell culture conditions and microsco-
py protocols are reported in the Supporting Information.
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Development of Ratiometric Fluorescent Probes for Phosphatases by Using

a pK, Switching Mechanism
Shin Mizukami, Shuji Watanabe, and Kazuya Kikuchi*®

The use of fluorescent probes in fluorimetric assays is particu-
larly useful in physiological studies because of their high sensi-
tivity and noninvasiveness. For example, the widely used Ca®"
probe fura-2™ and the subsequently developed fluorescent
probes have contributed significantly to the rapid progress of
intracellular Ca®>" signaling studies. One of the outstanding
characteristics of fura-2 is that it exhibits a shift in its excitation
spectra in response to changes in Ca’" concentration, which
enables ratiometric fluorescence measurement at two wave-
lengths. Ratiometric measurement, in which the fluorescence
intensity is monitored at two excitation or two emission wave-
lengths and the ratio of the two values is calculated, is more
practical than normal fluorescence intensity measurement, be-
cause ratiometric measurement can exclude such variables as
the influence of dye localization and fluctuation of excitation
light intensity.”

For the rational design of ratiometric fluorescent probes, the
resonance energy transfer (RET) mechanism is quite useful.
However, small-molecule RET probes generally require compli-
cated synthesis, which involves conjugation of two different
fluorescent dyes. Therefore, a new design principle for ratio-
metric probes is required. In this study, we developed a novel
design strategy for ratiometric fluorescent probes. We applied
this strategy in the development of fluorescent probes for de-
tecting phosphatase activity.

Phosphatases catalyze the dephosphorylation of various
types of biomolecules, including proteins, nucleic acids, and
lipids, and play significant roles in the regulation of metabolic
pathways in living organisms. Phosphatases are categorized
into several groups, including alkaline phosphatases (ALP),"!
acid phosphatases (ACP),”” serine/threonine phosphatases,”
and tyrosine phosphatases (PTP)"® to name a few. Thus far, sev-
eral fluorescent probes have been developed for detecting
phosphatase activity.”'? One prototype is 4-methylumbelliferyl
phosphate (MUP),”) which is hydrolyzed by several types of
phosphatases, resulting in an increase in the fluorescence in-
tensity. Other fluorescent phosphatase probes such as 3,6-fluo-
rescein diphosphate (FDP)'” and 6,8-difluoro-4-methylumbelli-
feryl phosphate (DIFMUP)™ are also widely used. However,
these probes do not have ratiometric fluorescence properties.
Thus, the development of ratiometric fluorimetric probes that
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Division of Advanced Science and Biotechnology
Graduate School of Engineering, Osaka University
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can detect phosphatase activities has been attempted by
many research groups.

In addition to the aforementioned limitation, known phos-
phatase probes have another drawback: they have an aryl
phosphate monoester moiety; phosphodiesterases convert
them to the corresponding aryl alcohol, which fluoresce more
strongly than the phosphate monoesters. Although they are
considered structural analogues of phosphotyrosine and are
used as fluorescent probes for detecting tyrosine phosphatase
activity,"'? they are hydrolyzed by serine/threonine phospha-
tases"™ and ALP/ACP."*™ Usually, several types of phosphatase
are activated in biological samples. When known phosphatase
probes such as DiIFMUP are used for the detection of phospha-
tase activity, the output fluorescence signal represents the sum
of the activities of several phosphatases. Therefore, there is a
requirement for more specific probes for individual phospha-
tases. For developing a specific probe for a phosphatase, the
design of the enzyme-recognizing structure is important. The
known probes always require an aryl phosphate monoester
structure, and this structural requirement imposes severe limi-
tations on probe design. Herein we report a novel design strat-
egy for fluorescent probes that have an alkyl phosphate mono-
ester structure. We investigated the specificity of the synthe-
sized probes toward several phosphatases and discuss the cor-
relation between their structure and the kinetic parameters in
reaction with ACP.

In our design of new ratiometric probes, we initially focused
on the fluorescence properties of coumarins. Coumarins con-
taining an electron-donating substituent at the 6- or 7-position
generally fluoresce in aqueous solution and have been exten-
sively used for the fluorescence detection of various enzyme
activities.”’™" 3" |n particular, 7-hydroxycoumarins (umbellifer-
ones) have been widely used because they have strong fluo-
rescence intensities and they are easily synthesized. One of
their distinctive characteristics is that their fluorescence prop-
erties are affected by solution pH;'® excitation wavelength
maxima (4.,) are approximately 330 and 370 nm in acidic and
alkaline solution, respectively (Figure 1A). This is because the
protonation of the 7-hydroxy group affects fluorescence. By
varying the pK, value of the 7-hydroxy group through judi-
cious substitution, the relative proportion of the phenol and
phenolate forms in a neutral buffered solution can be system-
atically varied. Thus, if the pK, value of the 7-hydroxy group
can be controlled by an enzymatic reaction, the excitation
spectrum of coumarin would change in response to the
enzyme activity.

The conventional approach to vary the pK, values of 7-hy-
droxycoumarins involves substitution of the hydrogen atom at
the 6- or 8-position with a halogen atom such as fluorine or
chlorine; this substitution decreases the pK, value by an induc-
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Figure 1. A) pH dependence of the excitation spectra of 7-hydroxycoumarin
in aqueous solution (/=fluorescence intensity). B) Effect of a neighboring
anionic group on the pK, values of 7-hydroxycoumarins; fluorescence inten-
sities were measured at A,,=380 nm and 4., =470 nm (25°C).

tive effect.’”? On the other hand, it has been reported that Cal-
cein Blue (pK,=6.9"") and other 8-aminomethyl-substituted 7-
hydroxycoumarins (pK,=6.6-6.7"") have lower pK, values than
7-hydroxy-4-methylcoumarin (pK,=7.8""). In these cases, the
positively charged ammonium groups probably interact with
the 7-hydroxy group through hydrogen bonding or electrostat-
ic interactions to enhance deprotonation. By extending this
concept, we hypothesized that an anionic group at the 6- or 8-
position might increase the pK, value of the 7-hydroxy group
in the opposite manner.

Compound X Y
1 CH,PO3H, H
¥ N 2 CH,OPO3H, H
j]:;:l:ﬁil§ 32 CH,CH,0PO.H, H
3b CH,CH,0H H
HO 0 H CH,CH,0PO3H,
X 4b H CH,CH,OH
5a CHQCHQCHQOPO3H2 H
5b  CH,CH,CH,0H H

To confirm our hypothesis, we synthesized 7-hydroxy-8-
phosphorylmethylcoumarin 1 (the synthesis is shown in
Scheme S1 in the Supporting Information) and estimated the
pK, value from the fluorescence intensity at various pH values
(Figure 1B). As expected, the pK, value of 1 was considerably
higher (pK,=11.2) than that of 7-hydroxy-8-methylcoumarin
(pK,=8.0). This indicates a strong interaction between the
anionic phosphate group and the 7-hydroxy group. We ex-
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ploited this pK, switch to develop a new type of fluorescent
probe, as shown in Figure 2. Here, an anionic group is intro-
duced in the coumarin scaffold at the 6- or 8-position through
a tether to increase the pK, value of the 7-hydroxy group.

/@:l phosphatase /@\/l

HO
'/ high pKy low pK,
interaction
high pK,
T low pK,4
, f
Alnm ——=

Figure 2. Change in the excitation spectrum of 7-hydroxycoumarin deriva-
tives upon reaction with phosphatases (Pi: phosphate group, X: alkyl linker).

After enzymatic removal of this moiety, the pK, value would
decrease due to loss of the electrostatic interaction, resulting
in a change in the excitation spectrum. We selected a phos-
phate group as the leaving anionic group. In this case, the
probe can detect phosphatase activities.

We synthesized 7-hydroxy-8-phosphoryloxymethylcoumarin
2. However, the compound was unstable and decomposed in
aqueous solution. This is probably because the 7-hydroxy
group accelerated the removal of the phosphate group to
form quinone methide, as reported previously,"® as phosphate
is a good leaving group. We then synthesized 3a, which has
an 8-phosphoryloxyethyl group. We also synthesized 4a and
5a in order to examine the effect of the position of the anionic
group and the alkyl chain length, respectively. Compounds
3b-5b, lacking phosphate, were synthesized as control com-
pounds. The synthetic routes are shown in Scheme S2 in the
Supporting Information.

The pH dependence of the excitation spectrum of 3a was
measured (Figure 3 A). Peaks were observed at 333 nm (pH 4.5)
and 381 nm (pH 9.3). Between pH 6.5 and 9.3, the excitation
spectrum has an isosbestic point at 350 nm; this indicates that
only two species, the protonated and deprotonated forms of
the 7-hydroxy group, are present in this pH range. The pK,
values of the 7-hydroxy groups of 3a and 3b were calculated
to be 8.3 and 7.8, respectively, by curve fitting from plots of
fluorescence intensity (1.,,=380 nm, A.,=470 nm) versus pH
(Figure 3B). As we had hypothesized, 3a showed a greater pK,
value than 3b.

Compounds 4a and 5a showed similar pK, values (8.1 and
8.2, respectively). The pK, values of the corresponding dephos-
phorylated products 4b and 5b were 7.7 and 7.8, respectively.
In each case, the pK, value of the phosphate monoester is
greater than that of the corresponding alcohol. On the basis of

ChemBioChem 2009, 10, 1465 - 1468
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Figure 3. A) Change in the excitation spectrum of 3a at various pH values
(Aem =470 nm). B) Fluorescence intensities of 3a (o) and 3b (0) at various
pH values (1,,=380 nm, 1., =470 nm).

these results, it was expected that the excitation spectrum of
3a-5a in neutral buffer solution would change after phospha-
tase-mediated dephosphorylation, as shown in Figure 2.

We examined the suitability of these compounds as fluores-
cence probes for phosphatases. When ACP was added to a
10 um solution of 3a, the excitation spectrum changed in the
expected manner as a function of time. Compounds 4a and
5a showed similar spectral changes. For example, the excita-
tion spectrum of 5a shows a decrease at 330 nm and an in-
crease at 380 nm (Figure 4), originating from the protonated
and the deprotonated forms, respectively. The occurrence of
the enzyme reaction was confirmed by HPLC (Figure S1, Sup-
porting Information).

Next, we studied the reactivity of other phosphatases
toward 3a. As expected, 3a was not dephosphorylated by

200 -
150 +
I 120 min
60 nun
100 + 30 nin
/ 10 min

50

280 320

360 400 440
Alnm—

Figure 4. Excitation spectra of 5a before and after the addition of ACP in
100 mm HEPES buffer solution (pH 7.4) (A., =470 nm).
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PTPs (CD45 and PTP1B) or by serine/threonine phosphatases
(PP1 and PP2A;). On the other hand, ALP induced a partial
change in the excitation spectrum of 3a. However, the reac-
tion rate decreased progressively as the reaction proceeded.
This result suggests that the reaction product 3b inhibits ALP
activity. To confirm this putative product inhibition, we exam-
ined the effect of 3b on the fluorescence intensity increase of
a commercial fluorescent substrate, DiIFMUP. The fluorescence
intensity of DiIFMUP increased significantly after the addition of
ALP, whereas pre-incubation with 3b inhibited this increase
(Figure S2, Supporting Information). This supports the view
that 3b causes product inhibition. This inhibition was not ob-
served with the other phosphatases we studied, so this may
provide a clue to the development of selective ALP inhibitors.
It is also noteworthy that some coumarin derivatives are pro-
tein kinase inhibitors.!'”!

To examine the properties of the new fluorescent probes
more quantitatively, we estimated the parameters K, and V,,.,
of ACP for 3a-5a by fitting the plot of the initial velocity of
the enzyme reaction versus substrate concentration with the
Michaelis—Menten equation (Table 1). DiIFMUP was used as the

Table 1. Kinetic parameters of 3a, 4a, and 5a with acid phosphatase.”

Compound Ky [um] Vinax X 10° [IMmin~"] Vinax/ Ky [min~1]
3a 54+18 4.7+0.3 8.7x107°
4a 107 +27 5343 50%x107*
5a 32412 1742 53x107*
DiFMUP 41+£19 31+9 7.6x107*

[a] Kinetic data were measured at 30°C in 100 mm HEPES buffer (pH 7.4)
containing 1.0 mm DTT and 1.0 mm EDTA.

standard substrate under the same conditions. Among the
three synthesized probes, 4a and 5a showed high V, /Ky
values, which were similar to that of DiFMUP, whereas 3a was
the worst substrate. The difference in the V,,.,/Ky values of 3a
and 4a presumably reflects the difference in steric crowding
around the phosphate group, because 3a and 4a are re-
gioisomers; that is, 3a is an 8-substituted coumarin and 4a is
a 6-substituted coumarin, and the 6-position of 7-hydroxycou-
marin is less crowded than the 8-position. Compound 5a had
an additional methylene group in the linker, and it showed an
approximate sixfold increase in the V,, /Ky value in compari-
son with 3a. This finding indicates that further modification of
the linker group might yield more selective and reactive fluo-
rescent probes for ACP. Our design principle could also be
used to develop specific probes not only for ACP but for other
phosphatases as well.

In conclusion, we have developed a novel design strategy
using a pK, switching mechanism for the design of ratiometric
fluorescent probes to detect phosphatase activity. This design
strategy is based on a pK, shift of the 7-hydroxy group of 7-
hydroxycoumarin derivatives induced by an adjacent anionic
group, which is directly coupled to a change in the excitation
spectrum. The synthesized probes are efficiently dephosphory-
lated by ACP, and changes in the excitation spectrum are ob-
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served. These probes are not dephosphorylated by two protein
tyrosine phosphatases (PTP1B and CD45) and serine/threonine
phosphatases (PP1 and PP2A,), but are slightly dephosphory-
lated by ALP. The widely used fluorescent phosphatase probe,
DiFMUP, responds to all types of phosphatase activity; there-
fore, our new probes show different enzyme specificity from
previously known probes. The enzyme kinetic data indicate
that modification of the linker could dramatically change the
enzyme affinity.

Our probe design strategy has afforded ACP-selective fluo-
rescent probes. However, in principle, the probe structure can
be changed significantly, provided that the hydroxy group (the
7-hydroxy group in this case) interacts with the ionic group
(phosphate group in this case). Thus, this strategy should be
applicable to the synthesis of fluorescent probes that are
highly specific for various types of phosphatases by modifying
the linker structure. Further, as discussed above, ratiometric
fluorescent probes are preferable for quantitative bio-imaging
experiments. As our probe design strategy intrinsically yields
ratiometric probes, it should be helpful for the rational devel-
opment of a wide range of fluorescent probes for the ratio-
metric bio-imaging of various hydrolases such as phosphodies-
terases and sulfatase in living organisms.
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Ribosomal Synthesis of Cyclic Peptides with a Fluorogenic Oxidative

Coupling Reaction

Yusuke Yamagishi,” Hiroshi Ashigai,® Yuki Goto," Hiroshi Murakami,*" and Hiroaki Suga * 9

Cyclic peptides often have better physiological properties than
linear peptides due to their increased structural rigidity and
peptidase resistance."™ Despite the fact that translation pro-
vides an attractive platform for the synthesis of cyclic peptides,
those expressed by the translation apparatus have cysteine-
cysteine (Cys—Cys) disulfide bridges, and this limits their use.
However, because substitution of the disulfide bond with a
nonreducible bond is expected to give better physiological sta-
bility, it has been of interest to develop novel methodologies
for generating such nonstandard cyclic peptides expressed by
translation. For instance, a non-natural amide linkage was
introduced between the N-terminal a-amino and the lysine &-
amino groups by the treatment of peptides with a crosslinking
reagent that had been activated by N-hydroxysuccinimide.**!
Likewise, the sulfhydryl groups of two Cys residues existing in
peptides were crosslinked with a,0’-dibromo-m-xylene to gen-
erate a unique cyclic peptide In contrast to these ap-
proaches, we have devised unique methods that use nonpro-
teinogenic amino acids with sidechains that selectively form
linkages to the cognate pair.”* Here, we extend such method-
ology to incorporate a pair of nonproteinogenic amino acids
containing benzylamine and 5-hydroxyindole functionalities
into designated sites assigned by reprogrammed codons.
Under oxidative conditions, these groups instantly react with
each other and form a fluorescent heterocyclic moiety. Thus,
this method enables the conversion of a nonfluorescent linear
peptide to a fluorescent cyclic peptide.

5-Hydroxytryptamine (serotonin) is known to react rapidly
and under mild conditions with benzylamine (2a) in the pres-
ence of potassium ferricyanide, K;Fe(CN),, to yield a benzoxa-
zole derivative (14, Figures S1 and S5 in the Supporting Infor-
mation).'®'? It is noteworthy that the resulting adduct is fluo-
rescent with an excitation maximum at 345 nm and an emis-
sion maximum at 460 nm. We have envisioned that this oxida-
tive reaction would allow us to develop a new class of
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orthogonal pairs for the intermolecular and intramolecular re-
actions of polypeptides involving 5-hydroxytryptophan (W°",
1) and three benzylamine derivatives (2a-c, Scheme 1A). As a
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C) Fluorophore
1
2c _
Cyclization

Scheme 1. A) Fluorogenic oxidative coupling reactions between 5-hydroxy-
tryptophan 1 (W°") and benzylamine derivatives 2. Reaction between 1 and
2 is achieved by treatment with K;FeCN4 in aqueous media to form the fluo-
rophore structure. B) Schematic presentation of the site-specific modification
of peptides bearing W°" by intermolecular reaction with benzylamine deriv-
atives (2a or 2b). Blue symbol and red triangle represent 5-hydroxyindole
and benzylamine groups, respectively. C) Schematic presentation of the cyc-
lization of peptides by the intramolecular reaction between 1 and 2c (F°=).

preliminary study, W was incorporated into a model peptide
at a specific site, and the resulting peptide could be site-selec-
tively modified with a benzylamine (2a) or its biotin-bearing
derivative (2b) (Scheme 1B). Upon successful demonstration of
the above intermolecular coupling reaction, we attempted cyc-
lization of peptides between the benzylamine attached to the
a-amino group of phenylalanine (F°%, 2¢) and W in the nas-
cent chain to give fluorescent cyclic peptides (Scheme 1C). In
both cases, incorporation of the above nonproteinogenic
amino acids into peptides was achieved by genetic code re-
programming by using the flexizyme system,"*'” and a modi-
fied peptide-translation by using the recombinant elements
(PURE) system.>"” The former system consists of flexible tRNA
acylation ribozymes, and the latter system is a reconstituted
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! InterScience*

1469





BIO

cell-free translation system in which isoleucine (lle) A)
d/ thionine (Met) were withdrawn, referred ! 2 g it
and/or me ' G RTRSPYNLG-@D KsFe(CN)s
to as wPURE system. m"
To reassign W to AUC (one of the vacant lle O NH, R 5 min
codons), WO'-tRNAZYE' prepared by the flexizyme O
was added to a wPURE system lacking lle. An mRNA 4 HO
template expressing a dodecamer model peptide B) D) 5
containing the lle codon at position 11 (3, Figure S5) 8 (F::,I_,t;dd 122:’22 bt 30 @
o =
was subjected to translation. The expressed peptide i”J o %‘
w
was desalted by using a conventional C,g-resin filter, e 2 F20 G
and the isolated peptide was analyzed by using a C) ' ' ' ' R ‘f,
5 Calcd. 1618.78 Q
MALDI-TOF mass spectrometer. The observed molec- Found 1618.83 & F10 g
ular mass (ms) was consistent with the expected ms M g o
of peptide 3 containing W°"11 (Figure S5B). The ex- N 1, - - . 2 0 §
pression level of 3 was approximately 51% relative 1600 1610 1620 /1630 1640 1650 400 509/ 600 700
m/z A/nm

to that of the wild-type peptide containing lle11
expressed in the ordinary PURE system (Figures S3
and S4); this value translated to approximately
0.46 pmol uL~" of 3 compared with 0.91 pmolpL™" of
the wild-type as determined by the quantification
method reported elsewhere.['®

For the conjugation, the translation solution con-
taining crude peptide 3 was treated with the benzyl-
amine derivatives 2a or 2b in the presence of
K;Fe(CN)s at room temperature for 5 min (Figure
S5A) and then desalted. MALDI-TOF analysis revealed that 3
was modified by the respective reagents to yield 3a and 3b
without undesirable side-reactions (Figure S5C and S5D). To
further confirm the formation of the conjugation through a
heterocyclic structure, we next examined the fluorescent prop-
erties of peptides 3, 3a, and 3b (Figure S5E). The unmodified
peptide 3 showed nearly the same emission profile as a blank
sample; this indicates that it does not exhibit any fluorescent
properties under such conditions (Figure S5E, 3). In contrast,
both modified peptides 3a and 3b exhibited similar fluores-
cent profiles with an excitation maximum at 345 nm and an
emission maximum at 460 nm (Figure S5E, 3a and 3b). The
above fluorescent profiles were nearly identical to that of fluo-
rophore 14 (Figures S1and S5E), which is derived from 5-hy-
droxyindole and 2a; this implies that the same fluorophore
was generated. Because the molecular absorption coefficient
and fluorescent quantum yield were not available in the litera-
ture, we determined these parameters for 14 under similar
conditions to which the peptides were monitored. These
values were determined to be 1.54x10*cm™'m™' and 0.54 at
pH 8.0 in 250 mm borate buffer. The above data encouraged
us to perform the same chemistry in intramolecular fashion
and apply it to the directed cyclization of peptides.

We synthesized a phenylalanine derivative bearing a benzyl-
amine group on the a-amino group (Scheme 1A, 2¢) and
charged it onto tRNA™® by means of flexizyme8'%2% A
wPURE system lacking Met and lle was prepared, to which
tRNA™ME and WO"-tRNALTE! were added in order to initiate the
translation with F*@ instead of N-formylmethionine (fMet); this
was followed by elongation with the corresponding amino
acid sequence including W°"11 (Figure 1A, 4). Oxidation of do-
decamer 4 in the presence of K;Fe(CN)g resulted in a decrease

sza_
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Figure 1. A) Intramolecular cyclization of peptide 4 through an oxidative coupling reac-
tion. B) MALDI-TOF spectra of linear peptide 4 and C) cyclic peptide 5. The calculated
molecular mass (Calcd.) and found molecular mass (Found) for singly charged species,
[M+H]" are shown in the spectra. D) Emission spectra of 4, 5, and 14. The spectra were
recorded in 250 mm borate buffer and DMSO 10% (v/v) adjusted pH to 8.0. The green
line indicates the fluorescent profile of 300 nm 14 at an excitation wavelength of 326 nm
(right axis), and other lines show the emission profiles at an excitation wavelength of
345 nm (left axis). The dashed line shows a blank profile obtained in the above buffer,
while red and blue lines indicate the profiles of 4 and 5, respectively.

in molecular weight that corresponded to a loss of six protons
observed in MALDI-TOF analysis of the product; this suggested
that 5 was being produced (Figure 1B and C). The excitation
and emission profiles of 5 showed the respective maxima at
345 and 460 nm, whereas such a profile was not observed for
4 (Figure 1D). The fluorescent profile of 5 was similar to that
of 14 as well as the modified peptides 3a and 3b. This result
solidified the idea that the linear peptide 4 was cyclized to
afford 5 with the expected eleven-membered ring structure
closed by the fluorescent linker (Figure 1A).

To survey the orthogonality of the oxidative coupling reac-
tion with various sidechains of proteinogenic amino acids, we
designed peptide sequences containing F®*, W°" and those
amino acids that are potentially reactive under oxidative condi-
tions, such as Lys, Cys, Tyr and Trp (as opposed to an unreac-
tive Leu) at position 13 (Figure 2A, 6-10). Expression of pep-
tides 7-10 took place smoothly with efficiencies of the range
of 51-75% relative to the control Leul3-containing peptide 6
(Figure 2B, lanes 1-5). MALDI-TOF analysis of the resulting pep-
tides indicated that all were converted to the desired cyclic
peptides based on the observation of the same mass change
corresponding to the loss of six protons (Figure S6 A-E) with
one exception; peptide 8, which contains Cys13, seemed to
have an extra set of peaks with an average of —8.07 mass shift
along with the set of peaks with a —6.04 shift (Figure S6C, 8).
To the best of our knowledge, the sulfhydryl group of gluta-
thione intermolecularly reacts with a dione derived from the
oxidation of W®"; this results in a 7-S-glutathionyl-tryptophan-
4,5-dione adduct.?" Thus, we attributed the above observation
to a similar side-reaction between Cys13 and W°"7 that com-
peted with the reaction between F*? and W°"7. To further con-
firm the oxidative coupling between F°* and W°'7, we mea-

ChemBioChem 2009, 10, 1469 - 1472
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Figure 2. Competitive reaction between W and potentially reactive protei-
nogenic amino acids against W°" and F*%, A) Peptide sequences used for
the verification. The proteinogenic residue X13 was altered to L, K, C, Y, and
W. B) Tricine SDS-PAGE analysis of the linear peptide labeled with ['*C]-Asp.
The band of peptide was quantified by radio-autoradiography. Lane 1, Pre-6
(X13=L); lane 2, Pre-7 (K); lane 3, Pre-8 (C); lane 4, Pre-9 (Y); lane 5, Pre-10
(W). The peptide concentration was estimated by our standard quantifica-
tion method in which the radioisotope (RI) counts of ['*C]-Asp were plotted
against its known concentration to determine the calibration line. Then, the
RI counts of the expressed peptides were fitted to the calibration line to es-
timate their respective concentration. R. Yield and Est. Conc. denote relative
yield and estimated concentration. C) Emission spectra of cyclic 6-10. The
spectra were recorded in 250 mm borate buffer and DMSO 10% (v/v) adjust-
ed pH at 8.0. Solid lines show the emission profiles at an excitation wave-
length of 345 nm. The dashed line shows a blank profile obtained in trans-
lation without DNA template, while red, blue, orange, green and cyan lines
indicate those of 6, 7, 8, 9, and 10, respectively.

sured the fluorescence spectra
of the product (Figure2C).
Fluorescence intensities were 1:
normalized according to the
concentration of the respective
linear peptides 7-10 against the
control peptide 6 and quanti-
fied by tricine SDS-PAGE analy-

A) 9-membered ring
1 9
TRSPVN

alcd. 1454,72
Found 1454.60

Pre-11 I Calcd. .

COMMUNICATIONS

lar coupling reaction between F°® and W°'7 took place in a
fairly selective manner.

Lastly, we verified that this cyclization method would be ap-
plicable to the synthesis of peptides with various ring sizes
(Figure 3). We prepared three different mRNAs capable of ex-
pressing decamer, octamer, and hexamer peptides in the pres-
ence of F™-tRNAZY and WO-tRNALLE' in the Met/lle-lacking
WPURE system. Treatment of the expressed peptides with
K;Fe(CN), was expected to produce the corresponding cyclic
peptides rings containing W°" at positions 9, 7, and 5 in pep-
tides 11-13, respectively (Figure 3A-C). In all cases, the linear
peptides were cleanly converted to the cyclic peptides with
the expected loss of six protons detected by MALDI-TOF analy-
sis (Figure 3A-C, ms data in the middle panel). Moreover, all of
the cyclic peptides 11-13 exhibited nearly identical fluorescent
profiles to 14, whereas the linear ones showed no fluorescence
(Figure 3A-C, the bottom panel). These data clearly demon-
strate that this method is applicable to the cyclization of pep-
tides with a wide range of ring sizes (from five- to eleven-
membered rings).

In conclusion, we have developed a new method for the
cyclization of peptides that involves oxidative coupling of W
and F*@ attached to their N terminus by means of reprogram-
ming the genetic code. The selective coupling of the above
pairs takes place rapidly upon addition of K;Fe(CN); and gener-
ates the desired fluorescent heterocyclic linkage. This chemis-
try enables us to convert nonfluorescent linear peptides to flu-
orescent cyclic peptides. Notably, the reaction takes place inde-
pendently from the forming ring sizes, at least in the range of
five- to eleven-membered rings as demonstrated in the current
study. The chemistry demonstrated here by using the wPURE
system is readily applicable to the platform of solid-phase or

B) 7-membered ring

TRSP
Pre-12 Calcd. 1241.61
Found 1241.39

5-membered ring

1 5

Pre-13 Calcd. 1057.52
Found 1057.23

h__

Intensity / a. u.

sis (Figure 2B). All peptides ex-
hibited similar fluorescent prop-

T

1 Calcd. 1448.67 12 Caled. 1235.56 13 :
M Found 1448.51 Found 1235.38

Calcd. 1051.47
Found 1051.23

erties; this is consistent with the
idea that they were cyclized. It

=

1.2

430 1440 1450 1460 1470 1480

1220 1230 1240 1250 1260 1270 1030 1040 1050 1060 1070 1080

should be noted that even
though production of peptide 8
was accompanied by side-prod-
uct formation, its fluorescent in-
tensity was similar to that of 6
(Figure 2C, spectrum 8). Be-

Normalized fluorescence

cause we expected that the
side-product would not show a
similar fluorescent property, we
concluded that the side-reac-
tion between Cys13 and W°'7
was fairly minor; this provided
evidence that the intramolecu-
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Figure 3. Synthesis of cyclic peptides with various ring sizes. Peptides 11-13 consist of A) 9, B) 7, and C) 5-mem-
bered rings. The upper panel of each Figure shows the structure of cyclic peptide, the middle panel exhibits
MALDI-TOF spectra of precursor (Pre-11-13) and cyclic peptides (11-13), and bottom panel shows the excitation
and emission profiles of Pre-11-13 and 11-13. The dashed line shows a blank profile. The conditions and designa-
tions of lines are the same as Figure 1.
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solution-phase chemical synthesis, and thereby allows us to
access to the large-scale production of the fluorescent cyclic
peptide. On the other hand, the ribosomal expression of the
peptides in the mRNA-encoding manner enables us to couple
with an appropriate in vitro display technique that facilitates
the screening of a large sequence space of cyclic peptides.
Thus, the synthetic methodology reported herein offers us a
new means for the discovery of cyclic peptide probes contain-
ing a unique fluorescent heterocyclic structure against various
biological targets.

Experimental Section

Chemical synthesis of the amino acid derivatives, biotinyl benzyla-
mine, and the benzoxazole fluorophore is described in the Sup-
porting Information. Flexizyme, tRNAXIE!, tRNA™S, and DNA tem-
plates coding peptides were prepared as previously reported."
Aminoacyl-tRNAs (WO'-tRNAXIE! and F*-tRNAM) were prepared
by using the flexizyme system. The wPURE system was reconstitut-
ed with the same components as the PURE system except that the
necessary proteinogenic amino acids were added. Peptide 3, which
contained W, was synthesized by using WP"-tRNAZE" and the
wPURE system without lle. Linear peptides 4, and 6-13 containing
W and F® were synthesized by using WOM-tRNAXIE!, Fo=-
tRNAM and the wPURE system without lle and Met. Translation
mixtures were incubated at 37 °C for 30 min. For MALDI-TOF analy-
sis, 5.0 uL of reaction mixture was acidified with TFA (1% (v/v)) in
H,O and purified by using a PerfectPure C-18 Tip (Eppendorf, Ham-
burg, Germany). Peptide product on the resin was eluted with an
acetonitrile (50% (v/v))/TFA (0.1% (v/v)) solution (2.0 pL total) satu-
rated with the matrix a-cyano-4-hydroxycinnamic acid (Bruker Dal-

tonics, Bremen, Germany).

For MALDI-TOF analysis of oxidation coupling reactions, modifica-
tion was performed as follows: borate buffer (1.0m, 2.5 L, pH 8.0),
2a or 2b in DMSO (100 mm, 1.0uL), and Ks;Fe(CN)s in H,0
(133 mm, 1.5 uL) were added to the translation mixture (5.0 uL)
containing 3 (0.46 um). Components and concentrations of transla-
tion mixture were described in elsewhere.?? On the other hand,
cyclization was carried out as follows: borate buffer (500 mwm,
2.5 plL, pH 8.0), and K;Fe(CN), in H,0O (2.5 mm, 2.5 pl) were added
to the translation mixture (5.0 pL). The resulting mixture was left
for 5 min at room temperature. The translation mixture was acidi-
fied with TFA in H,O (1% (v/v)). The product was purified by using
a C-18 Tip and eluted with acetonitrile (50% (v/v))/ TFA (0.1% (v/v))
solution (2.0 pL total) saturated with the matrix a-cyano-4-hydroxy-
cinnamic acid.

For fluorescence analysis of oxidation coupling reactions, each
peptide was purified by using a C-18 Tip from translation mixture
(5.0 uL), and eluted with an acetonitrile (50% (v/v))/TFA (0.1% (v/v))
solution (10 uL total). The eluent was evaporated for 30 min at
room temperature, and the resulting residue was dissolved in H,0
(1.25 pL). Borate buffer (1.0m, 1.25 uL, pH 8.0), 2a or 2b in DMSO
(100 mm, 0.5 uL) were added to modified peptide 3, and then
K;Fe(CN)s in H,O (5 mm, 2.0 ul) was added. To generate cyclic
peptide 5 and 6-13, the peptide residue was dissolved in H,0O
(1.25 pL), borate buffer (1.0m, 1.25 L, pH 8.0), and DMSO (0.5 pL),
and then added to K;Fe(CN)g in H,O (1.25 mm, 2.0 plL). The result-
ing mixture was incubated for 5 min at room temperature. The
emission and excitation spectra were measured by using a 1536-
well micro plate (BD Falcon, Franklin Lakes, USA) at 25°C. Excita-
tion and emission slit-widths were kept constant at 5.0 nm.
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A New Approach for Reversible RNA Photocrosslinking Reaction:
Application to Sequence-Specific RNA Selection

Yoshinaga Yoshimura,* Tomoko Ohtake, Hajime Okada, and Kenzo Fujimoto*®

microRNAs (miRNAs) are small (19-25 nucleotides) non-coding
RNAs that regulate gene expression through mRNA degrada-
tion or translation inhibition."” miRNAs play key roles in regula-
tory pathways including development, apoptosis, cell prolifera-
tion and differentiation, organ development, and cancer.”” RNA
interference (RNAi) and antisense methodology have high po-
tential for studying gene functions by controlling gene expres-
sion.”! In particular, the crosslinking reaction can serve as a
potential blocker of transcription and translation by covalent
bond formation between DNA and RNA." Biotechnological
approaches based on the RNA crosslinking reaction have also
been used in investigating RNA structures®™ and constructing
RNA architecture. The crosslinking reaction between transpla-
tin and RNA has been used as a tool to investigate RNA struc-
tures and to modulate gene expression.”? However, in this
method, transplatin was irreversibly crosslinked to target RNA.
Development of a rapid and reversible RNA photocrosslinking
method is essential for modulating gene expression and ma-
nipulating RNA molecules. We have been studying artificial
DNA bases as a tool for the photochemical DNA crosslinking
method.® In our recent study, we reported that a modified
oligodeoxynucleotide (ODN) that contains 3-cyanovinylcarba-
zole nucleoside ("VK) can be photochemically crosslinked with
an adjacent pyrimidine base in a [2+2]-cycloaddition reaction
by irradiating at 366 nm.”» However, the RNA photocrosslinking
method by using a modified ODN containing artificial DNA
bases has not yet been investigated. Herein, we report a new
approach for reversible RNA photocrosslinking reaction via an
artificial DNA base such as K in hybrid duplex DNA/RNA. We
demonstrate that selection!” of the target RNA sequence was
performed by using the reversible photocrosslinking reaction
through the modified ODN containing “VK.

The phosphoramidite of ““K was prepared according to a
reported method.”) The various modified ODNs, ODN(X®\'K;
X=A, G, C, or T), were prepared according to standard phos-
phoramidite chemistry on a DNA synthesizer by using the
phosphoramidite of ““YK. ODNs containing K were character-
ized by MALDI-TOF-MS. We determined the feasibility of the in-
terstrand RNA photocrosslinking reaction via ODN containing
“NK as shown in Figure 1. When ODN(A“VK) (5'-d(TGCA™N'KT-
CGT)-3') and RNA(GU) (5'-r(ACGAGUGCA)-3') were irradiated at
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nology
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N' ﬂ\

366 nm 312 nm

photocrosslinked RNA

photocrosslinking site

Figure 1. Schematic illustration of the reversible RNA photocrosslinking re-
action.

366 nm for 15, the HPLC showed a peak relating to ODN-
(A™K)-RNA(GU) at a 94% yield along with the disappearance
of the ODN(A®™K) and RNA(GU) peaks (Figure 2). MALDI-TOF-
MS indicates that the isolated ODN(A“"'K)-RNA(GU) obtained
from HPLC purification was a photocrosslinked product of
ODN(A™K) and RNA(GU) (m/z calcd: 5675.74 for [M+HI";
found: 5675.25). The enzymatic digestion of isolated ODN-
(A“™K)-RNA(GU) showed the formation of rCyd, dCyd, rGuo,
dGuo, dThd, rAdo, and dAdo in a ratio of 2:2:3:2:3:3:1, togeth-

A) RNA(GU)
ODN(ANVK)

' ODN(ACNVK)—RNA(GU)

0 10 20 30
t./ min ———
Figure 2. HPLC analysis of the irradiated ODN(A“\YK) in the presence of

RNA(GU): A) before irradiation; B) irradiated at 366 nm for 1's, 94 % yield.
2'-Deoxyuridine (dUrd) was used as an internal standard.
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er with the ™“K-rUrd photoadduct, which was confirmed by
MALDI-TOF-MS  (m/z caled: 601.1911  [M+Na]*; found:
601.1944). On the other hand, when ODN(G*K) (5'-d(TGC-
G™WKTCGT)-3") and RNA(GC) (5-r(ACGAGCGCA)-3") were used
in the photocrosslinking reaction, the rCyd base reacted with
photoexcited ““K to produce a photocrosslinked product
ODN(G*WVK)-RNA(GC) efficiently. Compared to the target
DNA, the photocrosslinking rate between the rUrd base and
NK on the target RNA such as RNA(GU) was almost equal to
the corresponding target DNA, but the photocrosslinking rate
between the rCyd base and ““K on the target RNA such as
RNA(GC) was threefold slower than the corresponding target
DNA (see the Supporting Information). The photocrosslinking
reaction between ODN(A“"VK) and RNA(GU) was completed by
366 nm irradiation for only 1s. This RNA photocrosslinking re-
action proceeded efficiently compared with the traditional
method by using the crosslinker such as transplatin and psora-
|en'[13]

To examine the effect of sequence contexts around the pho-
tocrosslinking site, we constructed 16 sequences of RNAs,
RNA(ZY) (5'-r(ACGAZYGCA)-3, Y, Z=A, G, C, or U), in the oppo-
site strand. The photocrosslinking yield that was obtained by
photoirradiation at 366 nm for 20 s was determined by HPLC
and UPLC analysis. Among the various combinations of base
pairs between VK and natural bases Z (Z=A, G, C, or U), we
observed that ODNs containing ™YK produced a photocross-
linked product efficiently in each base pair (Table 1). Important-
ly, rAdo and rGuo bases on the photocrosslinking site are inac-
tive toward a photocrosslinking reaction with ODNs containing
“NK (see the Supporting Information). Therefore, we can deter-
mine the difference between the pyrimidine and purine bases
of the target RNAs by using a photocrosslinking reaction.

Table 1. Photocrosslinking yield obtained by photoirradiation at 366 nm
for 20 s by using ODNs containing K, RNA(ZU) and RNA(ZC). Z=A, G,
C orU.

Z
A G C U
ODN(A®VK) 93 94 90 91
ODN(G™K) 92 75 81 76"

[a] This photocrosslinking reaction was performed by photoirradiation at
366 nm for 60 s at RT.

To examine the influence of the photocrosslinking reaction
on thermal stability, the melting temperature (T,,) of the hybrid
duplex ODN(A“VK)/RNA(GU) or ODN(A“"YK)-RNA(GU) was de-
termined by UV-monitored thermal denaturation. The hybrid
duplex ODN(A“"YK)/RNA(GU) showed a melting temperature of
21.9°C, whereas ODN(A““YK)-RNA(GU) melted at 53.5°C
(Table 2). An example of this behavior has been seen for pho-
tocrosslinked ODNs by the ODN containing p-carbamoylvinyl
phenol nucleoside.® The hybrid duplex ODN(G™VK)/RNA(GC)
showed a melting temperature of 33.4°C, whereas ODN-
(G"YK)-RNA(GC) melted at 63.1°C. Thus, the photocrosslinking
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Table 2. T, values (°C) for hybrid duplexes.”!

T./oCt! T, /°Ct)

ODN(A“VK)/RNA(GU) 21.9+£02  ODN(A®™WK)-RNA(GU)  535+13
ODN(AC)/RNA(GU) 47.14+0.1 ODN(G™"K)/RNA(GC) 33440.2
ODN(G™K)-RNA(GC) 63.1+£0.8  ODN(GC)/RNA(GCQ) 52.140.1

[a] All T, values of the hybrid duplexes (3.0 pm) were measured in 50 mm
cacodylate buffer (pH 7.0) and 100 mm NaCl. ODN(AC)=5"-d(TGCACT-
CGT)-3’, ODN(GC) =5"-d(TGCGCTCGT)-3". [b] Each experiment was repeat-
ed at least three times.

reaction increased the T,, of ODN, and resulted in a dramatic
stabilization of the hybrid duplex.

To confirm the photoreversibility of the photocrosslinked
product, irradiation of the photocrosslinked ODN(A“K)-
RNA(GU) at 312 nm was examined. Rapid disappearance of
ODN(A“K)-RNA(GU) was observed with irradiation for 60 s at
312 nm, whereas the reverse photoreaction produced only
ODN(A®™K) and RNA(GU) without any byproducts (Figure 3).

A) ODN(ASNYK)—RNA(GU)
durd
B)
RNA(GU)
ODN(ASNYK)

Figure 3. HPLC analysis of the photosplitting reaction of the ODN(A“"'K)-
RNA(GU): A) before irradiation; B) irradiated at 312 nm for 60 s, 92 % vyield.
2'-Deoxyuridine (dUrd) was used as an internal standard.

When the photocrosslinked ODN(G™K)-RNA(GC) was used in
the reverse photoreaction, rapid disappearance of ODN-
(G™WK)-RNA(GC) was observed with irradiation at 312 nm for
3 min, to give ODN(G™™K) and RNA(GC). Therefore, we suc-
ceeded in the reverse reaction by irradiation at 312 nm, with-
out damaging the normal RNA. To the best of our knowledge,
this is the first approach for the reversible RNA photocrosslink-
ing reaction by using an artificial DNA base.

We examined molecular modeling studies of the hybrid
duplex between ODN(A“VYK) and RNA(GU). The vinyl group of
WK is stacked on the C5-C6 double bond of the rUrd base of
RNA(GU) (Supporting Information). The molecular weight of
ODN(A“K)-RNA(GU) was equal to the sum of the molecular
weights of ODN(A®™YK) and RNA(GU). As judged from the mo-
lecular modeling, the photoreversibility, and UV spectrum of
the ““K-rUrd photoadduct, there is a strong suggestion that

ChemBioChem 2009, 10, 1473 - 1476
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the photocrosslinking reaction proceeded by [2+2] cycloaddi-
tion between the double bond of “VK and the C5-C6 double
bond of the rUrd base to give a cyclobutane structure.™”

We determined the feasibility of RNA selection by using the
reversible RNA photocrosslinking reaction through an ODN
that contained ““K (Figure 4). Four RNA sequences (RNA(10),
RNA(15), RNA(20) and RNA(25)) were irradiated at 366 nm at

A)

RNA(10): 3-ACAGUGGCAC-5'

selected RNA
t %

e
-y

%, - g

% & :Jf
r’ﬁ‘ o T
photocrosslinker b

photocrosslinking

o
4

£

366 nm

X

Figure 4. Sequence and progress of the reversible interstrand RNA photo-
crosslinking reaction. A) Capture and target RNA sequences used in this
study. S corresponds to a hexa(ethylene glycol) linker fragment. PS corre-
sponds to a polystyrene/poly(ethylene glycol) copolymer. Italic characters in-
dicate a matched sequence with a capture strand. B) Strategy for selection
of a target RNA sequence.

0°C in the presence of the capture strand (ODN1(*\'K)-PS) for
30 min in 50 mm sodium cacodylate buffer (pH 7.0) and 1m
sodium chloride. After the capture strand was washed with
deionized water, a solution of CH;CN/H,O (1:1) containing urea
(2 M) was added to the capture strand, and the capture strand
was irradiated at 312 nm at 25°C for 15 min. As shown in
Figure 5, capillary gel electrophoresis (CGE) analysis showed
disappearance of the target RNA(20) after irradiation at
366 nm, and showed only the target RNA(20) sequence with
the completely complementary case after the operation of
RNA selection. We also conducted a traditional RNA selection
by using only hybridization selectivity for the same target RNA
to verify the potential selectivity of our reversible RNA photo-
crosslinking reaction for RNA selection. In the RNA selection by
the traditional method, CGE analysis showed four RNA sequen-
ces after the operation of RNA selection (see the Supporting
Information). Therefore, this photocrosslinking reaction is
shown to proceed with high sequence specificity. Finally, to
demonstrate the sequence-specific selection of miRNAs, we
conducted a set of three closely related target miRNAs (hsa-
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) RNA(15) RNA(20) RNA(25)
RNA(10)

________ il L

B)

LJL.__,_\; f\

C)

N

44 50 60 64
tmig /min —

Figure 5. CGE analysis for each operation: A) before RNA selection; B) the
washed solution after irradiation at 366 nm; C) after RNA selection.

let-7a, hsa-let-7f, hsa-let-7g) with a single variable base (G, A,
U), along with 7-mer capture strand."™ Three miRNA sequences
were irradiated at 366 nm at 37°C in the presence of the cap-
ture strand (ODN2(“"VK)-PS) for 30 min in 50 mm sodium caco-
dylate buffer (pH 7.0) and 1™ sodium chloride. After the cap-
ture strand was washed with deionized water, a solution of
CH;CN/H,0 (1:1) containing urea (2 M) was added to the cap-
ture strand, and the capture strand was irradiated at 312 nm at
25°C for 15 min. As shown in Figure 6, CGE analysis showed
disappearance of the target hsa-let-7a after irradiation at
366 nm, and showed only the target hsa-let-7a with the com-

A) 5 3
ODN2(CNVK)-PS: ACACNVKCCT-88S

hsa-let-7a: 3'-UUGAUAUGUUGGAUGAUGGAGU-5
hsa-let-7f: 3'-UUGAUAUGUUAGAUGAUGGAGU-5'
hsa-let-7g: 3-UGACAUGUUUGAUGAUGGAGU-5'

B)

a) hsa-let-7f
hsa-let-7a
hsa-let-7g
b)
c)
58 80 65 68

t ./ min —
mig

Figure 6. A) Capture and miRNA sequences used in this study. Italic charac-
ters indicate a matched sequence with a capture strand. Bold characters in-
dicate a single mismatch. B) CGE analysis for each operation: a) before RNA
selection; b) the washed solution after irradiation at 366 nm; c) after RNA
selection.
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pletely complementary case after the operation of RNA selec-
tion. Therefore, this photocrosslinking reaction showed a high
degree of single nucleotide specificity.

In conclusion, we have demonstrated that a modified ODN
containing K can be crosslinked by irradiation at 366 nm
with an adjacent RNA pyrimidine base in a [2+2] manner. The
photocrosslinked ODN-RNA reverts to the original RNA after
irradiation at 312 nm. The photocrosslinking reaction of ODN
containing “VK is ultrafast (with an irradiation time of only 1 s)
and clean. Furthermore, this photocrosslinking reaction can be
widely used for the selection of target RNA sequences. RNA is
a labile material, but RNA materials were stabilized by this
photocrosslinking method, and a reliable RNA manipulation
method can be developed. The reactivity, selectivity, and rever-
sibility of the novel photocrosslinking reaction will be benefi-
cial to the inhibition of transcription, the pinpoint fluorescent
labeling of target RNA, and the quantification of a multitude of
noncoding RNAs.

Experimental Section

Photocrosslinking of RNAs as monitored by HPLC: The reaction
mixture (total volume 30 uL) containing ODN(A“K) and RNA(GU)
(each 20 pm, strand concentration) in sodium cacodylate buffer
(50 mm, pH 7.0) and NaCl (100 mm) was irradiated with a UV-LED
(366 + 15 nm light at 1600 mW cm?) at a distance of 1.5 cm at 0°C
for 1s. After irradiation, the progress of the photoreaction was
monitored by HPLC. The yield was calculated based on RNA(GU).
The quantum yield of the formation of photocrosslinked product
was measured at 366 nm, based on the disappearance of RNA(GU)
by employing valerophenone as an actinometer. The formation of
ODN(A“VK)-RNA(GU): @ =0.25.

Photosplitting of photocrosslinked RNAs as monitored by HPLC:
A solution (total volume 60 pL) containing ODN(A“K)-RNA (GU)
(20 pm, strand concentration) in CH;CN/H,O (1:1) containing urea
(2 M) was irradiated with a 15 W transilluminator (312 nm) at 25°C
for 60 s. After irradiation, the progress of the photoreaction was
monitored by HPLC. The yield was calculated based on ODN-
(A“K)-RNA(GU).

RNA selection as monitored by capillary gel electrophoresis: The
experiments were conducted on a Beckman P/ACE System MDQ
(Beckman Coulter, Fullerton, CA) equipped with a UV absorbance
detector. Separations were performed at an applied voltage of
20 kV and at a temperature of 30°C. RNAs were detected by moni-
toring their absorbance at 254 nm.

Acknowledgements

This work was supported by a Grant in-Aid for Scientific Research
on Priority Areas by the Ministry of Education, Science, Sports

and Culture of Japan and by a grant from the New Energy and
Industrial Technology Development Organization (NEDO).

Keywords: DNA gene nucleosides

photochemical reaction - RNA

technology

[11 G.J. Hannon, Nature 2002, 418, 244-251.

[2] D. P. Bartel, Cell 2004, 116, 281-297.

[3] a) G. Hutvéagner, P. D. Zamore, Curr. Opin. Genet. Dev. 2002, 12, 225-232;

b) J. Kurreck, Eur. J. Biochem. 2003, 270, 1628-1644.

a) X. Fenggqin, H. Nielsen, W. Zhen, P.E. Nielsen, Photochem. Photobiol.

1993, 58, 238-245; b) C. Hélene, Curr. Opin. Biotechnol. 1993, 4, 29-36;

¢) R. A. Luce, P. B. Hopkins, Methods Enzymol. 2001, 340, 396-412.

a) D. Mundus, P. Wollenzien, Methods Enzymol. 2000, 318, 104-118;

b) M. Escaffre, J.-C. Chottard, S. Bombard, Nucleic Acids Res. 2002, 30,

5222-5228; c) K. L. Buchmueller, B. T. Hill, M. S. Platz, K. M. Weeks, J. Am.

Chem. Soc. 2003, 125, 10850-10861; d) T. Shapkina, S. Lappi, S. Franzen,

P. Wollenzien, Nucleic Acids Res. 2004, 32, 1518-1526.

a) N. B. Leontis, A. Lescoute, E. Westhof, Curr. Opin. Struct. Biol. 2006, 16,

279-287; b)G. Mayer, D. Ackermann, N. Kuhn, M. Famulok, Angew.

Chem. 2008, 120, 985-987; Angew. Chem. Int. Ed. 2008, 47, 971-973.

[7] a)R. Dalbies, D. Payet, M. Leng, Proc. Natl. Acad. Sci. USA 1994, 91,
8147-8151; b) M. Boudyvillain, M. Guérin, R. Dalbiés, T. Saison-Behmoa-
ras, M. Leng, Biochemistry 1997, 36, 2925-2931.

[8] a) Y. Yoshimura, Y. Ito, K. Fujimoto, Bioorg. Med. Chem. Lett. 2005, 15,
1299-1301; b) S. Ogasawara, Y. Yoshimura, M. Hayashi, I. Saito, K. Fuiji-
moto, Bull. Chem. Soc. Jpn. 2007, 80, 2124-2130; ¢)T. Ami, K. Ito, Y.
Yoshimura, K. Fujimoto, Org. Biomol. Chem. 2007, 5, 2583-2586.

[9] Y. Yoshimura, K. Fujimoto, Org. Lett. 2008, 10, 3227-3230.

[10] a) M. C. Golden, B. D. Collins, M. C. Willis, T. H. Koch, J. Biotechnol. 2000,
81, 167-178; b)M. Amarzguioui, H. Prydz, Biochem. Biophys. Res.
Commun. 2004, 316, 1050-1058; c) Z. J. Lu, D. H. Mathews, Nucleic Acids
Res. 2008, 36, 640-647.

[11] MALDI-TOF-MS: calcd 5690.75 for ODN(G™K)-RNA(GC) [M+H] ™, found
5690.68; calcd 600.2071 for the ““K-rCyd photoadduct [M+Na]*,
found 600.2019. The yield was calculated on the basis of RNA(GCQ).

[12] a)E. A. Lesnik, S. M. Freier, Biochemistry 1995, 34, 10807-10815; b)S.
Nakano, T. Kanzaki, N. Sugimoto, J. Am. Chem. Soc. 2004, 126, 1088-
1095.

[13] a) G. Godard, J.-C. Francois, I. Duroux, U. Asseline, M. Chassignol, N.
Thuong, C. Héléne, T. Saison-Behmoaras, Nucleic Acids Res. 1994, 22,
4789-4795; b) J. M. Kean, P.S. Miller, Biochemistry 1994, 33, 9178-9186;
c) A. Yamayoshi, R. Iwase, T. Yamaoka, A. Murakami, Chem. Commun.
(Cambridge) 2003, 1370-1371.

[14] a) C. Héléne, F. Brun, Photochem. Photobiol. 1970, 11, 77-84; b) C. K.
Chang, J. Chem. Soc. Chem. Commun. 1977, 800-801; c) D. Mangion, M.
Frizzle, D. R. Arnold, T. S. Cameron, Synthesis 2001, 8, 1215-1222.

[15] a)J. Takamizawa, H. Konishi, K. Yanagisawa, S. Tomida, H. Osada, H.
Endoh, T. Harano, Y. Yatabe, M. Nagino, Y. Nimura, T. Mitsudomi, T. Taka-
hashi, Cancer Res. 2004, 64, 3753-3756; b) K. Inamura, Y. Togashi, K.
Nomura, H. Ninomiya, M. Hiramatsu, Y. Satoh, S. Okumura, K. Nakagawa,
Y. Ishikawa, Lung Cancer 2007, 58, 392-396.

[4

9

[6

Received: February 3, 2009
Published online on May 12, 2009

1476

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2009, 10, 1473 - 1476



http://dx.doi.org/10.1038/418244a

http://dx.doi.org/10.1016/S0092-8674(04)00045-5

http://dx.doi.org/10.1046/j.1432-1033.2003.03555.x

http://dx.doi.org/10.1111/j.1751-1097.1993.tb09555.x

http://dx.doi.org/10.1111/j.1751-1097.1993.tb09555.x

http://dx.doi.org/10.1016/S0076-6879(01)40433-2

http://dx.doi.org/10.1016/S0076-6879(00)18047-4

http://dx.doi.org/10.1093/nar/gkf672

http://dx.doi.org/10.1093/nar/gkf672

http://dx.doi.org/10.1021/ja035743+

http://dx.doi.org/10.1021/ja035743+

http://dx.doi.org/10.1093/nar/gkh320

http://dx.doi.org/10.1016/j.sbi.2006.05.009

http://dx.doi.org/10.1016/j.sbi.2006.05.009

http://dx.doi.org/10.1002/ange.200704709

http://dx.doi.org/10.1002/ange.200704709

http://dx.doi.org/10.1002/anie.200704709

http://dx.doi.org/10.1021/bi962695f

http://dx.doi.org/10.1016/j.bmcl.2005.01.029

http://dx.doi.org/10.1016/j.bmcl.2005.01.029

http://dx.doi.org/10.1246/bcsj.80.2124

http://dx.doi.org/10.1039/b708264a

http://dx.doi.org/10.1021/ol801112j

http://dx.doi.org/10.1016/S0168-1656(00)00290-X

http://dx.doi.org/10.1016/S0168-1656(00)00290-X

http://dx.doi.org/10.1016/j.bbrc.2004.02.157

http://dx.doi.org/10.1016/j.bbrc.2004.02.157

http://dx.doi.org/10.1021/bi00034a013

http://dx.doi.org/10.1021/ja037314h

http://dx.doi.org/10.1021/ja037314h

http://dx.doi.org/10.1093/nar/22.22.4789

http://dx.doi.org/10.1093/nar/22.22.4789

http://dx.doi.org/10.1021/bi00197a021

http://dx.doi.org/10.1039/c39770000800

http://dx.doi.org/10.1158/0008-5472.CAN-04-0637

http://dx.doi.org/10.1016/j.lungcan.2007.07.013

www.chembiochem.org




DOI: 10.1002/cbic.200900086

Leucine Side-Chain Conformation and Dynamics in Proteins from *C NMR

Chemical Shifts

Frans A. A. Mulder*™

The vy-gauche effect in *C NMR spectroscopy refers to the
magnetic nonequivalence of the methyl carbons of the termi-
nal isopropyl groups that are attached to branched alkanes;"™
this effect results in magnetic shielding of the carbon nucleus
of the substituent in the gauche position by about 5 ppm rela-
tive to that of the same chemical group in the trans posi-
tion.*® Tonelli and colleagues demonstrated that the "C
chemical shift of a carbon nucleus in a particular polymer ste-
reoisomer is attributable solely to stereosequence-dependent
differences in the probability that the given carbon atom is
involved in three-bond gauche interactions with other heavy
atoms. Through this simple observation they were able to ac-
curately and quantitatively predict the experimental *C NMR
spectra of polypropylene and polypropylene model com-
pounds with different stereoregularities.*>7-

We demonstrate here the use of the CNMR y-gauche
effect to establish leucine rotamer conformations in proteins,
and provide a quantitative measure of their dynamics. This in-
formation is of value as a restraint on side-chain conformation
in protein structure model building,”' and is highly valuable
for the interpretation of side chain methyl dynamics from ’H
or C nuclear spin relaxation."'® Although we focus below
on methyl groups of leucine (Leu) residues, the <y-gauche
effect is a general determinant of chemical shifts of amino acid
side-chain carbon nuclei, and expected to play an import role
in their conformational analysis."’"'?

Leucine side chains can assume three stable staggered con-
formations of lowest potential energy as a function of the di-
hedral angle y? referred to®®” as gauche(+) or p, gauche(—) or
m, and trans or t (Figure 1). A carbon, rather than a proton,
substituent in the gauche position leads to high internal
energy, and results in the prevalence of conformations in
which one atom is trans to the Ca atom, while the remaining
atom is positioned gauche. Consequently, the two dominant y?
rotamers are t and p. The energetics are mirrored by the »*
side-chain distributions found in protein crystal structures.”®?"
In fact, at ambient temperature a small preference (2:1) of t
over p is noticed in protein structures, as is observed for
branched alkanes.”” An analysis of the stereospecifically as-
signed methyl C chemical shifts in the BioMagResBank
(http://www.bmrb.wisc.edu/) is shown in Figure 2. The NMR
data show that the preference of t over p observed in crystal-
line proteins is perfectly mirrored in solution.

We have previously noted a strong correlation between the
*Jcc coupling and the methyl carbon chemical shift difference

[a] Dr. F A. A. Mulder
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Figure 1. Newman projections of Leu y? side-chain conformations.
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Figure 2. Histogram of Leu chemical shift differences Ad("*C)="3C(d,)—
13C(0,) for all stereospecifically assigned entries in the BioMagResBank
(http://www.bmrb.wisc.edu/). A spike observed in the untrimmed dataset
at 0 ppm was eliminated by disallowing those entries for which the two
methyl correlations were reported to coincide (those in which "H(d;)—
'H(6,) =0 ppm).

for leucine residues in two proteins;?? this suggests that the
wide distribution seen in Figure 2 could result from rotameric
interconversion about the y? dihedral angle. A recent report by
London and co-workers™ supports this conclusion, and dem-
onstrates that correlations between NMR side chain chemical
shifts in solution and single lowest-energy structures modelled
from X-ray crystallographic data are compromised by dynam-
ics. Weak correlations are expected whenever several near-
energy states about side chain dihedral angles contribute to
the experimental NMR observables, but not to model building.
The ability to use chemical shifts as restraints on side-chain
conformations can therefore only be reliable if knowledge of
the extent of dynamic averaging is taken explicitly into ac-
count. To this end we have used three-bond carbon-carbon
coupling constants, *J., because chemical shifts and coupling
constants are averaged over the same time window, from pico-
seconds to milliseconds. Leu side-chain conformations and dy-
namics were derived from *J.. values, by using the long-range
“quantitative J” experiment by Bax.”? That chemical shielding
and coupling constants are strongly correlated is validated
with data obtained for the 75-residue protein calbindin Dy,
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(P43G™¥) with bound calcium: Leucine residues that are in one
dominant staggered rotameric state give rise to large (~4 Hz)
*Jcc for the methyl group that is in the trans position, and
small (~0.5 Hz) *J for methyl groups gauche relative to Ca.
Jumps about y>—between p and t conformations—will result
in averaging of the measured coupling constants for the two
diastereotopic methyl groups to yield *J.c ~ 2.2 Hz. Figure 3

13
AS(C) /ppm
=~
o o [=] (=]
F T 1
.
L ]
L
] ] ] £

P
[=]
I
u
L]
]

|

0.0 1.0 2.0 3.0 4.0
*Jec MHz

Figure 3. Correlation of the magnitude of the three-bond "*C5-">C scalar
coupling with the ">C chemical shifts differences for the two diastereotopic
methyl groups in leucine residues of calbindin Dg,. As there is only a single
chemical shift difference for two methyl groups, but a coupling constant ob-
tained for both, the large coupling is plotted at the ordinate for the absolute
difference |Ad|, and the small coupling is plotted at an ordinate —|Ad]|.

demonstrates this fact clearly: Leu23, 28 and 31 all occur in a
single staggered conformation, and give rise to one large
(trans) and one small (gauche) coupling (blue squares); rotamer
interconversions about %? for Leu30, Leu39 and Leu49 lead to
averaging of the *Joc coupling constant and of the methyl
carbon chemical shift difference (red triangles). The six remain-
ing leucines (6, 32, 40, 46, 53, 69) demonstrate an intermediate
pattern of flexibility (black circles). Linear regression of the
data in Figure 3 yields the following relation [Eq. (1)]:

AS(C) = —5.5+2.5 x *Jec (M

with a regression coefficient of 0.95. Evidently *C chemical
shift differences can serve as reporters of the conformation
and dynamics of Leu side chain as well as three-bond J cou-
plings.

An imminent problem with coupling constants is that an in-
termediate value can arise from two possible origins: The side
chain is statically positioned at a noncanonical angle, or it is
undergoing dynamics. To assert the pertaining situation we
performed temperature-dependent measurements: If the cou-
pling constant results from transitions between conformations
with different free energies, dynamics will generally lead to
averaging of the coupling constant with temperature. We no-
ticed this behaviour for calbindin Dy, but found that the
changes were small (0.17+0.16 Hz over a 40°C interval), and
at the limit of accurate detection. Since chemical shifts can be
measured with far greater precision and in less time than cou-
pling constants in proteins, and we have established that
these parameters are correlated, we explored the use of tem-
perature-dependent chemical shift differences as an alternative
probe for the conformational dynamics of Leu side chains in
calbindin D,.
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The temperature dependence of the *C chemical shift differ-
ence between the diastereotopic methyl groups of leucine res-
idues in calbindin Dy is shown in Figure 4. Most leucines (ex-

40_. L] | | | | ] | | - | ] | | n n
g 201 ® ® 0 0 0 0 4 4 4 ® Leu6
) A A 4 4 : m leu23
A oopla & A 4 44 * Leu28
o A Leu30
= < Leud6
OQ —
g -2.0 PEPEPEPEPES <« « «
4.0, o ® ’I‘ ‘I’ olo 0I0
0 10 20 30 40 50

T/ C

Figure 4. Chemical shift differences *Cd,—'>Cd, for the diastereotopic meth-
yl groups of Leu residues of calbindin Dy, as a function of temperature. For
clarity only data for a selection of residues is shown.

emplified here by Leu6 and Leu46) show a constant decrease
in |Ad| with increasing temperature; this indicates that the in-
creasing population of higher energy conformations. However,
some leucines (Leu23 in Figure 4) exhibit no change with tem-
perature, and this indicates that these side chains are confined
to a single rotamer (“staggered”) over the entire interval.
Leu28 has a single conformation at temperatures below ap-
proximately 20°C, but increasingly populates alternative states
at higher temperature. The chemical shift differences for all
leucines tend towards 1-1.5 ppm at high temperature; this in-
dicates a persistent preference for t over p conformations, dic-
tated by the internal energy of side-chain conformation. The
values for AS("*C) in Figure 2 and 4 are consistent with a -
gauche effect of —5 ppm for methyl groups in Leu. This is in
good agreement with results found for isopropyl groups in
branched alkanes."” For a leucine methyl group that jumps be-
tween states that are trans and gauche relative to Ca, having
probabilities P, and Py=1-P, respectively, the following rela-
tionship holds for the observed carbon chemical shift differ-
ence:

AS(C) = BC(8;)-"C(6,) = =5+ 10 x P, (2)

In Table 1 the chemical shift and coupling data are com-
pared with methyl axis order parameters derived from deuteri-
um relaxation rates.”” These data are very similar to those
determined for the P43M mutant of the same protein.”® The
presence of averaging about axes between the methyl group
and the backbone on the subnanosecond time scale is expect-
ed to lead to reduced order parameters, and inconsistency
with simple motional models that account for internal correla-
tion functions that decay on the picosecond time scale exclu-
sively."? A two-parameter fit with a high methyl axis order pa-
rameter was obtained for Leu23 and Leu28 and is indicative of
the absence of rotameric transitions. In contrast, data for Leus6,
30, 46 and 69 required a reduced effective rotational correla-
tion time in the fitting. As described for other proteins!'* %29
this is the hallmark of rotameric transitions taking place on a
time scale comparable to molecular reorientation. The pres-

ChemBioChem 2009, 10, 1477 - 1479
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Table 1. Summary of experimental structural and dynamic data for all leucine residues in calbindin D, at 28°C.

Leucine resi-  3Jec (Hz) for  AS(PC)=(0,—9,) P, derived %* rotamer in NMR %* rotamer in X-ray Methy! axis order parameters y' aver-

due number  3C,/"Cd, [ppm] from Eq.(2)  structures 1B1G®*¥ structure 4ICB®” S? for 1*Cd,/"3Cd, aging?
6 3414 1.9 0.69 trans gauche(+) -/0.48 no

23 3.2/0.7 43 0.93 trans trans 0.72/0.77 no

28 0.6/3.9 —4.2 0.09 gauche(+) gauche(+) 0.79/0.82 no

30 2.2/2.3 0.6 0.56 trans trans/gauche(+) 0.58/0.61 yes

31 4.0/0.5 3.9 0.89 trans trans -/0.50 no

32 3.3/0.8 3.2 0.82 trans trans -/0.49 no

39 2.4/2.2 1.0 0.60 trans trans 0.17/0.18 yes

40 2.6/1.4 29 0.79 trans trans -/0.36 no

46 0.7/3.3 -25 0.25 gauche(+) gauche(+) 0.56/- no

49 1.9/2.7 -1.4 0.36 gauche(+) gauche(+) 0.31/0.22 yes

53 3.3/14 34 0.84 trans trans -/0.51 no

69 1.4/2.9 -0.9 0.41 trans trans 0.30/0.28 yes

ence of rotameric averaging about x1 for these residues was
confirmed by intermediate *Je,c, and *Jy, coupling con-
stants,”® and is summarized in the final column of Table 1. The
detection of dynamics was further compared to side chain
model building, using the 1.6 A X-ray crystal structure 4ICB™®”
and the dominant conformations in the NMR family of struc-
tures 1B1G.?Y For the rigid side chains there is good agree-
ment found with the conformations dictated by the ">C chemi-
cal shifts. However, when dynamics is present, as gauged from
3C chemical shifts, scalar couplings or relaxation-derived order
parameters, discrepancies arise. For example, Leu6 is modelled
in alternative conformations in the X-ray and NMR structures.
More interestingly, in the room temperature crystal structure
the Leu30 y2 angle was modelled trans and gauche+, with 2:1
occupancy. From the chemical shift data and Equation (2) we
calculate P,=0.56, indicating that both states are also highly
populated in solution.

In summary, it is demonstrated here that the CNMR y-
gauche effect gives rise to a pattern of leucine methyl chemi-
cal shifts that are sensitive to conformation and dynamics; this
demonstrates the potential of chemical shift information as an
intelligible source of protein structure and a quantitative mea-
sure of the extent of averaging around intervening dihedral
angles. The temperature dependence of the methyl *C chemi-
cal shift difference provides additional information about the
relative energies of the interconverting side-chain conforma-
tions. This information is the key to interpreting side chain dy-
namics from spin relaxation data, and may be a valuable re-
straint on side-chain conformation in ensemble or time-aver-
age structure refinement protocols.
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6-Amino-6-deoxy-5,6-di-N-(N'-octyliminomethylidene)nojirimycin:
Synthesis, Biological Evaluation, and Crystal Structure in Complex with

Acid B-Glucosidase

Boris Brumshtein,” Matilde Aguilar-Moncayo,™

M. Isabel Garcia-Moreno,® Carmen Ortiz Mellet,*

José M. Garcia Fernandez, Israel Silman, Yoseph Shaaltiel,” David Aviezer, Joel L. Sussman,” and

Anthony H. Futerman!

Gaucher disease, the most common lysosomal storage dis-
ease,l'" is caused by the defective activity of acid B-glucosi-
dase (B-glucocerebrosidase, GlcCerase; EC 3.2.1.45), resulting in
accumulation of glucosylceramide (GlcCer). The main treat-
ment for Gaucher disease is enzyme replacement therapy
(ERT), in which defective GlcCerase is supplemented by active
enzyme, administered to patients intravenously usually every
two weeks. Two sources of recombinant GlcCerase are avail-
able, namely Cerezyme®, recombinant GlcCerase expressed in
Chinese hamster ovary cells, and recombinant GlcCerase ex-
pressed in transgenic carrot cells (prGCD)." The crystal struc-
tures of GlcCerase expressed from these two sources have
been determined,*® demonstrating that GlcCerase consists of
a (B/a)s (TIM) barrel containing the catalytic residues, and two
additional noncatalytic domains.

GlcCerase structures to which small molecules are bound
either covalently'®” or noncovalently®® have also been solved.
Among these are the structures of prGCD bound to two imino-
sugar glycomimetic inhibitors™ with N-alkylpiperidine struc-
ture, namely N-butyl-1-deoxynojirimycin (NB-DNJ; Zavesca™)
and N-nonyl-1-deoxynojirimycin (NN-DNJ). NB-DNJ is used in a
new treatment modality known as substrate reduction therapy,
in which partial inhibition of glycosphingolipid synthesis re-
sults in a decreased accumulation of glycosphingolipids, in-
cluding GlcCer."™'? However, these compounds also stabilize
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the structure of GlcCerase,"™ thus rendering them suitable for

a third treatment paradigm, namely chaperone therapy, in
which active-site-directed inhibitors stabilize mutant forms of
lysosomal enzymes, such as GlcCerase, as they pass through
the secretory pathway."”

NB-DNJ and NN-DNJ lack a pseudoanomeric substituent that
could mimic the glycosidic linkage of the natural substrates
(Figure 1). Not surprisingly, they can simultaneously inhibit sev-

N “OH
HO™ ‘OH HO" “'OH
OH OH
NB-DNJ, n=2 N 1.X=0
NN-DNJ, n=7 2, X=NH

Figure 1. Structures of N-butyl- and N-nonyl-1-deoxynojirimycin (NB- and
NN-DNJ, respectively), 1-deoxynojirimycin (NJ), and N'-octyl(cyclic isourea)-
and N'-octyl(cyclic guanidine)-nojirimycin (1 and 2).

eral glycosidases, including the human acid a- and p-glucosi-
dases, and this represents a serious problem for clinical appli-
cations.™ Although a hydroxy group might act as universal
surrogate for the C—O anomeric linkage of glycosides, the low
stability of reducing iminosugars, such as the natural alkaloid
nojirimycin (NJ), prevents their therapeutic use. It has been re-
cently shown that iminosugar analogues with an endocyclic
pseudoamide-type nitrogen, such as (thio)urea, (thio)carba-
mate, or iso(thio)urea, with substantial sp? character represent
a new generation of reducing glycosidase inhibitors (sp? imino-
sugars) with unprecedented stability and tunable anomeric se-
lectivity."® Thus, the N'-octyl(cyclic isourea)nojirimycin fused
hybrid glucomimetic 1 (Figure 1) proved to be a potent and
very selective 3-glucosidase inhibitor in assays against a panel
of commercial glycosidases."”'® Further studies have shown
that 1 exhibits full selectivity for acid [-glucosidase among
human lysosomal glycosidases (IC5,=5.6 um; Table 1), and is
therefore a promising candidate as an active-site-specific chap-
erone (ASSC) for the treatment of Gaucher disease."

The structural basis for the [} selectivity of 1 remains unclear.
Formally, 1 can be considered as a bicyclic hybrid of NN-DNJ
and NJ, combining the presence of the long alkyl chain and a
hemiaminal center. However, whereas NJ is present in aqueous

ChemBioChem 2009, 10, 1480 - 1485





Table 1. Inhibitory activities of compounds 1 and 2 against commercial
enzymes.

Ki [um]
Enzyme 1 2
a-glucosidase (baker’s yeast) 168 NI
B-glucosidase (almond), pH 5.5 3.2 27
B-glucosidase (almond), pH 7.3 1.9 0.42
a-galactosidase (green coffee bean) NI NI
B-glucosidase/B-galactosidase (bovine liver)® 2.7 35
trehalase (pig kidney) 182 40
a-L-fucosidase (pig kidney) NI 260
naringinase (Penicillium decumbens) - 0.18
B-galactosidase (E. col)) NI NI
isomaltase (baker’s yeast) - NI
a-mannosidase (jack bean) NI NI
amyloglucosidase (Aspergillus niger) NI NI
acid a-glucosidase (human, lysosomal) N NI
acid B-glucosidase (human, lysosomal) 5.6' 4,0
[a]l No inhibition detected at an inhibitor concentration of 2 mm. [b] K;
measurements were carried out using o-nitrophenyl-3-p-galactopyrano-
side as substrate. [c] ICs, values [um]; measurements were carried out at
pH 4.5 using the corresponding 4-methylumbelliferone-conjugated o- or
[-p-glucopyranoside (1 mm) as substrate.""”!

solution as a mixture of the 3 (major) and o anomers, the “mis-
matching” o anomer, with the pseudoanomeric OH group in
the axial orientation, is the only form observed for 1 in aque-
ous solution. On the other hand, strong inhibition by iminosu-
gars is partially ascribed to electrostatic interactions involving
the protonated ammonium form,?® while protonation at the
endocyclic nitrogen in 1 is much less favorable. We reasoned
that increasing basicity by replacing the isourea segment in 1
with a guanidine functionality should reinforce coulombic in-
teractions at the active site of [-glucosidase and, simultane-
ously, weaken the anomeric effect by withdrawing electron
density at the endocyclic nitrogen, thereby facilitating the
“matching” equatorial orientation of the anomeric oxygen. To
validate this hypothesis and examine its potential for the
design of tighter binding f-glucosidase inhibitors as ASSC can-
didates, the preparation of 6-amino-6-deoxy-5,6-di-N-(N"-octyli-
minomethylidene)nojirimycin  (2), formally an N'-octyl(cyclic
guanidine)-nojirimycin fused hybrid, was envisioned. Herein we
report the synthesis and biological evaluation of compound 2
as well as the crystal structure of its complex with GlcCerase.
The data are discussed in light of previous data for the binding
of NN-DNJ.

The synthesis of 2 started from the known 5-azido-5-deoxy-
1,2-O-isopropylidene-a-b-glucofuranose 3, available in five
steps from commercial p-glucurono-y-lactone.”” Introduction
of a second azido group at the primary position C6, via the
corresponding p-toluenesulfonyl ester and subsequent reduc-
tion of the resulting diazide, afforded the vic-diamine 4, which
was transformed into the 5,6-(cyclic thiourea) 5 by thiocarbo-
nylation with carbon disulfide/dicyclohexylcarbodiimide.”? Re-
action of 5 with methyl iodide in methanol at 70°C provided
the corresponding S-methyl isothiouronium salt 6. Further nu-
cleophilic displacement of the methylthio group by n-octyla-
mine provided the N-octyl(cyclic guanidine)-b-glucofuranose

ChemBioChem 2009, 10, 1480 - 1485
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derivative 7 in 77 % yield, which was characterized as the cor-
responding hydrochloride. Trifluoroacetic acid promoted hy-
drolysis of the acetal protecting group in 7 led to a mixture of
the reducing a- and B-glucofuranose pseudo-C-nucleosides,
which underwent spontaneous rearrangement to the target bi-
cyclic guanidine sp? iminosugar 2 upon treatment with sodium
hydroxide (Scheme 1).

OH 1) TsCl, pyridine
2) NaN;, DMF, 70°C

Ny e} 3) H,/Pd,C
LA
ay 80% overall
Wty
3
/o
S |
JSNH P
HN'* Mel, MeOH HN
o . 0
B ..,O 70 C =z <-|O
E A G
)( 90% ){
n-octyINH, HO (9) HO (¢}
DMF, 70 °C | 77% 6 5

e Wt Wt
)8 cr N cr . o
/~*NH /~NH /~*NH
+ + T
AN SR (7 AN N N
‘A S Ay M =4 =0
HO , © HO ~ OH HO  OH
NN~~~ 1)NaOH
o 5\|/ 2) HCl
HCI
" 1 75%

N
3 2
HO oH
2

Scheme 1. Synthesis of the (cyclic guanidine)-nojirimycin derivative 2. The
dominant o anomer, with the corresponding numbering system, is shown.

Compound 2, characterized as the corresponding guanidini-
um chloride salt, was stable in aqueous solution at neutral,
acidic, or basic pH (from pH 3 to pH 9), which is significantly
different from that encountered in classical reducing nojirimy-
cin derivatives. The basicity of the guanidine group (pK=11.9)
warrants full protonation at pH values around neutrality. NMR
spectra supported the bicyclic structure, giving evidence for
the a anomer as the dominant species in equilibrium with a
small proportion of the (3 anomer (a/f} ratio 1:20). The vicinal
proton-proton coupling constants around the six-membered
ring were in agreement with the “C, chair conformation, with
the pseudoanomeric group of the major a. anomer in axial po-
sition, fitting the anomeric effect. In the minor § anomer, this
scenario implies an equatorial orientation for the hydroxy
group at C1, which is in agreement with the expected attenua-
tion of the anomeric effect in 2 as compared with 1.

The inhibitory activity of 2 was evaluated against a panel of
commercial enzymes, including a-glucosidase (yeast), trehalase
(pig kidney), B-glucosidase (almond), -glucosidase/[3-galactosi-
dase (bovine liver, cytosolic), B-galactosidase (E. coli), a-galacto-
sidase (green coffee bean), a-mannosidase (jack bean), a-L-fu-
cosidase (pig kidney), isomaltase (baker’s yeast) and naringi-
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nase (Penicilium decumbens, B-glucosidase/p-rhamnosidase ac-
tivity). The results demonstrate a high - versus a-glucosidase
selectivity (except for trehalase), with K; values in the low-mi-
cromolar to nanomolar range among the [-glucosidase isoen-
zymes (Table 1). The inhibitory potency for almond [-glucosi-
dase increased by two orders of magnitude on going from
pH 5.5 (K;=27 um) to pH 7.3 (K;=0.42 um). This result points to
the free base, which is probably protonated by the catalytic
acid, being a more active species than the guanidinium form.
The observed trend is analogous to that previously encoun-
tered for the cyclic isourea analogue 1."® Most interestingly,
compound 2 behaved as a potent and selective competitive
inhibitor of human acid B-glucosidase (ICs,=4 um, wild-type),
in the same range as NN-DNJ (ICs,=1 pum),"® but with a much
higher selectivity (no inhibition for human lysosomal a-glucosi-
dase detected for 2 versus ICs,=1.5 pm for NN-DNJ).1224

To investigate the molecular basis of $-glucosidase inhibition
by the reducing (cyclic guanidine)-nojirimycin hybrid glycomi-
metic 2, X-ray structural studies in the bound state were un-
dertaken. Crystals of prGCD in complex with 2 were obtained
in the P2, space group (Table 2), with two protein molecules in

Table 2. Data processing and refining parameters for prGCD in complex
with 2.

data collection beamline (ESRF) 1D23h2
resolution [A] 20.0-2.3 (2.38-2.30)
space group P2,

Unit cell parameters

a, b, c Al 68.3, 96.8, 83.2
aly [°] 90

B 104.3

Reym [%] 13.2 (49.7)
mean //ol 7.9 (1.6)
completeness [%] 99.3 (93.8)
redundancy 3.4 (2.3)
resolution (refinement) [A] 19.7-2.3

no. unique reflections 44184

Ruorc 13.5

Rerce 194

RMSD bonds [A] 0.019

RMSD angles [°] 1.732

Number of refined atoms

protein 7743
carbohydrates 98

solvent and ions 803

ligands 28
Ramachandran outliers [%] 0.2

PDB ID 2WCG

the asymmetric unit. The packing and unit cell dimensions
were similar to the previously published crystal structures of
prGCD (PDB IDs: 2V3E, 2V3D, and 2V3F). Superimposition of
the native prGCD-2 complex structure (Figure 2) on that of
prGCD (PDB ID: 2V3F) revealed an RMSD of 0.2 A, demonstrat-
ing that GlcCerase does not undergo a global structural
change upon binding of the inhibitor. Difference electron den-
sity maps revealed the presence of the polyhydroxylated bicy-
clic core in the active site. However, even with concomitant im-
provement of the phases, the electron density of the aliphatic

1482 www.chembiochem.org
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Figure 2. Binding of N'-octyl(cyclic guanidine)-nojirimycin 2 in the prGCD
active site. The aliphatic tail of 2 was not detected in the electron density,
and is therefore not shown. Compound 2 is shown in green, residues 341-
349 (loop 1) are shown in dark blue, residues 393-399 (loop 2) are in cyan,
and residues 312-319 (loop 3) are in yellow. Active site residues within 4 A
of the inhibitor are shown as sticks. *Indicates the chiral center that corre-
sponds to the anomeric carbon atom in GlcCer. **Indicates the N-bound ali-
phatic center, which is not visible in the electron density.

tail could not be detected, and therefore we did not model it
in the structure.

The results show that 2 is bound at the active site (Figure 2)
similarly to NB-DNJ (Figure 3) and NN-DNJ,®! which places the
endocyclic nitrogen atom at the position of the anomeric
carbon in a native glycoside. The inability to detect electron
density for the aliphatic tail of 2 is probably related to its high
degree of flexibility. However, the geometric orientation of this
inhibitor is similar to that observed in the structures of the NB-

Figure 3. Comparison of the active site regions of the complexes of NB-DNJ
and 2 with prGCD. Compound 2 is shown in green and NB-DNJ in blue. Resi-
dues 341-349 (loop 1) are shown in dark blue, residues 393-399 (loop 2) are
in cyan, and residues 312-319 (loop 3) are in yellow. Active site residues
within 4 A of the active site inhibitors are shown as sticks.

ChemBioChem 2009, 10, 1480 - 1485
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DNJ and NN-DNJ-GlcCerase complexes,® suggesting that the
aliphatic tail would be oriented toward the entrance of the
active site.

The orientation within the active site of the competitive in-
hibitors is largely determined by hydrogen bond interactions.”
As in NB-DNJ and NN-DNJ, the hydroxy groups equivalent to
the all-equatorial triol system OH-2, OH-3, and OH-4 on the six-
membered ring moiety in 2 show stereochemical complemen-
tarity in terms of their orientations to the glucose moiety of
the natural substrate GlcCer. These hydroxy groups are
thought to be responsible for the configurational specificity of
the inhibitors. In 2, a hydroxy group is located on a carbon
atom adjacent to the nitrogen in the six-membered ring that
corresponds to the anomeric carbon in GlcCer (C1). Surprising-
ly, this pseudoanomeric hydroxy group is accommodated in
the active site of prGCD in the “wrong” o configuration. Hemi-
aminals are known to mutarotate in solution,””” with glycosi-
dases selecting out the tighter binding anomer according to
their anomeric specificity.”® The structure of [B-glucosidase
from Thermotoga maritima (TmGH1) in complex with an sp?
iminosugar glucomimetic having an axially oriented pseudo-
anomeric oxygen atom intramolecularly anchored in the a
configuration was recently solved.”” This enzyme belongs to
the same clan GH-A as human acid f-glucosidase. In the pres-
ent case, however, it is the enzyme that selects the a-config-
ured inhibitor even when mutarotation is allowed. The reason
seems to be that the chair conformation of the six-membered
ring in 2 is significantly distorted toward the *E conformation
upon binding, in a similar manner to the piperidine ring of
NB-DNJ or NN-DNJ in their corresponding complexes with
prGCD.® In this situation, the o pseudoanomeric hydroxy
group adopts a pseudoequatorial orientation, resulting in the
generation of a new hydrogen bond with the acid/base cata-
lytic residue E235 (Figure 4).

The question remains, however, of why 2 binds to human
acid B-glucosidase with such a remarkable anomeric selectivity
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Figure 4. Hydrogen bonding of compound 2 in the active site of prGCD.
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relative to NN-DNJ. It has been pointed out that inhibitors with
suitable configurational and conformational features are able
to adjust to the stereochemical and electronic requirements of
various glycosidases by adopting more than one orientation.”
The presence or absence of an anomeric OH group that can
adopt either the a or f configuration does seem not to
impose a serious restriction on adaptation to the active site of
a- or B-glucosidases, nor does the presence of the long alkyl
chain appear to influence selectivity, as NN-DNJ inhibits lysoso-
mal a- and B-glucosidase with almost identical potency. In the
case of 2, however, the presence of the five-membered ring
imposes a certain restriction to the orientation of the N’ sub-
stituent, which is well suited to fit in the hydrophobic pocket
lying in the vicinity of the active site of GlCerase; however, this
probably results in unfavorable interactions in the case of the
o-glucosidase. This is in agreement with the fact that sp? imi-
nosugars with bicyclic nojirimycin-type structure that lack exo-
cyclic substituents do serve as a-glucosidase inhibitors.’?%2?

In summary, the data presented herein illustrate the poten-
tial of (cyclic guanidine)-nojirimycin fused hybrids as a new
series of sp? iminosugar glycosidase inhibitors. Compound 2,
the first representative of this family, was designed as a basic
reducing analogue of NN-DNJ. The presence of the N'-octyl(cy-
clic guanidine) segment imparts stability to the hemiaminal
center, favoring the a anomer in solution. In apparent contra-
diction, compound 2 behaves as a potent and very selective
inhibitor of B-glucosidases, as previously observed for related
sp? iminosugars, notably with a total specificity for lysosomal
acid B-glucosidase. Our findings warrant further investigation
of the pharmacokinetic properties of 2 in terms of its potential
chaperoning effect on mutant forms of GlcCerase. Moreover,
the structural studies of binding at the molecular level, com-
bined with a very efficient and relatively straightforward syn-
thetic route that could be used in a combinatorial fashion,
should lead to the discovery of more potent inhibitors for acid
B-glucosidase and other therapeutically relevant enzymes.

Experimental Section

Materials and methods: 5-azido-5-deoxy-1,2-O-isopropylidene-a-
p-glucofuranose (3) was prepared from commercial p-glucofura-
nurono-6,3-lactone in five steps, as reported.?"?? 56-Diamino-5,6-
dideoxy-1,2-O-isopropylidene-a-p-glucofuranose (4) was obtained
by following the procedure previously reported,” except for the
reduction of the diazide intermediate, which was performed by
catalytic hydrogenation with Pd/C and H, at atmospheric pressure.
Isothiocyanation of 4 with CS, and dicyclohexylcarbodiimide (DCC)
was used to prepare the key cyclic thiourea precursor 5.%% The
commercial glycosidases a-glucosidase (from yeast), 3-glucosidase
(from almonds), p-glucosidase/p3-galactosidase (from bovine liver,
cytosolic), a-galactosidase (from green coffee beans), isomaltase
(from yeast), trehalase (from pig kidney), amyloglucosidase (from
Aspergillus niger), a-mannosidase (from jack bean), f-galactosidase
(from E. coli), naringinase (from Penicillium decumbens) used in the
inhibition studies, as well as the corresponding o- and p-nitrophen-
yl glycoside substrates were purchased from Sigma Chemical Co.;
prGCD was produced as described.™
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Reagents and solvents were purchased from commercial sources
and used without further purification. Optical rotations were mea-
sured at 22°C in 1-cm or 1-dm tubes. 'H and *C NMR spectra were
recorded at 300 and 75.5 MHz, respectively. 2D COSY and HMQC
experiments were carried out to assist in signal assignment. TLC
was performed with E. Merck precoated TLC plates, silica gel
30 Fys, with visualization by UV light and by charring with 10%
H,SO, or 0.2% w/v cerium(lV) sulfate/5% ammonium molybdate in
2m H,S0, or 0.1% ninhydrin in EtOH. Column chromatography
was carried out with silica gel 60 (E. Merck, 230-400 mesh). In the
FABMS spectra, the primary beam consisted of Xe atoms with a
maximum energy of 8 keV. The samples were dissolved in m-nitro-
benzyl alcohol or thioglycerol as the matrixes and the positive ions
were separated and accelerated over a potential of 7 keV. Nal was
added as cationizing agent. Microanalyses were performed by the
Instituto de Investigaciones Quimicas (Seville, Spain).

5,6-Diamino-5,6-dideoxy-1,2-O-isopropylidene-5,6-di-N-(S-meth-
ylthioxomethylidene)-a-p-glucofuranose iodide (isothiouronium
salt 6): A solution of the cyclic thiourea 5 (335 mg, 1.29 mmol) and
Mel (0.40 mL, 5equiv) in MeOH (12mL) was heated at reflux
(70°Q) for 2 h and concentrated. The resulting residue was purified
by column chromatography using CH,Cl,/MeOH/H,O (80:10:1—
60:10:1) as eluent. Yield: 467 mg (90%); R;=0.53 (CH,Cl,/MeOH
40:10:1); [a]¥=—69.5 (c=0.7, MeOH); 'H NMR (300 MHz, CD,0D):
0=597 (d, J;,=3.6Hz, 1H; H-1), 462 (ddd, Jsg =113 Hz, Jse,=
7.8 Hz, J,5=3.5 Hz, 1H; H-5), 453 (d, 1H; H-2), 435 (t, J;,=3.5 Hz,
TH; H-4), 421 (d, TH; H-3), 407 (dd, Js6=11.3 Hz, 1H; H-6a), 3.99
(t, TH; H-6b), 2.68 (s, 3H; SMe), 1.48, 1.33 (25, 6H; CMe,); *C NMR
(75.5 MHz, CD,0D): 6=172.1 (SCN), 113.1 (CMe,), 106.6 (C1), 86.8
(C2), 81.8 (C4), 75.5 (C3), 59.2 (C5), 48.6 (C6), 27.2, 26.4 (CMe,), 14.0
(SMe); IR (KBr): #,.=3389, 2924, 1540, 1384, 1216, 1075cm;
FABMS: m/z (%): 275 (100) [M—11*; elemental analysis calcd (%) for
CyyHyoIN,0,S: C 32.84, H 4.76, N 6.96; found: C 32,53, H 4.78, N
6.72.

5,6-Diamino-5,6-dideoxy-1,2-O-isopropylidene-5,6-di-N-(N'-octyli-
minomethylidene)-a-p-glucofuranose hydrochloride (guanidi-
nium salt 7): A solution of 6 (200 mg, 0.73 mmol) and n-octyla-
mine (1.5 equiv) in DMF (15 mL) was heated at 70°C under Ar for
18 h and concentrated. The resulting residue was purified by
column chromatography using CH,Cl,/MeOH/H,O (90:10:1—
70:10:1) as eluent. Yield: 200 mg (77%); R;=0.41 (CH,Cl,/MeOH/
H,O 70:10:1); [a]ézz—10.3 (c=1.0, CH,Cl); "HNMR (300 MHz,
CD,0D): =594 (d, J;,=3.6 Hz, 1H; H-1), 452 (d, 1H; H-2), 433
(m, 1H; H-5), 4.25 (dd, J,s=4.8 Hz, 1H; J;,=3.0 Hz, H-4), 4.18 (d,
1H; H-3), 3.82 (dd, Js,e0=10.0 Hz, J55,=6.9 Hz, TH; H-6a), 3.77 (t,
Jsgp="10.0 Hz, 1H; H-6b), 3.21 (t, *Jyy=7.1 Hz, 2H; CH,N), 1.61 (m,
2H; CH,CH,N), 1.48, 1.32 (25, 6H; CMe,), 1.36 (m, 10H; CH,), 0.92
(t, *Jyu=7.0Hz, 3H; CH,); *CNMR (75.5 MHz, CD;0D): §=160.3
(CN), 113.0 (CMe,), 106.6 (C1), 86.9 (C2), 82.5 (C4), 75.5 (C3), 55.6
(C5), 46.1 (C6), 43.9 (CH,N), 32.9, 30.3, 30.2, 30.1 (CH,), 27.5, 27.2
(CMe,), 26.4 (CH,), 23.7 (CH,CH,), 14.4 (CH.); IR (KBr): ¥,,,=3207,
2928, 1673, 1592, 1466, 1375, 1216, 1074 cm™'; FABMS: m/z (%):
356 (100) [M—CI1*; elemental analysis calcd (%) for C;gH3,CIN;O,: C
55.16, H 8.74, N 10.72; found: C 55.05, H 8.97, N 10.65.

6-Amino-6-deoxy-5,6-di-N-(N'-octyliminomethylidene)nojirimycin
hydrochloride (guanidium salt 2): A solution of 7 (0.40 mmol) in
90% TFA/H,0 (1.7 mL) was stirred at 0°C for 1 h, concentrated
under reduced pressure, co-evaporated several times with H,O,
treated with 0.1 N NaOH until pH 8 was reached, and subjected to
column chromatography using CH,CN/H,O/NH,OH (4:1:1) as
eluent. The guanidine was transformed into the corresponding
hydrochloride salt by freeze-drying from a solution of hydrochloric
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acid (pH5). Yield: 111 mg (75%); R,=0.28 (CH,CN/H,0/NH,OH
4:1:1); []Z=+6.6 (c=0.97, H,0); "H NMR (300 MHz, D,0): 6=5.31
(d, J;,=3.8Hz, 1H; H-1), 3.85 (m, 1H; H-5), 3.75 (t, Jsueo=Js6a=
9.7 Hz, 1H; H-6a), 3.64 (t, J,3=1J5,=9.7 Hz, 1H; H-3), 3.49 (dd, 1H;
H-2), 3.42 (t, J,s=9.7 Hz, 1H; H-4), 3.39 (t, Js5,=9.7 Hz, 1H; H-6b),
321 (t, *Jyy=7.1Hz, 2H; CH,N), 1.50 (m, 2H; CH,CH,N), 1.23 (m,
10H; CH,), 0.79 (t, *Jy;y=6.9 Hz, 3H; CH;); *C NMR (75.5 MHz, D,0):
0=156.6 (CN), 74.7 (C1), 73.5 (C4), 72.6 (C3), 71.8 (C2), 56.3 (C5),
46.3 (C6), 43.0 (CH,N), 31.0, 28.3, 28.2, 25.8 (CH,), 22.0 (CH,CH,),
13.4 (CH;); FABMS: m/z (%): 316 (100) [M—CI]*; elemental analysis
caled (%) for C;sH;,CIN;O5: C 48.71, H 8.72, N 11.36; found: C 48.58,
H 8.61, N 11.23.

General procedure for inhibition assays against the commercial
enzymes: Inhibitory potencies were determined by spectrophoto-
metrically measuring the residual hydrolytic activities of the glyco-
sidases against the respective o- (for 3-glucosidase/f-galactosidase
from bovine liver and -galactosidase from E. coli) or p-nitrophenyl
a- or B-b-glycopyranoside or o,a’-trehalose (for trehalase), in the
presence of the guanidine derivative 2. Each assay was performed
in phosphate buffer at the optimal pH for each enzyme. The Ky
values for the various glycosidases used in the tests and the corre-
sponding working pH values are as follows: a-glucosidase (yeast),
Kw=0.35mm (pH 6.8); isomaltase (yeast), K,=1.0 mm (pH 6.8); [3-
glucosidase (almonds), Ky=3.5 mm (pH 7.3); B-glucosidase/p-galac-
tosidase (bovine liver), Ky=2.0mm (pH7.3); [-galactosidase
(E. coli), K4w=0.12 mm (pH 7.3); a-galactosidase (coffee beans), Ky, =
2.0 mm (pH 6.8); trehalase (pig kidney), K,=4.0 mm (pH 6.2); o-L-
fucosidase (pig kidney), Ky=0.2 mm (pH 6.8); naringinase (Penici-
lium decumbens), Kyw=2.7 mm (pH 6.8); a-mannosidase (jack bean),
Kyw=2.0 mm (pH 5.5). The reactions were initiated by the addition
of enzyme to a solution of the substrate in the absence or pres-
ence of various concentrations of inhibitor. After the mixture was
incubated for 10-30 min at 37 or 55 °C, the reaction was quenched
by the addition of 1M Na,CO; or a solution of Glc-Trinder (Sigma,
for trehalase). The absorbance of the resulting mixture was deter-
mined at 405 or 505 nm. The K; values and enzyme inhibition
modes were determined from the slopes of Lineweaver-Burk plots
and double reciprocal analysis.

Crystallization and X-ray data collection: prGCD was diluted in
crystallization buffer (10 mm citric acid/sodium citrate buffer
pH 5.5, 7% (v/v) EtOH and 0.02% (w/v) NaN,), washed three times,
and concentrated to 4-5 mgmL~" using a Centricon® device with a
30-kDa cutoff filter. Compound 2 was dissolved in H,O to make a
stock solution of 0.1M, and subsequently added to prGCD to a
final concentration of 13 mm. prGCD was co-crystallized with 2
using the micro-batch technique under Al's oil (1:1 v/v silicone and
paraffin oils). Protein together with the inhibitor and crystallization
solutions were dispensed into hydrophobic Vapor Batch crystalliza-
tion plates under oil, such that the final solution of each crystalliza-
tion drop contained 50% protein mixture and 50% crystallization
solutions. The crystallization solution contained 0.2m (NH,),SO,*",
0.1m Tris pH 6.5, and 25% (w/v) PEG 3350. Crystals were cryo-pro-
tected prior to cryo-cooling in liquid N, with a mixture of 80%
crystallization solution and 20% (v/v) ethylene glycol solutions.
Diffraction was measured on the ID23h2 beamline at the ESRF
synchrotron (Grenoble, France). Images were indexed with the
HKL2000 software package and scaled with SCALA." The structure
was solved using the molecular replacement method and refined
with Refmac5"® (Table 1). An initial model of the crystal structure
of prGCD™ (PDB ID: 2V3F) was used as a starting model. Model
manipulation and water editing was performed using Coot graph-
ics software.” Images were created with PyMol (http://www.
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pymol.org) and LIGPLOT™® Structures and structure factors were
deposited in the Protein Data Bank (PDB ID: 2WCG).
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Factors Affecting Protein-Glycan Specificity: Effect of Spacers and

Incubation Time

Daniel M. Lewallen, David Siler, and Suri S. lyer*®

Cell surface glycans regulate several essential intercellular com-
munication processes."’ Unlike most protein-DNA and pro-
tein—protein interactions that lead to “on” or “off” downstream
signals, glycan-protein interactions result in a range of re-
sponses—for example, from one “on” state to a different “on”
state or a completely “off” signal®? The complex nature of
these interactions requires the development of novel analytical
and biochemical tools, such as metabolic engineering, or the
incorporation of synthetic glycans into cells through exoge-
nous insertion and glycan microarrays. Glycan microarrays, in
particular, have gained increased prominence in recent years
because of high-throughput
screening  capabilities.  This
widely used technology has
been utilized to profile the
broad binding preferences of
numerous analytes.”’ However,
several questions regarding the
effects of different immobiliza-
tion chemistries, glycan density

and display, on protein binding —_—
remain unanswered. Surface Recognition
elements

chemistry has become increas-
ingly important because several
groups have shown that glycan
display™®® and density® are in-

tion time influence binding? Answering these questions is in-
creasingly relevant because this technology is rapidly moving
from the basic research (screening for binding preferences) to
the more advanced clinical (detection of cancers,” patho-
gens,®? etc.) stage. Certainly, false positives and negatives in a
clinical setting are unacceptable and could prove detrimental
to this widely used technology.

Here, we studied the factors that govern glycan specificities
using influenza hemagglutinin (HA) and chemically defined S-
sialosides. By using our previously described synthetic strategy,
which has been successfully used to develop ligands for the
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volved in glycan-protein recog-
nition events that can affect
binding outcomes. In this
report, we addressed the fol-
lowing questions: First, how im-
portant is the length of the
spacer that separates the glycan
from the imprinted surface?
While it is generally accepted
that polyvalency leads to in-
creased  cooperativity, does
varying glycan surface densities
influence specificity by increas-
ing the binding of less avid
molecules? What role does pro-
tein concentration play in deter-
mining binding? Does incuba-
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Figure 1. Representation of the synthetic biotinylated S-sialosides and the structures of the seven glycans. The
blue ellipse is the glycan recognition element, the biotinylated scaffold and the spacer are colored purple and
red, respectively.
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panel of biotinylated S-sialosides that could adopt a variety of
topologies (Figure 1). The biotinylated S-sialosides, unlike natu-
rally occurring O-sialosides, are impervious to cleavage by viral
neuraminidase (NA) and therefore, can be used to analyze HA,
NA, and intact virus. All glycans possess the same recognition
element, sialic acid a2,6-galactose thiodisaccharide, but differ
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in their presentation by virtue of the biotin and spacers. The
biotin affords a controlled spatial arrangement of the glycans
because the distance between the binding sites in a streptavi-
din is fixed and the spacers position the glycans at defined dis-
tances from the surface. We chose short or long oligoethylene
glycol (Gc1a-c) and alkyl spacers (Gc2a-c) to compare hydro-
phobic and hydrophilic effects. We also synthesized a mono-
antennary ligand, Gc3, to study the effect of mono versus
biantennary architectures (see the Supporting Information).

We assessed binding by ELISA analysis using HA (A/New Ca-
ledonia/20/99). This recombinant soluble HA is a trimer with
three binding sites and therefore is expected to increase the
binding affinity when compared to a monomeric HA. The re-
sults of HA binding to the panel of glycans at a concentration
of 12 ugmL™" are shown in Figure 2A. The monoantennary
glycan, Ge3, exhibits weak binding, presumably because the
short carbon spacer prevents the glycan from adopting the ap-
propriate topology. In the hydrophobic alkyl Gc1a-c and hy-
drophilic oligoethylene glycol Ge2 a-c series, binding is directly
proportional to the length of the spacer; increase in spacer
length leads to an increase in the signal strength. This dramat-
ic increase in binding affinities underscores the importance of
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Figure 2. A) Binding of HA (A/New Caledonia/20/99) to synthetic glycans.
Biotinylated glycans were added to high-binding capacity streptavidin-
coated microtiter wells and incubated with HA at 12 pgmL ' for 2 h.

B) Dose-dependent differential binding of HA to Gc1c¢, Gc2a and Ge2b. The
synthetic glycans or B-PEG (negative control) were added to streptavidin-
coated microtiter wells and incubated with decreasing concentrations of HA.
C) Effect of decreasing glycan surface density on the binding of HA (A/New
Caledonia/20/99) to Ge1cand Ge2b. Varying ratios of glycan/ B-PEG were
added to high-binding capacity streptavidin-coated microtiter wells and in-
cubated with HA at various concentrations. D) Effect of contact time on the
binding of HA to Ge1c¢, Ge2a and Ge2b. The synthetic glycans were added
to streptavidin-coated microtiter wells and incubated with 10 pgmL™" of HA
for different time periods. In all experiments, binding was determined by
using rabbit anti-HA polyclonal antibody and HRP conjugated goat antirab-
bit secondary antibody. The binding signals are expressed as percentage of
maximum signal for all series in a given set of experiments. Results are the
average of three independent trials. (Please see the Supporting Information
for details).
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orientation (or topology) effects. Indeed, Gc1 a, the glycan with
the shortest spacer, exhibits no binding, possibly because the
glycan is too close to the surface. The hydrophobic alkyl
Gc2 a-c compounds bind more tightly than the hydrophilic oli-
goethylene glycol Gc2a-c compounds. Ge2b and Gc2c are
the best binders for this particular HA. This suggests that the
nature of the spacers (hydrophobic or hydrophilic) plays a sig-
nificant role in determining the binding affinities. Presumably,
hydrophobic regions of HA could interact with the hydropho-
bic spacers of Ge2 b-c. Alternatively, the hydrophilic oligoethyl-
ene glycol spacers of Gc1b-c could be too floppy to orient
the carbohydrate component appropriately into the binding
pockets. Thus, modulation of the glycan presentation can dra-
matically influence the binding affinity.

Next, we examined the effect of protein concentration on
binding affinities. We expected to differentiate between weak
and strong binders by monitoring binding over a range of con-
centrations. Only Ge2b binds to HA at all concentrations,
whereas the other glycans do not exhibit any binding at lower
concentrations. (Figure 2B) To quantify the observed results,
we used a linearized Hill plot to model the binding data to
obtain the apparent binding constant Kjs and the cooperativi-
ty factor n."¥! (Figure S1 and Table S1). The value of n is 0.96 for
Gc2a; this indicates negative cooperativity. In contrast, the
values for n are greater than 1 for Ge2b and Gc1c; this indi-
cates positive cooperativity. A range of Kgs—micromolar
(Ge2a, short spacer, 1.42x1077m), nanomolar (Gc1c, hydro-
philic spacer, 0.24x107°m), and picomolar (Ge2b, hydropho-
bic, 1.44x 1072 m)—are observed. These results clearly demon-
strate that protein concentration is a critical determinant; at
high concentrations of HA, all ligands bind, however, specificity
is clearly established at lower concentrations. We suggest that
protein binding to glycan microarrays, which are typically per-
formed using only one, typically high, protein concentration,
be performed over a concentration range to more accurately
define specificity.

To explore how surface densities affect binding affinities, we
premixed the glycans with biotinylated polyethyleneglycol (B-
PEG) at various ratios and subjected them to previous dose
dependence ELISA protocol. As shown in Figure 2C for two
glycan/B-PEG (90:10 and 75:25) ratios, decreasing the surface
density of ligands does not play a role in determining specifici-
ties, as decreasing concentrations of HA leads to reduced
signal strength for all ligands and ratios. Similar results were
observed when different ratios of glycan/B-PEG (ranging from
0:100 to 100:0) are used. We note that these results contrast
reports published by Whitesides et al., in which the authors
have demonstrated that changes in glycan surface density can
reverse receptor specificity of Bauhinia purpurea."® However, it
is important to note that these authors use gold-thiol termi-
nated glycan coupling chemistries, which allow the glycans to
be packed more densely on the surface. (Figure S2) In contrast,
we use the biotin-streptavidin system, in which glycan surface
density is limited by the amount of streptavidin on the surface.
Our data indicate that topology of presentation plays a
predominant role over glycan surface density, and in other
systems, glycan surface densities predominate over topology
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effects. Overall, the presentation of the glycan (streptavidin-
biotinylated glycan versus gold-thiol terminated glycan) in
combination with glycan surface density is critical to obtain
selectivity.

Next, we studied the effect of incubation time on the bind-
ing event. The previously described ELISA studies were per-
formed with one difference, the time of exposure of glycans to
HA prior to the wash step was varied. HA binds to Gc2b
within 5 min (Figure 2D). In contrast, Gc2a and Gc1c require
longer incubation times. Since incubation time is a critical
factor, we used surface plasmon resonance (SPR) to monitor
binding in real time. The same biotinylated ligands were
attached to the commercial streptavidin coated Biacore chips.
Binding affinity was assessed using a 2.5 min injection of HA
(10.75 ugmL™"). As expected from the contact dependent time
ELISA study, we found that HA bound only to Ge2b and Gec2c
and not the other glycans (Figure 3 A). To obtain apparent Kgs,

A) 15001
= Gc2b
7] = Gc2c
E 10004 - i
@ Gceilc
g 5001 Ge1lb
2 - Gecla
(]
0 * v
= 500 1000
-5004 tls
B) 2004 - GeZb
= Gc2c
2 1004 - Gc2a
5 ‘ Gele
Gelb
(]
® = ey
§ | 500 1000 (Seta
H 1004 tls
8-
-200-

Figure 3. Differential binding of HA to synthetic glycans. SPR response
curves for the binding of A) HA (A/New Caledonia/20/99) and B) (A/Solomon
Islands/03/2006) binding at 10.75 ugmL™" using a Biacore 2000. Only Ge2b
and Ge2c bind to HA (A/New Caledonia/20/99). Biotinylated glycans were
coated onto a streptavidin-coated Biacore chip (SA chip) until saturation was
achieved. Biotinylated PEG (B-PEG) was the control. (Please see the Support-
ing Information for details)

HA was injected at different concentrations over the chips. A
representative set of SPR response curves for Ge2b is shown
in Figure 3B. The apparent K;s obtained by using a bivalent
model for HA binding to Ge2b and Gc2c are 2.95 nm and
2.56 nMm, respectively. (Table S2) The nanomolar binding affini-
ties indicate that these ligands are excellent binders of HA. The
picomolar K, for Ge2b from the ELISA studies (1.44x107'2m) is
very different from the nanomolar K, obtained by SPR. We
attribute these differences to different assay conditions. Unlike
the ELISA studies in which the incubation time was 2 h, in SPR,
the HA is continuously flowed over the glycans for 2.5 min;
this minimizes incubation time. Nevertheless, the SPR studies
corroborate the ELISA studies, and glycan specificities are de-
pendent on the incubation time. We also tested the binding
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affinities of a different H1 hemagglutinin (A/Solomon Islands/
03/2006), which has 96% homology to the New Caledonia
strain. Interestingly, we observed no detectable binding using
SPR. (Figure 3B).

In summary, we have demonstrated that glycan specificity is
dependent on several factors that include structure, topology
and density of glycans. Additionally, binding is assay depen-
dent. Static systems (ELISA) are very different from dynamic
systems.(SPR). Thus, this study could have significant implica-
tions for glycan microarray technology, an invaluable high-
throughput screening resource for establishing binding prefer-
ences. Most glycan microarray assays employ only one (typi-
cally high) protein concentration AND only one incubation
time."” Thus, those assays have been performed under condi-
tions that maximize binding and therefore, yield limited infor-
mation regarding selectivity. Results presented here indicate
that varying protein concentration and reducing incubation
time could potentially lead to the identification of extremely
high affinity glycans for a particular analyte. We are currently
using this approach to identify high affinity glycans for other
toxins and pathogens.
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Structures of HIV TAR RNA-Ligand Complexes Reveal Higher Binding

Stoichiometries
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Michael Gobel,*™ and Harald Schwalbe*®

The development of low molecular weight ligands that bind to
RNA with high affinity and specificity remains challenging.”
The trans-activation response element TAR is regarded as an
important RNA target to control the replication cycle of the
human immunodeficiency virus (HIV). In particular, the internal
bulge within the apical hairpin of TAR (E’ in Scheme S1 in the
Supporting Information) has been investigated widely as a
drug target because its interaction with the trans-activator pro-
tein (Tat) is essential for the transcription of viral proteins.””
The hairpin contains a six nucleotide loop and an internal
bulge. The size of the bulge is the only difference between
HIV-1 and HIV-2 strains. HIV-1 TAR has a trinucleotide bulge
with the sequence U23-C24-U25 while HIV-2 TAR lacks the cen-
tral cytidine.

The bulge functions as a flexible linker that leads to substan-
tial angular fluctuation of the two canonical stems.” Initially,
the complex of TAR with argininamide (Scheme 1A) served as
a mimic of the complex between TAR and Tat and provided
important insights into the conformation of TAR in the pro-
tein-RNA complex. Argininamide binds with a low millimolar
dissociation constant in the bulge region.” In HIV-1®! and HIV-
2" TAR, argininamide induces the formation of a base triple,
which is formed between the bulge residue U23 and the can-
onical A27-U38 base pair. In conjunction with G26, this region
also displays the most contacts to argininamide."” Complexes
of TAR with several further ligands have been investigated
including Tat-derived peptides,”® ligands with heteroaromatic
moieties,” guanidinium-like ligands,"” aminoglycosides"" as
well as divalent cations."? Almost all ligands bind in the bulge
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Scheme 1. Constitution of the ligands (A-D) and secondary structure of the
HIV-2 TAR RNA (E) investigated in this study. Residues of the RNA whose
CSPs are presented in Figure 1 are highlighted.

region and therefore compete directly with Tat. Despite differ-
ent recognition modes, all ligands have been reported to rigid-
ify the interhelical angle.**™ Recently, Zhang et al. showed
that the conformation of free TAR represents a dynamic en-
semble that samples all possible interhelical angles detected in
the various RNA-ligand structures. Ligands therefore select
and stabilize free state conformations rather than induce new
ones."¥

In our investigations, we were interested whether a ligand
could occupy two binding sites present in the ensemble of
free state structures. Although many TAR-ligand complexes
are formed with 1:1 stoichiometry, one of the first structural
studies of TAR-ligand complexes in 1995 provided evidence
that the tightly binding peptide ligand ADP-1 binds to two dis-
tinct sites of HIV-1 TAR.I"® Very recently, a cyclic aminoglycoside
analogue was shown to bind TAR with RNA/ligand-stoichiome-
try of 2:3."®

Here, we report the structural characterization of complexes
between TAR and novel peptidic ligands developed by Gdbel
and co-workers. These compounds block Tat-TAR association
in vitro and attenuate HIV proliferation in cell cultures.'® The
tripeptides contain two bp-arginines flanking a non-natural
amino acid with a heteroaromatic side chain and two variants
with p-lysine replacing p-arginine (Scheme 1B-D). The ligands
were designed to contain a heteroaromatic amino acid to pro-
vide hydrophobic stacking interactions in addition to the elec-
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trostatic attraction exerted by the two arginine side chains.
Low micromolar ICs, values have been observed in competi-
tion experiments with a dye-labeled Tat-peptide. The affinities
to TAR RNA result from specific binding to the bulge region in
combination with weaker interactions in at least one alterna-
tive binding site. Our NMR data provide a structural model and
reveal that ligands in excess, with similar constitution to B can
bind with higher stoichiometries in line with previous mass
spectrometry data."”’ Our findings of higher binding stoichio-
metries are not unprecedented; in fact, similar ligands have
been reported to exhibit higher binding stoichiometries at

ligand excess.®9 Structural models, however, have not been
reported.
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We performed a titration of argininamide A to HIV-2 TAR (E)
that resulted in continuous chemical shift perturbations (CSPs)
of the imino '"H NMR resonances around the bulge up to a sat-
uration level and indicated binding in the fast exchange limit
(Figure 1A); residues further away show marginal CSPs upon
addition of ligand (Figure S1A). The imino resonance of residue
U40 is not detectable in the free RNA but can be detected
upon addition of argininamide due to acquired protection
against exchange with the solvent water. In agreement with
Brodsky et al.,” argininamide binds directly below the bulge,
selects a single RNA conformation from the dynamic ensemble
of structures in the apo state, and stabilizes the A22-U40 base
pair and the base triple of U23-A27-U38.
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Figure 1. Chemical shift perturbations (CSPs) of the imino protons of RNA E as a function of the [ligand]/[RNA] ratio for the ligands A) argininamide, B) the

pyrimidinyl-peptide and C) and D) the lysine variants.
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For the newly designed ligand B, a more complex titration
behavior is observed (Figure 1B). The CSPs are substantially
larger (by a factor of two) than those observed with arginina-
mide. Interestingly, the NMR chemical shift response changes
in the course of titration. At intermediate [ligand]/[RNA] ratio,
the CSPs are the largest. Up to a ratio of 2:1, the observed
shift changes resemble the argininamide titration profile. At
higher [ligand]/[RNA] ratios, the so far unaffected signals of the
imino protons of residues G17 and G44 start to change. Con-
comitantly, the imino resonances of U42 and G43 start to
move into the opposite direction. A similar behavior is ob-
served for the CSPs of the H5/H6 cross peaks detected in
TOCSY spectra during the titration (Figure S2). While the resi-
dues in and around the bulge (U23, U25, C39 and U40) change
their chemical shifts of H5 and H6 significantly at the begin-
ning of the titration, resonances of residues C18, C41, U42, C45
either start to change or the CSPs redirect at a [ligand]/[RNA]
ratio above 2:1. Taken together, this indicates the formation of
a distinct 1:1 complex at intermediate [ligand]/[RNA] ratios and
occupation of a second, weaker binding site for ligand B
within the lower stem of TAR at higher [ligand]/[RNA] ratios.

In order to calculate the structure of the complex, we in-
vestigated a TAR construct containing a UUCG-tetraloop
(Scheme 1E) due to its favourable NMR characteristics. The
ligand binding characteristics of this RNA remain unaltered.
Structure calculations assuming a 1:1 complex resulted in two
different structural models in which the ligand either binds in
the major groove of the bulge similar to argininamide™ and
ligand rbt203 from Davis et al.®¥ or on the opposing side simi-
lar to the binding site of aminoglycosides such as neomycin
B."¥ In both structural models, the ligand is in close proximity
to the nucleobase of residue U23 to which it shows strong in-
termolecular NOEs. The orientation of this bulge residue is dif-
ferent in the two models (Figure S3). For both 1:1 complexes,
however, nine out of 48 intermolecular distance restraints lo-
calized in the lower stem are severely violated and the conver-
gence rate of the structure calculations is low. We further ana-
lysed the subnanosecond dynamics of the bulge by using "*C
relaxation data."® The dynamics revealed that only nucleobase
U25 remains flexible upon addition of the ligand while U23 is
as rigid as the stem residues (Figure S4). Since neither dou-
bling of the resonances nor peculiar dynamics of residue U23
could be detected, we conclude that the solution structure at
saturation levels of ligand can neither be described by both
structures nor by a rapid conformational equilibrium between
the two structures.

Therefore, we performed NMR-based structural calculations
assuming a 2:1 complex stoichiometry in agreement with our
previous mass spectrometry results of related compounds.””
In the ternary complex residue U23 is located in the major
groove close to the base pairs G26-C39 and A27-U38
(Figure 2). However, no evidence for the formation of the base
triple U23-A27-U38 could be obtained experimentally (data not
shown). For the first ligand molecule with a larger number of
stronger intermolecular NOEs, binding around the nucleobase
of U23 is observed with the N-terminal Arg1 side chain below
and the C-terminal Arg3 side chain above the plane of the
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ligand 1

ligand 2

Figure 2. Ten best structures of the ternary complex (red =U23, green=
G26-C39, yellow =A27-U38, orange =U42, black=ligand 1, gray=ligand 2).

base. This arrangement of the guanidinium groups is very simi-
lar to the 1:1 TAR-complex with rbt203.°” The N-terminal argi-
nine is structurally well defined, and its guanidinium group is
in close proximity to the Hoogsteen side of G26 to which it
can form hydrogen bonds with the acceptor atoms N7 and O6.
The more flexible C-terminal arginine shows transient interac-
tions with the nucleobase of A27 and therefore prevents the
contact of U23 and A27. This observation is in agreement with
the absence of a base triplet in the ternary complex. The cen-
tral pyrimidine residue points out to the solution and does not
interact with the RNA. The second ligand molecule is localized
in the major groove of the bottom stem along the pyrimidine
stretch U40-C41-U42 but its structure is less defined. The inter-
molecular contacts are exclusively mediated by the two argi-
nine residues. Occupation of this second binding site has been
previously reported for other TAR complexes with structurally
unrelated ligands."">'

Based on these results and in order to test whether specifici-
ty could be improved without compromising affinity, two addi-
tional tripeptides were synthesized and investigated. Replace-
ment of the C-terminal Arg3 with lysine (Scheme 1C) improved
the binding affinity reducing the IC;, value by a factor of four.
Importantly, it showed identical patterns of CSPs during the

ChemBioChem 2009, 10, 1490 - 1494
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NMR titration when compared to B. In particular, U42 and G43
represent the region where the effects of the two binding sites
are accentuated. Since the influence of the second ligand bind-
ing occurs already at a lower [ligand]/[RNA] ratio (Figure 1C),
the first, higher-affinity binding site in the bulge is saturated at
an earlier stage: in agreement with the observed lower ICs,
both affinity and specificity for the first binding site are in-
creased. The replacement of the N-terminal arginine with a
lysine (Scheme 1D) leads to a slight increase of the IC;, value
and does not show the characteristics in the NMR titration as
observed with ligands B or C. This observation points to the
importance of an N-terminal arginine residue for higher affinity
to the binding site in the bulge.

From a structural point of view, the role of the heteroaro-
matic side chain in the central residue of the tripeptide re-
mains undefined. The lack of intermolecular NOEs is likely due
to the absence of a persistent direct contact of the heteroaro-
matic side chain with the target RNA. Substitution with amino
acids containing other aromatic side chains (for example,
phenanthrene or pyrazinyl) results in similar binding affinities
and influences on the imino resonance shifts but leads to a
broadening of the imino NMR signals (Supporting Information,
Figure S5).

We conclude that the high affinity of our novel TAR-ligands
is based on two properties:

1) The terminal residues clasp around the nucleobase of resi-
due U23 in the bulge capable to form hydrogen bonds to
the nucleobases of G26 and A27. A C-terminal lysine is fa-
vored since its side chain amine group can bind to the N7
of A27 but experiences less repulsion from the adenine
amine group compared to a guanidinium group of an argi-
nine. Additionally, cation- interactions between the argi-
nine guanidinium group and nucleobases are likely deter-
minants that stabilize this binding. The central amino acid
acts as spacer. Its aromatic side chain has an indirect influ-
ence on the complexation by its effects on ligand solubility,
dynamics and probably entropic contributions to binding.

2) Ligands with arginine side chains bind to at least one addi-
tional site on TAR. This site is localized along the pyrimidine
stretch U40-C41-U42 directly below the bulge adjacent to
residue G43 and has previously been observed in the con-
text of ligand-bound HIV-1 and HIV-2 TAR"'®'® The specific-
ity is surprising since this region is expected to adopt a
standard double helical A-RNA structure. It is interesting to
note that Varani and co-workers have recently detected
subnanosecond dynamics for the stem-residue G43 in free
HIV-1 TAR" a dynamical feature that might be linked to
the lower stems capability to bind additional ligand mole-
cules.

In conclusion, NMR spectroscopy revealed two binding sites
of varying affinity for peptidic ligands containing non-natural
amino acids on TAR RNA. We wish to discuss our findings here
in the context of the netropsin-DNA complex by Wemmer and
co-workers, a seminal finding changing further development of
specific DNA binders.”™ The NMR data in this case revealed a
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2:1 binding stoichiometry in the ligand-DNA complex, differ-
ent to proposed models at the time. In our case, we find that
the bulge region of TAR RNA represents the major determinant
for selectivity; affinity, however, can be further increased by ad-
ditional positive charges targeting the lower stem of TAR. The
detection of multiple binding sites, although some are weak,
may inspire novel medicinal chemistry and enable the exploita-
tion of fragment-based ligand design to target HIV TAR RNA.2!

Experimental Section

Titrations of RNA (E and E’) with the ligands were monitored by 1D
'H NMR with RNA (150 um) in a buffer (at pH 6.2) containing K;PO,
(25 mm) and KCI (50 mm) and ligand (up to eightfold excess).

For resonance assignment and structure determination, the follow-
ing NMR experiments were measured in a RNA sample (E,
0.65 mm) with eightfold excess of ligand B: normal and constant
time 'H,”CHSQC, 'H,®NHSQC, % 'H,”N HSQC*? HNN-COSY,*”
H5NN-COSY, 2D H(C)N,*' 3D 'C-edited NOESY-HSQC, 3D "N-
edited NOESY-HSQC, 3D HCCH-COSY, 3D HCCH-TOCSY,*® 3D for-
ward-directed HCC-TOCSY-CCH E.COSY,*” 2D ' N-edited CPMG-
NOESY,*® 2D "H'H-NOESY.,*! To cross-validate the structures, residu-
al dipolar couplings (RDC) measured with IPAP-HSQCs and with pf1
phages as aligning medium were used.”® All experimental data
were processed with Topspin 1.3 (Bruker, Germany) and analyzed
with Sparky 3.114 (T. D. Goddard and D. G. Keller, UCSF, USA).

Calculations of the RNA-complex structure were performed with
CNS 1.18" by using the ARIA 1.2 setup and protocols.* The dna-
rna-allatom force field was used with OPLS parameters®® and
restraints are summarized in Table S1. Modelling of the complexes
with 1:1 and 1:2 stoichiometries (RNA/ligand) were achieved using
a high ambiguity driven docking approach with the program HAD-
DOCK 2.1.2% The ambiguous interaction restraints (AIRs) were
defined from intermolecular NOEs which were classified by their
intensity into either strong (distance closer than 4 A), medium (dis-
tance closer than 5 A) and weak (distance closer than 6 A).
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Evolution of Nacre: Biochemistry and Proteomics of the
Shell Organic Matrix of the Cephalopod Nautilus

macromphalus

Benjamin Marie,*™ Frédéric Marin,*® Arul Marie,” Laurent Bédouet,' Lionel Dubost,"
Gérard Alcaraz,™ Christian Milet,” and Gilles Luquet*®

In mollusks, one of the most widely studied shell textures is
nacre, the lustrous aragonitic layer that constitutes the internal
components of the shells of several bivalves, a few gastropods,
and one cephalopod: the nautilus. Nacre contains a minor or-
ganic fraction, which displays a wide range of functions in rela-
tion to the biomineralization process. Here, we have biochemi-
cally characterized the nacre matrix of the cephalopod Nautilus
macromphalus. The acid-soluble matrix contains a mixture of
polydisperse and discrete proteins and glycoproteins, which in-
teract with the formation of calcite crystals. In addition, a few

Introduction

The calcification of the molluskan shell is a genetically con-
trolled process based on subtle interactions between an extra-
cellular matrix, which is synthesized by the epithelial cells of
the calcifying mantle, and the mineral ion precursors of calcifi-
cation: calcium, bicarbonate, and minor elements. The pro-
teins, glycoproteins, and polysaccharides that are incorporated
within the forming shell constitute the shell matrix. They are
believed to have several key functions:!" to provide an organic
template for mineral growth, to create local physicochemical
conditions for promoting nucleation, to determine the calcium
carbonate polymorph (calcite vs. aragonite), to guide the min-
eral growth in privileged directions, to organize the crystal
architecture in well-defined microstructures, and to inhibit the
crystal growth when and where necessary.” The matrix is also
thought to play a role in signaling to the mantle epithelial
cells.”!

For several reasons related to its remarkable mechanical
properties and to its high value in jewelry, nacre is by far the
most widely studied molluskan shell microstructure. In addi-
tion, nacre is a biocompatible material, which may be used in
bone surgery because of its osteoinductive and osteogenic
properties.” From a structural viewpoint, it consists of a regu-
lar superimposition of polygonal flat aragonitic tablets of
0.5 um in thickness, embedded in a peripheral thin organic
matrix.”® Recent ultrastructural advances have shown that
each nacre tablet has a hierarchical organization” and is com-
posed of nanodomains.®! In parallel, biochemical characteriza-
tions have shown that the nacre matrix comprises a large set
of macromolecular components, such as chitin,” hydrophobic
“framework” proteins,'” proteins with elastomeric proper-
ties,"" and several soluble proteins and glycoproteins.>' For

ChemBioChem 2009, 10, 1495 - 1506

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim kS

bind calcium ions. Furthermore, we have used a proteomic ap-
proach, which was applied to the acetic acid-soluble and -in-
soluble shell matrices, as well as to spots obtained after 2D gel
electrophoresis. Our data demonstrate that the insoluble and
soluble matrices, although different in their bulk monosacchar-
ide and amino acid compositions, contain numerous shared
peptides. Strikingly, most of the obtained partial sequences are
entirely new. A few only partly match with bivalvian nacre pro-
teins. Our findings have implications for knowledge of the
long-term evolution of molluskan nacre matrices.

a few years, new dynamic models of nacre formation have
been used in attempts to conciliate both biochemical and ul-
trastructural data."! Particular emphasis has been placed on
the prominent role played by chitin in spatially structuring the
organic framework,"™ the distribution of key biochemical
functions at the surfaces of nacre tablets,"™ the existence of a
transient precursor amorphous phase,'® and the growth of
nacre tablets in a hydrophobic gel, which hardens and be-
comes insoluble when nacre tablets coalesce."”

Nacre also constitutes a fascinating model of study from an
evolutionary viewpoint. Firstly, nacre appears early in the fossil
record,"® somewhere in the Cambrian period, and since then
has been remarkably stable throughout the Phanerozoic eon.
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Secondly, nacre is usually considered a rather primitive micro-
structure.">? Thirdly, nacre is restricted to the phylum Mollus-
ca, where it occurs in four of the five classes that constitute
the conchiferan mollusks: monoplacophorans, bivalves, gastro-
pods, and cephalopods."” Taken together, these elements give
rise to one fundamental question: are all nacre microstructures
constructed from similar matrix assemblages? Giving an
answer to this question should shed light on the process of
recruitment of nacre matrix proteins in the Cambrian, and on
the evolutionary constraints exerted on these proteins during
the Phanerozoic.

To this end, we have investigated the biochemistry of the
nacre matrix of the cephalopod Nautilus macromphalus. The
choice of this model is dictated by the basal position of the
genus Nautilus in the diverse phylogenetic trees of the class
Cephalopoda.?" It is the repre-
sentative of the order Nautiloida,
the most ancient lineage of the
extant cephalopods® and the
only one to have conserved an
external calcified shell with a
nacroprismatic  texture, truly
homologous to that of bivalve
or gastropod. Furthermore, al-
though the nautilus has been
the focus of several ultrastructur-
al®#2 and biochemical investi-
gations into the bulk shell /\\A
matrix,®?* only a few papers \/
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We carefully removed the periostracum, the septa, and the
prismatic layer from the shell preparation and subsequently ex-
tracted the matrix associated exclusively with nacre. The acid-
insoluble matrix (AIM) represents around 4% by weight of the
nacre powder. The acid-soluble matrix (ASM) represents only
0.1% by weight of the nacre powder and consists of 70-75%
proteins as determined by the bicinchoninic acid (BCA) protein
assay.

FTIR profiles of AIM and ASM

Figure 1A shows the FTIR profiles of nacre AIM and ASM,
which also testify that the decalcification was complete be-
cause no aragonite band was observed.?***! Both AIM and
ASM exhibit characteristic bands of proteinaceous and/or gly-
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nacre matrix of the nautilus by
combining the biochemical and
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phasizes the key role displayed
by saccharide moieties in the
modulation of calcium carbonate
crystals. Finally, it sheds new
light on the macroevolution of
nacre matrix proteins.
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Results

Extraction of organic matrix

Like those of other nautiloids,
the outer wall of the shell of

| s |

1. ]

A

Figure 1. Macromolecular and functional compositions of the organic matrix of Nautilus macromphalus nacreous

shell layer. A) Infrared spectra of the acid soluble (ASM, black line) and the acid insoluble (AIM, gray line) matrices

N. macromphalus has a bilayered
structure, made up of an outer
prismatic and an inner nacreous
layer, and the septal inner shell
is only constituted of nacre. The
whole shell is aragonitic.
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obtained by complete decalcification of the nacre powder in acetic acid (5%, 4 °C). B) Electrophoretic analysis of
the urea-soluble extracts of the AIM (US-AIM) and of the ASM on 12% SDS-PAGE, under denaturing conditions.
The AIM was suspended in urea (8 M, 60°C, 2 h) before electrophoresis. The gels were stained with silver (left) or
Coomassie brilliant blue (CBB; right). C) SDS-PAGE analysis of the ASM of Nautilus macromphalus nacre. Acrylamide
gels (12%) were stained with CBB, silver nitrate, Alcian blue, periodic acid Schiff (PAS), Stains-all. The result of the
calcium overlay test (**Ca) is shown on the far right. A similar amount of shell matrix (40 pg) was loaded on each
lane; MM: molecular mass markers.

ChemBioChem 2009, 10, 1495 - 1506
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coproteinaceous components: the thick band around
3270 cm™' is attributable to the amide A group (N—H bonds),
the two small bands at 2916 cm™" and 2850 cm™' were as-
signed to the C—H bonds, and the two noteworthy bands near
1640 cm™' and 1530 cm™' were ascribed to the amide | (C—O
bond) and the amide Il (C—N bond) groups, respectively, com-
monly associated with proteins. This is in agreement with
previous works on organic compounds in other mollusk
shells.?*323538 Carboxylate (COO™) and sulfate (SO,%) absorp-
tion bands are also present in both extracts, at around
1420 cm ™' and 1234 cm™', respectively.*® On the other hand,
ASM exhibits a strong carbohydrate absorption band around
1060 cm™, whereas for AIM this band is weaker. This suggests
that ASM contains a more important saccharide fraction.

Amino acid compositions

The total amounts of amino acids, as determined from amino
acid quantification, are 16 and 66 % w/w of the shell nacre AIM
and ASM, respectively. We consider that the weak solubility of
the AIM, even in HCl (5.7 N), produces a significant underesti-
mation of its proteinaceous content. Table 1A indicates the
amino acid compositions (in mol%) of the AIM and ASM. Be-
cause of deamidation of Asn and GIn during the acid hydroly-
sis, Asx and GIx residues represent Asn+ Asp and GIn+ Glu, re-
spectively. In the AIM extract, Gly, Ala, and GIx are prominent

Table 1. Compositions of the AIM and ASM extracts of Nautilus macro-

mphalus nacre.

Amino % of the total  Monosaccharides® ng per pg of matrix

acids® amino acids (% of the total)
AIM ASM AlM ASM

Asx 9.5 20.8 fucose 0.8 (1) 2.5 (4)

Glx 10.3 75 rhamnose ND 2.5 (4)

Ser 9.6 6.8 arabinose 1.7 3) 1.0 (2)

His 0 2.1 galactose 10 (16) 8.0 (14)

Gly 24.0 21.4 glucose 9.5 (15) 9.3(17)

Thr 2.8 4.8 mannose ND 1.3 (2)

Ala 133 7.3 xylose ND ND

Arg 5.6 3.1 galactosamine 4.6 (8) 6.5 (12)

Tyr 2.8 29 glucosamine 34.2 (56) 9.7 (17)

Cys 0 1.1 galacturonic acid ND 3.0 (5)

Val 34 3.1 glucuronic acid ND 3.8 (7)

Met 0.9 0.7 Neu5Ac TR TR

Phe 4.8 27 Neu5Gc ND ND

lle 2.9 2.3 sulfated sugars 0.5 (1) 8.3 (15)

Leu 5.9 3.2 total 61.3 (100)  55.9 (100)

Lys 22 3.9

Pro 2.0 6.4

Trp ND ND

[a] Amino acid composition: data are presented as molar percentage of

total amino acids for each extract. Note that Asx=Asn-+Asp and Glx=

GIn+ Glu. Cysteine residues were quantified after oxidation. Tryptophan

residues were not detected due to the hydrolysis conditions. [b] Mono-

saccharide composition: the neutral sugar compositions were obtained

by high-performance anion exchange-pulsed amperometric detection

(HPAE-PAD). Data are represented in ng per ug of the total matrix and as

percentages of the total identified carbohydrate compounds; ND: not

detected; TR: trace amounts.
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amino acids, followed by Ser and Asx. The first three constitute
almost half of the total amino acids. This result is consistent
with those previously obtained with other Nautilus species,®"
because the AIM exhibits the signature of hydrophobic ex-
tracts, which characterizes the “silk fibroin-like” proteins®*"
found in the nacre of various mollusks.”3%%? The composition
of the ASM is characterized by large amounts of Gly and Asx,
which represent more than two-fifths of the total amino acids.
If most of the Asx residues are in their acidic form, as previous-
ly suggested,” this implies that the ASM of Nautilus macro-
mphalus nacre is acidic, an assumption that is further con-
firmed on 2D gels.

Monosaccharide composition

The total amounts of neutral, acidic, and amino sugars ob-
tained after TFA (2wm) hydrolysis represent 6.1% and 5.2% of
the AIM and the ASM, respectively (Table 1B). However, for the
AIM, the standard hydrolysis for monosaccharide determina-
tion does not release the total sugar content, as can be seen
in the presence of insoluble residues after hydrolysis. The AIM
yields only six monosaccharide residues, out of which glucosa-
mine represents 56 %, galactose 16%, and glucose 15% of the
composition. The technique used does not allow glucosamine
to be distinguished from its N-acetylated form, which is the
monomer of chitin. Chitin has been detected in the insoluble
nacre matrix of several mollusks*"*? including Nautilus macro-
mphalus®** If it is assumed that a large fraction of the glucos-
amine residues originate from the hydrolysis of chitin, this
macromolecular constituent could represent an important frac-
tion of the AIM.

The ASM monosaccharide composition appears to be more
diversified than that of the AIM, because it contains six of the
seven standard neutral sugars (with the exception of xylose),
the two amine sugars, and also noticeable amounts of glucur-
onic and galacturonic acids. As in the case of the AIM, in
which glucosamine, glucose, galactose, and galactosamine rep-
resent 95% of the monosaccharide composition, these four
residues are also dominant in the ASM, with 17, 17, 14, and
12 %, respectively. Traces of sialic acids (Neu5Ac only) were de-
tected in both matrices.

Because previous qualitative methods had determined the
presence of acidic sulfated sugars in the nacre of Nauti-
lus sp.,">**3¥ an accurate quantification of these sugars in the
AIM and in the ASM was performed by spectrophotometry
(Table 1B). Significant amounts, representing 15% of the total
sugar content, were quantified in the ASM. The AIM contains
only traces of sulfated sugars.

Characterization of matrices by SDS-PAGE

The treatment of the AIM with urea dissolves the insoluble
components only partly. The urea-treated fraction is called
urea-soluble AIM. When resolved on mini-SDS-PAGE and
stained with silver or Coomassie brilliant blue (CBB), the urea-
soluble AIM (US-AIM) and the ASM were found to be com-
posed of various distinct macromolecular components (Fig-
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ure 1B). The US-AIM shows two main bands migrating around
50 and 18 kDa. A few minor bands around 30 and 20 kDa are
also visible, although only after silver staining. Silver and CBB
stain the nacre ASM in different ways. The silver staining re-
veals high-molecular-weight components between 200 and
100 kDa, two thick bands around 63 and 52 kDa, and small dis-
crete bands between 20 and 12 kDa. Although silver staining is
much more sensitive than CBB, its reproducibility is poorer:
the 100-200 kDa components sometimes appear negatively
stained, and the other components exhibit variations in their
staining intensities.

CBB does not reveal the high-molecular-weight components
between 200 and 100 kDa, suggesting that these components
are either heavily glycosylated or are strongly negatively
charged. CBB does stain the two thick bands around 63 and
52 kDa and a few compounds between 40 and 22 kDa fairly
strongly, and it heavily stains the small discrete bands between
20 and 12 kDa. Previous observations of CBB-stained electro-
phoretic profiles obtained from EDTA- or acetic acid-soluble
matrices of Nautilus pompilius shell®®*" revealed thick bands
above 45 kDa and a few discrete compounds between 20 and
10 kDa.

Because silver-nitrate-stained profiles of the ASM can show
negative staining in the 100-200 kDa range (Figure 1C), we
investigated the biochemical properties of this extract further
by using different gel and blot
staining techniques, as shown in
Figure 1C. In particular, Alcian
and periodic acid Schiff (PAS)
procedures heavily stain the
high-molecular-weight com-
pounds, as well as the two dis-
crete bands at 63 and 52 kDa.
The Alcian blue staining method
performed at pH 1 is specific for
the very acidic sulfated sugars,
while PAS reveals vicinal diol
groups on peripheral sugars
with a specific red/purple color.
Taken together, these results
suggest that the high-molecular-
weight compounds, together
with the 63 and 52 kDa bands,
are acidic sulfated glycoproteins.

The carbocyanine dye stains
the 37 kDa band in dark blue,
whereas the proteins below
20 kDa exhibit a particular light
blue color, different from the
metachromatic blue characteris-
tic of calcium-binding proteins.
Nevertheless, the ability of the
low-molecular-weight  proteins
to bind calcium ions was unam-
biguously demonstrated by the
“*Ca overlay test under denatur-

ing conditions. calcite crystals.
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Interaction of the ASM with in vitro calcite growth

The results of this test are shown in Figure 2. In the control
blank experiment, the crystals exhibited the typical habitus of
calcite (Figure 2A, B). The ASM was tested at concentrations
varying from 0.1 to 20 ugmL™". In that range, we checked two
parameters: the crystal size and shape, and the density of crys-
tals per surface unit. Significant effects were observed above a
threshold concentration of 0.5 pgmL~". At 0.5 uygmL™~", most of
the crystals were polycrystalline and exhibited smooth faces
(Figure 2C, D). At 1 ugmL™", the number of crystals increased
(Figure 2E) and all of them were polycrystalline, with rounded
edges and microsteps (Figure 2F). At 2 ugmL™', the density of
crystals decreased moderately (Figure 2G) and the polycrystal-
line aggregates exhibited foliated faces (Figure 2H). At
5 ugmL~', the number of crystals did not vary (Figure 21), but
the angles of crystals appeared more rounded, with slightly
curved faces (Figure 2J). At 10 ugmL™", the density of crystals
decreased (Figure 2 K) and they exhibited rounded shapes (Fig-
ure 2 L). At 20 pgmL™", the size distribution of the crystals was
heterogeneous (Figure 2 M), but the majority were smaller than
those produced at lower ASM concentrations. This decrease in
size was probably due to the inhibiting effect of the ASM at
high concentration. The formed polycrystalline aggregates had
curved faces, edges, and corners (Figure 2N). At a higher mag-

877 860 ASM
| " Calcite
— Aragonite

713
|
| 699

Absorbance

Alem™!

Figure 2. Effects of Nautilus macromphalus nacre ASM on CaCO; crystal growth. SEM micrographs of calcite crys-
tals grown in vitro, with different concentrations of ASM in the 0.1-20 pgmL™" range. A), B) Negative control
without matrix; C), D) 0.5 pgmL™" ASM; E), F) 1 pgmL~" ASM; G), H) 2 ugmL " ASM; 1), J) 5 pgmL™~" ASM; K),

L) 10 pgmL~" ASM; M), N) 20 ugmL~' ASM; O) detail of N). Scale bars: 600 um for A), Q), E), G), 1), K), and M);

30 um for B), D), F), H), J), L), and N); 2 um for O). P) FTIR profiles of the crystals obtained with nacre ASM, in com-
parison with those of aragonite and calcite standards. Under these conditions, we only observed the formation of
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nification, the faces appeared to be formed by submicron crys-
tallites of regular quadratic shape (Figure 20). We checked the
polymorph of the newly formed CaCO,; crystals by FTIR and
observed the presence of bands specific to calcite (877 and
713 cm™') whether or not in the presence of nacre ASM (Fig-
ure 2P). No aragonite bands (860 and 699 cm™') were detect-
ed.

Separation of ASM proteins by 2D gel electrophoresis (2DE)
and mass spectrometry analysis

The results of the two-dimensional gel analysis of nacre ASM
are shown in Figure 3. The bands previously observed by 1D-
electrophoresis can be retrieved. Most of the ASM components
are concentrated either at very acidic or very basic pl values.

3 IEF 10
kDa MM ASM
q]_',l&‘:- L N1
65— Gnd 63—
45— - Ea

3] — —

b27- N2
N6

ET
21— - a0
.'_17_ N5 Mna N7

Figure 3. 2D gel electrophoresis (2DE) analysis of Nautilus macromphalus
nacre ASM. The monodimensional gel (left) with the ASM extract shows the
correspondence between the protein bands and the spots observed on the
2DE (right) after CBB staining, by using a pH 3-10 immobilized pH gradient
(IPG) strip in the first dimension; MM: molecular mass markers. The seven
most intense spots (N1-N7) were excised from the gel and further analyzed
by MALDI-TOF mass spectrometry after reduction, alkylation, and digestion
with trypsin.

The two prominent 63 kDa (spot N1) and 52 kDa glycoproteins
are clustered at pl 3; this suggests that these proteins each
exhibit a pl of 3 or less. On the other hand, the set of low-mo-
lecular-weight proteins migrating between 20 and 12 kDa ap-
pears to be composed variously of very acidic (N5), neutral (N3
and N4), and very basic components (N6 and N7). Interestingly,
the 12 kDa band is not homogenous and divides into two
large spots around pl 3.5-4 and pl 9-10 (N5 and N7, respec-
tively).

Seven spots were excised from the gel for protein characteri-
zation by MALDI-TOF/TOF with peptide mass fingerprinting
(PMF) data search after digestion with trypsin (see one exam-
ple with spot N1 in Figure 4A). For the main peptides, the MS/
MS spectra were acquired for de novo sequencing and results
were subjected to a BLAST data search. The peptides obtained
after trypsin digestion from the 2DE spots were searched
against the NCBI nonredundant database with use of MASCOT
software and no significant result was found. Because of the
absence of genomic/transcriptomic database on Nautilus sp., it
is not surprising that this approach could not provide a reliable
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result for identifying proteins. Interestingly, we observed that
many peptides were common to various spots (Table 2); this
suggests that the different ASM proteins can share similar pep-
tide domains. In spite of the possibility that peptides of differ-
ent sequences could share the same m/z value, the numerous
cases of similar m/z values shown in Table 2 indicate that the
peptides are more likely truly identical.

We performed LC/MS-MS analysis both of the ASM and of
the AIM after hydrolysis with trypsin. This approach provided
an important set of MS and MS/MS data for both extracts.
When searched against MASCOT, no protein was identified.
Strikingly, the ASM and the AIM possess many peptides of the
same m/z value. By comparing the ASM and AIM MS/MS spec-
tra two by two, we determined that 33 different peptides of
the two matrices strictly share the same MS/MS-spectra pat-
terns, as exemplified in Figure 5. Our results could have two
implications: proteins of the AIM, on one hand, and the ASM,
on the other, might be made up of similar peptide blocks, or
alternatively, some proteins of the ASM might also be present
in the AIM extract.

Partial and full internal sequences were obtained by inter-
pretation of MS/MS spectra for de novo sequencing (see, for
example, Figure 4 A-C). The interpretation of the mass differen-
ces between ions was assisted by use of PEAKS or Analyst
QS1.1 software, and sequences were further confirmed man-
ually. We only considered amino acid positions that were un-
ambiguously determined with the y-ion series and confirmed
with the b-ion series. Only a few peptides analyzed in MS/MS
mode could be fractionated or gave good MS/MS spectra for
sequence interpretations. It is very likely that some of the pep-
tides digested with trypsin bear glycosyl moieties (for example,
for N1) or other post-translational modifications, which restrain
the MS/MS fractionation. With the 2DE coupled with MALDI-
TOF/TOF approach, we obtained four peptide sequences for
the N1, N5, and N7 spots (Table 3). From LC-MS-MS/MS analy-
sis, we deduced 14 and 20 internal sequences for the ASM and
AIM extracts, respectively. Two peptides of 675.35 and 675.85
m/z from the AIM, share the same amino acid sequence, and
differ only in one residue—N or D—at the fifth position. This
one-residue polymorphism could be explained by the presence
of two isoforms of a particular domain in different matrix pro-
teins or the occurrence of a repeat within the same protein as
already observed for mucoperlin.*¥ We also noticed that the
492.26 and 729.38 m/z peptides share identical internal se-
quences (DSSVLT).

Sequence alignments

Only the sequences longer than seven amino acids were fur-
ther considered for SIM alignment or BLAST. We performed an
alignment two by two with all the 65 known molluskan shell
proteins,"® using the SIM tool from the Expasy server (http://
www.expasy.org/tools/sim.html). In no case did we obtain a
perfect match. In some cases, however, some alignments
might be significant (Figure 6 A-E). Three peptides match parti-
ally with nacrein and nacrein-like proteins (Figure 6 A)—two
nacre-associated proteins that are known to exhibit carbonic

1499

www.chembiochem.org



www.chembiochem.org



BIO

B. Marie, F. Marin,

G. Luquet et al.

A)
3 x104 8
E 1.0 Rl
£ 1 o
0.8 1
0.6 4
1 N
0.4 ~ g§ 8
1 & ;‘é 2 ¢ B ¢ 3 g &
Sl S A A ; : :
0.0 —1-'—-;& l b -hb————thl—lLL—-—‘h~ l A Jo. Q‘I " N
B)  De novo results
Search parameter: MS Tol.: 50.0 ppm, MSMS Tol.: 0.4 Da
Tree hierarchy  Calcd [M+H]* Meas. M,, Calcd M, Dev.(Da) Score Sequence (N ter-C ter)
MSMS 1 2122.976 2121922 2121968 -0.046 16411 (LGSSDP)SDCACLHALGHVAR 9:&11: Carbam(C)
y19y18 y16  yl4 y13y12y11y10y9 y8 y7 y6 y5 y4 y3 y2 y1
C) (L-G-S-5-D-P)-S-D-C-A-C-L-H-A-L-G-H-V-A-R
b2 b3 b4 b5 b10 b16
3 8.0 1364.724
2 3 y 12
g2 701
£ N 345.042 723.357
= y 3
6.0 300.099 v
S : 652.249
; b3 v 2010.045
5.0 1 246.169 539.142 1824.009 y18
h y2 y5 y 16
3| 171219 557.068 1778 864
4.0 X bo b5 b 16
. 482.095 1133.680 1566.797
3.01 17)5/.1230 V4 863.;196 e o
: 459.982 1150.587 1479.710
2.0 4 b4 b 10 y13
o 973.605 1204.678
. y9 y 11
i LlL |'|} unl wl Lwhl d mwl o
d 19
T T Y % TR PO O e . 119 ‘AL
200 400 600 800 1000 1200 1400 1600 1800 2000
mlz

Figure 4. Proteomic approach performed on Nautilus macromphalus nacre ASM proteins after separation by 2DE. Example of the analysis performed on the
Naut_smpp1 peptide (m/z 2122.94, monocharged) from the N1 spot. A) Tryptic PMF of the N1 spot protein acquired in the linear mode by MALDI-TOF with
HCCA matrix. The most intensive peaks were manually selected for MS/MS fractionation. The MASCOT search engine was used for protein identification by
comparison of the mass spectra of the fragmented peptides. B) Result of the RapiDeNovo software interrogation for MS/MS spectra interpretation for the
2122.94 m/z peptide fractionation. A high score indicates good correspondence between MS/MS spectra of a fractionated peptide and the sequence pro-
posed by the software. The sequences were further validated by manual de novo sequencing. C) MS/MS spectrum of the 2122.94 m/z peptide and manual in-
terpretation of the spectrum for sequence identification. We only consider amino acid positions that were unambiguously determined. Uncertain amino acids
are mentioned in brackets but not validated, and peptide sequences with uncertain amino acids in an internal position were not further considered. In this
example, we validated the sequence SDCACLHALGHVAR for further BLAST, alignment with the SIM tool, and sequence registration on the Swiss-Prot data-

base.

anhydrase (CA) activity. In spite of this sequence similarity, we
did not detect any CA activity in the ASM extract of N. mac-
romphalus (data not shown). Similarly, three other peptides
match significantly with N14, N16, and pearlin (Figure 6B). Ty-
rosinase-like proteins 1 and 2 are also similar to two peptides
from N. macromphalus shell proteins (Figure 6C). In mollusks,
tyrosinase-like proteins are suggested to play an essential role
in quinone-tanning processes, by converting tyrosine residues
into DOPA. In the shell, they may be directly involved in the
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phase transformation of a gel or of soluble proteins into in-
soluble “framework” proteins. Three peptides match with mu-
coperlin (Figure 6D), a mucin-like protein from Pinna nobilis
nacre.”¥ Furthermore, weak similarities are observed between
two peptides of the AIM and low-complexity sequences from
MSI31 and MSI60 (Figure 6E), but these similarities might be
fortuitous as a result of the bias due to the dominance of a
single amino acid. Surprisingly, all of the few similarities detect-
ed are with shell proteins of bivalve, and not gastropod, origin.
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Table 2. Tryptic PMF of the spot proteins from the Nautilus macrompha-
lus shell nacre recorded by MALDI-TOF.”’

Spot m/z values (monocharged ions)®
name
N1 1196.09, 1356.85%, 1394.79, 1489.71%, 1505,68, 1512.94*,

1550.88%, 1567.78, 1676.63%, 1690.63, 1692.63, 1723.43,
1748.93%, 1758.89%, 1774.89, 1892.17, 2065.90, 2122.94*%,
2334.94, 2566.19, 2820.39, 2835.37

N2 1197.25, 1361.81%, 1433.65, 1459.63, 1490.78, 1512.92%,
1645.95, 1722.93*%, 1723.41, 1760.86, 1765.76%, 1774.87,
1791.74%, 1837.98, 1876.72, 1892.15, 1900.89, 1909.02, 2122.91,
2705.18, 3162.28%, 3211.46, 3312.31

N3 1998.94%, 2711.17*

N4 1584.73*, 1941.94, 1998.95%, 2653.72, 2695.19, 2711.20%,
4017.69, 4034.76

N5 1003.37*%, 1013.54%, 1029.52%, 1286.32*%, 1310.57%, 1320.62,

1482.66*, 1513.77%, 1523.61, 1524.59%, 1531.52, 1580.63,
1655.65, 1701.55, 1707.78, 1722.91, 1740.85, 1744.88, 1758.87,
1765.75, 1791.77, 1811.88, 1836.96*, 1858.58, 1873.77,
1874.76%, 1912.71, 1931.77, 1975.59, 2017.02, 2033.02%,
2312.14, 2399.00, 2689.40, 2740.14, 2817.49, 3312.35, 3621.65

N6 1140.55, 1169.69, 1184.68, 1188.64%, 1260.54*, 1274.55%,
1286.29, 1325.78*%, 1364.67, 1401.63, 1457.71*, 1482.63*,
1490.73, 1508.74, 1555.80, 1568.73, 1585.80%, 1645.90, 1660.79,
1688.11, 1689.82, 1722.90, 1738.01%, 1745.90, 1761.78, 1774.83
1805.75, 1876.75, 1901.88, 1943.92, 2105.94, 2192.97, 2309.04*,
2465.12, 2576.09, 2732.16, 3211.42, 3273.43, 3429.41, 4407.92

N7 1003.38, 1286.32*%, 1374.60, 1391.65, 1425.64*, 1438.67,
1465.64, 1467.64, 1482.67*, 1502.47, 1520.62, 1531.55
1602.67, 1625.71, 1627.70, 1669.69, 1671.68, 1696.83, 1702.47*,
1743.83*, 1758.85, 1759.84, 1760.83%, 1796.79, 1819.76*,
1836.74, 1859.75, 1876.79%, 1893.79%, 1914.74%, 1952.58,
2672.15, 3079.37, 3085.83, 3127.38*%, 3170.36, 3255.44, 3270.43,
3314.38, 3553.56, 3695.60

[a] Numerous spots were composed of many peptides with the same m/z
values. For example, the spot protein N5 shares three peptide ions with
N6 (m/z 1286.32, 1482.66, 1722.91) and five peptide ions with N7 (m/z
1003.37, 1286.32, 1482.66, 1531.52, 1758.87). This suggests that the N5
protein (pl~3.5-4) and N6 or N7 proteins (pl 9-10) could exhibit similar
domains. On the other hand, the N2 spot protein has five peptide ions in
common with N1 (m/z 1512.92, 1723.41, 1774.87, 1892.15, 2122.9), three
peptide ions in common with N5 (m/z 1722.93, 1791.74, 3312.31), and six
peptide ions in common with N6 (m/z 1490.78, 1645.95, 1722.93, 1774.87,
1876.72, 3211.46). This suggests that N2 proteins share similar amino acid
sequences with N1, N5, and N6. [b] Underlined values: peptides with the
same m/z in different protein spots; bold values: peptides from which
sequences were obtained by MS/MS analysis; *: peptides analyzed in MS/
MS mode.

We did not find any homology with the few sequences pub-
lished by Zhao and co-workers on Nautilus pompilius.?

Discussion

We have investigated the biochemical properties of the nacre-
associated matrix extracted from the shell of the cephalopod
Nautilus macromphalus. In classical views on molluskan shell
biomineralization, the shell matrix can be divided into soluble
and insoluble fractions: after mineral dissolution, the insoluble
macromolecular complexes are recovered by simple centrifu-
gation, whereas the soluble components require additional
concentration/dialysis/purification steps. The proportion of in-
soluble to soluble varies widely,** but nacre is always charac-
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terized by a high proportion of insoluble matrix,”*” whatever
the extraction technique used. In the present case, with a
matrix content above 4 wt%, the nacre of Nautilus macrom-
phalus probably represents the molluskan shell microstructure
with the highest organic content, and its AIM/ASM ratio is
about 40. Our analyses performed on the bulk matrices make a
clear distinction between these two fractions. The urea soluble
parts of the AIM and ASM exhibit different electrophoretic
patterns. The AIM is enriched in aliphatic residues, mainly Gly
and Ala, and in glucosamine. Gly and Ala are characteristic of
“framework” proteins,” whereas large amounts of glucosa-
mine indicate the likely presence of chitin.”” The ASM is more
hydrophilic, and enriched in Asx residues, whereas its sugar
composition is shared out between different monosaccharide
residues.

This clear dichotomy between the AIM and the ASM is large-
ly attenuated by our MS and MS/MS data, which show that
several tryptic peptides are present in both matrices. Our find-
ing is not an isolated case in calcium carbonate biomineraliza-
tion: recently, Bédouet and co-workers™® have noted that the
insoluble and water-soluble matrices of the pearl oyster Pincta-
da margaritifera contain identical MSI31 peptides; Mann et al.
have made a similar observation for the eggshell matrix of the
hen Gallus gallus*” This fact may be explained in different
manners. Firstly, soluble proteins of the shell matrix can
become insoluble correlatively to their ability to form homo-
polymers of increasing size. Self-polymerization of a single
shell protein has indeed been observed for P20“® and for cas-
partin.*? Secondly, soluble proteins can be components of
complex insoluble heteropolymers, which result from cross-
linking between matrix macromolecules. Such a phenomenon,
called quinone-tanning, has been observed during the forma-
tion of the periostracum.®®*" It may occur as well in the forma-
tion of nacre tissues, in particular for hardening of the chitino-
protein framework."” Thirdly, from recent reviews on shell pro-
teins,">"¥! the primary structures of several shell matrix pro-
teins exhibit organization in modules. Some of our recent data
suggest that these modules may serve as “functional blocks” in
different proteins, soluble or not.”>*¥ Finally, we cannot ex-
clude a mechanism opposite to polymerization: protein cleav-
age. Some proteins of the AIM may indeed maturate and be
cleaved into short peptides, which would be easily solubilized.
The degradation of a long precursor into shorter peptides of
well-defined size is largely documented for enamel proteins, in
particular for amelogenin and MEPE.®*%

The proteomic approach that we used allowed 38 amino
acid sequences, of six to 18 residues long, to be obtained. We
are fully aware that this sequence pool represents only a small
part of the whole sequences of the shell matrix proteins, thus
giving a rather partial picture of the complete shell proteome
of Nautilus macromphalus. Furthermore, the de novo sequenc-
ing by mass spectrometry presents some technical limitations:
it does not work on proteins, which lack appropriate cleavage
sites (arginine and lysine in the case of trypsic digestion) and
the resulting peptides, if not ionized, are not detectable. The
technique might thus introduce a bias in the representative-
ness of the analyzed peptides. Finally, our approach focuses
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Figure 5. The Nautilus macromphalus nacre ASM and AIM share common proteins. Examples of MS/MS spectra of peptides that exhibit similar m/z values, ac-
quired by ESI-QQTOF/TOF from trypsin digestion of: A), B) ASM, and C), D) AIM. The minimum ion intensity was set to ten counts. The ion-spray potential and
the declustering potential were 5200 and 50 V, respectively. The collision energies for the gas-phase fragmentations of the precursor ions were determined
automatically by IDA on the basis of their m/z values. A), C) MS/MS spectra of 729.4 m/z peptides from ASM and AIM tryptic digests, respectively. For these
two peptides, de novo sequencing gave the same sequence, (GF)DSSVLTSEYPR. B), D) MS/MS spectra of 784.1 m/z peptides from ASM and AIM tryptic pep-
tides, respectively. These two peptides share the same MS/MS profiles, but because of the complexity of the spectrum sequencing was not possible for this
example. By using this comparative approach for peptides of similar m/z value from the two extracts, we were able to show that the ASM and AIM share at
least 33 common peptides that exhibit the same MS/MS profiles and the same amino acid sequences.

A) B) (0] D) E)

Nacrein(?] N14P1 Tyrosinase-likel & 2 Mucoperline MSI60 & MSI31
smppl LHI}LGHV smpp15 P???FASMP smpp8 GPAAVVRLG smpp8 GPAAVVRLG imppl4 AKAVAAAEAASSA
027908 LEALRNV QINL39 LGICHLSRP A1THFO éf,zggﬁf{m Q9BKM3 GPAAVPVAA 002402 ASAVARMARAAAL

smpp3  EKGYNPYVR Smpp8 AAVVRLG ALTHF1 GPAAMASGG smppl8 SSVLTSEYP .
impp20 DMDDFGLGDFDD imppl7 YYEEYVD ALIHFO @YLYSLER imppS  SLDEVAR 002402 KSéAéASASAS
027908 EVGDDGFGDEPD Q9NL39 YWEEYID A1IHF1 MNYILSLER Q9BKM3 SLDEMRR

Figure 6. Alignment of Nautilus macromphalus shell matrix sequences with previously characterized molluskan shell proteins. A) Multiple alignments with

P. fucata nacrein (accession number Q27908). Note that similar alignments are observed with the six nacrein-like proteins (AOZSF2, AOZSF3, AOZSF4, AOZSF5,
AOZSF6, and AOZSF7). B) Multiple alignments with N14 (Q9L39). Similar alignments are observed with N16 and perlin (097048, Q14A6). C) Multiple alignments
with tyrosinase-like proteins 1 and 2 (A1IHFO, A1IHF1). D) Multiple alignments with mucoperlin (Q9BKM3). E) Alignments with MSI60 (002402) and MSI31
(002401). Comparisons of sequences were performed two-by-two with the new sequence of N. macromphalus shell matrix and the 65 full or partial sequen-
ces of mollusk shell proteins (reviewed in ref. [18]), with the SIM tool from the Expasy software (http://www.expasy.org/tools/sim.html). [a] Similar conserved
domains exhibiting partial alignment with N. macromphalus shell proteins are also observed in narcein-like proteins. [b] Similar conserved domains exhibiting
partial alignment with N. macromphalus shell proteins are also observed in N16 and perline.
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Table 3. Full and partial (—) peptide sequences of Nautilus macromphalus
nacre ASM and AIM extracts. Sequences were deduced from MS/MS spec-
tra interpreted for de novo sequencing from 2DE + MALDI-TOF/TOF or LC
ESI-QQTOF/TOF analysis. These protein sequence data appear in the Uni-
Prot knowledgebase under the accession numbers P85364-P85401.

Peptide m/z  Charge [M+H]" Partial (=) or full Accession
sequence No.
MALDI-TOF/TOF analysis
Spot N1
SMPP1 212294 1%  2123.95 —SDCACLHALGHVAR P85390
Spot N5
SMPP2 187476 1+ 1875.76 DGDDGDGD— P85398
Spot N7
SMPP3 148267 1%  1483.68 EKGYNPYVR P85388
SMPP4 187679 1"  1877.79 DMYSDNLGLCDN— P85391
ESI-QqTOF/TOF analysis
ASM
SMPP5® 36019 2 719.37 FAPCPK P85372
SMPP6 36772 27 734.43 ADLFLR P85373
SMPP7® 48378 2° 966.56 LYSLLTEK P85374
SMPP8 48431 2° 967.62 GPAAVVRLLGK P85375
SMPP9 49226 2°F 983.51 SFDSSVLTK P85376
SMPP10® 516.79 2  1032.56 QLFQPPFR P85364
SMPP11® 51778 2%  1034.55 TSFTLYMR P85392
SMPP12® 52832 2% 105563 ALAQLLSLAR P85377
SMPP13® 54928 2  1097.54 TSTVFSDGQR P85378
SMPP14 55475 2°  1108.49 DFFFDFDR P85379
SMPP15® 58431 2%  1167.61 LGICFASMPR P85380
SMPP16  593.82 2% 1186.64 —FIAGLNGLR P85381
SMPP17 68138 2 1361.76 LSLQEFLGLWR P85382
SMPP18 72938 2*  1457.74 —DSSVLTSEYPR P85383
AIM
IMPP1 37271 2° 74441 FVSTYK P85389
IMPP2 46578 27 930.55 VSVVGTVR P85384
IMPP3 47026 2 939.51 YLTCNLR P85393
IMPP4 48078 2* 960.54 TLASAIASAR P85385
IMPP5 51226 2% 1023.52 LGSLDEYAR P85386
IMPP6 519.77 2% 1038.54 SFSESLAAAR P85387
IMPP7 582.81 2  1164.61 TFVSSQVSGPR P85394
IMPP8 600.83 2%  1200.65 AAALSQAADNLR P85395
IMPP9 62583 2% 1250.66 FTAASQTLEAGR P85396
IMPP10 67535 2% 1349.69 NSTMNSLLQLGR P85397
IMPP11 675.85 2  1350.70 NSTMDSLLQLGR P85370
IMPP12 682.85 27 1364.70 LSVNYQWLVR P85399
IMPP13 697.82 2  1394.64 ALVSADGDSWFAR P85368
IMPP14 73739 2% 1473.78 VTAKAVAAAEAASSAR P85371
IMPP15 762.88 2%  1524.76 LGSPFGGFDTLGSNR P85369
IMPP16 84246 27 1683.92 PGGGVSGALSSLVQSLVR P85365
IMPP17 8624 2 172379 YYEEYVDGQGMVVR P85366
IMPP18 890.10 3%  2669.29 —MFLGPGGAGGQAFDQAR P85400
IMPP19 97896 2% 195691 —GGGSNFGQFAGGLLDR P85401
IMPP20 10574 2%  2113.79 —DMDDFGLGDFDDGR P85367

[a] Peptide also present in the AIM extract.

strictly on secreted proteins, which are incorporated in the
shell. It does not take into consideration the “silent” secreted
proteins, such as extrapallial fluid proteins, nor the proteins of
the mantle epithelium, which may contribute to the shell elab-
oration without being constitutive of the shell matrix.*® In
spite of these technical limitations, it is puzzling to observe
that most of the peptide sequences that we obtained do not
exhibit any similarity with known molluskan shell proteins. This
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obviously points to the fundamental question of the diversity
of molluskan shell proteins. Since 1996, the number of fully se-
quenced proteins/genes has exponentially increased, forming
a wide range of protein families.">"® However, these character-
izations have been performed on a limited number of biologi-
cal models, the two most studied being the pearl oyster Pinc-
tada sp. and the abalone Haliotis sp. Through investigation of
new biological models on one hand, and through the use of
new approaches on the other, such as “mantle transcriptom-
ics"®> and “shell proteomics” as here, the information on
molluskan shell proteins increases at different levels: protein
families, domains, and functions. Ultimately, it should allow
more accurate definition of the basic “protein equipment” re-
quired for making a shell.

Another remarkable finding of our proteomic approach on
Nautilus is that the few peptides that exhibit sequence homol-
ogy with known shell proteins match with those of bivalve
origin. So far, we have not found any sequence homology with
the nacre proteins characterized from the archeogastropod
Haliotis, such as lustrin A, perlustrin, perlucin, perlwapin, perlin-
hibin, AP7, or AP24 (reviewed in ref. [13]) or the set of proteins
determined by EST.* In the most consensual phylogenetic re-
constructions of the phylum Mollusca, cephalopods and gas-
tropods are grouped together in the Visceroconch (also called
Cyrtosoma) clade,*® which represents the sister group of dia-
somes (bivalves+scaphopods). The putative phylogenetic
proximity of cephalopods and gastropods would be reflected
in their respective nacre textures, which exhibit similarities, in
contrast to bivalvian nacre.’ The first are columnar, and con-
stituted of superimposed tablets;*® the second represent the
“brickwall-type”, also called “sheet nacre”, and nacre tablets
grow “in terraces”® It is then surprising to observe that the
morphological resemblance between nautilus and abalone
nacres is not translated in a “sampling” of their protein con-
tents. This discrepancy is puzzling, in particular because nacre
textures are usually considered to be plesiomorphic®®” and
one should expect their constitutive proteins to be highly con-
served during evolution. Our findings suggest, but do not
demonstrate, that nacre proteins might be less evolutionarily
constrained than expected, and/or that similar types of nacre
might be constructed through different biochemical pathways,
by use of different “macromolecular tools”.

Experimental Section

Shell material and matrix extraction: Fresh shells of 20-25 mm in
diameter from the cephalopod Nautilus macromphalus were col-
lected on the coast of New Caledonia (Pacific). The external pris-
matic layers were removed by abrasion under cold water. Whole
shells were mechanically crushed and fragments of the siphon
were removed. The shell fragments were immersed in NaOCl (1%,
v/v) for 24 h to remove superficial contaminants, and were then
thoroughly rinsed with water. All the following extraction proce-
dure was performed at 4°C. The shell powder (<200 um) was sus-
pended in MilliQ water and decalcified, overnight, in cold dilute
acetic acid (5%, v/v), which was added from an automated burette
(Titronic Universal, Schott, Mainz, Germany) at a flow rate of 100 pL
every 5s. The solution (final pH around 4.2) was centrifuged at
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3900g (30 min). The pellet, corresponding to the acid-insoluble
matrix (AIM), was rinsed six times with MilliQ water, freeze-dried,
and weighed. The supernatant containing the acid-soluble matrix
(ASM) was filtered (5 pm) and concentrated with an Amicon ultra-
filtration system on a Millipore® membrane (YM10; 10 kDa cut-off).
The solution (about 5-10 mL) was extensively dialyzed against
MilliQ water (three days, several water changes) before being
freeze-dried and weighed.

Infrared spectra analysis: Infrared spectra were directly recorded
from dry lyophilized samples at a 2cm™' resolution on a Fourier
transform infrared (FTIR) spectrometer (Ucker Vector 22) fitted with
a Specac Golden Gate™ ATR device in the 4000-500 cm™' wave-
number range. Each extract generated several spectra with high
reproducibility.

Biochemical analysis of shell matrices with 1D gels: The separa-
tion of matrix components was performed under denaturing con-
ditions by 1D SDS-PAGE containing polyacrylamide (12 %, Mini-pro-
tean 3; Bio-Rad). The protein concentration of the ASM was esti-
mated with the aid of a BCA-200 Protein Assay kit (Pierce, Rock-
ford, US). The ASM was directly suspended in Laemmli sample
buffer containing B-mercaptoethanol and heat denatured.®” ASM
samples (50 ug) were loaded in each well. AIM (1 mg) was partly
dissolved in urea (8 M, 400 puL) at 60°C (2 h). The urea-soluble AIM
(US-AIM; 20 pL) was loaded onto the gel after heat-denaturation
with Laemmli sample buffer. Proteins were visualized on gel both
with silver nitrate®” and with Coomassie brilliant blue (CBB) R-250.
For checking the reproducibility of the extraction and the variabili-
ty of matrix composition, we performed different decalcifications
from single shells.

Glycosylations of ASM macromolecules were studied qualitatively.
Saccharide moieties were investigated on denaturing mini-gels by
use of periodic acid Schiff (PAS)® and Alcian Blue 8GX staining,®
which at pH 1 is specific for sulfated sugars.”

The calcium-binding ability of the ASM was investigated by
“Stains-All" (cationic carbocyanine dye) staining®® and by the “Ca
overlay test.®” For the second of these, the gel was transferred to
a PVDF Immobilon-P membrane (Millipore Corp.), with a mini-Trans
Blot module (Bio-Rad) for 90 min at 120 mA. The membrane was
subsequently incubated three times for 20 min in an overlay buffer
(60 mm KClI, 5 mm MgCl,, 10 mm imidazole-HCl, pH 6.8), and then
for 30 min in the same buffer containing *CaCl, (40 MBqL™",
1.4 um). After a brief washing (50% ethanol, 2x2 min), the mem-
branes were air-dried and exposed to a film (X-Omat, Kodak) for
1 week.

Amino acid compositions of ASM and AIM: The amino acid com-
positions of the two fractions were determined by Eurosequence
(Groningen, The Netherlands). Freeze-dried samples were hydro-
lyzed with HCI (5.7 M) in the gas phase for 1.5 h at 150°C. The re-
sulting hydrolysates were analyzed by using a HP 1090 Amino-
quant®® instrument by an automated two-step precolumn derivati-
zation with o-phthalaldehyde (OPA) for primary and N-(9-fluorenyl)-
methoxycarbonyl (FMOC) for secondary amino acids. Cysteine resi-
dues were quantified after oxidation. The hydrolysis procedure
does not allow the quantification of tryptophan residues.

Saccharide analysis of AIM and ASM: The monosaccharide com-
positions were determined as follows. Lyophilized sample matrices
(100 ng) were hydrolyzed in trifluoroacetic acid (TFA, 2m, 100 L)
at 105°C for 4 h. Samples were evaporated to dryness before
being resuspended with NaOH (20 mm, 100 pL). The acidic, neutral,
and amino sugar contents of the hydrolysates were determined by
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high-performance anion exchange-pulsed amperometric detection
(HPAE-PAD) by using a CarboPac PA100 column (Dionex P/
N043055), according to the Dionex instructions. Nonhydrolyzed
samples were analyzed similarly, in order to detect free monosac-
charides that could have contaminated the sample during dialysis.

Sialic acid determination was performed by HPAE-PAD after a mod-
erate hydrolysis (acetic acid, 0.5m, 3 h, 80°C), as described by
Rohrer.®® The solution containing the released sialic acids was cen-
trifuged and filtered (Centricon, 3 kDa cut-off), and was then dried
under vacuum. Samples were re-dissolved in MilliQ water for mea-
surement.

The direct 1,9-dimethylmethylene blue (DMB) method for quantify-
ing sulfated polysaccharides” was adapted for microplate reading
at 655 nm by use of the Blyscan™ kit provided by Biocolor (New-
townabbey, UK). Chondroitin 4-sulfate was used as a standard for
the quantification of matrix sulfated sugars.

Growth of calcite crystals in the presence of ASM: CaCO; precipi-
tation was performed in vitro by slow diffusion of ammonium car-
bonate vapor in a calcium chloride solution.”"” This test has been
performed with soluble matrices extracted from both calcite and
aragonite.”>” The test was adapted as follows: different amounts
of ASM (0.1 pugmL' to 20 ugmL™") in CaCl, solution (10 mm,
500 pL) were introduced onto an 8-well culture slide (BD Falcon).
The culture slide was closed with a plastic cover, which had been
pierced with 1 mm holes. It was incubated for 48 h at 4°C in a
closed vessel containing crystals of ammonium bicarbonate. After
incubation, the slides were gently dried by capillarity and then by
rapid incubation at 50 °C. Blank controls were performed under the
same conditions but without any sample. The polymorph identity
of the calcium carbonate crystals was determined by direct obser-
vation by FTIR spectroscopy as described above. Samples were
subsequently carbon-sputtered and observed in the secondary
electron mode at 15 keV by scanning electron microscopy (SEM,
JEOL 6400) at the LRS (Laboratoire de Réactivité des Solides, Dijon).

ASM analysis by 2D gel electrophoresis: After quantification by
using the micro-BCA assay, the ASM was analyzed by 2D gel elec-
trophoresis. Isoelectric focusing (IEF) was carried out with a Pro-
tean IEF cell (Bio-Rad). Precast strips (7 cm linear, pH 3-10 immobi-
lized-pH gradient (IPG)) were rehydrated, overnight, at 50 V (25°C)
with buffer (150 uL) containing ASM (80 pg) in urea (6 m), thiourea
(2m), CHAPS (4%, w/v), DTT (20 mm), ampholytes (0.19%), and bro-
mophenol blue (0.001%). Immediately afterwards IEF was carried
out at 250 V for 15 min in linear mode. Voltage was then raised up
to 8000 V in rapid mode and maintained at 8000 V until 10000 Vh
had been accumulated. The IPG strips were subsequently trans-
ferred for 10 min to equilibration buffer (6m urea, 2% SDS,
375 mm Tris-HCI pH 8.8, 20% glycerol, 130 mm DTT; 2 mL) and for
10 min to the same buffer (without DTT) but containing iodoaceta-
mide (135 mm). Strips were rinsed in Tris-glycine SDS buffer (TGS:
25 mm Tris, 192 mm glycine, 0.1% SDS), and were positioned on
top of precast NuPAGE’ BisTris Novex SDS-polyacrylamide gels (4-
10%) covered with agarose in TGS (0.5 %, w/v). Electrophoresis was
then performed at 200 V for 40 min.

Spot protein digestion and MALDI-TOF/TOF analysis: Excised gel
fractions were washed for 10 min in NH,HCO, (100 mm), and incu-
bated in acetonitrile (ACN, 100%, 20 pL) for 10 min, with gentle
stirring (the supernatants were discarded). Samples were subse-
quently reduced with DTT (20 mm, 30 min, 56°C in 0.1 m NH,HCO,)
and alkylated with iodoacetamide (0.1m; 20 min, 25°C in 0.1™m
NH,HCO,). Proteins were digested in gel with trypsin (10 ygmL™",
20 pL; Roche, France) in TFA (0.01%, 30 min at 4°C), supernatant
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(17 pb) was then discarded, and pieces of gels were covered with
NH,HCO; (25 mm, 7 pL) for incubation (2 h, 37 °C). Peptide-contain-
ing fractions were extracted by addition of TFA (0.5%, 1 pL) and
the supernatant was then recovered. The gel was rinsed with ACN
(8 L) and the supernatants were pooled. Tryptic peptides were an-
alyzed with the mass spectrometer (MS) and the MS/MS modes on
a matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF/TOF) Ultraflex Il (Bruker Daltonics) instrument with a HCCA
matrix.

LC ESI-QqTOF/TOF analysis of whole ASM and AIM: ASM (1 mg)
was dissolved in NH,HCO; (100 mm, 20 pL) and proteins were re-
duced at 60°C for 15 min with DTT (5 mm), followed by alkylation
with iodoacetamide (20 mm), in the dark at room temperature for
25 min. Samples were diluted in NH,HCO; buffer (400 pL) with ace-
tonitrile (20 pL) and incubated for 18 h at 37°C with trypsin (10 pg,
Proteomics grade, Sigma). After centrifugation, the supernatant
was lyophilized and stored at —20°C. AIM (100 mg) was suspended
in NH,HCO; (100 mm, 5 mL) and treated as described above for the
ASM. Then the sample was lyophilized. The dry residue (1 mg) was
dissolved in NH,HCO; buffer (100 uL) containing acetonitrile (5%)
and incubated with trypsin (10 pg) for 18 h at 37 °C. After centrifu-
gation, the supernatant was lyophilized and stored at —20°C. The
peptide digests were dissolved in MilliQ water (50 pL) and aliquots
(5 uL) were used for proteomic analysis. High-performance liquid
chromatography (HPLC) was performed on the tryptic peptides
with a 0.32 mm diameter capillary C,5 column (Discovery® Bio wide
pore 5 um, Sigma) at a 50 uLmin~' flow rate with a gradient of
acetonitrile in 1% formic acid (5 to 80% in 60 min). The fractionat-
ed peptides were analyzed with an electrospray ionization hybrid
quadripole time-of-flight (ESI-QQTOF) hybrid mass spectrometer
(pulsar I, Applied Biosystems) by information-dependent acquisi-
tion (IDA), which allows switching between MS and MS/MS experi-
ments. The data were acquired and analyzed with the Analyst QS
software (Version 1.1). After 1 s acquisition of the MS spectrum, the
two most intense multiple charged precursor ions (+2 to +4)
could be selected for 2 s-MS/MS spectral acquisitions. The mass-to-
charge ratios of the selected precursor ions were excluded for 60 s
to avoid re-analysis. The minimum threshold intensity of the ion
was set to ten counts. The ion-spray potential and declustering
potential were 5200 and 50V, respectively. The collision energies
for the gas-phase fragmentation of the precursor ions were deter-
mined automatically by the IDA on the basis of their mass-to-
charge ratio (m/z) values.

Mass spectrometry data and database searching: The mass spec-
tra data were searched against the NCBI nonredundant database
(October 2007), with use of the MASCOT search engine (http://
www.matrixscience.com). The mass tolerance was 50 ppm for
MALDI-TOF MS or 0.5 Da for ESI-QqTOF MS and was 0.2 Da for
both MS/MS experiments with one missed cleavage. Other search
parameters were carbamidomethyl as fixed modification and oxi-
dation of methionine as variable modification. Because no identifi-
cation was achieved by MASCOT searching, MS/MS spectra were
analyzed and interpreted de novo manually with the assistance of
the Analyst QS1.1 software or the PEAKS software;”® L indicates
both lle and Leu residues. All the candidate sequences were
merged in a MS BLAST search and were compared and aligned
two by two with the other sequences of mollusk shell proteins, by
use of the SIM tool from the Expasy server (http://www.expasy.ch/
tools/sim.html).
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A Targeted Releasable Affinity Probe (TRAP) for In Vivo

Photocrosslinking

Ping Yan,® Ting Wang,” Gregory J. Newton,™ Tatyana V. Knyushko, Yijia Xiong,"
Diana J. Bigelow,” Thomas C. Squier,’” and M. Uljana Mayer*™

Protein crosslinking, especially coupled to mass-spectrometric
identification, is increasingly used to determine protein bind-
ing partners and protein—protein interfaces for isolated protein
complexes. The modification of crosslinkers to permit their tar-
geted use in living cells is of considerable importance for
studying protein-interaction networks, which are commonly
modulated through weak interactions that are formed transi-
ently to permit rapid cellular response to environmental
changes. We have therefore synthesized a targeted and releas-
able affinity probe (TRAP) consisting of a biarsenical fluorescein
linked to benzophenone that binds to a tetracysteine se-

Introduction

The essential role of both stable and transient protein-protein
interactions in cell function is becoming increasingly apparent
since dynamic changes in protein complex composition regu-
late cellular processes fundamental to life.""? Thus, the devel-
opment of new methods that permit the identification of pro-
tein interactions in living cells will be crucial to understanding
mechanisms that regulate biological processes. Currently,
crosslinking after cell lysis provides one of the most reliable
methods for extrapolation of in vivo protein binding inter-
actions.”) However, cell lysis has the potential to disrupt intra-
cellular protein complexes. For this reason the identification of
functional interactions between proteins in supramolecular
complexes, as well as of critical transient protein—-protein inter-
actions involved in signaling pathways, requires in vivo cross-
linking methods that stabilize functional associations prior to
cell disruption.

Current methods that permit the facile identification of in-
terfacial interaction sites in known protein complexes com-
monly rely on the formation of disulfide bonds following the
introduction of cysteines at the putative binding interface.**
However, in the absence of reliable information regarding the
binding interface, this technology is not practical even for
simple isolated protein complexes. Instead, covalent crosslink-
ing strategies involving either conventional chemistries (for ex-
ample, formaldehyde or nonspecific amino- or thiol-reactive
crosslinkers),’ or nontargeted photoreactive amino acids are
useful in stabilizing in vivo protein complexes prior to cell lysis,
which can then be analyzed by using mass spectrometry fol-
lowing proteolytic digestion.” However, the identification of
macromolecular binding interfaces by using these global ap-
proaches is complicated by the plethora of peptide masses
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quence in a protein engineered for specific labeling. Here, the
utility of TRAP for capturing protein binding partners upon
photoactivation of the benzophenone moiety has been dem-
onstrated in living bacteria and mammalian cells. In addition,
ligand exchange of the arsenic-sulfur bonds between TRAP
and the tetracysteine sequence to added dithiols results in flu-
orophore transfer to the crosslinked binding partner. In isolat-
ed protein complexes, this release from the original binding
site permits the identification of the proximal binding interface
through mass spectrometric fragmentation and computational
sequence identification.

that arise from widespread intra- and intermolecular crosslink-
ing interactions. Therefore, the identification of crosslinking
sites currently requires multiple purification steps and high-re-
solution mass spectrometry coupled with the development of
new computational algorithms to deconvolute the resulting
crosslinked dipeptides.®®'® An alternative approach has been
demonstrated that involves reengineering aminoacyl-tRNA syn-
thetases in E. coli and S. cerevisiae to allow the selective incor-
poration of p-benzoyl-L-phenylalanine at defined sites."'™'¥
This latter method takes advantage of the extensive (>50%)
crosslinking efficiencies of benzophenones upon their incorpo-
ration within protein binding interfaces to identify binding
partners.["#1%

To simplify the identification of interactions within protein
complexes in living cells we introduce here a new crosslinker,
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5-(4-benzoylbenzamido)-4',5'-di(1,3,2-dithiarsolan-2-yl) fluores-
cein. This targeted reversible affinity probe (TRAP) extends the
functionality of biarsenical multiuse affinity probes, which have
previously been used to fluorescently label proteins,'*'® by
adding crosslinking as a means to retain native protein com-
plexes during cell disruption and analysis. These approaches
build upon the ability of the fluorescent biarsenical affinity
probe FIAsH-EDT, and its derivatives to selectively label a
range of soluble and membrane proteins in both eukaryotic
and bacterial organisms following the introduction of an engi-
neered tetracysteine binding sequence, CysCysXXCysCys, in
which X is any amino acid.?>*® Addition of this short tagging
sequence has been shown to not change the structure or func-
tion of the protein under study.?*?® However, as with all tags,
the tetracysteine tag has to be placed judiciously for accessibil-
ity by the probe and to avoid steric effects. Therefore the tag
is on existing loops or at a terminus that does not have a cellu-
lar localization tag. Site-specific labeling is simplified compared
to unnatural amino acid engineering because no changes
need to be made to the structure of the organism’s aminoacyl-
tRNA synthetases or codon usage. Fluorescence that is specifi-
cally associated with a protein of interest provides a means to
monitor protein localization and protein turnover in living
cells.” The large (>20-fold) increase in fluorescence upon
binding and stability under electrophoretic conditions provides
a rapid means to assess the abundance and labeling of tagged
proteins.'*?” |In addition, it has previously been shown in the
identification of binding partners through complex isola-
tion®? and through label transfer®” that biarsenical fluoro-
phores can be released from the binding motif through com-
petition with a high concentration of dithiols.

In TRAP, the arsenic-derivatized carboxyfluorescein, CrAsH,
which binds to tetracysteine motifs of the sequence CysCysXX-
CysCys,* is coupled through an ethylenediamine linkage to
carboxybenzophenone. Benzophenone was chosen as the pho-
tocrosslinking group because the active radical regenerates
after reaction with water, thus leading to high photocrosslink-
ing yields when the crosslinker is proximal to a protein binding
partner.™ " We have named the new crosslinker Targeted Re-
leasable Affinity Probe (TRAP), because it is an affinity probe
that combines 1) the ability to selectively label (target) an engi-
neered tagging site on a target protein in a complex mixture
(Figure 1B), 2) the ability of the benzophenone-photoactivated
crosslinker to capture (trap) binding partners (Figure 1C), and
3) an ability to release the bound fluorophore and transfer it to
the binding partner for efficient mass spectrometric identifica-
tion of the crosslinking site (Figure 1D). Here, we have demon-
strated the utility of TRAP as a general method for stabilizing
transient and low-affinity binding interactions between bacteri-
al and eukaryotic proteins in vivo prior to cell lysis. The utility
of this approach in the identification of binding interfaces in
isolated protein complexes is demonstrated following ligand
exchange and mass spectrometric identification of the cross-
linking site following proteolytic digestion.
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Figure 1. Summary cartoon of TRAP function. A) A mixture of TRAP (green
with orange benzophenone and yellow dithiols caps), protein 1 and pro-
tein 2 (additional proteins and cellular material not shown); B) TRAP selec-
tively binds the tetracysteine tag engineered onto protein 2, depicted in
yellow; C) The TRAP benzophenone subunit is photocrosslinked to protein 1.
The crosslinked complex can then be visualized, for example by SDS-PAGE,
to determine the size of the crosslinked species, or D) the crosslinker can be
released from protein 2 by adding excess dithiol; E) After protein digestion
the peptide attached to the released crosslinker can be determined through
tandem mass spectrometry.

Results and Discussion

Synthesis

We report the synthesis of TRAP, a biarsenical crosslinker with
a fluorescein scaffold linked through ethylenediamine to a
photoreactive benzophenone moiety. As shown in Scheme 1,
TRAP synthesis proceeded in several multistep reactions
through N-hydroxysuccinimide (NHS) ester-mediated amide
couplings, followed by metalation. EDC was found to be the
most effective reagent for activation of the carboxylates to
form the NHS esters. The first synthetic step involved the tran-
sient creation of the carboxyfluorescein-NHS ester, followed by
coupling of N-Boc-ethylenediamine; this compound was de-
protected and added to the newly generated carboxybenzo-
phenone-NHS ester. Then the fluorescein moiety was mercurat-
ed, followed by a transmetalation to arsenic and capping with
ethanedithiol, as described previously.'®'*3% No benzophe-
none-metalated isomers were identified after elution from
silica. An analogue, 5-(4-benzoylbenzamido)-4',5'-di(1,3,2-di-
thiarsolan-2-yl) fluorescein, which has a shorter linker length,
was synthesized by generating the acetyl chloride of carboxy-
benzophenone, followed by coupling to aminofluorescein. In
this case, the reaction using NHS esters did not proceed due
to the low reactivity of aminofluorescein compared to the ali-
phatic amine. This short crosslinker was tested in all of the pro-
tein complexes described below, but is a lower-yielding cross-
linker than TRAP in all cases. A third crosslinker, which con-
tained a hexanediamine linker showed no reactivity in most
cases and will not be described further (data not shown). We
hypothesize that TRAP is the most efficient crosslinker of the
three, because it has sufficient flexibility to reach binding part-
ners, but is not so long that it samples mostly protein-free
space.
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Scheme 1. Synthesis of TRAP. A) EDC, Et;N, NHS, dry DMF, 30 min; B) N-Boc-ethylenediamine, 16 h; C) 20% TFA/CH,CI, 2 h, D) 4-Benzoylbenzoic acid, EDC,
NHS, iPr,EtN, DMF, 16 h; E) HgO, TFA, 70°C; F) 1) AsCl; PdOAc, iPr,EtN, NMP, 4 h; 2) EDT, 20 % acetone/H,0 (overall yield: 2%).

Because reduction of benzophenone crosslinking efficiency
through coupling to a chromophore was a concern, the cross-
linking efficiencies of the TRAP reagent and of nonderivatized
benzophenone were tested through photoreaction at 30°C in
isopropanol solvent by using the Rayonet photoreactor at
350 nm. As measured by the integration of substrate and prod-
uct peaks on HPLC, TRAP retained 60% of the efficiency of un-
modified benzophenone (data not shown). Because benzophe-
none is considered one of the more efficient photocrosslink-
ers," " this result indicates that TRAP should be a good cross-
linker in the study of protein complexes.

In vitro crosslinking of calmodulin to MLCK peptide

The utility of TRAP for effecting the crosslinking of protein
complexes was validated by using a model system involving
the high-affinity association between calcium-activated calmo-
dulin and a synthetic peptide corresponding to the calmodu-
lin-binding sequence of smooth-muscle myosin light-chain
kinase, also known as R$20.2"*? This calmodulin-binding pep-
tide, henceforth abbreviated MLCK, contains an appended C-
terminal amino acid sequence, CCKACCA, which serves as the
site for TRAP crosslinker binding and has arbitrarily been de-
picted as a helix connected to the calmodulin-binding helix
(cartoon in Figure 2A). This tagging sequence was previously
shown to facilitate arsenic exchange to dithiols,"®3¥ which is
expected to aid in the transfer of the TRAP fluorophore to the
crosslinked protein to permit facile identification.

The tagged MLCK peptide was labeled with TRAP, as de-
scribed in the Experimental Section. Essentially complete cross-
linking was achieved as evidenced by the disappearance of the
band associated with free (unbound) MLCK; this is apparent
from a comparison of either the Coomassie-stained or fluores-
cence-imaged SDS-PAGE gel (Figure 2B). There is a correspond-
ing appearance of two high-molecular mass bands that are
consistent with the formation of a crosslinked complex be-
tween MLCK and calmodulin (near 22 kDa) and a TRAP-bound
calmodulin (near 17 kDa) that results from thiol exchange
under the reducing conditions associated with SDS-PAGE. Con-
sistent with this latter suggestion, addition of dithiothreitol or
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Figure 2. Photodependent crosslinking of protein complex and fluorophore
transfer. A) Depiction of the cartoon structure of binding complex between
calcium (white spheres) bound calmodulin (CaM; blue, with 1123 shown in
orange) and tetracysteine-tagged calmodulin-binding sequence of smooth-
muscle myosin light-chain kinase (MLCK; red; PDB ID: 1cdl) that illustrates
the relative size of the tagging sequence (CCKACCA; displayed in green with
yellow cysteine residues). B) Extent of crosslinking of the isolated complex
(150 pm) is visualized before (—) and after (4) photoactivation of TRAP fol-
lowing SDS-PAGE by Coomassie blue protein staining (CB) or fluorescence
(shown as an inverted image) from the TRAP crosslinker (Fluor), as described
in the Experimental Section. C) Crosslinked complex before disruption (—)

and after TRAP fluorescence is transferred from MLCK to calmodulin upon
addition of dithiothreitol (5 mm; +).

17
CaM-MLCK 14
e CaM
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other dithiols to the crosslinked calmodulin-MLCK peptide
complex induces nearly complete transfer of TRAP from the
MLCK peptide to calmodulin (Figure 2C). No crosslinking prod-
ucts were observed when the reaction was performed in the
presence of the calcium scavenger EGTA (data not shown); this
result indicates proper functioning of the tagged peptide and
also signifies a requirement for close proximity between ben-
zophenone and reactant because the calcium activation of
calmodulin is necessary for binding to MLCK.

We have thus shown here that in purified complexes, TRAP
fluorescence can be used to evaluate labeling and crosslinking.
We showed that at the relatively high protein complex concen-
tration of 150 um (compared to 2 um complex concentration
for in vitro crosslinking of larger complexes)®¥ no crosslinking
takes place if the protein complex is prevented from forming
by calcium chelation (data not shown). Labeling, crosslinking
and label transfer efficiencies are similar to those for a similar
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transfer agent with oxidative crosslinking chemistry that has
been applied in simple systems.”

Mass spectrometric identification of a crosslinking site

The ability of added dithiols to efficiently promote ligand ex-
change of the arsenic ligands and release the TRAP fluoro-
phore to the crosslinked binding partner facilitates the use of
mass spectrometry to identify the site of crosslinking. Calmo-
dulin—peptide complexes have previously been studied by
classical crosslinkers combined with high-resolution tandem
mass spectrometry.***” Herein, we used the complex between
calmodulin and the MLCK peptide to validate the ability to use
TRAP with low-resolution tandem mass spectrometry for the
identification of crosslinking sites. Accordingly, the TRAP fluo-
rophore was transferred to calmodulin within the MLCK pro-
tein complex as described above and in the Experimental Sec-
tion, followed by protein digestion with trypsin. After LC-MS/
MS, the fragment patterns of the mass spectra were searched
against a database containing the mouse proteome with the
modified MLCK peptide added by using the search algorithm
OMSSA.B8 A crosslinking site was identified at lle125 within
the peptide I'READIDGDGQVNYEEFVQM,MTAK, and all possi-
ble fragment ions were identified within the spectrum
(Figure 3). Other spectra that had fewer fragment ions showed
different crosslinking sites. As shown in Figure 2, this binding
site is particularly interesting because it suggests that the
MLCK peptide binds calmodulin in the direction opposite to
that in the crystal structure shown, in support of previous find-
ings.®>*¥ This crosslink cannot be achieved in the structure
that was found after crystallization based on crosslinker length.
These findings seem to indicate a problem inherent in struc-
ture determination, namely that crystallization only captures
stable, rigid binding modes, but crosslinking and single-mole-
cule fluorescence spectroscopy can be used to characterize dy-
namic and transient interactions.

In a control sample corresponding to the uncrosslinked
MLCK peptide bound to calmodulin, no spectrum was identi-
fied whose fragmentation pattern was consistent with a pep-
tide with an appended TRAP moiety. Equivalent results were
obtained by using the X!tandem algorithm;“” this indicates
the broad utility of the TRAP reagent in the identification of
crosslinking sites located at binding interfaces within protein
complexes.

This simple in vitro protein complex of calmodulin and
TRAP-labeled MLCK peptide shows the utility of TRAP for the
identification of protein interaction sites in purified systems.
Moreover, the bright fluorescence of the fluorescein moiety
and its strong binding permit the facile assay of protein specif-
icity by using electrophoresis gels. At the same time, the ability
to transfer TRAP from the original tagged protein to its cross-
linked partner, followed by bottom-up proteomics with the
transferred TRAP as variable modification, permits pinpointing
the exact sites of protein—protein interactions by using existing
and publically available search software.®**?! This is neither
possible with crosslinkers that are not targeted to one specific
tagging site prior to crosslinking, nor with those that are not
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releasable. In those cases, mass spectra must be searched by
hand in simple systems or through new computationally inten-
sive approaches that have the ability to match fragmentation
patterns made by linked peptides.®'*3? Searching for cross-
linked species from protein complexes in complex samples, for
example, whole proteomes, becomes problematic because
every peptide has to be searched as possibly crosslinked to
every other peptide; this results in a combinatorial expansion.
We have shown here that TRAP overcomes this problem
through its combination of unique properties: 1) Targeting of
TRAP affords knowledge of the initial binding site. 2) TRAP
binds tightly to the targeted tag sequence until it is released
through dithiols. 3) Tandem-MS analysis by using released
TRAP as post-translational modification is made possible be-
cause TRAP is relatively small (an added weight of 1077 u com-
pared to 1709 u for DOPA-biotin-FIAsH,?” assuming the same
release conditions), which permits the identification of TRAP-
containing singly and doubly charged fragments by analysis
through low-resolution electron spray ionization tandem mass
spectrometry. In addition, the biarsenical unit of FIAsH could
be used to reduce sample complexity, if necessary, by remov-
ing the dithiol that was used for release from the bait protein,
and capturing the proteins to which TRAP has been transferred
with a tetracysteine-peptide bound to a resin.

Ex vivo crosslinking of SlyD identifies protein interactions

To test the utility of TRAP as a crosslinking reagent within a
complex proteome, TRAP was incubated with lysates from She-
wanella oneidensis MR-1 that contain the peptidylprolyl isomer-
ase, SlyD. SlyD is an important chaperone and metallase that
has been implicated in the maturation of hydrogenases and
other proteins.”’™*¥ SlyD contains a high-affinity binding se-
quence that has been demonstrated to efficiently and specifi-
cally bind the tetracysteine-binding dye FIAsH in cell lysates.
Moreover, a synthetic peptide corresponding to its naturally
occurring tetracysteine-containing motif, GCCGGSGNDAGGCC-
GG, has been shown to exhibit a similar binding affinity, but
brighter fluorescence and less propensity for ethanedithiol
release than the tag sequence CCKACCA used with MLCK; this
suggests that SlyD is suitable for the sensitive detection of
TRAP-binding specificity."*>*

For the crosslinking experiment, S. oneidensis was grown
under suboxic conditions to increase expression of SlyD for op-
timal labeling because it is not an abundant protein in S. onei-
densis (<0.2% of soluble proteins). The cells were then har-
vested, lysed, and the soluble fraction was labeled with TRAP.
We find that under these conditions, incubation of TRAP with
the lysate before photoactivation results in selective labeling
of SlyD, which is apparent upon visualization of the fluores-
cence signal of a single band with an apparent molecular
weight near 28 kDa (Figure 4). As previously determined
through mass spectrometry, this band corresponds to the
23.5 kDa SlyD protein.®¥ After photoactivation, a family of fluo-
rescently labeled crosslinked protein complexes is observed
concomitant with loss of the 28 kDa fluorescent band. A paral-
lel protein complex isolation performed for MS analysis provid-
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b3 |1476.6(0.38 ) TRAP-IRE | ADIDGDGQVNYE OmMTAK |y21 1188.93 (-0.09)
b4 |1547.5(0.25) TRAP-IREA | DIDGDGQVNYEEFVOmMTAK |y20 1153.70 (0.19 )
b5 |1662.74(0.45)|831.91 (0.26 ) |TRAP-IREAD | IDGDGQVNYEEFVOmMMTAK |y19 1095.83 (0.22 )
b6 |1775.72(0.35)|888.26 (0.07) |TRAP-IREADI | DGDGQN VOmMTAK |y18 1039.62 (0.18)
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b12 1174.05 (0.25) [TRAP-IREADIDGDGQV | NYEEFVOmMMTAK |y12(1506.59 (-0.08)
b13 1231.28 (0.46) |TRAP-IREADIDGDGQVN | YEE IMMTAK |y11[1392.53 (-0.09)
b14 1312.59 (0.24) |TRAP-IREADIDGDGQVNY | EEFVOmMMTAK |y10[1229.51 (-0.05)
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Figure 3. Identification of interfacial crosslinking site in the protein complex after LC-MS/MS in an LTQ Orbitrap. MS/MS spectrum of TRAP-bound C-terminal
peptide, I'*READIDGDGQVNYEEFVQM,,MTAK'*, with the triply-charged precursor mass indicated as a hatched line (top) and identified masses (bottom) from
calmodulin following release of complex and tryptic digestion. All b (blue) and y (red) fragment ions are identified with a difference of less than 0.5 u from
the theoretical mass of the fragment ion (indicated in brackets in the table). The monoisotopic mass of TRAP (1076.89 u) is associated with N-terminal frag-
ment ions (b ions; blue) containing lle125. In comparison, no C-terminal fragment ion (y ions; red) contains TRAP.

ed a tentative identification of these multiple binding partners;
this is consistent with the role of SlyD as a chaperone in pro-

moting the maturation of a range of different proteins and
constitutes a first attempt to identify these previously un-
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Figure 4. Selective labeling of bacterial peptidyl-prolyl isomerase SlyD and
photo-dependent crosslinking of binding partners. SDS-PAGE (4-12 %) visual-
ized by using Coomassie blue protein stain (CB) or TRAP fluorescence (Eluor
following addition of TRAP (20 pm) to lysates prepared from Shewanella
oneidensis either prior to (—) or following (+) photoactivation. Positions of
molecular mass markers are shown on the left. Positions of SlyD (S03417)
and SlyD-+HypB (502093) previously shown to bind SlyD"? are shown on
the right. Proteins identified as putative SlyD interaction partners following
affinity isolation, identified from MS/MS as described in the Experimental
Section, are: ornithine decarboxylase speF, (500314); heat shock protein
HtpG (502016); glucosamine-fructose-6-phosphate aminotransferase, gilmsS
(SO4741); molybdopterin biosynthesis MoeA (S04723); Fe-S cluster-binding
protein (S01521); phosphoribosylaminoimidazolecarboxamide formyltrans-
ferase, purH (SO0442); polysaccharide biosynthetic protein (503190); 2-oxo-
glutarate dehydrogenase E2 component, dihydrolipoamide succinyl transfer-
ase, sucB (SO1931); conserved hypothetical protein (SO1190); hydrogenase
accessory protein, HypB (502093); catabolite gene activator (S00624); pep-
tidyl-prolyl cis-trans isomerase Fkbp family (SO1995); molybdenum cofactor
biosynthesis protein C, MoaC (SO4451); and ferric uptake regulatory protein,
fur (SO1937).

known substrate proteins. On the other hand, the identifica-
tion of the hydrogenase accessory protein, HypB (29.3 kDa), in
complex with SlyD, apparent as a 54 kDa fluorescent gel band,
supports the validity of these identifications based on previous
work that demonstrates the role of the SlyD-HypB complex in
the metalation of the [Ni-Fe] hydrogenases.***? Thus, this
work demonstrates the specific binding of TRAP to a single tet-
racysteine-containing protein expressed at native levels within
the complex protein mixture of a bacterial proteome and the
utility of TRAP for photoactivation-dependent capture of multi-
ple protein interactions, that can be visualize through SDS-
PAGE with fluorescent readout.

In vivo crosslinking of the bacterial RNA polymerase o sub-
unit identifies new interactions

The utility of biarsenical crosslinkers for use in living Gram-neg-
ative bacteria was demonstrated in living S. oneidensis MR-1
bacterial cells by using the tetracysteine-tagged o subunit of
RNA polymerase. The bacterial RNA polymerase core complex
is localized to the cytoplasm and is responsible for all DNA
transcription.*® In addition, RNA polymerase represents a
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supramolecular complex that contains more than 70 different
proteins in actively growing S. oneidensis,*® in which complex
protein—protein interactions regulate RNA polymerase tran-
scription in this facultative anaerobe.”” Further, the core a,pp’
complex represents approximately 0.6 % of the cellular protein
in S. oneidensis; this permits the efficient in vivo labeling of the
tagged o subunit (containing the CCPGCC tetracysteine tag, a
V5 epitope and a Hisg sequence at the C terminus) in this pro-
tein complex by using biarsenical probes.”® Consistent with
these measurements, high levels of specific labeling are also
apparent upon incubation of TRAP with living bacteria (Fig-
ure S1 in the Supporting Information); this permits an investi-
gation of the ability of TRAP to identify binding partners
within large supramolecular complexes in living S. oneidensis
MR-1 bacterial cells.

RNA polymerase was labeled by incubation of bacteria with
either FIAsH-EDT,, as a control sample incapable of crosslink-
ing, or the TRAP reagent as described in the Experimental Sec-
tion. It was previously shown that at the conditions used, the
tetracysteine-tagged o subunit represents about half of the
total a subunit and is incorporated in the complex without a
change in function.”® As indicated, a single fluorescent band
associated with the 42 kDa tagged o subunit of RNA poly-
merase is observed on SDS-PAGE in the absence of photoacti-
vation (Figure S1). Likewise, a single major band is apparent by
using immunoblots against the V5 epitope of the a subunit
(Figure 5); this permits a targeted evaluation of the crosslink-
ing of the RNA polymerase core complex. After photoactiva-
tion, proteins with a higher molecular mass are apparent by
using antibodies against either the tagged o subunit or the
B subunit of the RNA polymerase (Figure 5). These immuno-
blots reveal facile crosslinking of a subunits even with low illu-
mination as evidenced by the major band migrating with an
apparent molecular mass of 90 kDa, which corresponds to the

anti-a anti-p
cC 1223 4 5678
460- : a8
238 ey
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97-
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Figure 5. In vivo labeling and crosslinking of tagged a subunit of bacterial
RNA polymerase. Immunoblots using primary antibodies directed against

i) the V5 epitope of the tag sequence of the a subunit (lanes C, 1-4) or

ii) the B subunit (lanes 5-8) of the RNA polymerase in lysates from Shewanel-
la oneidensis MR-1 expressing tagged o subunits of RNA polymerase with
engineered binding sequence for FIAsH or TRAP at the C terminus, as previ-
ously described.” Live cells were labeled with either the parent compound,
FIAsH-EDT, (lane C) or the TRAP crosslinking reagent (lanes 2-8) prior to
photoreaction and lysis. After light exposure for 1 h (4) or 3 h (++), cells
were incubated in the absence (—) or presence (+) of 1 mm dimercaptopro-
panesulfonate (as described in the Experimental Section) prior to protein
separation by SDS-PAGE (3-8 % acrylamide) and immunoblotting. Arrows on
the right of panels indicate the expected positions of RNA polymerase cross-
linked species based on positions relative to molecular mass markers (left).
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o homodimer. Longer light exposures result in some loss of
the a, species and a concomitant increase in the density of a
band migrating with a mass of 260 kDa; this is consistent with
the formation of the a,f heterotrimer. This latter assignment is
confirmed by the use of antibodies against the 3 subunit. The
complex banding pattern apparent by using an antibody
against the V5 epitope of the o subunit suggests additional
crosslinking interactions between the a subunit and multiple
associating proteins that are consistent with the large supra-
molecular complex structure of RNA polymerase.”® The lack of
higher bands in the FIAsH control and the relatively weak anti-
V5 antibody binding to the species with the higher molecular
weight compared to the anti-f} subunit antibody is further evi-
dence that the new bands are due to specific crosslinks in
which the proximity of the crosslinking site to the antibody-
binding site appears to partially occlude antibody binding.

The specificity of the crosslinking reaction was further con-
firmed by dimercaptopropanesulfonate-induced release of the
biarsenical probe from the CCPGCC tetracysteine tag (Figure 5,
lanes 2, 4, 6, 8), which results in partial loss of both a, and o,f3
crosslinked products as detected by antibodies to both o and
B subunits of RNA polymerase. As expected, the CCPGCC
motif, which was chosen to ensure good TRAP binding under
in vivo conditions shows only partial ligand exchange com-
pared to the facile exchange from the CCKACC tag that was
used in the calmodulin experiment (Figure 2). The gel region
where an of}-heterodimer would migrate, that is, 192 kDa, is
notably devoid of bands, which are, however, seen if a purified
RNA-polymerase complex is crosslinked with TRAP in vitro
(data not shown).

We chose to place the TRAP-binding site on the C terminus
of the RNA polymerase a subunit; the spatial arrangement of
these domains represented an unknown because they are not
resolved in the crystal structure.”®* The C termini of the two
o subunits were known to interact with DNA and transcription
factors.’® As opposed to the N termini, these domains were
not believed to interact with one another or other RNA poly-
merase subunits, at least in the transition initiation complex,”®
despite findings of dimer formation for the truncated C-termi-
nal a subunits.®" Our finding of an a, dimer indicates that this
previously seen interaction of the isolated C-terminal domains
is physiologically functional. One can hypothesize that while
the Ctermini of the RNA polymerase subunit interact with
DNA in the transcription initiation complex, they swing back to
interact with the f subunit in the course of transcription.
These latter results emphasize the utility of in vivo crosslinking
methods as a means to reliably capture the physiological con-
formation of RNA polymerase in complex with DNA and other
protein associations. The ability of FIAsH and TRAP to enter
cells and label proteins in the cytoplasm as they are formed
under reducing conditions has an additional advantage; they
can immediately bind to the tetracysteine tag before misfold-
ing due to disulfide formation with native cysteines can occur.
In addition, prior to release, TRAP (like specifically directed un-
natural photoreactive amino acids)™® thus permits the identifi-
cation of in vivo protein interactions following protein separa-
tion by SDS-PAGE without prior knowledge of interaction sites.
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Identification of unknown binding interactions in living
myocytes

Prior measurements have demonstrated an unexpected traf-
ficking of the regulatory protein phospholamban in myocytes
that involves the directed transport of small vesicles of un-
known origin to the plasma membrane.”” To identify possible
binding partners, and explore the utility of TRAP in capturing
transient binding interactions in eukaryotic cells, we used the
abundant muscle membrane protein phospholamban, in
which amino acids 23, 24, 27, and 28 were mutated to cys-
teines to create an internal PQCCRQCCQN motif.®? This tag lo-
cation was chosen based on the work of Robia et al.,”? who
showed that the tagged and FlAsH-labeled phospholamban
behaves like the wild-type in forming native oligomeric com-
plexes. The engineered protein was expressed at nearly native
levels in the C2C12 myocyte cell line.?" Previous experiments
have demonstrated specific labeling of tagged phospholam-
ban with FIAsH in C2C12 myocytes.”” The following experi-
ments focus on the use of Western immunoblotting against
phospholamban, because immunoblotting has greater sensitiv-
ity than fluorescence signals after SDS-PAGE.

Prior to photoactivation, a phospholamban pentamer is ap-
parent as a 28 kDa species that predominates on the immuno-
blot (Figure 6).°% After photoactivation, a major new phospho-
lamban-containing species is observed that migrates with an
apparent molecular mass above 250 kDa. Mass spectrometric
analyses after a parallel pull-down of phospholamban identi-
fied this as a complex with fibronectin, which was the only
protein to be confidently identified in this mass range. As part
of the actin cytoskeleton, the appearance of fibronectin-phos-
pholamban interactions is consistent with the observed traf-
ficking of phospholamban to the plasma membrane "

PLB
Complex
198
98
62
49
38
28 PLB

Figure 6. In vivo labeling and crosslinking of phospholamban in C2C12 myo-
cytes. Western immunoblot against phospholamban (PLB) in lysates pre-
pared from living C2C12 myocytes labeled with TRAP crosslinker (2 pm)
either before (—) or after () photoactivation by using a Rayonet photo-
reactor. In all cases, myocytes were incubated overnight at 37 °C with TRAP
crosslinker (2 um) and, following buffer exchange to remove unbound TRAP,
cells were subjected to photolysis (where indicated) and following lysis were
probed using an antibody against phospholamban. Myocytes were engi-
neered to express a tagged phospholamban that contains a binding se-
quence for TRAP, as described in the Experimental Section.
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These measurements demonstrate that the cell-permeable
TRAP reagent is capable of crosslinking of interacting proteins
after labeling of a tetracysteine-tagged intracellular membrane
protein in a living eukaryotic cell. Combined with the results in
Gram-negative bacteria, it is reasonable to believe that TRAP
would also cross cell walls and have utility in Gram-positive
bacteria and archaea.

Conclusions

We have synthesized a new class of photocrosslinkers that can
be targeted to a tetracysteine tag to capture (that is, trap) pro-
tein binding partners upon light activation. TRAP, which has
the photocrosslinking benzophenone connected through an
ethylenediamine linker to the fluorescent targeting unit is the
focus of this report. Targeting crosslinkers through cysteine
mutations and crosslinking in vitro has permitted the identi-
fication of protein-protein interaction sites.*>*¥ TRAP consti-
tutes the first step to extending this targeting capability to
protein complexes in vivo with the help of standard mutagen-
esis; this avoids more demanding methods, such as changing
the translation machinery to accept unnatural amino acids.">'?
The simplicity of this method will facilitate the high-through-
put identification of protein complexes in a range of different
organisms. We first showed that precise targeting and photo-
crosslinking is easily achieved in a pure protein complex. By
choosing a tag of appropriate relative binding affinity, that is,
CCKACC, as opposed to CCPGCC or CCGGSGNDAGGCC, release
of the crosslinker from the initial tag to the newly bound pro-
tein is easily achieved. This capability and the small size of
TRAP compared to other targeted and multifunctional cross-
linkers enable identification of the site of crosslinking by
searching for the added molecular weight of the transferred
crosslinker after low-resolution tandem mass spectrometry, as
shown in the case of the calmodulin-MLCK complex. The fact
that a search for the added molecular mass of released TRAP
through publically available software permits determination of
the site of protein binding interfaces has the potential to open
up protein crosslinking followed by mass spectrometry to
high-throughput approaches and the general research com-
munity, rather than specialized mass spectrometry groups with
access to high-resolution mass spectrometers and the resour-
ces to develop new computational algorithms. %33

In addition, in purified protein complexes and cell lysates
the tight binding and fluorescence of the crosslinker enables
evaluation of crosslinked protein complex formation through
visualization of TRAP fluorescence on SDS-PAGE gels. Further,
TRAP is cell-permeable and capable of crosslinking cytoplasmic
proteins in Gram-negative bacteria, and internal membrane
proteins in eukaryotic cells. Lower labeling yields and longer
photoactivation times in vivo permit the use of the fluores-
cence feature prior to, but not after photoactivation.

The studies detailed herein, which were designed to show-
case the ability of TRAP to cross cellular membranes and selec-
tively label the tagged target proteins expressed at near-native
concentrations, have further shown that TRAP will find uses in
the identification of new binding partners. In the cases of SlyD
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and phospholamban, using a combination of TRAP technology
with the protein complex purification capability of biarsenical
multiuse affinity probes, we were able to tentatively identify
new phospholamban and SlyD binding partners. In the case of
the RNA polymerase tagged on the C terminus of the o subu-
nit, a large number of protein complexes were seen, as expect-
ed from prior results.?® By using immunoblots, we were able
to identify a, dimers, and a crosslink of the a, dimer to the
[ subunit. Because the C-terminal domains of the a subunits
are not visible in the crystal structures, this is the first time the
C termini of the a subunits have been confidently localized to
the RNA polymerase core, rather than on DNA, as previously
hypothesized."®

In future work we will use TRAP in combination with target-
ed in vivo photocrosslinking and mass spectral identification of
interfacial binding sites to identify in high-throughput how en-
vironmental conditions affect protein—protein interaction net-
works. It is expected that useful results can then be achieved
with the existing TRAP crosslinker after reaction scale-up, re-
tagging of the proteins, and expression of RNA polymerase in
SlyD deletion mutants. Parallel efforts will aim to enhance
crosslinking efficiencies through the synthesis of new targeted
reversible crosslinkers based on the multiuse affinity probes
AsCy3,*” ReAsH,"® as well as perfluorinated,”® and spirolactam
biarsenicals,*® which due to their shifted fluorescence will be
less-efficient quenchers for benzophenone. Azide and nitro-
benzene-based crosslinking units will be substituted for benzo-
phenone in an effort to reduce the in vivo photoactivation
times.

Experimental Section

Materials and equipment: All reagents and solvents were ob-
tained from Sigma-Aldrich at the highest purity available unless
stated otherwise. The synthetic MLCK peptide corresponding to
the smooth-muscle myosin light-chain kinase calmodulin-binding
sequence with a C-terminal extension of 7 amino acids containing
a tetracysteine motif, ARRKWQKTGHAVRAIGRLSSACCKACCA, was
custom-synthesized by CPC Scientific (San Jose, CA, USA). The anti-
bodies against a and f3 subunits of RNA polymerase were products
of Neoclone (Madison, WI, USA). Ni-NTA Superflow affinity resin
was purchased from Qiagen (Valencia, CA, USA). Gels were Invitro-
gen 4-12% Bis-Tris gels run with MES buffer according to manu-
facturer’s protocol, unless mentioned otherwise. NMR spectra were
obtained with a Varian 500 MHz instrument (Palo Alto, CA, USA).
LC-ESI-MS was performed on the Agilent 1100 series with the Agi-
lent MSD SL detector (Santa Clara, CA, USA), LC-MS/MS data were
taken on an LTQ Orbitrap (Thermo Scientific, Waltham, MA, USA),
and MALDI-MS was performed on the Bruker Autoflex Il (Billerica,
MA, USA). Photolysis was carried out in the Rayonet RPR-200 pho-
toreactor (Southern New England Ultra Violet Co., Branford, CT,
USA) equipped with 16 UV lamps (350 nm).

Synthesis of TRAP

1) TRAP precursor 2: 5-(2-(4-Benzoylbenzamido)ethylcarbamoyl)-
fluorescein: 5-carboxyfluorescein (50 mg, 0.13 mmol) and EDC-HCI
(50 mg, 0.26 mmol) were dissolved in dry DMF (2 mL), and Et;N
(2 drops) and N-hydroxysuccinimide (15 mg, 0.13 mmol) were
added. The mixture was stirred at room temperature for 30 min
before the addition of N-Boc-ethylenediamine (20 uL, 0.13 mmol)
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and allowed to react overnight. The desired product was eluted
from a silica gel column by EtOAc and concentrated to give a
yellow liquid, which was dissolved in TFA in CH,Cl, (20%, 5 mL
total volume) and stirred at room temperature for 2 h to remove
the Boc protecting group. The deprotected product (intermediate
1) was obtained after evaporation of the reaction mixture to dry-
ness and used directly in the next step without further purification.

4-Benzoylbenzoic acid (35 mg, 0.15 mmol) was dissolved in DMF
(1.5 mL), and EDC-HCI (50 mg, 0.13 mmol), N-hydroxysuccinimide
(15 mg, 0.13 mmol), and iPr,EtN (40 uL, 0.23 mmol) were added.
The mixture was stirred at room temperature for 30 min before the
addition of the solution of intermediate 1 in DMF. After overnight
reaction, the mixture was partially evaporated and H,O (5 mL) was
added to produce an orange-red precipitate, which was filtered
and purified by flash chromatography (1:9 to 1:4 methanol/CH,Cl,)
to give the desired product (28 mg, 34% total yield). 'H NMR
(500 MHz, CD,0OD): 6=4.28 (t, J=6.7 Hz, 4H), 6.56 (dd, J=9.0,
2.2 Hz, 2H), 6.68 (d, J=2.2 Hz, 2H), 6.77 (d, J=9.0 Hz, 2H), 7.31 (d,
J=7.6Hz, 1H), 7.54 (t, J=7.7 Hz, 2H), 7.62 (dd, J=3.3, 5.6 Hz, 2H),
7.66 (t, J=7.5Hz, 1H), 7.72 (dd, J=Hz, 2H), 7.78 (d, J=7.9 Hz, 2H),
7.84 (d, J=83 Hz, 2H), 7.98 (d, J=8.3 Hz, 2H), 8.14 (dd, /=7.9 Hz,
1H), 8.47 ppm (brs, 1H); *C NMR: (CDCl;): 6=41.09, 41.11, 103.92,
128.65, 129.80, 130.02, 131.14, 131.21, 132,51, 133.72, 134.31,
138.51, 139.32, 141.52, 169.44, 169.82, 192.99, 197.83, 200.99 ppm;
ESI-MS: m/z calcd for Cy;H,,N,Og: 627.18 [M+H]* (monoisotopic);
found: 626.8.

2) Final TRAP synthesis: 5-(2-(4-Benzoylbenzamido)ethylcarbamoyl)-
4',5'-di(1,3,2-dithiarsolan-2-yl)fluorescein: TRAP precursor 2 (70 mg,
0.11 mmol) and mercury oxide (55 mg, 0.22 mmol) were dissolved
in TFA (6 mL) and reacted at 70°C for 1 h, and then at room tem-
perature for 5 h. The mixture was evaporated under vacuum and
then H,0 was added to precipitate the product, which was collect-
ed by filtration and washed with H,0 and MeOH. The obtained red
solid was thoroughly dried under vacuum and subsequently sus-
pended in N-methylpyrrolidinonone (1.5 mL), into which arsenic tri-
chloride (120 pL, 2.8 mmol) was added slowly; this resulted in dis-
solution of the mercurates and an exothermic reaction. Palladium
acetate (a few mg) and iPr,EtN (100 pL, 1 mmol) were added to the
mixture, and the reaction was allowed to proceed at room temper-
ature for 4 h. The mixture was then poured into phosphate buffer
(20 mm, pH 7)/acetone (40 mL total volume, 1:1, v/v) and 1,2-etha-
nedithiol (0.4 mL, excess) was added; this produced a rapid precipi-
tation. The slurry was stirred at room temperature for 30 min
before extraction with CHCl; (3x25 mL). The combined organic
layers were dried over anhydrous Na,SO,, concentrated, and puri-
fied by column chromatography (5% methanol in toluene) to yield
final product (2 mg). Yield: 2%; 'H NMR (500 MHz, CDCl,): 0 =3.60
(m, 8H), 4.12 (m, 2H), 4.20 (m, 2H), 6.50 (d, 2H), 6.58 (d, 2H), 7.50
(m, 1H), 7.62 (m, 2H), 7.79 (d, 2H), 7.83 (s, 1H), 7.87 (d, 2H), 7.94
(d, 2H), 8.17 (d, T1H), 8.40 (s, 1H), 9.92 ppm (s, TH); *C NMR was
not obtained in good quality due to lack of sample; MALDI MS:
m/z calcd for C,H;3As,N,0,5,: 958.96 [M+H]" (monoisotopic);
found: 959.09.

Synthesis of 5-(2-(4-benzoylbenzamido)ethyl carbamoyl): 4',5'-
di(1,3,2-dithiarsolan-2-yl)fluorescein

1) 5-(4-Benzoylbenzamido)fluorescein: 4-Benzoylbenzoic acid (0.2 g,
0.88 mmol) was suspended in dry benzene (4 mL), thionyl chloride
(0.3 mL, 4.1 mmol) was added dropwise, and the mixture was re-
acted at reflux for 5 h. The solution was then cooled and evaporat-
ed to yield a white solid residue. A solution of 5-aminofluorescein
(0.1 g, 0.29 mmol) dissolved in acetone (8 mL) was added to the
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while residue. The mixture was stirred at room temperature for 2 h
and subsequently the formed yellow precipitates were collected
by filtration, and washed with acetone and EtOAc. Further purifica-
tion was carried out by using column chromatography to give the
desired compound (0.14 g). Yield: 88%; 'H NMR (500 MHz, CD,0D):
0=6.56 (dd , J=8.6 Hz, 2.5 Hz, 2H), 6.67 (d, /=8.6 Hz, 2H), 6.68 (d,
J=2.5Hz 2H), 7.22 (d, J=8.4Hz, 1H), 7.57 (t, /=7.7 Hz , 2H), 7.68
(d, J=7.7Hz, 1H), 7.83 (d, J=7.6 Hz, 2H), 7.92 (d, J=8.2 Hz, 2H),
8.07 (dd, J/=8.2Hz, 1.8 Hz, 1H), 8.14 (d, J=8.5 Hz, 2H), 8.49 ppm
(d, J=18Hz, TH); *CNMR (CDCl,): 6=103.69, 129.06, 129.84,
130.02, 130.43, 131.20, 131.25, 132.50, 134.38, 138.48, 13949,
141.91, 141.93, 168.19, 193.04, 197.76, 200.96, 210.35 ppm; ESI-MS:
m/z calcd for C3H,,NO,: 556.14 [M+H]* (monoisotopic); found:
556.0.

2) Synthesis of 5-(4-benzoylbenzamido)-4',5'-di(1,3,2-dithiarsolan-2-yl)-
fluorescein: 5-(4-Benzoylbenzamido)fluorescein (60 mg, 0.11 mmol)
and mercuric oxide (55 mg, 0.22 mmol) were dissolved in HOAc
(2 mL) and TFA (0.5 mL) and reacted at room temperature for 5 h.
The mercurated product was precipitated by water and collected
by filtration and washed with water and methanol. The obtained
red solid was thoroughly dried under vacuum and subsequently
suspended in N-methylpyrrolidinone (1.5 mL), into which arsenic
trichloride (120 uL, 2.8 mmol) was added slowly; this resulted in
dissolution of the mercurates and an exothermic reaction. Palladi-
um acetate (a few mg) and iPr,EtN (100 uL, 1 mmol) were added to
the mixture, and the reaction was allowed to proceed at room
temperature for 4 h. The mixture was then poured into phosphate
buffer (20 mm pH 7)/acetone (total volume 40 mL 1:1, v/v), and
1,2-ethanedithiol (0.4 mL, excess) was added; this produced a rapid
precipitation. The slurry was stirred at room temperature for
30 min before extraction with CHCl; (3x25 mL). The combined or-
ganic layers were dried over anhydrous Na,SO,, concentrated, and
purified by column chromatography (30% methanol in toluene) to
yield the final product (33 mg). Yield: 34%; 'HNMR (500 MHz,
CDCly): 6=2.34 (s, OH), 3.56 (m , 8H), 6.49 (d, J=8.9 Hz, 2H, H-2/,
7)), 6.63 (d, J=8.9 Hz, 2H, H-1/, 8), 7.16 (d, J=7.0 Hz, 1H, H-4), 7.49
(t, J=7.4Hz, 2H), 7.62 (t, J=7.4Hz, 1H), 779 (d, J=8.3 Hz, 2H),
7.85 (d, J=7.8 Hz, 2H), 8.04 (d, /=7.8 Hz, 2H), 8.26 (br s, 2H, H-1,
5), 8.75 (s, TH, NH), 9.94 ppm (s, 1H, COOH); *C NMR (CDCl,): 6 =
43.65, 43.72, 110.43, 112.55, 115.02, 115.20, 124.97, 127.45, 127.68,
128.04, 128.41, 128.72, 129.21, 130.44 (m), 130.84, 131.03, 133.35,
136.88, 137.46, 140.10, 140.84, 14791, 152.71, 163.13, 165.55,
167.58, 195.99, 196.90 ppm; ESI-MS: m/z calcd for C;gH,5As,NO,S,™:
887.92 [M+H]* (monoisotopic); found: 887.6.

In vitro crosslinking of MLCK peptide to calmodulin

1) TRAP labeling of peptide: The synthetic peptide corresponding to
the calmodulin-binding sequence of smooth-muscle myosin light-
chain kinase containing CCKACC was incubated with equimolar
amounts of TRAP in DMSO (200 pL) in the presence of tris[2-car-
boxyethyl] phosphine (TCEP, 2 mm) at room temperature for 2 h.
Completion of labeling was confirmed by reversed-phase HPLC
(Phenomenex C18 column), by the disappearance of the unlabeled
peptide. The labeled peptide was then purified by HPLC.

2) Crosslinking: TRAP-labeled MLCK peptide (150 um) was incubat-
ed with calmodulin (expressed in E. coli and purified as previously
described)® " at a molar ratio of 1:1 in phosphate buffer (20 mwm,
pH 7.6), NaCl (150 mm) and either EGTA (0.5 mm) or CaCl, (0.5 mm)
for 30 min at room temperature prior to transfer to a quartz test
tube. The solution was subjected to illumination with 350 nm light
for 2 h in a Rayonet photoreactor after three cycles of air evacua-
tion and argon purge. Gel electrophoresis and HPLC analysis of the
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sample after photoreaction identified the crosslinked product and
determined its yield to be around 30%. The crosslinked product
was then purified by HPLC on an Agilent Zorbax SBC-18 column
(3.5 um, 4.6x150 mm), on a gradient from MeCN (10%) in TFA
(0.1%)/H,0 at 0 min to MeCN (60%) at 25 min The eluted fraction
(top of peak at 18.2 min) was then evaporated to nearly dryness,
and redissolved in 100 mm ammonium bicarbonate (pH 8.0).

3) Cleavage and transfer of TRAP to calmodulin: Both the purified
crosslinked complex and a control sample containing the same
amount of calmodulin and MLCK peptide were incubated with di-
thiothreitol (5 mm) at 60°C for 30 min prior to trypsin digestion at
37°C for 3 h. C18 cleanup was carried out according to a proce-
dure described earlier to remove dithiothreitol and undesired con-
taminants.”®

Mass spectrometric identification of crosslinking sites on calmo-
dulin: The trypsinized samples were submitted for MS analysis and
analyzed as follows: The HPLC system consisted of a custom con-
figuration of 100 mL Isco Model 100DM syringe pumps (Isco, Inc.,
Lincoln, NE, USA), 2-position Valco valves (Valco Instruments Co.,
Houston, TX, USA), and a PAL autosampler (Leap Technologies,
Carrboro, NC, USA); this permitted fully automated sample analysis
across four separate HPLC columns as described previously.®” Re-
versed-phase capillary HPLC columns were manufactured in-house
by slurry packing 3 pm Jupiter C18 stationary phase (Phenomenex,
Torrence, CA, USA) into a 60 cm length of 360 um 0.d.xX75 um i.d.
fused silica capillary tubing (Polymicro Technologies Inc., Phoenix,
AZ, USA) that incorporated a 0.5 um retaining screen in a 1/16"
custom laser-bored 75 pm i.d. union (screen and union, Valco In-
struments Co., Houston, TX, USA; laser bore, Lenox Laser, Glen
Arm, MD, USA). The mobile phase consisted of A) HOAc (0.2%) and
TFA (0.05%) in H,O and B) TFA (0.1%) and MeCN (90%) in H,0O (B).
The mobile phase was degassed by using an in-line Alltech
vacuum degasser (Alltech Associates, Inc., Deerfield, IL, USA). The
HPLC system was equilibrated at 10 kpsi with mobile phase A
(100%), and then a mobile phase selection valve was switched
50 min after injection, which created a near-exponential gradient
as mobile phase B displaced A in a 2.5 mL active mixer. A 30 cm
length of 360 um o0.d.x 15 um i.d. fused silica tubing was used to
split ~20 uLmin™" of flow before it reached the injection valve
(5 uL sample loop). The split flow controlled the gradient speed
under conditions of constant pressure operation (10 kpsi). Flow
through the capillary HPLC column when equilibrated to mobile
phase A (100%) was ~400 nL min~". MS analysis was performed by
using a ThermoFinnigan LTQ-Orbitrap mass spectrometer (Thermo
Scientific, San Jose, CA, USA) with electrospray ionization (ESI). The
HPLC column was coupled to the mass spectrometer by using an
in-house-manufactured interface. Homemade 150 um o.d. X
20 um i.d. chemically etched electrospray emitters were used.®
The heated capillary temperature and spray voltage were 200°C
and 2.2 kV, respectively. Data was acquired for 100 min, beginning
65 min after sample injection (15 min into gradient). Orbitrap spec-
tra (AGC 1x106) were collected from m/z 400-2000 at a resolution
of 100 k followed by data-dependent ion trap MS/MS spectra (AGC
1%x104) of the six most abundant ions using a collision energy of
35%. A dynamic exclusion time of 60 s was used to discriminate
against previously analyzed ions.

Mascot files were generated from the Thermoelectron RAW output
by using the mascot distiller. The resulting MS/MS data was
searched 20 times, once for each amino acid, by using OMSSA®®
against FASTA databases containing the complete mouse pro-
teome with +1076.98 u for the mass of the crosslinker and +16 u
for methionine oxidation as variable modifications. The data was
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evaluated by using OMSSAGUI®? with an E-value cut-off of 0.01
(that is, spectra with an E-value of less than 0.01 were taken into
consideration) and individual spectra containing the cleaved cross-
linker were further evaluated manually by using OMSSAGUI and
theoretical values that were generated by mMass.” The data was
also searched by using X!tandem (http://ppp.thegpm.org/tandem/
ppp.html), and the mouse database choice is given in the online
version.

Crosslinking of SlyD: Wild-type Shewanella oneidensis MR-1 con-
taining a vector conferring kanamycin resistance was grown in
Luria-Bertani media at 30°C overnight under exclusion of air to a
cell density of at least 1 as measured by absorbance at 600 nm.
Subsequently, cells were lysed in phosphate-buffered saline
(pH 7.5) with p-mercaptoethanol (BME, 5 mm) and tris(2-carboxy-
ethyl)phosphine (TCEP, 1 mm) by using 3x1 min sonication cycles
and the resulting lysate (200 pL) was incubated with TRAP (20 pm)
at room temperature for 3 h prior to purging with argon. Photo-
activation was performed by 1 h of illumination in the Rayonet
photoreactor. Mass-spectrometric identification of SlyD binding
partners was performed by a parallel pulldown experiment as pre-
viously described.?®

In vivo phospholamban crosslinking: Tetracysteine mutants of
phospholamban (1A and 1B) were kindly provided by Seth Robia
(University of Minnesota) in plasmid pVL1393.%? The genes were
excised by restriction digestions with BamHI and Notl (New Eng-
land Biolabs) and then gel-purified by using the UltraClean™ 15
DNA purification system (MoBio Laboratories, Inc., Carlsbad, CA,
USA). The DNA was ligated into the linearized retroviral vector,
pBM-IRESpuro® by using T4 DNA ligase, followed by transforma-
tion of the ligation mixture into subcloning efficiency E. coli DH5a
(Invitrogen) and selection of clones on LB agar plates containing
ampicillin (100 pgmL™"). After isolating the plasmid DNA of several
clones by using the Qiaprep spin miniprep kit (Qiagen), positive
clones were identified by the appearance of insert bands after re-
striction digestion with BamHI and Notl. Those clones identified as
having inserts were sequenced by ACGT, Inc. (Northbrook, IL, USA)
and were designated pBM-PLB1A (6356 bp) and pBM-PLB1B
(6356 bp). Phoenix cells (ATCC SD3443)" were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) that was supplemented
with fetal bovine serum (5%, Gibco), defined/supplemented
bovine calf serum (5%, HyClone, Logan, UT, USA), L-glutamine
(2mm, Gibco) and antibiotic (100 unitsmL™" penicillin and
100 pgmL~' streptomycin) at 37°C in an atmosphere of CO, (5%).
The day prior to transfection, Phoenix cells (2.0 x 10°) were used to
seed a 60 mm plate, which was incubated overnight at 37 °C. After
16-20 h, the medium was removed and replaced with fresh
medium (3 mL), to which chloroquine (25 mm, 10 plL) was added.
To transfect the cells, a solution of Hank’s Balanced Salt solution
(1 mL) containing plasmid DNA (8 ug, pBM-PLB1A), and CaCl,
(125 mm) was added to one plate of cells, and the plate was incu-
bated for 7 h at 37°C, after which the medium was replaced with
supplemented DMEM. The transfected Phoenix cells were incubat-
ed for 24 h, then transferred to a 100 mm dish and grown until
70-80% confluent. The medium was replaced fresh medium (5 mL)
and the plate incubated overnight at 32°C. After approximately
16 h, the medium that contained the virus was collected, spun at
1200 rpm in a swinging-bucket centrifuge for 5 min, and the viral
supernatant (4 mL) was added to the C2C12 myocyte target cells
that had been washed once in PBS. To improve the transduction
efficiency, polybrene (4 pgmL™") was added to the viral superna-
tant. After a 3 h incubation at 32°C, the viral supernatant that con-
tained polybrene was removed, replaced with C2C12 medium, and
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incubated at 37°C until the cells were approximately 80% conflu-
ent (typically 1d). The cells were then transferred to a 100 mm
dish, incubated for 24 h, and put under selection by using C2C12
medium that contained puromycin (2 ugmL™). Those cells surviv-
ing the selection were maintained in complete growth medium
with puromycin at 37°C.

For the crosslinking experiment, C2C12 myocytes expressing tetra-
cysteine-tagged phospholamban 1B, in which amino acids 23, 24,
27, and 28 are mutated to cysteines, were cultured for 5 d at 37°C
and CO, (5%) in Dulbecco’s Modified Eagle Medium (DMEM) that
was supplemented with fetal bovine serum (10% Gibco), penicillin/
streptomycin, sodium pyruvate (1 mm), and L-glutamine (4 mwm)
prior to the replacement with differentiation medium (DMEM, 2%
horse serum, penicillin/streptomycin, 1 mm sodium pyruvate, and
4mm L-glutamine) as described previously.?" Cells were grown in
standard growth or differentiation media to a density of about
90%. TRAP (2 um) was added in sterile DPBS (5 mL, 20 mm phos-
phate-buffered saline, pH 7.5) that had been prewarmed to 37°C
(for this amount of cells 5-10 mL growth media are normal) and
replaced into the incubator for 2 h. The crosslinking solution was
replaced with DPBS (50 mL), followed by 350 nm illumination in
the Rayonet photoreactor for four cycles of 30 min each in phos-
phate-buffered saline (20 mm, pH 7.5). Cells were lysed for immu-
noblotting. Alternatively, in separate affinity pull-down experi-
ments, FIAsH-tagged phospholamban and associated proteins in
myocytes were enriched by using FIAsH immobilized on glass
beads for mass spectrometric identification, as previously de-
scribed for RNA polymerase.”®

Crosslinking of RNA polymerase alpha in vivo: A vector that con-
tained a tetracysteine tag (CCPGCC) as well as V5 and Hiss-tags at
the Cterminus of the RNA polymerase o subunit (RpoA-C4) was
constructed and transformed into Shewanella oneidensis MR-1 as
described previously.?*?® S. oneidensis was grown in LB media at
30°C to a density of 1.2 at 600 nm under conditions ensuring
good aeration. Cells were incubated for 1 h with either FIAsH-EDT,
or TRAP (10 um), followed by two sequential low-speed centrifuga-
tion steps in PBS buffer (20 mm phosphate-buffered saline, pH 7.8)
in the presence of 1) DMPS (1 mm) and then 2) DMSO (10%, v/v)
to remove excess TRAP. Photocrosslinking was performed in PBS at
350 nm by using the Rayonet photoreactor for 1, 2, and 4 h. A set
volume was then replaced into LB media, and the growth rate
determined. The cells were lysed in SDS-PAGE running buffer and
separated on SDS-PAGE.

Abbreviations: BME: -mercaptoethanol; Boc: t-butoxycarbonyl;
CaM: calmodulin; DMEM: Dulbecco’s modified Eagle media; DMF:
N,N-dimethylformamide; DMPS: 2,3-dimercaptopropylsulfonate;
DMSO: dimethylsulfoxide; EDC: N-ethyl-N'-(3-dimethylaminopro-
pyl)carbodiimide; EDT: ethanedithiol; FIAsH-EDT,: 4',5"-bis(1,3,2-di-
thoarsolan-2-yl)fluorescein; EGTA: ethylene glycol-bis(2-aminoethyl-
ether)-N,N,N',N'-tetraacetic acid; HEPES: 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid; HPLC: high pressure liquid chromatog-
raphy; MES: 4-morpholinethanesulfonic acid; MLCK: CaM-binding
sequence of myosin light-chain kinase containing a CCKACCA tag
at the C terminus; MS: mass spectrometry; NHS: N-hydroxysuccin-
imide; NMP: N-methyl-2-pyrrolidinone; OMSSA: open mass spec-
trometry search algorithm; S. oneidensis: Shewanella oneidensis MR-
1; SDS-PAGE: sodium dodecylsufate-polyacrylamide gel electropho-
resis; SlyD: protein sensitive to lysis by bacteriophage D, a bacterial
peptidyl-prolyl isomerase and metallochaperone; TCEP: tris(car-
boxyethyl)phosphine; TFA: trifluoroacetic acid; TRAP: targeted
releasable affinity probe, that is, 5-(2-(4-benzoylbenzamido)ethyl
carbamoyl)-4',5'-di(1,3,2-dithiarsolan-2-yl)fluorescein.
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A Quantitative Comparison of Wild-Type and Gatekeeper
Mutant Cdk2 for Chemical Genetic Studies with ATP

Analogues
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Chemical genetic studies with enlarged ATP binding sites and
unnatural ATP analogues have been applied to protein kinases
for characterisation and substrate identification. Although this
system is becoming widely used, there are limited data avail-
able about the kinetic profile of the modified system. Here we
describe a detailed comparison of the wild-type cdk2 and the
mutant gatekeeper kinase to assess the relative efficiencies of

Introduction

The study of protein kinases and the elucidation of the path-
ways involved in cell regulation is key to our understanding of
both healthy and diseased states. Small molecule inhibitors
have become widely used to infer the requirement of a partic-
ular kinase in a specific phosphorylation event or pathway.
Most kinase inhibitors bind to the ATP binding site of their tar-
gets. However, given that there are over 500 different protein
kinases in the human genome that all share the same con-
served ATP binding site," it is often difficult to precisely state
that a particular phenotype is due to one particular kinase.
Knockout/knockdown technologies are useful to circumvent
this problem, but can cause secondary problems such as the
upregulation of related proteins to compensate for the missing
activity (such as cdk1 compensating in cdk2 knockouts™?).

In 1997 the Shokat lab pioneered a chemical genetic ap-
proach to analyse protein kinase function. In this study a mu-
tation was used to enlarge the ATP binding site of v-Src; this
enabled the kinase to accept a [y-*?PJATP analogue with a
bulky addition to the N°position. This approach provided
almost complete selectivity for the mutant v-Src over cellular
kinases (Figure 1A). The same group then went on to show
that selective inhibitors of the enlarged ATP binding site can
be used to the same effect (Figure 1A) with the advantage
that many are cell permeable and hence can be used with
living cells and organisms.”! The specific residue mutated in
order to enlarge the ATP binding site was termed the “gate-
keeper” residue® and is conserved in many protein kinases
and makes the approach widely applicable.”-® These tech-
niques have subsequently been used to study a wide variety
of kinases®' and have led directly to the identification of
some novel kinase substrates."%'?
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these kinases with ATP and unnatural ATP analogues. Our data
demonstrate that mutation of the kinase alters neither the sub-
strate specificity nor the phosphorylation site specificity. We
find comparable K/V,..x values for mutant cdk2 and wild-type
kinase. Furthermore, F80G cdk2 is efficiently able to compen-
sate for a defective cdk in a biological setting.

Whilst the chemical genetic approach outlined above is at-
tractive (and is indeed being utilised with increasing frequen-
cy), there is little quantitative data available for the serine/
threonine protein kinases. Studies on mutant c-Src tyrosine
kinases show that binding of an N°-modified ATP analogue
does not alter the phospho-acceptor binding site, nor did it
affect the site specificity of a range of peptide targets."” Muta-
tion of c¢-Src to the analogue sensitive kinase not only allowed
the NS-modified ATP to be utilised, but the NS-modified ATP
was a much more efficient phosphate donor than native
ATP." With respect to serine/threonine kinases, there is limited
kinetic data already published with N°-modified ATP ana-
logues." In addition, recent work has demonstrated that sub-
stitution at the gatekeeper residue can have profound effects
on kinase catalytic efficiency."” In order to clarify these issues
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Figure 1. ATP-based chemical genetic approaches to protein kinases. Wild-
type protein kinases accept ATP as a phosphate donor but not sterically en-
larged inhibitors (shown as i) or ATP molecules (shown as A*TP). By enlarg-
ing the ATP binding domain the mutant kinase is still able to utilise ATP as a
phosphate donor but is also able to bind sterically enlarged molecules that
utilise the enlarged domain such as bulkier inhibitors and ATP analogues.

with respect to serine/threonine kinases, we have performed
experiments to quantitatively compare the kinetic parameters
of wild-type cdk2 with the analogue sensitive mutant F80G
cdk2"®"8™ and have assessed a range of ATP analogues and a
variety of known substrates. Although some kinetic evaluation
has been performed with wild-type and analogue-sensitive v-
Src and Cdk2/cyclin E previously"® our work here substantially
expands on this by examining
multiple protein substrates and
ATP analogues and quantitative-
ly comparing the kinetics of two
cdk2 holoenzymes with distinct
cyclin subunits.

Results

Generation of mutant Cdk2
and ATP analogue pairs

Gatekeeper mutations can be
used to enlarge the active site
of protein kinases to enable
them to use analogues of ATP
(see Figure 1). Analysis of the
crystal structure of cdk2 bound
to ATP?” identified three amino
acids which, when mutated,
might allow bulky groups on
the N position of ATP to access
the hydrophobic pocket behind
the gatekeeper residue. These
three amino acids were V64, F80
and L134 (Figure 2). Mutant kin-
ases were prepared containing
V64S and/or F80G and/or L134A

1520
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mutations. Analysis of the activities of these kinases with ATP
variants showed that V64 and L134 substitutions were largely
inactive whilst the F80G mutant kinase retained substantial
catalytic activity (data not shown and Figure 3). The F80 resi-
due is equivalent to the gatekeeper site identified by Shokat et
al.” and further studies were carried out using the F80G
mutant cdk2.

An initial screen was undertaken to find N°-modified ATP an-
alogues that could be utilised as a phosphate donor by the
F80G cdk2 but not by wild-type cdk2. Initial investigations uti-
lised two known substrates of cdk2/cyclin E1: Rb and p27¢¥'
(hereafter p27). A phospho-specific antibody was used to ob-
serve p27 phosphorylation and a gel shift assay was used to
measure retinoblastoma protein (Rb) phosphorylation, as hy-
perphosphorylated Rb migrates with a retarded mobility in
SDS PAGE when compared to un/hypophosphorylated Rb
(Figure 3). Of the N°-modified ATP analogues screened, two
were effective phosphate donors and selective for the F80G
cdk2 mutant; N°-(cyclohexyl)ATP (CxATP) and N°-(cyclopentyl)-
ATP. The smallest cyclic adduct tested, N°-(cyclopropyl)ATP,
could be used by both wild-type and F80G cdk2, albeit to a
lesser extent by the wild-type kinase (Figure 3). The largest
cyclic adduct tested, N°-(cyclooctyl)ATP, was selective over
wild-type kinase/ATP in combination with the substrate p27
but, as no hyperphosphorylation was observed with Rb, it was
concluded to be a poorer phosphate donor than the cyclopen-
tyl and cyclohexyl variants. N-(pyrrolidinyl)ATP was inactive as
a phosphate donor both with the F80G mutant and the wild-
type kinase.

C)

Figure 2. Mutation of the ATP binding domain in cdk2. A) ATP binding site of cdk2 that highlights the residues
that interact with the N° region of ATP. V64 is highlighted in blue, F80 in red and L134 in green. B) A close up of
the ATP binding domain showing the F80 residue in red. C) Mutation of the F80 residue to glycine is shown in
red. Enlargement of the hydrophobic pocket is shown. Images were created using PyMOL software, based on co-
ordinates from protein data bank THCK.=”

ChemBioChem 2009, 10, 1519 - 1526
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Comparison of wild-type and
mutant Cdk2 activities

The activity of cdk2 is regulated
by binding to cyclins. The two
main cyclin types that bind to
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Figure 3. A) Testing the compatibility of N°-modified ATPs with F80G cdk2. GST purified Rb or p27 was phosphory-

fraction of hyperphosphorylated
Rb from total Rb over time

lated with cyclin E1/wild-type cdk2 or cyclin E1/F80G cdk2 in the presence or absence of 1 mm ATP analogues.

Phosphorylation was identified by the presence of a gel shifted hyperphosphorylated band for Rb (open triangles)
or using a phospho-specific p27 antibody for p27. B-D) Phosphopeptide mapping of Rb. Phosphopeptide maps
of Rb fragments phosphorylated with B) wild-type cdk2 and ATP, C) F80G cdk2 and ATP or D) F80G cdk2 and NS-

(cyclohexyl)ATP. The origin is marked “start”.

Analysis of Rb phosphorylation sites

After establishing that F80G cdk2 and some N®-modified ATP
analogues can act as bio-orthogonal pairs to phosphorylate
known substrates, we addressed whether the phosphorylation
site selection in a protein substrate was identical to that of
wild-type cdk2. Retinoblastoma protein contains multiple
phosphorylation sites targeted by cyclin E1/cdk2.?"* We em-
ployed phosphopeptide mapping to generate a fingerprint
indicative of the sites of phosphorylation targeted in the sub-
strate. Rb was phosphorylated by [y-*>P]IATP with both wild-
type cdk2 and F80G cdk2, and by [y-**PIN®~(cyclohexyl)ATP ([y-
32P]CxATP) with F80G cdk2. The hyperphosphorylated Rb was
then digested with trypsin, the tryptic fragments separated in
two dimensions and visualised using autoradiography
(Figure 3). Comparing maps obtained with different ATP/kinase
pairs demonstrated that identical patterns of phosphorylated
peptides were obtained from all kinase/ATP combinations
(Figure 3); this indicated that neither the mutant kinase nor
the [y-*PICxATP altered the site specificity of Rb phosphoryla-
tion. In addition, the intensity of phosphorylation of individual
peptides was very similar irrespective of which kinase/ATP pair
was employed; this indicated comparable efficiencies of selec-
tion of individual target sites. In addition, confirmation of
Thr187 phosphorylation on p27 (the only available phosphory-
lation site within this clone) was demonstrated by mass spec-
troscopy analysis (see the Supporting Information), and
showed unambiguously wild-type phosphorylation site specif-
icity with all ATP/kinase pairs tested.
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(Figure 4). We established that
the reaction was within the
linear range of phosphorylation
(that is, ATP is not limiting and
no more than 10% of the avail-
able ATP was used, see the Sup-
porting Information), and Lineweaver-Burke plots were pro-
duced using different concentrations of ATP or CxATP and the
resulting K, and V.. values calculated (Table1 and Fig-
ure 4).24

Comparable Ky values were obtained with native ATP for
both wild-type and F80G cdk2 in combination with cyclin A2
(Kvwrarey = 0.03£0.007 mM,  Kyesoeare = 0.03£0.02 mm)  and
cyclin = Bl (Kywram=0.05+0.02 MM, Kyegoeare = 0.08 £
0.05 mm). This indicates that enlargement of the ATP binding
site with the F80G mutation is likely to have made no signifi-
cant difference to the kinetics of ATP binding/ADP release or
product formation. When mutant F80G cdk2 was used in com-
bination with either cyclin, N°-(cyclohexyl)ATP resulted in a
slight increase in K compared to ATP (with cyclin A2 Ky s/
oarry=0.04+£001Tmm  and  cyclin E1  Kygsoc/cxarry =0.06 =
0.03 mwm), indicating that N°-(cyclohexyl)ATP has a marginally
lower efficiency as a phosphate donor that is, more N°-(cyclo-
hexyl)ATP is required to give half maximal activity. In all cases
no phosphorylation was observed when N°-(cyclohexyl)ATP
was used as a substrate for wild-type cdk2, therefore kinetic
parameters could not be established for these holoenzymes.

Maximal activity values (V,,.,) between all kinase/ATP pairs
were also established. In all cases a comparable V., were
observed with ATP for wild-type and F80G cdk2 for cyclin E
(Vinaxwr/ary = 27.1£7.7%, V. axrsocarm =246 £1.4%) and cyclin
A2 (Vopaxwrarey = 13.1 £ 4.3%, Viorsocars = 8.7 + 3.3%). N°~(cyclo-
hexyl)ATP in combination with F80G cdk2 with cyclin A2,
although increased, was not significantly different from wild-
type cdk2 and ATP (V,.rsocicxarey = 19.51+0.6%) and similarly
F80G cdk2 with cyclin E1 gave consistent V., values for all

three combinations of kinase and ATP (V.xrsoc/cxarr)=25.6 £
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Figure 4. Determination of K, and V,,,, for wild-type and F80G cdk2 with cyclin E1 or cyclin A2 as binding partners. Rb was phosphorylated with increasing
concentrations of ATP/N®-(cyclohexyl)ATP (CxATP) from 0.01 mm to 1 mwm for 30 min. Phosphorylation of Rb was measured by immunoblotting and quantita-
tive analysis of gel shifted hyperphosphorylated Rb (open triangle) and expressed as a percentage of total Rb. From these calculations Lineweaver-Burke

plots were obtained and the Ky, and V,,,, values determined.

Table 1. K, and V., values for wild-type and F80G cdk2 kinases.
ATP CxATP
Kw Vinax Kw Vinax
WT cdk2/E 0.05+£0.02 27.1+7.7
F80G cdk2/E 0.08£0.05 246+14 0.06+0.03 25.6+6.7
WT cdk2A 0.03+£0.007 13.1£43
F80G cdk2A 0.03+£0.02 8.7+33 0.04+0.01 19.5+£0.6

6.7 %) indicating comparable phosphorylation efficiencies with
all kinase/ATP pairs. Although the N°-(cyclohexyl)ATP and
native ATP gave similar K, values we wondered if a less hydro-
phobic substitution would result in an analogue that was pref-
erentially used by the mutant kinase by disrupting potential
hydrophobic interactions between the cyclohexyl moiety of
the ATP analogue and the hydrophobic cavity that is revealed
by the gatekeeper mutation (see Figure 1). We therefore syn-
thesised NS-[(4-amino)-piperidinyl]ATP as a less hydrophobic
N°-modified ATP variant; reduced hydrophobicity was implied
by reduced retention times compared to N°-(cyclohexyl)ATP on
reverse phase HPLC. However, analysis of the rate of phosphor-
ylation of Rb showed that N°-[(4-amino)-piperidinyl]ATP was
less efficient than N°-(cyclohexyl)ATP (Figure 5).
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Alternative substrate phosphorylation rates

After determining the kinetic values for the phosphorylation of
Rb, we next investigated whether the rates of phosphorylation
of other substrates are similarly affected. For this study, as we
did not have the option of bandshift quantification, we used
[y-*P]-labelled ATP/N°-(cyclohexyl)ATP and two other known
substrates of cdk2/cyclin E1; cdc25a®' and histone H1.*® Fol-
lowing 30 min exposure to the radiolabelled ATP derivative the
intensity of phosphorylation reached a maximum and the in-
termediate time points were then expressed as a percentage
of this total phosphorylation (Figure 5). Autophosphorylation
of cyclin E1 gave a comparable rate of phosphorylation in all
combinations tested. We obtained the percentage phosphory-
lation values as above (that is, assuming maximum phosphory-
lation at 30 min). In order to account for minor differences in
kinase concentration, these values were then normalized rela-
tive to the phosphorylated cyclin E1 in each sample. This rep-
resents a relative amount of the total active kinase available.
Following normalization ATP was shown to be a more efficient
phosphate donor than N°-(cyclohexyl)ATP (Figure 5); for exam-
ple, on comparison of histone phosphorylation, 50% of the
total phosphorylation was observed after 1.3 min for ATP
whereas with N°-(cyclohexyl)ATP this took 2.6 minutes (Fig-
ure 5).
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Figure 5. A) Measuring the rate of phosphorylation of cdk2 substrates. Recombinant proteins were phosphorylated with purified cyclin E1/cdk2 and

[Y**P]1ATP/NS-(cyclohexyl)ATP for the time indicated. Samples were separated by SDS PAGE and quantified by phosphoimaging. The initial rates of phosphory-
lation are shown for i) cyclin E1, ii) histone and iii) cdc25a each phosphorylated with wild-type cdk24-ATP (e, solid line), F8OG cdk2+ATP (m, dashed line) or
F80G cdk2+CxATP (a, dotted and dashed). B) Decreasing the hydrophobicity of N°-(cyclohexyl)ATP does not improve the rate of Rb phosphorylation. Rb was
phosphorylated with F80G cdk2 and either ATP, N®~(cyclohexyl)ATP or N°-[(4-amino)-piperidinyl)JATP (shown in (i). Quantitative analyses of the rates of phos-
phorylation were measured by taking the density of hyperphosphorylated Rb (open triangles) from the total Rb in each sample (ii). Data is represented by a

Michaelis Menten plot (iii) of the % phosphorylation of Rb observed after 60 min with increasing ATP concentrations.

Complementation studies

Our enzymatic analyses indicated that F80G cdk2 was compa-
rable to wild-type cdk2 in terms of its kinetic properties. In
order to assess the ability of FBOG cdk2 to function in a biolog-
ical setting we employed the budding yeast Saccharomyces
cerevisiae as a model system. Human cdks have been shown to
complement defects in the yeast cdk CDC28 and this system
provides a simple test of the biological efficacy of a cdk.””! We
performed complementation assays using a strain of the bud-
ding yeast S. cerevisiae containing a temperature-sensitive mu-
tation in CDC28. In this strain, the yeast proliferate normally at
30°C but are unable to grow at 34.5°C. We expressed either
wild-type or F80G cdk2 into the temperature sensitive strain
and tested for growth at the permissive and restrictive temper-
atures. As shown in Figure 6, both wild-type and F80G cdk2
were indistinguishable in their ability to complement the
growth defect at 34.5°C, whereas yeast transformed with the
empty vector control were unable to grow. These data indicate
that the F80G cdk2 is functional in vivo and is able to compen-
sate for the loss of wild-type CDC28 in yeast.

ChemBioChem 2009, 10, 1519- 1526
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Discussion

The utilisation of a protein kinase with a mutationally enlarged
ATP binding site in combination with an ATP analogue has
proved to be an innovative and informative chemical genetic
technique in the study of protein kinases.”"" Whilst the tech-
nigue is becoming widely used, there are few studies rigorous-
ly analysing the kinetics and specificity of the mutant kinase/
ATP analogue pairing with serine/threonine kinases. To be fully
applicable, the kinase/ATP analogue pairing should reflect the
properties of the unaltered components as closely as possible.
In this study, we have examined this requirement for the cell
cycle regulatory protein serine/threonine kinase cdk2 and a
range of nucleotide analogues and known protein substrates.

Three different cdk2 mutants were assessed, each with
amino acid side chains positioned in close proximity to the
NE nitrogen of the adenine base of ATP: F80G, L134A and V645
(Figure 2). All proteins were expressed well through baculovi-
rus infection of Sf9 cells but only the F80G variant had activity
comparable to wild-type cdk2 when complexed with a cyclin
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Figure 6. Complementation of defective CDC28 by F80G cdk2. S. cerevisiae
with a temperature sensitive allele of CDC28 was transformed with either
empty vector or vectors expressing either wild-type or F80G cdk2. Cultures
were grown from two independent transformants for each plasmid at the
permissive temperature and then spotted onto duplicate plates at two con-
centrations (marked “1” and “1/10”) and incubated at either 30°C (permis-
sive) or 34.5°C (restrictive) for three days.

(Figure 3 and data not shown). Recent computational analysis
has indicated that L134 of cdk2 is likely to form part of the so-
called C spine, a stack of hydrophobic residues that is predict-
ed to be important for optimisation of the catalytic process.”
Our observation that the L134A mutant is substantially less
active than the wild-type cdk2 is in agreement with this com-
putational analysis, as the substitution with an alanine is likely
to destabilise this hydrophobic stacking hence reducing kinase
catalytic ability.

F80 is equivalent to the gatekeeper residue in cdk2 and as
such is the most commonly targeted site in protein kinases for
enlargement of the ATP pocket. Recent studies on tyrosine kin-
ases have indicated that this residue can have a profound
effect on the activity of the kinase.'”” Many endogenous tyro-
sine kinases have threonine at this gatekeeper site; in v-Src
and some activated versions of c-ABL, this residue is changed
to a more bulky hydrophobic amino acid such as isoleucine.
These changes result in activation of the tyrosine kinase
through stabilisation of a second hydrophobic spine (the
R spine) that holds the kinase in an active conformation."”?® In
contrast, many serine/threonine kinases already have a bulky
hydrophobic amino acid at this position (F80 in cdk2). Our en-
zymatic analysis, in agreement with previous studies,"® does
not indicate any substantial decline in enzymatic activity of
cdk2 upon substitution of the gatekeeper residue with an
amino acid lacking a side chain. The interaction with a cyclin
assists in holding the cdk in an active conformation and this
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may be a factor in the retention of activity with F80G cdk2.
These in vitro observations are substantiated by the demon-
stration that F80G cdk2 is able to complement the loss of
CDC28 activity in S. cerevisiae and attests its capability in a bio-
logical system (Figure 6).

Mutation of the gatekeeper residue™ allows bulky additions
at the N® position of ATP to sit within the ATP binding site and
hence modified ATPs to be utilised as phosphate donors. Of
the variety of ATPs with bulky N°®additions tested, we found
only N°(cyclopentyl), N°~(cyclohexyl) and N°-[(4-amino)piperi-
dinyl] ATPs to be productive binding partners resulting in sub-
strate phosphorylation that was comparable to that observed
with ATP. None of these analogues were phosphate donors
with wild-type cdk2. Further work employed N°®-(cyclohexyl)-
ATP.

Ideally, to discover novel protein kinase substrates, F80G
cdk2 would need to be expressed in cells or a cellular environ-
ment in the presence of ~1 mm ATPE? Current gatekeeper
mutations such as F80G cdk2 do not preclude the kinase from
using standard ATP but allow it to additionally employ to the
N-substituted ATP analogues as phosphate donors. We there-
fore set out to compare the activity of the wild-type and
mutant kinases with ATP and the F80G mutant with the N°-(cy-
clohexyl)ATP analogue. The F80G mutation did not significantly
affect the kinetics of phosphorylation of several known cdk2
substrates with native ATP, and gave comparable Ky and V,,,
values; this indicates that the kinase retains the enzymatic
properties of its wild-type counterpart. Ideally to compete suc-
cessfully with intracellular ATP, the F80G cdk2 would have
greater catalytic efficiency with N°-(cyclohexyl)ATP than with
ATP which was not observed here as shown in Table 1. Further
modifications to the ATP moiety may prove to be more effi-
cient selective substrate donors. For example, construction of
dual bump hole system®" would allow absolute specificity and
circumvent competition from endogenous ATP; such a system
could be engineered on top of the existing model by, for ex-
ample, reducing the ribose unit whilst introducing a compen-
satory bulky amino acid sidechain in the appropriate portion
of the kinase. A previous study in chemical genetic mutants
F80G cdk2 and T338G c-Src kinases, the Ky, values for the ana-
logue N°-(benzyl)ATP was much lower than that of ATP indicat-
ing that in this example the analogue ATP was in fact a better
substrate than the native ATP.'® The differences between this
study and that by Kraybill et al. are likely to be due to the spe-
cific combination of the kinase and the ATP analogue. Thus, it
is clearly important to further evaluate mutant kinases with dif-
ferent ATP analogues to identify optimal combinations, and
further detailed study is required.

Protein serine/threonine kinases generally select substrates
through interaction of the kinase with a docking site on the
substrate (at least partially through the cyclin in the case of
cdks). This sterically aligns the target residue close to the cata-
lytic site.?#3233 Given that the gatekeeper residue is deep
within the adenine-binding pocket of the kinase, far from
these surface interactions, it seemed unlikely that its mutation
would affect substrate selection. However, recent studies have
suggested that substantial interconnectivity exists between
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spatially disparate portions of protein kinases;*® this makes it
important to assess the effects of gatekeeper mutations on
substrate selection. Our observations indicate no significant
change in substrate phosphorylation, both in terms of the se-
lection of individual proteins for phosphorylation and the rela-
tive efficiency of targeting specific sites within a single sub-
strate undergoing multi-site phosphorylation (Figures 4 and 5).
These observations greatly validate the use of gatekeeper mu-
tations for studying protein serine/threonine kinase function
and suggest that this residue is not contributing substantially
to long range interactions within the protein serine/threonine
kinase scaffold.

Experimental Section

Materials: Primary antibodies p27 (C-19), p27 T187 phospho-spe-
cific (sc16324R) and GST (B-14) were from Santa Cruz Biotech-
nology (Heidelberg, Germany) NeutrAvidin-HRP from Molecular
Probes (Eugene, OR, USA). All secondary antibodies were from
Jackson ImmunoResearch (West Grove, PA, USA). All other materi-
als were from Sigma unless stated otherwise.

Synthesis of ATP derivatives: All syntheses carried out according
to literature procedures. Further details and full analytical data
can be found in the Supporting Information.

Generation of constructs: GST-tagged cdk2 constructs were creat-
ed by subcloning cdk2®? into pAcGEX by using BamHI/EcoRlI.
Mutant cdk2 clones were created by PCR mutagenesis using the
following primers (coding strands only shown): for F80G: 5'-CTC
TAC CTG GTT GGC GAA TTC CTG CAC CAA G-3'; V64S 5-CCT AAT
ATT TCG AAG CTG CTG-3; L134 A 5-AAC CTC AGA ATC TCG CGA
TTA ACA CAG AG-3'. All clones were cloned into a T-tail vector and
sequenced before being subcloned into pBlueBacHisA using
BamHI/Hindlll for baculovirus expression. Wild-type and F80G cdk2
were then further subcloned into pAcGEX for expression with a
GST tag and into pGBDU-C1 for yeast expression studies. Other
constructs have been described.?"**3"

Cell culture: NIH 3T3 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with newborn calf serum
(NCS, 10% v/v). Sf9 cells were cultured in Grace’s media supple-
mented with foetal bovine serum (FBS, 10% v/v). Recombinant ba-
culoviruses were produced using the BaculoGold system (Pharmin-
gen, Oxford, UK).

Baculovirus expression and purification of wild-type and F80G
cdk2: Infections with recombinant viruses producing GST-tagged
proteins were performed such that the cyclin expressing virus was
present in ~tenfold excess compared to the GST-cdk2 virus to
ensure maximal binding of cyclin to each cdk. Cells were lysed in
NETN (10 mL of: 20 mm Tris-HCl pH 8, 150 mm NaCl, 1 mm EDTA,
0.5% NP40) by repeated passage through a 21-gauge needle.
Debris was removed by centrifugation at 5000 rpm at 4°C for
5 min and the lysate was then incubated with glutathione-Sephar-
ose beads (500 pL) for 2 h at 4°C. The beads were thoroughly
washed in NETN (3x10 mL) before use in assays as described
below. Preparations were assayed against histone H1 and con-
tained activities of phosphate transfer per mg of kinase from two
independent assays in the following ranges: cyclin E1/wild-type
cdk2: 53.24-78.21 nmol'mg 'min~"; cyclin E1/F80G cdk2: 1.40-

' cycin A2/wild-type  cdk2:  7.74-

4.96 nmol~'mg~"'min™";
19.55nmol 'mg 'min”";  cyclin  A2/F80G  cdk2:  3.48-

5.86 nmol~'mg~"min"".
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Kinase assays: Kinase assays were performed in 100 uL volume,
which contained GST-purified kinase (1-2 units where 1 unit=35%
Rb shift after 30 minutes incubation), GST-purified substrate (~1 pg
of Rb (aa 414-960), p27 (aa 105-198), cdc25a and cyclin E co-puri-
fied by using cdk2-GST as above) or histone H1 (Roche), ATP
(1 mm) and K buffer (25 mm HEPES pH 7.9, 5 mm MgCl,, 0.1% (v/v)
2-mercaptoethanol, 0.1 mm EDTA). For Ky/V... experiments, Rb-
GST (1 ng) was used as a substrate. The samples were incubated
for up to 1 h at 30°C (for Lineweaver-Burke plots, samples were in-
cubated for 30 min). Reactions were terminated by adding 5x
SDS-PAGE loading buffer. The protein samples were separated by
SDS-PAGE and visualized western blotting and ECL detection (Milli-
pore). Analysis and quantification of blots was performed using
Aida software.

His prep of NDPK: Nucleotide diphosphate kinase (NDPK) cDNA
was expressed as a His-tagged protein in E. coli strain BL21. Bacteri-
al cultures (200 mL) were centrifuged at 1000 rpm for 5 min at 4°C
and resuspended in buffer A (10 mL of: 20 mm Tris at pH 8, 0.5m
NaCl). Cells were lysed by sonication and the debris removed by
further centrifugation at 5000 rpm for 5 min at 4°C. His-tagged
protein was purified by immobilised metal affinity chromatography.
Beads were washed in buffer B (3x20 mm Tris pH 8, 0.5m Nadl,
40 mm imidazole) before being adjusted to 50% glycerol and
stored at —20°C prior to further use.

Enzymatic synthesis of [y-*’P] N°-(cyclohexyl)ATP: His-tagged
NDPK beads were washed in ammonium bicarbonate (0.1 m). [y-
32p]ATP (5 nmol) was added to beads and the reaction incubated
at 30°C for> 1 h. Unreacted [y-**P]ATP was washed from the beads
with ammonium bicarbonate (0.1 M) and discarded, until washes
contained <5 cpm. N°-(cyclohexyl)ADP (CxADP, 0.1 nmol) was
added to the beads followed by incubation at 30°C for > 1 h. Fol-
lowing brief centrifugation, the supernatant was removed and the
remaining labelled CxATP washed from beads. The supernatant
was concentrated by centrifugal evaporation and subsequently the
[y-**P]CXATP was resuspended in K buffer.

Phosphopeptide mapping of Rb: For the phosphopeptide analy-
sis, in vitro kinase assays were performed as described above
except that [y-**PJATP/CxATP (3 nmol) and GST-Rb (amino acids
378-928) (1.5 ng) were used. The phosphorylated GST-Rb products
were resolved by SDS-PAGE, transferred to a polyvinylidene difluor-
ide membrane and digested with trypsin prior to phosphopeptide
analysis as described.®®

Complementation studies in yeast: S. cerevisiae strain Y246a
(MATa cdc28-4 trp1 ura3-52 tyrl; a gift from John Diffley) was
transformed with either empty vector (pGBDU-C1) or plasmids di-
recting expression of either wild-type or F80G cdk2 using a stan-
dard lithium acetate protocol. Transformants were grown in liquid
culture at 30°C and then spotted onto selective agar plates and
incubated at either 30°C or 34.5°C for 3 days.

Acknowledgements

We thank John Diffley for the yeast strain, Douglas Lamont for
mass spectrometry and Kleoniki Gounaris for the NDPK plasmid.
We would also like to thank Rudiger Woscholski, Doreen Cantrell
and members of the Mann and Gouverneur laboratories for criti-
cal comments and discussion. This work was supported by the
Cancer Research UK and the BBSRC.

1525

www.chembiochem.org



www.chembiochem.org



BIO

Keywords: chemical genetics - cyclin - kinases - nucleotides -
phosphorylation

[1

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[171

1526

G. Manning, D. B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, Science
2002, 298, 1912-1934.

C. Berthet, E. Aleem, V. Coppola, L. Tessarollo, P. Kaldis, Curr. Biol. 2003,
13, 1775-1785.

D. Santamaria, C. Barriere, A. Cerqueira, S. Hunt, C. Tardy, K. Newton,
J.F. Caceres, P. Dubus, M. Malumbres, M. Barbacid, Nature 2007, 448,
811-815.

K. Shah, Y. Liu, C. Deirmengian, K. M. Shokat, Proc. Natl. Acad. Sci. USA
1997, 94, 3565-3570.

A. C. Bishop, K. Shah, Y. Liu, L. Witucki, C. Kung, K. M. Shokat, Curr. Biol.
1998, 8, 257-266.

P.J. Alaimo, Z. A. Knight, K. M. Shokat, Bioorg. Med. Chem. 2005, 13,
2825-2836.

C. Zhang, D. M. Kenski, J. L. Paulson, A. Bonshtien, G. Sessa, J. V. Cross,
D. J. Templeton, K. M. Shokat, Nat. Methods 2005, 2, 435-441.

R. H. Gunby, S. Ahmed, R. Sottocornola, M. Gasser, S. Redaelli, L. Molog-
ni, C.J. Tartari, V. Belloni, C. Gambacorti-Passerini, L. Scapozza, J. Med.
Chem. 2006, 49, 5759-5768.

L. M. Elphick, S. E. Lee, V. Gouverneur, D. J. Mann, ACS Chem. Biol. 2007,
2,299-314.

N. Dephoure, R. W. Howson, J. D. Blethrow, K. M. Shokat, E. K. O’Shea,
Proc. Natl. Acad. Sci. USA 2005, 102, 17940-17945.

E. Beillard, O. N. Witte, Cell Cycle 2005, 4, 434-437.

J.J. Allen, S.E. Lazerwith, K. M. Shokat, J. Am. Chem. Soc. 2005, 127,
5288-5289.

J. D. Blethrow, J.S. Glavy, D.O. Morgan, K. M. Shokat, Proc. Natl. Acad.
Sci. USA 2008, 105, 1442-1447.

L. A. Witucki, X. Huang, K. Shah, Y. Liu, S. Kyin, M. J. Eck, K. M. Shokat,
Chem. Biol. 2002, 9, 25-33.

Y. Liu, K. Shah, F. Yang, L. Witucki, K. M. Shokat, Chem. Biol. 1998, 5, 91—
101.

B. C. Kraybill, L. L. Elkin, J. D. Blethrow, D.O. Morgan, K. M. Shokat, J.
Am. Chem. Soc. 2002, 124, 12118-12128.

M. Azam, M. A. Seeliger, N.S. Gray, J. Kuriyan, G. Q. Daley, Nat. Struct.
Mol. Biol. 2008, 15, 1109-1118.

[18]

[19]

[20]

[28]

[29]
[30]

31]

[32]

[33]

[34]

[35]

[36]

[37]

D. J. Mann et al.

A.G. Polson, L. Huang, D. M. Lukac, J. D. Blethrow, D. O. Morgan, A.L.
Burlingame, D. Ganem, J. Virol. 2001, 75, 3175-3184.

A. C. Bishop, J. A. Ubersax, D. T. Petsch, D. P. Matheos, N. S. Gray, J. Bleth-
row, E. Shimizu, J. Z. Tsien, P. G. Schultz, M. D. Rose, J. L. Wood, D. O.
Morgan, K. M. Shokat, Nature 2000, 407, 395-401.

P. D. Jeffrey, A. A. Russo, K. Polyak, E. Gibbs, J. Hurwitz, J. Massague, N. P.
Pavletich, Nature 1995, 376, 313-320.

E.S. Knudsen, J. Y. Wang, J. Biol. Chem. 1996, 271, 8313-8320.

A. S. Lundberg, R. A. Weinberg, Mol. Cell. Biol. 1998, 18, 753-761.

E. A. Musgrove, Growth Factors 2006, 24, 13-19.

W. W. Cleland, Annu. Rev. Biochem. 1967, 36, 77-112.

I. Hoffmann, G. Draetta, E. Karsenti, Embo J. 1994, 13, 4302-4310.

R. N. Bhattacharjee, G. C. Banks, K. W. Trotter, H. L. Lee, T. K. Archer, Mol.
Cell. Biol. 2001, 21, 5417-5425.

M. Meyerson, G.H. Enders, C.L. Wu, L.K. Su, C. Gorka, C. Nelson, E.
Harlow, L. H. Tsai, Embo J. 1992, 11, 2909-2917.

A.P. Korney, S.S. Taylor, L. F. Ten Eyck, Proc. Natl. Acad. Sci. USA 2008,
105, 14377-14382.

A. C. Bishop, E. R. Blair, Bioorg. Med. Chem. Lett. 2006, 16, 4002-4006.

G. M. Cook, J. B. Russell, A. Reichert, J. Wiegel, Appl. Environ. Microbiol.
1996, 62, 4576-4579.

S. M. Ulrich, O. Buzko, K. Shah, K. Shokat, Tetrahedron 2000, 56, 9495—
9502.

R. Bose, M. A. Holbert, K. A. Pickin, P. A. Cole, Curr. Opin. Struct. Biol.
2006, 16, 668-675.

B. A. Schulman, D. L. Lindstrom, E. Harlow, Proc. Natl. Acad. Sci. USA
1998, 95, 10453-10458.

D.J. Mann, E.S. Child, C. Swanton, H. Laman, N. Jones, Embo J. 1999,
18, 654-663.

P.D. Adams, X. Li, W. R. Sellers, K. B. Baker, X. Leng, J. W. Harper, Y. Taya,
W. G. Kaelin, Jr., Mol. Cell. Biol. 1999, 19, 1068-1080.

A. Jarviluoma, E. S. Child, G. Sarek, P. Sirimongkolkasem, G. Peters, P. M.
Ojala, D. J. Mann, Mol. Cell. Biol. 2006, 26, 2430-2440.

U. Schulze-Gahmen, H. L. De Bondt, S. H. Kim, J. Med. Chem. 1996, 39,
4540-4546.

Received: February 2, 2009
Published online on May 12, 2009

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2009, 10, 1519 - 1526



http://dx.doi.org/10.1126/science.1075762

http://dx.doi.org/10.1126/science.1075762

http://dx.doi.org/10.1016/j.cub.2003.09.024

http://dx.doi.org/10.1016/j.cub.2003.09.024

http://dx.doi.org/10.1073/pnas.94.8.3565

http://dx.doi.org/10.1073/pnas.94.8.3565

http://dx.doi.org/10.1016/S0960-9822(98)70198-8

http://dx.doi.org/10.1016/S0960-9822(98)70198-8

http://dx.doi.org/10.1016/j.bmc.2005.02.021

http://dx.doi.org/10.1016/j.bmc.2005.02.021

http://dx.doi.org/10.1038/nmeth764

http://dx.doi.org/10.1021/jm060380k

http://dx.doi.org/10.1021/jm060380k

http://dx.doi.org/10.1021/cb700027u

http://dx.doi.org/10.1021/cb700027u

http://dx.doi.org/10.1073/pnas.0509080102

http://dx.doi.org/10.1021/ja050727t

http://dx.doi.org/10.1021/ja050727t

http://dx.doi.org/10.1073/pnas.0708966105

http://dx.doi.org/10.1073/pnas.0708966105

http://dx.doi.org/10.1016/S1074-5521(02)00091-1

http://dx.doi.org/10.1016/S1074-5521(98)90143-0

http://dx.doi.org/10.1016/S1074-5521(98)90143-0

http://dx.doi.org/10.1021/ja0264798

http://dx.doi.org/10.1021/ja0264798

http://dx.doi.org/10.1038/nsmb.1486

http://dx.doi.org/10.1038/nsmb.1486

http://dx.doi.org/10.1128/JVI.75.7.3175-3184.2001

http://dx.doi.org/10.1038/376313a0

http://dx.doi.org/10.1080/08977190500361812

http://dx.doi.org/10.1146/annurev.bi.36.070167.000453

http://dx.doi.org/10.1128/MCB.21.16.5417-5425.2001

http://dx.doi.org/10.1128/MCB.21.16.5417-5425.2001

http://dx.doi.org/10.1073/pnas.0807988105

http://dx.doi.org/10.1073/pnas.0807988105

http://dx.doi.org/10.1016/j.bmcl.2006.05.011

http://dx.doi.org/10.1016/S0040-4020(00)00834-6

http://dx.doi.org/10.1016/S0040-4020(00)00834-6

http://dx.doi.org/10.1016/j.sbi.2006.10.012

http://dx.doi.org/10.1016/j.sbi.2006.10.012

http://dx.doi.org/10.1073/pnas.95.18.10453

http://dx.doi.org/10.1073/pnas.95.18.10453

http://dx.doi.org/10.1093/emboj/18.3.654

http://dx.doi.org/10.1093/emboj/18.3.654

http://dx.doi.org/10.1128/MCB.26.6.2430-2440.2006

http://dx.doi.org/10.1021/jm960402a

http://dx.doi.org/10.1021/jm960402a

www.chembiochem.org




DOI: 10.1002/cbic.200900060

Proteolysis of Peptide Dendrimers

Peter Sommer, Viviana S. Fluxa, Tamis Darbre, and Jean-Louis Reymond*®!

The ability of proteins and peptides to undergo proteolysis is
essential to their biological function. Herein, we report the first
detailed study of the protease reactivity of peptide dendrimers.
Dendrimers are regularly ramified, tree-like synthetic macromo-
lecules with promising application in technology and medicine.
Using trypsin and a-chymotrypsin cleavage sites as models, we
show that the protease reactivity of peptide dendrimers can
be controlled by the degree of branching. Dendrimers with
two or three amino acids between branching points were
readily cleaved by trypsin irrespective of the position of the
reactive sequence within the dendrimers, for example in D1,
(Ac-GIy-Phe-Pro)4(Dap-Hyp-ArglMet)zDap-Ser-GIy-[ﬁAIa-NHz, and

Introduction

The ability of natural proteins and peptides to undergo pro-
teolysis is essential to their biological function, and allows phe-
nomena such as activation of proenzymes and prohormones,
the removal of leader sequences controlling cellular localiza-
tion, or the elimination of unwanted or dysfunctional prod-
ucts. In synthetic peptides proteolytic reactivity can be ex-
ploited to add function, in particular in targeted prodrug acti-
vation strategies.” The proteolysis of any peptide or protein
depends on its amino acid sequence. All proteases indeed ex-
hibit a certain degree of selectivity, in particular for the amino
acids adjacent to the cleavage site.”! Proteolysis also depends
on the three dimensional structure, whereby exposed loops at
protein surfaces are usually reactive, while tightly folded do-
mains are protected.”

Herein, we report on the protease reactivity of peptide den-
drimers. Dendrimers are synthetic macromolecules with a rami-
fied, tree-like topology rarely found in natural macromole-
cules.” This topology enforces a globular shape enabling prop-
erties such as microenvironment effects at the dendritic core,
which are useful for encapsulation,”” multivalency effects at
the dendrimer surface that can be exploited in binding,” and
catalysis.! Dendrimers assembled from amino acid building
blocks are particularly attractive as models for proteins, such
as enzymes and glycoproteins.” ' Structurally, peptide den-
drimers behave as molten globules in aqueous solution."”
Contrary to folded proteins, however, they cannot be dena-
tured to a linear disordered state; this suggests that they
might be resistant to proteolytic degradation by blocking
access of the protease to possible cleavage sites. Indeed multi-
ple antigenic peptides, which are synthetic linear peptides at-
tached to a dendritic polylysine core, have been reported to
be resistant to proteolytic degradation.™ A detailed quantita-
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D12, (Ac-Ser-AIa)s(Dap-AIa-Argi)4(Dap-AIa—Asp)zDap-Phe—AIa-
Lys*-NH, (Dap: (S)-2,3-diaminopropionic acid branching point,
Hyp: hydroxyproline, Lys*: FITC-labeled lysine, L cleavage site).
On the other hand cleavage was blocked in more compact
dendrimers with only one amino acid between branching
points, for example in D18B, (Ac-Glu)y(Dap-Phe),(Dap-
Arg),Dap-Leu-NH,). The control of proteolysis by topology pro-
vides a novel possibility to tune the biological properties of
peptide dendrimers not available in linear peptides, and
should be generally useful for their use as functional biomole-
cule analogues, for example, in the context of drug delivery
applications.

tive study of dendrimer proteolysis was, however, not carried
out.

Using trypsin and chymotrypsin reactive sequence motives
as models, we show that the proteolytic reactivity of peptide
dendrimers can be controlled by the frequency of branching
points. Peptide dendrimers with two or three amino acids be-
tween the branching points, such as D1, D11 or D12, display
only limited hindrance to proteolysis. On the other hand tryp-
sin and chymotrypsin cleavage sites placed within more com-
pact dendrimers with only one amino acid between branching
points, such as D15B, D18B and D19B, show significant and
sometimes complete resistance to proteolysis while their linear
peptide analogues are rapidly cleaved (Figure 1). The control
of proteolysis by topology provides a novel possibility to tune
the biological properties of peptide dendrimers not available
in linear peptides, and should be generally useful for their use
as functional biomolecule analogues, for example, in the con-
text of drug delivery applications."

Results and Discussion

Both literature precedents and chemical intuition suggest that
peptide dendrimers should not react with proteases due to
steric hindrance from branching at the cleavage site. We set
out to probe the protease reactivity of peptide dendrimers

[a] Dr. P. Sommer, V. S. Fluxa, Priv. Doz. Dr. T. Darbre, Prof. Dr. J.-L. Reymond
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Figure 1. Examples of peptide dendrimers found to be either reactive (D1, D11, D12) or resistant (D15B, D18B, D19B) to trypsin cleavage. All branching
points are (S)-2,3-diaminopropionic acid (Dap, B) and the C-termini are CONH,; K* is side-chain FITC-labeled lysine. For dendrimer D18B the full structure is

also shown; see also Tables 1 and 2.

using a solid-supported peptide dendrimer combinatorial li-
brary and our simple on-bead protease profiling assay re-
cently reported for linear peptides.”™ In this assay the free
amino termini unmasked by proteolysis are derivatized by re-
ductive alkylation with the dye-labeled aldehyde 1, which re-
veals proteolysis on the surface of the solid support known as
“bead-shaving”."” The stained beads are then analyzed by
total hydrolysis and amino acid composition analysis, which
allows the determination of the amino acid sequence.” We fo-
cused on second-generation peptide dendrimers containing
three amino acids per branch, which might be conformational-
ly sufficiently flexible to allow access of a protease to a cleav-
age site within the branches. A 4096-member combinatorial li-
brary was prepared with variable amino acid positions in the
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first and second generation tripeptide branches following our
previously reported library design protocol (Figure 2).l'”?

While no reaction could be detected with trypsin or a-chy-
motrypsin under the conditions of protease profiling with
linear peptides (25°C, 1 h in aqueous buffer)™ incubation at
36°C in the presence of dimethylsulfoxide (20%, v/v) as cosol-
vent provided a significant proportion of stained beads after
reductive alkylation. In both cases, the sequences of protease
reactive (stained) and unreactive (unstained) beads were ana-
lyzed (Table S1-S5 in the Supporting Information). All trypsin-
reactive dendrimers contained at least one arginine, as expect-
ed from the cleavage selectivity of this enzyme,® and were
also strongly enriched in threonine at position X’ and methio-
nine at X3. By contrast unreactive sequences were associated

ChemBioChem 2009, 10, 1527 - 1536
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Figure 2. A) On-bead proteolysis assay of a peptide dendrimer combinatorial
library. Beads showing: B) the positive control: nonacetylated library; C) neg-
ative control: unreacted, acetylated library; D) assay: trypsin treated acetylat-
ed library.

with anionic residues (Asp in X% or and Glu in X’), tyrosine at
X¢ or X* and proline at X*. For a-chymotrypsin, which cleaves
at aromatic and hydrophobic amino acids, the reactive sequen-
ces indeed preferentially contained Met at X¥/X?, Phe at X’, and
Leu at X°. A strong consensus was also observed for arginine
at X® and X*, which might be explained by an electrostatic in-
teraction between the cationic sequences and the anionic a-
chymotrypsin, the isoelectric point of which is at pH 5.4.2" On
the other hand a-chymotrypsin unreactive beads generally in-
dicated a prevalence of anionic residues (Glu at X’/X? and Asp
at X8/X®) as well as Ala and Pro at X5 including some Phe-Pro
sequences, which are known to be resistant to cleavage by a-
chymotrypsin.

ChemBioChem 2009, 10, 1527 - 1536

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

Protease reactive dendrimer sequences D1-D7 were select-
ed from the solid-supported assay and synthesized by SPPS,
cleaved from the support, and purified by RP-HPLC. We also
prepared two anionic, trypsin-unreactive sequences from the li-
brary, D8 and D9, in which an arginine was introduced artifi-
cially to produce a tryptic cleavage site. The control linear se-
quences L1-L9 were also prepared by replacing the branching
(5)-2,3-diaminopropanoic acid (Dap) residues by alanine
(Table 1).

The solution assays showed that the dendrimers identified
as either protease reactive or protease resistant exhibited the
corresponding reactivity in solution; this result confirmed the
on-bead assay. The designed, anionic tryptic sequences, D8
and D9, also underwent cleavage but with a much lower reac-
tivity, which is in agreement with the fact that they were not
identified in the solid-supported assay. The linear peptide ana-
logues of the dendrimers L1-L9 were generally 3-5-times
more reactive towards the proteases than the corresponding
dendrimers. The limited yet significant reduction in reactivity
for the dendrimers is probably caused by the reduced accessi-
bility of the cleavage sites induced by branching. This trend
was inverted in the case of the very weakly reactive dendrimer
D9 and its linear analogue L9 upon cleavage at high trypsin
concentration; this shows that in this case, as for the unreac-
tive sequences D3/L3, D4/L4 and D7/L7, the lack of reactivity
was caused by the amino acid sequence and not by dendritic
branching.

The experiments above indicated that the amino acid se-
quence rather than the dendritic branching controlled reactivi-
ty in dendrimers derived from the combinatorial library. The
dendritic topology itself generally reduced reactivity in most
cases, but did not block reactivity. This observation raised the
question whether it might be possible to take a protease reac-
tive peptide sequence and “hide” it from proteolysis by den-
dritic branching, for instance, by using a more compact dendri-
mer design with fewer amino acids between branching points.

In a first attempt towards this goal, we prepared the third
generation peptide dendrimers D10-D12 with only two amino
acids per branch and trypsin or a-chymotrypsin cleavage sites
at various positions within the branches. A fluorescence label
was introduced at the dendritic core to facilitate analysis of
the fragments. We have shown previously with the example of
esterase-active dendrimers that this type of third generation
dendrimer can be hydrophobically collapsed, and that their
degree of compaction is comparable to molten globule, and
sometimes, fully-folded proteins; this suggests that such hy-
drophobically collapsed dendrimers might be resistant to pro-
teolysis." However, while these dendrimers were much less
reactive than the second generation dendrimers above, quanti-
tative proteolysis could be obtained when using 50 ugmL™" of
either trypsin or a-chymotrypsin. Specific cleavage was con-
firmed in the case of trypsin by identification of the fragments
by MS, which showed that all arginine cleavage sites had react-
ed (Table 2).

The decrease in proteolytic reactivity obtained by reducing
the branch length from three to two amino acids suggested
that even more compact dendrimers might become entirely
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Table 1. Synthesis and proteolytic study with trypsin and chymotrypsin of peptide dendrimers from the den-
drimer library (D1-D9) and their linear peptide analogues (L1-L9). The dendrimer sequences are given with
the one letter code for proteinogenic amino acids. For the corresponding dendrimer structure see Figure 1.

generation dendrimers D14B-
D16B underwent only 0-5%
cleavage with trypsin, and third

. b . generation dendrimers D17B-
Compound Sequence Yield MS Type Conversion D19B were completely resistant
[mg] calcd/found K
0 to trypsin and were also not
D1 (ACGFP),(BHypR'M),BSG-PAla-NH, ~ 23.2 (17%)  2665/2665 T 39%, 2 cuts s
L1 AcGFPAHypR‘MASG-BAla-NH, 498 (59%)  1118/1118 75% cleaved S'Qn'f'can,tly even afFer
D2 (ACSFRY),(BVTP),BSG-BAla-NH, 243 (16%) 2814/2815 T 7.4%, 4 cuts extended incubation times with
L2 ACSFR'AVTPASG-BAla-NH, 61.4 (73%)  1104/1104 58% up to 50pgmL~" trypsin. By
D3 (ACGHA),,(BVIM),BSG-BAla-NH, 192 (15%)  2406/2407  negT 0% comparison the linear controls
L3 ACGHAAVIMASG-BAla-NH, 403 (51%)  1025/1025 0% B )
D4 (ACDFP),(BHYpRP),BSG-BAla-NH, 454 (32%)  2829/2829  negT 0% L4 L19,Were all readily cleaved.
L4 ACDFPAHypRPASG-BAla-NH, 595 (69%)  1143/1142 0% The lysine analogues D14K-
D5 (AcGHR),(BVRM"),BSG-PAla-NH, 434 (21%)  2833/2833 Ch 39% D19K on the other hand were
L5 AcGHRLAVRMiASG—[iAIa—NHZ 350 (45%)  1154/1154 49% significantly cleaved, sometimes
D6 (ACMF*R),(BVRL),BSG-BAla-NH, 337 (17%) 3134/3134  Ch 100% .
much heir linear ana-
L6 ACMF'RAVRLASG-BAla-NH, 39.1 (52%)  1219/1219 100% as much as t € car ana
D7 (ACGFP),(BHypTE),BSG-BAlaNH,  20.0 (15%)  2549/2550  negCh 0% logues (Table 3, Figure 3). Inter-
L7 AcGFPAHypTEASG-BAla-NH, 337 (61%)  1062/1062 0% estingly, analysis of the trypsin
D8 (AcDERj)l,(BVIP)ZBSG—BAIa—NHz 27.5(18%)  2877/2877  desT 9%, 3 cuts digests by MS showed that pro-
L8 ACDER'AVIPASG-BAla-NH, 27.5(20%)  1127/1127 17% Ivsi
i re nl n
D9 (ACGEA)(BDR',BSG-PA-NH, 386 (31%) 24552457  desT 4999 1or2 cuts | (COWSIS occurred only once at
Lo AcGEAADR'LASG-BAla-NH, 386 (33%)  1058/1058 15 9% the branching points with lysine,

are for a trypsin concentration of 50 ugmL™".

[a] Yields were calculated from the weight of the TFA salts after RP-HPLC puirification and lyophilization. B: (S)-
2,3-diaminopropanoic acid or Dap, branching unit; Ac: acetyl; pAla: B-alanine; Hyp: 4-hydroxyproline. [b] Se-
quences from library L identified as trypsin reactive (T), trypsin unreactive (negT), a-chymotrypsin reactive (Ch),
a-chymotrypsin unreactive (negCh), negative trypsin with an arginine mutation (desT). [c] The solution assays
were run with dendrimer (1 mm) and trypsin (1 ugmL™") or a-chymotrypsin (50 pgmL™") in Tris buffer (0.1m,
pH 7.5). The reactions were followed by RP-HPLC at 214 nm and cleavage sites were determined by ESI-MS(+)
analysis of the crude protease digests. [d] D9 and L9 did not cleave at 1 pgmL™" trypsin, the data shown here

while the diaminopropanoic acid
branching points sometimes also
reacted twice. In the case of
lysine hydrolysis at the g-amino
group the reaction is probably
slower because the peptide
bond is with a g-amino rather

than an a-amino group.
Proteolysis was also tested
with a-chymotrypsin for sequen-

Table 2. Synthesis of third generation fluorescein labeled peptide dendrimers and proteolysis results with trip-

ces 14, 18 and 19, which contain

Sl a potential cleavage site for this
Compound Sequence Yield MS Type Reactivity protease. In this case the Dap-

[mg] calcd/found branched dendrimers D14B,
D10 (ACRYA)4BSD),(BYA),BALK*-NH, 07 (11.1%)  4750/4751 T 100%, 8 cuts | D18B and D1.9§ again showed
D11 (ACHS)4(BYF),(BRA),BFAK*-NH, 0.8 (13.8%) 5178/5179 T 100%, 2 cuts | reduced reactivity, with D18B
D12 (AcSA)g(BARl)I,(BAD)ZBFAK*-NH2 1.1 (9.8%) 4236/4237 T 1009%, 4 cuts being completely resistant to
D13 (ACYA)g(BR'V),(BAD),BALK*-NH, 1.6 (43.8%) 4922/4924 T 100%, 4 cuts

cleavage. On the other hand the

sin reactive.

Solution assays were performed with dendrimer (0.02 mm) and protease (50 ugmL ") in Tris buffer (0.1m,
pH 7.5). Reactions were followed by RP-HPLC at 440 nm and the cleavage sites were determined by using ESI-
MS(+). Flow rate: 3.0 mLmin~'(A/D 70/30 to 50/50 in 10 min); K*: lysine with a FITC-labeled side chain; T: tryp-

lysine-branched dendrimers
D14K, D18K and D19K and their
linear analogues L14, L18 and

L18 all underwent essentially
complete cleavage.
The resistance of the Dap-

resistant to proteolysis, specifically by using only one amino
acid between branching points. To test this hypothesis, second
generation (D14-D16B/K) and third generation (D17-D19B/K)
dendrimers were prepared by combining a tryptic residue
(Arg) and a chymotrypsin residue (Phe) with either small or
polar residues (Gly, Ser) or an anionic residue (Glu). Each of the
sequences was synthesized as a lysine-branched dendrimer, a
more compact Dap-branched dendrimer, and a control linear
peptide by using alanine at the branching position (Table 3).
Proteolysis assays with this series showed that the compact
design was indeed able to protect protease reactive peptide
sequences form proteolysis. The effect was most pronounced
for the Dap branched dendrimers against trypsin. Thus, second
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branched dendrimers to proteolysis, which is particularly
strong for the third generation dendrimers D17B-D19B com-
pared to their lysine-branched analogues D17K-D19K or their
linear analogues, might be caused by a compact structure rem-
iniscent of a tightly folded protein. To investigate this point,
the hydrodynamic radii of these third generation dendrimers
were determined by diffusion NMR spectroscopy in D,0O
(Table 4).# The data indicate that in each case the Dap-
branched dendrimer was indeed significantly more compact
than its lysine-branched analogue. However, the glutamate-
containing dendrimers, D18B/K and D19B/K, were more resist-
ant to proteases than D17B/K despite being less compact as
measured by the hydrodynamic radius; this indicates that the
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Table 3. Synthesis and proteolysis of compact peptide dendrimers incorporating one amino acid between di-
amino propionic acid as branching unit (D14B-D19B) or lysine as branching unit (D14K-D19K) and linear ana-
logues (L14-L19). For the dendrimer structures see Figure 1.

Compound  Sequence Yield® MS calcd/found®  Trypsin a-Chymotrypsin
[mg]

D14B (ACF),(BR"),BL-NH, 27.9 (32%) 1458/1458 5.0%, 2 cuts 20%

D14K (ACF),(KRY),KL-NH, 344 (37%) 1584/1584 24%, 1 cut 96%

L14 ACFAR'AL-NH, 224 (59%) 618/618 90% 100%

D15B (ACE),(BRY),BL-NH, 24.8 (30%)  6949/693 0.4%, 1 cut

D15K (ACE),(KR"),KL-NH, 229 (25%)  15109/1511 40%, 1 cut

L15 AcEARAL-NH, 24.0 (65%) 600/600 19%

D16B (ACG),(BR"),BL-NH, 27.2 (40%) 1097971098 4.5%, 1 or 2 cuts

D16K (ACG),(KR"),KL-NH, 22.0 (29%) 1223/1223 46%, 1 cut

L16 ACGAR'AL-NH, 250 (73%) 528/528 80%

D17B (AcS)s(BG),(BRY),BL-NH,  19.2 (12%)  2306/2306 0%,® 1 or 2 cuts

D17K (ACS)5(KG),(KRY,KL-NH,  13.5(9%)  2601/2601 47%, 1 or 2 cuts

L17 ACSAGAR'AL-NH, 25.7 (62%) 686/686 44%

D18B (ACE)s(BF),(BRY),BL-NH, ~ 17.8 (9%)  3003/3003 0%* 0%

D18K (AcE)g(KF),(KR"),KL-NH,  15.0 (8%)  3298/3298 18%, 1 cut 95%

L18 ACEAFAR'AL-NH, 31.6 (65%) 819/818 85% 100%

D19B (AcE)s(BRY,(BF),BL-NH, 165 (7%)  3020/3021 0%* 26%

D19K (ACE)s(KRY),(KF),KL-NH, 102 (5%)  3315/3316 2% 2 cuts 100%

L19 ACEAR'AFAL-NH, 23.7 (49%) 819/818 39% 94%

Conversion of dendrimers and linear peptides (1 mm) in Tris buffer (0.1 m, pH 7.5) after 1 h incubation with
either trypsin (1 pgmL™") or a-chymotrypsin (50 ugmL™") at 25°C. The digestions were analyzed by RP-HPLC at
214 nm after 1 h. [a] Yields were calculated for the TFA salts after RP-HPLC puirification; [b] determined by ESI-
MS(+); [c] [M42H]*>"; [d] DMSO (20%) had to be added in order to solubilize this compound for the tests;
[e] cleavage at 50 ugmL™' trypsin cleaved D18B and D19B by less than 5%, D17B by 6% and D19K by 55 %.
B: (5)-2,3-diaminopropanoic acid branching unit; Ac: acetyl; fAla: B-alanine; Hyp: 4-hydroxyproline.

100% A
B trypsin
@ «-chymotrypsin
50% A
0% -

14B 15B 16B 17B 18B 19B 14K 15K 16K 17K 18K 19K L14 L15 L16 L17 L18 L19

Figure 3. Reactivity of second and third generation peptide dendrimers and linear analogues by trypsin or chymo-
trypsin. The percentage of cleavage as detected by HPLC is given. Conditions: 1 mm dendrimer or peptide in Tris
buffer (0.1 m, pH 7.5), trypsin (1 pgmL " or a-chymotrypsin (50 ug mL '); samples were incubated for 1 h at 25°C.

amino acid sequence also played a major role in reactivity. In-
terestingly, the volume per unit of molecular weight calculated
from the hydrodynamic radius shows that dendrimers D17B/
K-D19B/K (2.1-3.7 A*molg™") are as compact as folded pro-
teins (about 2.5 A*molg™~") and other peptide dendrimers, such
as the esterase models"” RG1-RG3 and RMG1-RMG3 (about
2.2-3.0 A*molg~'; Table 4). By contrast denatured peptides and
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proteins occupy a much larger
volume per unit of M,, (about 4-
12 A*molg™"). A general inter-
pretation of the reduced pro-
tease reactivity in terms of com-
pactness is therefore warranted,
and most likely reflects reduced
accessibility of the cleavage sites
for the proteases.

Conclusions

The experiments described dem-
onstrate that the protease reac-
tivity of peptide dendrimers can
be controlled by the frequency
of branching diamino acids in-
troduced in the sequence. Pep-
tide dendrimers with three
amino acids between branching
points, such D1 and analogues
identified by a combinatorial on-
bead proteolysis assay, undergo
proteolysis at trypsin and a-chy-
motrypsin cleavage sites similar
to their linear peptide ana-
logues. The reactivity of these
dendrimers primarily depends
on the amino acid sequence,
and unreactive sequences are
readily identified, such as D3/L3,
D4/L4 and D7/L7. Reactivity is
reduced in dendrimers with only
two amino acids between
branching points, such as den-
drimers D11 and D12. Protection
of protease-reactive sequences
from proteolysis by dendritic
branching is finally achieved
when only one amino acid is
placed  between  branching
points, in particular when using
the short Dap residue as branch-
ing unit. Thus, the digestion
sites within dendrimer D18B
appear to be essentially un-
touched by either trypsin or a-
chymotrypsin even after extend-
ed incubation times, while its
linear peptide analogue L18 is

readily proteolyzed by both enzymes. This low reactivity is
partly induced by the compact structure of the dendrimers, as
evidenced by the estimation of their compactness by diffusion
NMR spectroscopy.

While dendrimer branching and sequence design tune pro-
teolysis, it should be mentioned that proteolysis in a peptide
dendrimer should also be readily controllable by using unnatu-

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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- N - . i - tis  column (4.6 mmx100 mm,
Table 4. Hydrodynamic radii determined by diffusion NMR spectroscopy and specific volumes per M,, unit. dC18, 5um), and UV detection
Compound Sequence My ry [nm] VIM, with Waters 996 photodiode array
A*molg™] detector. Data recording and proc-
essing was done with Waters Em-
D178 (AcS),(BG),(BR),BLNH, 2306 1.06 214 power2 software. Eluents for all
D17K (ACS)5(KG), (KR),KL-NH, 2601 1.16 248
D18B (ACE),(BF),(BR),BL-NH, 3003 122 252 systems were: A: water and TFA
D18K (ACE)5(KF),(KR),KL-NH, 3298 143 3.69 (0.1%); D: acetonitrile/water (3:2)
D198 (ACE)5(BR)4(BF),BL-NH, 3020 124 2,66 with TFA (0.1%). MS analyses were
D19K (ACE)g(KR)4(KF),KL-NH, 3315 1.28 263 provided by the mass spectrome-
RG1 (ACRS),BHS-NH, 899 0.79 230 try service of the Department of
RG2 (ACWG),(BRS),BHS-NH, 2127 1.04 2.9 Chemistry and Biochemistry, Uni-
RG3 (ACYT)4(BWG),(BRS),BHS-NH, 4752 144 2.64 versity of Berme. The 'M and
e, iy 20 TC et wer recorded by
C 4 2BHS>-NH, . . .
RMG3 (ACYT)s(BWG),(BRSG),BHS-NH, 4866 152 3.00 using a Bruker AC 300 (300 MHz)
bovine pancreatic trypsin inhibitor® 6511 1.58 2.53 and  DRX500 or Avance 500
hen lysozyme® 14388 2.05 250 (500 MHz) instruments. Chemical
horse cytochrome c (NaCl-induced molten globule)® 12000 2.01 2.83 shifts () are given in ppm and
sperm whale apomyoglobin pH 4 (molten globule)® 17199 2.53 3.93 refer to solvent residual peak, cou-
residues 2-38 from D3 of fibronectin binding protein®®® 3569 1.55 436 pling constants (J) in Hertz (Hz).
hen lysozyme®™®! 14388 3.46 12.02 SPPS was performed manually in
Diffusion NMR data were measured at a concentration of 1 mm of dendrimer/protein in D,O at 303 K; r,: hy- polypropylene syringes fitted with
drodynamic radius, B: (S)-2,3-diaminopropanoic acid. [a] Data from ref. [22]; [b] determined under strong dena- a polyethylene frit and a Teflon
turing conditions; [c] V/My, = (4/3) x st xr,> X My, " stopcock and stopper. Standard

ral amino acids, such as -amino acids®’ or p-amino acids,?”

as is often done for linear peptides. For instance the preva-
lence of single cleavages of the dendrimers when the proteo-
lytic site was placed directly at a branching point probably in-
dicates the reduced reactivity of the side-chain amide group.
In the perspective of biomedical applications, however, the use
of unnatural building blocks should be taken with caution
since they might induce unwanted toxicity. The control of pro-
teolysis by topology provides a novel possibility to tune the
biological properties of peptide dendrimers not available in
linear peptides, and should be generally useful for their use as
functional biomolecule analogues, in particular in the context
of drug delivery applications.

Experimental Section

General: Reagents were purchased in the highest quality available
from Fluka, Sigma, Bachem, Novabiochem, NeoMPS or Aldrich. All
solvents used in reactions were bought in p.a. quality or distilled
and dried prior to use. Solvents for extractions and chromato-
graphic purifications were distilled from technical quality. Sensitive
reactions were carried out under nitrogen or argon, and the glass-
ware was heated under high vacuum. Chromatographic purifica-
tions (flash) were performed with silica gel 60 from Merck or Fluka
(0.04+0.063 nm; 230 £400 mesh, ASTM). TLC monitoring was per-
formed with Alugram SIL G/UV254 silica gel sheets (Macherey-
Nagel), followed by observation under a UV lamp (254/366 nm).
Preparative RP-HPLC (flow rate 100 mLmin~'") was performed with
a Waters Delta Prep 4000 system with a Waters Prepak Cartridge
(500 g) as column and Waters 486 tunable absorbance detector.
Semipreparative RP-HPLC (flow rate 4 mLmin™") was performed
with a Waters 510 pump operated with a Waters automated gradi-
ent controller and Jasco UV-2075 plus detector on a Vydac 218 TP
(1.0 cmx 25 cm) column. Analytical RP-HPLC (flow rate 3 mLmin™")
was performed by using a Waters 600E systems with Waters Atlan-

1532

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

PGSE diffusion NMR spectroscopy
experiments were performed by
using a Bruker DRX500 in D,O at
303 K. The gradient with a maximum strength of 50x10~* Tcm™
was calibrated by using the HOD proton signal in 99.997% D,0.
The hydrodynamic radii were calculated from the diffusion coeffi-
cientD by wusing the Stokes-Einstein equation with 5=
1.095 MPas™' for D,0 at 298 K.

Library synthesis

Coupling of Fmoc-protected amino acids: The on-bead library was
synthesized on NovasynTG resin (Tentagel; 150 mg, 0.035 mmol,
loading: 0.23 mmolg™") by using the split-and-mix procedure. The
resin was swollen for 15 min in DCM, then it was acylated with
3 equiv of N-a-Fmoc amino acid in the presence of PyBOP (3 equiv,
58 mg, 0.1035 mmol) and N,N'-diisopropylethylamine ((iPr),EtN;
6 equiv, 35 pL, 0.207 mmol) in DMF. After 2x60 min reaction times
were prolonged for the amino acids (after one branching unit
(60 min), after two branching units (90 min) and three branching
units (120 min); for each branching unit twice the reaction time
was used). The resin was washed (3 x5 mL) with DMF, CH,Cl, and
MeOH and controlled with TNBS (trinitrobenzenesulfonic acid) test
followed by acetylation.

Cleavage of the Fmoc protecting group: Fmoc protecting groups
were removed by treatment with piperidine (20%) in DMF (3 mL,
3% 10 min) and then washed with DMF, CH,Cl, and MeOH.

Mix and split: Once the a-amine was deprotected, the resin was
suspended in DMF/CH,CI, (2:1, v/v), mixed with nitrogen bubbling
for 15 min and distributed in five equal portions for the next cou-

pling.

N-Acetylation: The resin was acetylated with a solution of acetic
acid anhydride/DCM (1:1, v/v) for 30 min. After filtration the resin
was washed (3x) with DMF, MeOH and DCM.

TFA cleavage: The cleavage was carried out by using a TFA/H,0/
TIS/EDT (94:1:2.5:2.5, v/v/v/v) solution for 4 h.

On-bead proteolytic assays: Resin (50 mg) was equilibrated in
THF/H,O0/AcOH (90:5:5, v/v/v) for 1h. The solvent mixture was
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then removed by filtration and 1 mL of a solution of formaldehyde
(100 mm) in the same solvent mixture was added. After being
stirred for 1 h, NaCNBH, (57 mg, 0.90 mmol) was added. The resin
was stirred for 1h and then washed with DMSO, DMF, MeOH,
DCM, MeOH and finally with buffer (Tris buffer pH 7.5, 0.1 m). The
resin was equilibrated in buffer for 2 h. After removal of the buffer
by filtration, 1 mL of protease solution (1 mgmL~') was added and
the mixture was stirred, overnight. The protease solution was re-
moved by filtration and the resin was washed extensively with
buffer, DMSO, DMF, MeOH, DCM, MeOH and finally with THF/H,0/
AcOH (90:5:5, v/v/v; 3xeach). An aliquot of solution 1 (1 mL of
10 mm) in THF/H,O/AcOH (90:5:5, v/v/v) was added and the resin
was stirred for 1 h. NaCNBH; (6 mg, 0.09 mmol) was then added
and the resin was stirred for 1 h. The labeling mixture was re-
moved by filtration and the resin was washed extensively with
DMSO, DMF, MeOH, DCM, MeOH and finally with H,O. The resin
was suspended in H,O, transferred to a silica gel plate and the
beads were observed under a microscope. Single red colored
beads were transferred through a glass capillary to amino acid
analysis vials. The following commercial enzymes were used: tryp-
sin from pig pancreas (1645 U mg™"; Fluka: #82495); and a-chymo-
trypsin from bovine pancreas (74.6 Umg™"; Fluka: #27270).

Bead analysis: Single-dendrimer peptide-containing resin beads
were hydrolyzed with aqueous HCl (6 M) at 110°C for 22 h and the
amino acid composition was determined quantitatively by HPLC
after derivatization with phenyl isothiocyanate (PITC).

HPLC integration for sequence determination of single-peptide
dendrimers on resin beads: The sequence of dendrimers was
deduced from the HPLC-peak integration of each amino acid PITC
derivative relative to the reference integration of this derivative.
The Dap (2,3-diaminopropanoic acid) branching unit coelutes with
phenylalanine. Thus, the value is subtracted before calculating inte-
gration for this amino acid.

Proteolytic stability test in solution: Peptides/dendrimers were
prepared as 2 mm stock solutions in Tris buffer (0.1 m, pH 7.5). Pro-
teolysis was initiated by the addition of 5 uL of a freshly prepared
stock solution of protease (20 pgmL™" trypsin, 1 mgmL™" a-chymo-
trypsin) in Tris buffer (0.1 m, pH 7.5) to a mixture of peptide/dendri-
mer (50 pl) stock solution in Tris buffer (45 pL; 0.1m, pH 7.5). The
concentration under these conditions was 1 mwm of peptide/dendri-
mer substrate and 1 pgmL™' (trypsin) to 50 pgmL~" (chymotrypsin)
of protease. Reaction mixtures were analyzed after 1 h by RP-
HPLC; (flow rate: 3.0 mLmin~"; gradient: A/D 100/0 to 0/100 in
15 min. Conversions were calculated by comparing the integrals of
starting material after 1 h with a blank by using Empower2 soft-
ware. If no new peaks were observed the conversion was assumed
to be null. The crude proteolytic mixtures were subjected to MS
(ESI+) analysis.

Solid-phase synthesis: Peptide dendrimers and linear peptides
were synthesized by using NovasynTGR® (Tentagel with Rink amide
linker) resin under the same coupling conditions as described for
the peptide dendrimer library synthesis. After TFA cleavage the
peptide dendrimers were separated from the resin by filtration and
precipitated with MTBE. The crude product was dried under
vacuum. It was then dissolved in a water/acetonitrile mixture and
purified by preparative RP-HPLC.

Labeling of dendrimers with FITC: The dendrimer (2 pmol) was
dissolved in K,CO; solution (1 mL; 35 mwm). FITC (fluorescein-5-iso-
thiocyanate; 6 umol) was dissolved in K,CO; solution (1 mL;
35mm) and was added to the dendrimer solution. The reaction
mixture was stirred for 3 h at room temperature. The solution was
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then freeze-dried and the resulting solid was purified by semipre-
parative HPLC.

(AcGlyPhePro),(DapHypArgMet),DapSerGlyBla-NH, (D1): From
NovasynTGR (200 mg, 0.23 mmolg '), D1 was obtained as a foamy
colorless solid after preparative RP-HPLC (23.2mg, 7.82 pmol,
17%). RP-HPLC: t;=13.0 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): calcd for Cy5,H;74N3,05,S, m/z: 2665 [M+H]™;
found: 2665 [M+H]".

AcGlyPheProAlaHypArgMetAlaSerGlyBla-NH, (L1): From Nova-
synTGR (300 mg, 0.23 mmolg™"), L1 was obtained as a foamy col-
orless solid after preparative RP-HPLC (49.8 mg, 40.7 umol, 59%).
RP-HPLC: tz=6.9 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): caled for C,gH;5N;50,,S m/z: 1118 [M+H]™; found: 1118.

(AcSerPheArg),(DapValThrPro),DapSerGlyBla-NH, (D2): From No-
vasynTGR (200 mg, 0.23 mmolg™'), D2 was obtained as a foamy
colorless solid after preparative RP-HPLC (24.3 mg, 7.36 pmol,
16%). RP-HPLC: t;=8.7 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): calcd for CiosH;9oNg O35 m/z: 2815 [M+H]™;
found: 2815 [M+H]".

AcSerPheArgAlaValThrProAlaSerGlyBla-NH, (L2): From Nova-
synTGR (300 mg, 0.23 mmolg '), L2 was obtained as a foamy col-
orless solid after preparative RP-HPLC (61.4 mg, 50.4 umol, 73%).
RP-HPLC: t;=7.1 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): calcd for CugH,,N;s0,5 m/z: 1104 [M+H]*; found: 1104
[M+H] ™.

(AcGlyHisAla),(DapVallleMet),DapSerGlyBla-NH, (D3): From No-
vasynTGR (200 mg, 0.23 mmolg™'), D3 was obtained as a foamy
colorless solid after preparative RP-HPLC (19.2 mg, 6.90 pmol,
15%). RP-HPLC: t;=7.7 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): calcd for CpoH;64N360,6S, m/z: 2407 [M+H1™;
found: 2407 [M+H]".

AcGlyHisAlaAlaVallleMetAlaSerGlyBla-NH, (L3): From Nova-
synTGR (300 mg, 0.23 mmolg™'), L3 was obtained as a foamy col-
orless solid after preparative RP-HPLC (40.3 mg, 35.2 umol, 51%).
RP-HPLC: t;=6.9 min (A/D 80/60 to 60/40 in 15 min, A=214 nm);
ESI MS(+): calcd for Cy3H,,N,,0,5S m/z: 1025 [M+H]"; found: 1025
[IM+H]*.

(AcAspPhePro),(DapHypArgPro),DapSerGlyBla-NH, (D4): From
NovasynTGR (200 mg, 0.23 mmolg~'), D4 was obtained as a foamy
colorless solid after preparative RP-HPLC (45.4 mg, 14.7 pmol,
32%). RP-HPLC: t;=9.2 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): caled for Ci,0H,,6N3,059 m/z: 2829 [M+H]™;
found: 2829 [M+H] ™.

AcAspPheProAlaHypArgProAlaSerGlyBla-NH, (L4): From Nova-
synTGR (300 mg, 0.23 mmolg '), L4 was obtained as a foamy col-
orless solid after preparative RP-HPLC (59.5 mg, 47.6 umol, 69%).
RP-HPLC: t;=6.4 min (A/D 100/0 to 0/100 in 15 min, =214 nm);
ESI MS(+): calcd for CsoH;5N15s0;6 m/z: 1143 [M+H]*; found: 1143
IM+H]™.

(AcGlyHisArg),(DapValArgMet),DapSerGlyBla-NH, (D5): From No-
vasynTGR (200 mg, 0.26 mmolg™'), D5 was obtained as a foamy
colorless solid after preparative RP-HPLC (43.4mg, 10.9 pmol,
21%). RP-HPLC: t;=6.7 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): calcd for Cj3H;99Ns,0,0S, m/z: 2833 [M+H]*;
found: 2833 [M+H] ™.

AcGlyHisArgAlaValArgMetAlaSerGlyBla-NH, (L5): From Nova-
synTGR (200 mg, 0.26 mmolg '), L5 was obtained as a foamy col-
orless solid after preparative RP-HPLC (35.0 mg, 23.4 umol, 45%).
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RP-HPLC: tz=5.9 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): caled for CugHgoN,0013S m/z: 1154 [M+H]Y; found: 1268
[M4TFA+H] ™.

(AcMetPheArg),(DapValArgLeu),DapSerGlyBla-NH, (D6): From
NovasynTGR (200 mg, 0.26 mmolg™'), D6 was obtained as a foamy
colorless solid after preparative RP-HPLC (33.7 mg, 8.84 umol,
17%). RP-HPLC: t;=11.6 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): calcd for Ci30H,56N460,0S, m/z: 3134 [M+H]™;
found: 3134 [M+H]".

AcMetPheArgAlaValArgLeuAlaSerGlyBla-NH, (L6): From Nova-
synTGR (200 mg, 0.26 mmolg™'), L6 was obtained as a foamy col-
orless solid after preparative RP-HPLC (39.1 mg, 27.0 umol, 52 %).
RP-HPLC: tz=9.6 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): calcd for Cg3HgoN;4043S m/z: 1219 [M+H]1*; found: 1219
IM+H].

(AcGlyPhePro),(DapHypThrGlu),DapSerGlyBla-NH, (D7): From
NovasynTGR (200 mg, 0.26 mmolg™"'), D7 was obtained as a foamy
colorless solid after preparative RP-HPLC (20.0 mg, 7.80 umol,
15%). RP-HPLC: t;=10.1 min (A/D 80/20 to 60/40 in 15 min, A=
214 nm); ESI MS(+): caled for Cyy;H,6N,05, m/z: 2549 [M+H]F;
found: 2550 [M+H]".

AcGlyPheProAlaHypThrGluAlaSerGlyBla-NH, (L7): From Nova-
synTGR (200 mg, 0.26 mmolg™'), L7 was obtained as a foamy col-
orless solid after preparative RP-HPLC (33.7 mg, 31.7 umol, 61%).
RP-HPLC: t;=6.7 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(4): calcd for CuHggN;,0;; m/z: 1062 [M+H1*; found: 1062
IM+H].

(AspGluArg),(DapValllePro),DapSerGlyBla-NH, (D8): From Nova-
synTGR (200 mg, 0.23 mmolg™"), D8 was obtained as a foamy col-
orless solid after preparative RP-HPLC (27.5 mg, 8.25 umol, 18%).
RP-HPLC: t,=10.8 min (A/D 80/20 to 60/40 in 15 min, A=214 nm);
ESI MS(4): calcd for Cy17H,6,N40045 m/z: 2877 [M+H]™; found: 2877
IM+H].

AspGluArgAlaVallleProAlaSerGlyBla-NH, (L8): From NovasynTGR
(200 mg, 0.23 mmolg™"), L8 was obtained as a foamy colorless
solid after preparative RP-HPLC (27.5 mg, 9.19 umol, 20%). RP-
HPLC: t;=6.9 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI
MS(+): caled for C,HzN;s0;; m/z: 1127 [M+H]*; found: 1127
[M+H]*.

(AcGlyGluAla),(DapAspArgLeu),DapSerGlyBla-NH, (D9): From No-
vasynTGR (200 mg, 0.23 mmolg™'), D9 was obtained as a foamy
colorless solid after preparative RP-HPLC (38.6 mg, 14.38 umol,
31%). RP-HPLC: t;=7.6 min (A/D 100/0 to 0/100 in 15 min, A=
214 nm); ESI MS(+): caled for CgH,5sN3,0,, m/z: 2455 [M+H]™;
found: 2457 [M+H]*.

AcGlyGluAlaAlaAspArgLeuAlaSerGlyBla-NH, (L9): From Nova-
synTGR (200 mg, 0.23 mmolg™'), L9 was obtained as a foamy col-
orless solid after preparative RP-HPLC (38.6 mg, 15.0 umol, 33 %).
RP-HPLC: t=6.8 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): caled for C,,H,N1sO;; m/z: 1058 [M+H]™; found: 1058.

(AcArgAla)g(DapSerAsp),(DapTyrAla),DapAlaLeulys(FITC)-NH,

(D10): From NovasynTGR (100 mg, 0.25 mmolg™'), the peptide
dendrimer (AcRA)g(DapSD),(DapYA),DapALK-NH, was obtained as a
foamy colorless solid after preparative RP-HPLC (5.9 mg, 1.35 umol,
3.6%). RP-HPLC: t;=4.2 min (A/D 80/20 to 60/40 in 10 min, A=
214 nm); MS (ESI+): Cy76H,05N;,04 caled: 4361; found: 4363 [M]*.
The dendrimer was then conjugated with FITC as described above
to yield D10 as a yellow solid after semipreparative RP-HPLC
(0.7 mg, 0.15 pmol, 11.1%). RP-HPLC: t;=5.6 min (A/D 70/30 to 50/
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50 in 10 min, A=214 nm); MS (ESI+): C,9;H30.N;,04sS calcd: 4750;
found: 4751 [M] ™.

(AcHisSer)g(DapTyrPhe),(DapArgAla),DapPheAlalys(FITC)-NH,
(D11): From NovasynTGR (100 mg, 0.25 mmolg~') the peptide den-
drimer (AcHS)g(DapYF),(DapRA),DapFAK-NH, was obtained as a
foamy colorless solid after preparative RP-HPLC (5.2 mg, 1.09 umol,
4.4%). RP-HPLC: tz=7.1 min (A/D 75/25 to 55/45 in 10 min, A=
214 nm); MS (ESI+): Cy,Hy0Ng0Osg caled: 4789; found: 4791 [M]™.
The dendrimer was then conjugated with FITC as described above
to yield D11 as a yellow solid after semipreparative RP-HPLC
(0.8 mg, 0.15 pmol, 13.8%). RP-HPLC: t;=6.7 min (A/D 70/30 to 50/
50 in 10 min, A=214 nm); MS (ESI+): C,35H300N7,O4:S calcd: 5179;
found: 5178 [M]*.

(AcSerAla)g(DapAlaArg),(DapAlaAsp),DapAlaLeulys(FITC)-NH,
(D12): From NovasynTGR (100 mg, 0.25 mmolg”) the peptide den-
drimer (AcSA)g(DapAR),(DapAD),DapALK-NH, was obtained as a
foamy colorless solid after preparative RP-HPLC (10.2 mg,
2.65 pmol, 10.6%). RP-HPLC: t;=5.7 min (A/D 85/15 to 65/35 in
10 min, A=214 nm); MS (ESI+): C,53H,55NssOsg calcd: 3847; found:
3848 [M]". The dendrimer was then conjugated with FITC as de-
scribed above to yield D12 as a yellow solid after semipreparative
RP-HPLC (1.1 mg, 0.26 pmol, 9.8%). RP-HPLC: t;=4.6 min (A/D 70/
30 to 50/50 in 10 min, 2=214nm); MS (ESI+): Cy7aH6sNsoOg3S
calcd: 4236; found: 4238 [M] .

(AcTyrAla)g(DapArgVal),(DapAlaAsp),DapAlaLeulLys(FITC)-NH,
(D13): From NovasynTGR (100 mg, 0.25 mmolg™'), the peptide
dendrimer (AcYA)g(DapRV),(DapAD),DapALK-NH, was obtained as a
foamy colorless solid after preparative RP-HPLC (3.3 mg, 0.73 umol,
2.9%). RP-HPLC: ty=6.7 min (A/D 70/30 to 50/50 in 10 min, A=
214 nm); MS (ESI+): CyoeH30sNs9Osg caled: 4533; found: 4534 [M]™.
The dendrimer was then conjugated with FITC as described above
to yield D13 as a yellow solid after semipreparative RP-HPLC
(1.6 mg, 0.32 umol, 43.8%). RP-HPLC: t;=4.8 min (A/D 60/40 to 40/
60 in 10 min, A=214 nm); MS (ESI+): C,,,H31¢NgoO4:S calcd: 4922;
found: 4924 [M] ™.

(AcPhe),(DapArg),DapLeu-NH, (D14B): From  NovasynTGR
(200 mg, 0.26 mmolg™"), D14B was obtained as a foamy colorless
solid after preparative RP-HPLC (27.9 mg, 16.6 umol, 32%). RP-
HPLC: t;=12.1 min (A/D 100/0 to 0/100 in 15 min, A =214 nm); ESI
MS(+): caled for C;iH;goN»0q4 m/z: 1458 [M+H]*; found: 1458.

(AcPhe),(LysArg),LysLeu-NH, (D14K): From NovasynTGR (200 mg,
0.26 mmolg™"), D14K was obtained as a foamy colorless solid after
preparative RP-HPLC (34.4 mg, 19.0 umol, 37%). RP-HPLC: t;=
12.4 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
calcd for CgoHq1gN»0014 m/z: 1584 [M+H]™; found: 1584.

AcPheAlaArgAlaLeu-NH, (L14): From NovasynTGR (200 mg,
0.26 mmolg™"), L14 was obtained as a foamy colorless solid after
preparative RP-HPLC (22.4 mg, 30.6 umol, 59%). RP-HPLC: t;=
8.9 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
caled for CyH,NsOg m/z: 618 [M+H]T; found: 618 [M+H]*.

(AcGlu),(DapArg),DapLeu-NH, (D15B): From NovasynTGR
(200 mg, 0.26 mmolg™"), D15B was obtained as a foamy colorless
solid after preparative RP-HPLC (24.8 mg, 15.4 umol, 30%). RP-
HPLC: t;=6.5 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI
MS(+): caled for CssHgoN,00,, m/z: 1384 [M+H]™; found: 1385
[IM+H]*.

(AcGlu),(LysArg),LysLeu-NH, (D15K): From NovasynTGR (200 mg,
0.26 mmolg™"), D15K was obtained as a foamy colorless solid after
preparative RP-HPLC (22.9 mg, 13.2 umol, 25%). RP-HPLC: t;=
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7.1 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
caled for CgyHy10N200,, m/z: 1510 [M+H]7; found: 1511 [M+H]*.

AcGluAlaArgAlaLeu-NH, (L15): From NovasynTGR (200 mg,
0.26 mmolg™), L15 was obtained as a foamy colorless solid after
preparative RP-HPLC (24.0 mg, 33.6 umol, 65%). RP-HPLC: t;=
6.2 min (A/D 100/0 to 0/100 in 15 min, =214 nm); ESI MS(+):
caled for C,5H,5NgOg m/z: 600 [M+H]™; found: 600 [M+H] .

(AcGly),(DapArg),DapLeu-NH, (D16B): From  NovasynTGR
(200 mg, 0.26 mmolg™"), D16B was obtained as a foamy colorless
solid after preparative RP-HPLC (27.4 mg, 20.7 umol, 40%). RP-
HPLC: t;=6.0 min (A/D 100/0 to 0/100 in 15 min, =214 nm); ESI
MS(+): calcd for CyHeNO,n m/z: 1097 [M+H]"; found: 1098
[M4H]".

(AcGly),(LysArg),LysLeu-NH, (D16K): From NovasynTGR (200 mg,
0.26 mmolg™"), D16K was obtained as a foamy colorless solid after
preparative RP-HPLC (22.0 mg, 15.2 umol, 29%). RP-HPLC: t;=
6.7 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
calcd for Cs,HgyN»oOq4 m/z: 1223 [M4H]T; found: 1223 [M+H]*.

AcGlyAlaArgAlaLeu-NH, (L16): From NovasynTGR (200 mg,
0.26 mmolg™"), L16 was obtained as a foamy colorless solid after
preparative RP-HPLC (25.0 mg, 38.9 umol, 73%). RP-HPLC: t;=
6.0 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
calcd for C,,H,NgOg m/z: 528 [M+H]*; found: 528 [M+H]*.

(AcSer)g(DapGly),(DapArg),DapLeu-NH, (D17B): From Nova-
synTGR (200 mg, 0.26 mmolg™'), D17B was obtained as a foamy
colorless solid after preparative RP-HPLC (19.2mg, 7.57 pmol,
12%). RP-HPLC: t;=6.2 min (A/D 100/0 to 0/100 in 10 min, A=
214 nm); ESI MS(+): caled for CgHi4gN36055 m/z: 2306 [M+H]™;
found: 2306 [M+H]".

(AcSer)g(LysGly),(LysArg),LysLeu-NH, (D17K): From NovasynTGR
(200 mg, 0.26 mmolg™"), D17K was obtained as a foamy colorless
solid after preparative RP-HPLC (13.5 mg, 4.77 umol, 9%). RP-HPLC:
t;=6.8 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
caled for CpgH;50N35035 m/z: 2601 [M+H]™; found: 2601 [M+H] .

AcSerAlaGlyAlaArgAlaLeu-NH, (L17): From NovasynTGR (200 mg,
0.26 mmolg™), L17 was obtained as a foamy colorless solid after
preparative RP-HPLC (25.7 mg, 32.1 umol, 62%). RP-HPLC: t;=
6.3 min (A/D 100/0 to 0/100 in 10 min, A=214 nm); ESI MS(+):
calcd for CygHs;N;;Oy m/z: 686 [M+H1™; found: 686 [M+H]*.

(AcGlu)g(DapPhe),(DapArg),DapLeu-NH, (D18B): From Nova-
synTGR (200 mg, 0.26 mmolg™'), D18B was obtained as a foamy
colorless solid after preparative RP-HPLC (17.8 mg, 5.50 pmol, 9%).
RP-HPLC: t;=10.1 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): caled for Cy3yH;g5N36046 m/z: 3003 [M+H]"; found: 3003
IM+H].

(AcGlu)g(LysPhe),(LysArg),LysLeu-NH, (D18K): From NovasynTGR
(200 mg, 0.26 mmolg™"), D18K was obtained as a foamy colorless
solid after preparative RP-HPLC (15.0 mg, 4.26 umol, 8%). RP-HPLC:
t;=10.8 min (A/D 100/0 to 0/100 in 15 min, =214 nm); ESI
MS(+): caled for Ci5Hy3oN3604 m/z: 3298 [M-+H]*; found: 3298
IM+H]T.

AcGluAlaPheAlaArgAlaLeu-NH, (L18): From NovasynTGR (200 mg,
0.26 mmolg™), L18 was obtained as a foamy colorless solid after
preparative RP-HPLC (31.6 mg, 33.9 umol, 65%). RP-HPLC: t;=
9.7 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
caled for C3,HgoN;,0,0 m/z: 819 [M+H]"; found: 818 [M+H] ™.

(AcGlu)g(DapArg),(DapPhe),DapLeu-NH, (D19B): From Nova-
synTGR (200 mg, 0.26 mmolg™'), D19B was obtained as a foamy
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colorless solid after preparative RP-HPLC (16.5 mg, 4.75 umol, 7 %).
RP-HPLC: t;=8.4 min (A/D 100/0 to 0/100 in 15 min, A=214 nm);
ESI MS(+): caled for Ci55H16sN4,046 m/z: 3021 [M+H]*; found: 3021
IM+H]".

(AcGlu)g(LysArg),(LysPhe),LysLeu-NH, (D19K): From NovasynTGR
(200 mg, 0.26 mmolg™"), D19K was obtained as a foamy colorless
solid after preparative RP-HPLC (10.2 mg, 2.70 umol, 5%). RP-HPLC:
tz=9.1 min (A/D 100/0 to 0/100 in 15 min, A=214 nm); ESI MS(+):
caled for C,6H,36N4,04 m/z: 3315 [IM+H]™"; found: 3315 [M+H] .

AcGluAlaArgAlaPheAlaLeu-NH, (L19): From NovasynTGR (200 mg,
0.26 mmolg™"), L19 was obtained as a foamy colorless solid after
preparative RP-HPLC (23.7 mg, 25.4 pmol, 49%). RP-HPLC: t;=
8.9 min (A/D 100/0 to 0/100 in 15 min, =214 nm); ESI MS(+):
calcd for C3;HsgN; 0,9 m/z: 819 [M+H]Y; found: 818 [M+H]*.
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Functional Dissection of a Multimodular Polypeptide of
the Pikromycin Polyketide Synthase into Monomodules by
Using a Matched Pair of Heterologous Docking Domains

John Yan,” Shuchi Gupta,”” David H. Sherman,”® and Kevin A. Reynolds*®!

The pikromyin polyketide synthase (PKS) in Streptomyces vene-
zulae is comprised of a loading module and six extension mod-
ules, which generate the corresponding 14-membered macro-
lactone product. PikAl is a multimodular component of this
PKS and houses both the loading domain and the first two ex-
tension modules, joined by short intraprotein linkers. We have
shown that PikAl can be separated into two proteins at either
of these linkers, only when matched pairs of docking domains
(DDs) from a heterologous modular phoslactomycin PKS are
used in place of the intraprotein linker. In both cases the yields
of pikromycin produced by the S.venezuelae mutant were

Introduction

A large array of structurally diverse, and medically important,
bacterially-derived natural products are biosynthesized by
modular polyketide synthases (PKSs).""® These are multifunc-
tional enzymes containing any number of distinct modules re-
sponsible for each successive round of coenzyme A thioester
monomer (typically malonyl or methylmalonyl CoA) decarboxy-
lative condensations into the final polyketide core structure. At
minimum each module contains a ketosynthase (KS), acyltrans-
ferase (AT) catalytic domains as well as an acyl carrier protein
(ACP), to which the polyketide chain is attached. Additionally,
modules can contain a variety of tailoring domains responsible
for catalyzing keto and enoyl group reduction as well as dehy-
dration activities. The pikromycin (Pik) PKS from Streptomyces
venezuelae ATCC 15439 contains six such distinct modules,
which together with a loading module and a termination
domain, are responsible for the formation of the 14-membered
ring macrolide product, narbonolide (early termination without
use of module 6 provides the 12-membered ring macrolide,
10-deoxymethynolide;”’ Figure 1). These two structures are
then modified by glycosylation and hydroxylation to their cor-
responding antibiotics pikromycin and methymycin.®

In many PKSs, multiple modules (typically 2-6) can be
housed on a single polypeptide. There are also many PKSs in
which several or even all of the modules are contained on sep-
arate polypeptides. The six extension modules of the pikromy-
cin PKS are housed on a combination of multimodular (PikAl
and PikAll) and monomodular (PikAlll and PikAlV) polypeptides
(Figure 1). In contrast the six extension modules of the 6-de-
oxyerythronolide B synthase (DEBS) are all housed on three
bimodular polypeptides.”
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50% of that of a S. venezuelae strain expressing the native tri-
modular PikAl. This observation provides the first demonstra-
tion that such separations do not dramatically impact the effi-
ciency of the entire in vivo biosynthetic process. Expression of
module 2 as a monomodular protein fused to a heterologous
N-terminal docking domain was also observed to give almost a
tenfold improvement in the in vivo generation of pikromycin
from a synthetic diketide intermediate. These results demon-
strate the utility of DDs to manipulate biosynthetic processes
catalyzed by modular PKSs and the quest to generate novel
polyketide products.

A short intraprotein linker, typically about 20-30 amino
acids, is responsible for linking modules within multimodular
polypeptides.'®™ Much longer docking domains (DDs, ~100
amino acids) are found at the C- and N terminus of both mon-
omodular and multimodular typel PKS polypeptides. The
proper DD interactions have been shown to be essential in
promoting the appropriate protein-protein and thus module-
module interactions required for the biosynthetic process-
es.'”17 perhaps the most vital aspect of DD interactions is the
selective binding that discrete DD pairs exhibit for one anoth-
er.

The binding affinities for matched DD pairs from both the
DEBS and Pik PKS systems have been determined by surface
plasmon resonance (SPR), and have shown that these docking
appendages selectively bind to their cognate partners while
mismatched pairs showed no binding."® While other protein-
protein interactions between the ACP and KS domains could
play a role in the binding and association of sequential mod-
ules, the specific amino acids involved have not yet been
determined."*?
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Wild type PikAl >| PikAll >| PikAIl >| PIkAIV >
BB138 [ PikAll :>[men:>| PIkAV D}
BB138/pDHS722 PikAl > | PikAIl :>1 PikAIll >| PIKAV >
Loading module 2 module 4 module 6
module 1 module 3 Huies

methymycin

pikromycin

Des VI, PIkC  «,

narbonolide

10-deoxymethynolide

Figure 1. Two routes to prime the pikromycin PKS and provide 12- and 14-membered macrocyclic products. The natural process occurs with the generation
of the enzyme-bound propionate starter unit of the loading domain from methylmalonyl CoA. An alternate less efficient route, which can occur in the ab-
sence of the loading domain and module 1 or mutational inactivation of module 1, is the transfer of the diketide intermediate, (25)-methyl-(3R)-hydroxypenta-

noic acid (activated as a NAC thioester) onto the KS domain of module 1.

Both NMR spectroscopy and X-ray crystallographic structural
models of the DD interactions for DEBS2/DEBS3" and PikAlll/
PikAIV('® junctions, respectively, have been reported. Both of
these models depict the DD interactions as being primarily de-
termined by a set of a helices formed by the DD peptide re-
gions. These interactions play a critical role in both the stabili-
zation of the PKS homodimer and the docking interactions of
the C-terminal ACP bound domain with the N-terminal DD of
the subsequent KS.">'® Due to the fact that these DD sequen-
ces tend to be unconserved in nature, classification of these
interactions has been limited. However, recently Thattai et al.
have reported an in-depth computational analysis based on
the previously mentioned NMR structural model of the DEBS
DD pair. This work has classified and organized PKS DD pairs
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into distinct subclasses, depending on key amino acid residues
making direct interactions.”"

While the length and structure of intraprotein linkers and
DD is different,"'® their functional role is equivalent; they me-
diate transfer of a growing polyketide chain from the C-termi-
nal ACP of one module to the N-terminal KS of the next
module. This functional equivalency raises the intriguing ques-
tion of whether they can be exchanged without significantly
reducing overall production levels.

Replacement of docking domains with an intraprotein linker
would permit an increase in the number of modules on a poly-
peptide. An increase from dimodular to tetramodular polypep-
tides in the DEBS system has been accomplished by a different
approach of fusing the N- and C-terminal docking domains.”*?

ChemBioChem 2009, 10, 1537 - 1543



www.chembiochem.org



Functional Dissection of a Multimodular Polypeptide

A) . .
pikromycin
400
! f
3 300 '
< i
£ A
2 200-] pJY12
[72}
c
|5 e pIYT
£ 100
e —— pDHST722
0] methymycin
. : : ; : . ;
10 12.5 15 175 20 225 25 275
t/min —»
C 47027
B) ), _
methymycin
14.76 15.44
| 1
| 3
i I U S
i\ g 150 200 250 300 350 400 450 500 550 600 650 700
20.27 3 526.27
©
0 pikomycin
2
[0}
EPYTRR N =
RERASARRRRRERERALEERARENARAN IR AR AR AREREAL ) N
6 5 10 15 20 25 30 3% 40 45 50 150 200 250 300 350 400 450 500 550 600 650 700
t/min — miz —»

Figure 2. HPLC and LC-MS analysis of methylmycin and pikromycin production. A) Overlaid HPLC trace for fermentations of BB138 carrying the indicated com-
plementation plasmids. B) Selected ion monitoring for the expected macrolide products methymycin and pikromcyin, which eluted at approximately 15 and
21 min, respectively. C) Mass spectra of the products methymycin and pikromycin at m/z 470 and 526 in the positive mode, respectively.

Other examples of functional PKS polypeptide fusions have
been reported in the aureothin,® borrelidin,** and rapamy-
cin®® systems. The fusion of two of the three polypeptides
(DEBS1+2 or DEBS 2+3) together yielded comparable produc-
tion levels, but fusion of all three polypeptides resulted in
barely detectable levels when compared to the wild-type
system.”? In the aureothin and borrelidin examples, functional
fusion of AurA and BorA5 monomodules with their respective
adjacent PKS polypeptides AurB and BorA4 and or BorA6 pro-
vided evidence of their iterative functionality. In the case of
rapamycin, the second module of this PKS was fused between
the first and second module of DEBS to produce a small
amount (5%) of the expected tetraketide product.” With the
exception of the DEBS polypeptide fusions these examples
yielded a significant drop in production levels compared to
control experiments with native modules.

Conversely, replacement of intraprotein linkers with a
matched pair of docking domains from a heterologous system
should permit separation of a multimodular polypeptide into
monomodules. Such an experiment has been reported for
both the multimodular components of the rifamycin® and
epothilone®” PKS proteins when these complex pathways
were reconstructed in E. coli. For the epothilone case, EpoD,
which contains four modules, was split into two modules by
using a matched DD pair from the stigmatellin PKS.*” For the
rifamycin case the tetramodular RifA was split into two pro-
teins by using a matched DD from the erythromycin PKS.?® In
both cases the yields of the fully extended polyketide products

were very low (10 ugL™" for epothilone C). The multimodular
separation was also needed to address problems with expres-
sion of soluble multimodular PKS component. Therefore, the
effect of multimodular separations on polyketide production in
hosts in which the multimodular PKS is expressed as a soluble
protein is unknown.

We have investigated this question in the pikromycin pro-
ducing Streptomyces venezuelae host using a heterologous DD
pair from the phoslactomycin (PIm) PKS™ to replace the two
PikAl intraprotein regions that link the loading domain and
first two extension modules. The results show that such sepa-
rations lead to only modest decreases in the overall pikromycin
yields.

Results and Discussion

We employed an experimental approach that was built upon
an established plasmid-based complementation system in
which pDHS722 drives expression of PikAl in BB138—a PikAl
deletion strain of S. venezuelae.”® Three pDHS722 derivatives
were constructed pJY12, pJY7 and pJY9. In pJY7, the DNA
sequence encoding the intraprotein linker between modules 1
and 2 of PikAl was replaced with a fragment that spans the
region encoding the C-terminal docking domain of PIm1 to
that encoding the N-terminal docking domain of PIm2-3. This
plasmid was designed to express PikAl in which the two exten-
sion modules are now contained on separate polypeptides. A
similar replacement of the DNA sequence encoding the load-
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ing domain-module 1 intraprotein linker in pDHS722 generat-
ed pJY12, which was designed to determine if docking do-
mains can permit the loading domain to function as a separate
polypeptide. In the case of pJY9, the DNA sequence for the in-
traprotein linker between modules 1 and 2 was replaced with
a stop codon, and the start codon (and associated ribosome
binding site) for PIm2-3 expression. This plasmid was designed
to test the effect of separating modules 1 and 2 without using
DDs. In all cases fusion points were based on multiple align-
ments of the KS and ACP domains from multiple PKS systems.

Triplicate liquid fermentations of each S. venezuelae BB138
carrying pDHS722, pJY12, pJY7 or pJY9 were carried out in
order to determine if these three complementation variants
produced the expected macrolide products. Detection and
quantification of methymycin and pikromycin products was
performed by using HPLC analysis combined with UV and MS
(m/z 470 and 526 in positive mode) and confirmed with au-
thentic standards (Figure 2). Production of methymycin and
pikromycin was observed in both BB138/pJY12 and BB138/
pJY7, and the yields were approximately 50% of that observed
for BB138/pDHS722 (Figure 3). However, in the case of BB138/
pJY9, for which no linker or DD pair was present between
modules 1 and 2, only trace amounts of the polyketide prod-
ucts were detected: <0.1% compared to intact PikA1l
(pDHS722; Figure 3). This dramatic decrease in pikromycin
yields likely indicates that in the separated modules without
DDs, protein recognition between the ACP of module 1 and

Pik Al Product

K. A. Reynolds et al.

the KS of module 2 is not sufficient to permit transfer from
modules 1 to 2. Alternatively, the expression of a soluble sepa-
rate module 2 might be lower without an N-terminal DD pres-
ent. Indeed, work by Khosla etal. on in vitro expression of
an individual PKS monomodule™3*3? and specifically Pik
module 2®¥ has shown that an N-terminal stretch of amino
acids (linker or DD) is required for the expression and catalytic
activity of these proteins (the trace levels of pikromycin by
BB138/pJY9 demonstrate some level of expression of this pro-
tein).

There are numerous examples for which it has been demon-
strated that N-acetylcysteamine (NAC) thioesters of polyketide
intermediates can be loaded and processed by KS domains to
a final polyketide product.*** However, this process is ineffi-
cient relative to priming from the cognate ACP of a previous
module. The successful separation of module 2 of PikAl as a
distinct polypeptide by using the PIm DD pair results in this KS
domain being present at the N terminus rather than the center
of the polypeptide; this permitted us to assess if this change
leads to an increased efficiency in processing of the NAC thio-
ester of the natural diketide intermediate. For this work three
plasmids, pBK51, pBK51* and pJY7* were constructed (Fig-
ure 3). Plasmid pBK51 is a derivative of pDHS722 and expresses
PikAl in which module 1 is catalytically inactive as a result of
the Cys to Ala mutation in the KS active site.* Plasmid pBK51*
expresses the same mutated PikAl but as two separate poly-
peptides; this plasmid was generated from pBK51 in a manner

analogous to plJY7  from
pDHS722. The final plasmid,
pJY7*, expressed only module 2
of PikAl with the N-terminal

Plasmid LD Mo Mod2 dprouetion (/D‘E‘;S:;:::; docking domain of PIm2-3 and
N was created by deletion of the
RERRIS WW 100% N/A appropriate DNA region in pJY7.
Fermentations of BB138 carry-
pIY? W&m PRy Stk ing pBK51, pBK51* or pJY7* did
- not produce any detectable
levels of methymycin or pikro-
pIY12 WW% 5543 it mycin; this is consistent with
either loss of the loading
domain and module 1 of PikAl,
pIY9 W& @@% i <0.1 or mutational inactivation of
module 1. These fermentations
were also performed in the pres-
ence of the NAC thioester of

pRis! N/D <l (2S)-methyl-(3R)-hydroxypenta-
noic acid, the natural diketide
W ) intermediate. Fermentations
pBKS1* N ™ were conducted three times;
product yields and standard de-
(DH)(K} viations were calculated relative
BFEL (K§(aT ag) ND ® to those obtained with BB138/

Figure 3. Levels of pikromycin products made in the BB138 PikAl deletion strain of S. venezuelae with the respec-
tive complementation plasmids. Red blocks indicate the PIm1-PIm2-3 docking domain pair from the phoslacto-
mycin system. Diketide feeding experiments were carried out only with BB138 carrying constructs expressing
PikAl in which module 1 was either inactive (through mutational inactivation of the KS domain, indicated by an
X), absent (pJY7*) or missing the C-terminal DD (pJY9). N/A: not applicable; N/D: not detectable.
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pDHS722 (Figure 2). Levels of
pikromycin production in the
case of BB138/pBK51 were ex-
tremely low, much less than 1%
of that observed in the control
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culture. This result is in contrast to experiments that have
demonstrated that for the DEBS PKS, the natural diketide inter-
mediate is able to load onto the second module of a dimodu-
lar polypeptide.®” This observation with DEBS has been report-
ed in a number of hosts, and we have used BB138/pBK3,®
which produces the truncated DEBS PKS triketide lactone prod-
uct, to show that it also functions similarly in S. venezuelae. We
have also shown that feeding the natural triketide intermediate
to either BB138 or BB138/pBK51 gives pikromycin yields of
10% of that observed for the control.®® The low levels of pik-
romycin production increased to about 2% of the control with
BB138/pBK51%; this indicates that a modest improvement in di-
ketide utilization can result from expressing module 2 as a
monomodular polypeptide. Notably, however, a significant in-
crease was seen with BB138/pJY7* in which the pikromycin
yields were about 8% (Figure STa-c in the Supporting Infor-
mation) of the control and comparable to that observed with
feeding the triketide intermediates. Thus, removal of the pre-
ceding module rather than separation of the two modules is
more effective at improving utilization of the diketide inter-
mediate (improvements in utilization of diketides for erythro-
mycin biosynthesis have also been observed upon removal of
module 1 of DEBS).®¥ This result could indicate that even as
separate polypeptides the loading domain and module 1
might negatively impact loading of diketide onto module 2. Al-
ternatively, the process could simply be inefficient regardless
of the presence of the preceding module, and the improve-
ments might reflect better expression of the new monomodu-
lar module 2. The efficient utilization of the natural diketide by
a separated module 2 was only observed when there was an
N-terminal docking domain. There was no improvement in the
trace levels of pikromycin made by BB138/pJY9 when grown in
the presence the diketide intermediate; this suggests that that
the separate module 2 without a N-terminal DD is either cata-
lytically impaired or poorly expressed.

Conclusions

In summary, these experiments have provided an additional in
vivo example that a multimodular PKS can be separated into
individual modules by replacing the intrapolypeptide linker
with a heterologous DD pair; this demonstrates that the sepa-
ration does not work in the absence of the DDs. Furthermore,
the observations demonstrate for the first time that multimod-
ular separation can lead to only a modest decrease in the over-
all production of the final polyketide production. Such dissect-
ed systems make multimodular PKS more amenable for crea-
tion of hybrid PKSs, and potentially, the creation of new poly-
ketide products. However, challenges associated with: 1) the
appropriate molecular recognition between the ACP and KS
domains, and 2) the substrate specificity of the catalytic do-
mains, remain. An alternative approach to generating novel
polyketide products is feeding NAC thioesters of analogues of
polyketide intermediates. This approach also faces the chal-
lenge associated with substrate specificity of the catalytic do-
mains and inefficiencies of loading onto the KS of the appro-
priate module. In the case of PikAl we have shown that the in

ChemBioChem 2009, 10, 1537 - 1543
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vivo utilization of a diketide intermediate by a multimodular
protein is very inefficient, but can be improved significantly by
removal of the preceding modules and expression of the ap-
propriate loading module with an N-terminal docking domain.

Experimental Section

Plasmids, strains and culture conditions: All constructed plasmids
were derivatives of pDHS722, a PikA1 complementation plasmid.
All plasmid manipulations were completed in E. coli hosts. Trans-
formants were cultivated on LB-agar media and plasmids were iso-
lated from LB liquid media, both of which were supplemented
with the appropriate antibiotics.

Variants generated from pDHS722 were transformed into BB138 by
using established protocols,*” and were cultured on R2YE plates.
Transformants were subsequently grown on SPA agar plates
(50 mgL™" thiostrepton). SCM liquid media was used for fermenta-
tion and propagation of S. venezuelae strains.

DNA manipulation: Variants of pDHS722 were prepared by a
series of PCR reactions and subsequent PCR targeting recombina-
tion crossovers in E. coli, before final transformation into S. vene-
zuelae. DNA sequences encoding the docking domains between
modules 1 and 2 of phoslactomycin (PLM) PKS was PCR amplified
from cosmid 10B4®® with primers PLMDDF (5'-CTG GGG CAC CTC
GAT TTC GG-3)4+PLMDDR (5'-GTG GTG CTT CGT CTC GGC GT-3).
The PCR product was gel purified with Qiagen gel extraction kit
and cloned into TOPOTA cloning vector (Invitrogen). The inserts
were verified by sequencing with manufacture supplied M13F and
M13R primers, and construct pJY1 was obtained. The aac(3)IlV
resistance marker was amplified from plJ773“" by using primers
PImDD-ApraF (5'-CTG ATG CAG TTC ATC GAC ACC GAG TTG GGG
GAC ATC TGA GTA *TAC GGT TCA TGT GCA GCT CCA TC-3)+
PImDD-Apra-R (5-GAA CAG GGC GCG ACG GGA ACA GGA GTG
GTG GCA GAG GAT GTA *TAC TGT AGG CTG GAG CTG CTT C-3);
bold, italicized sequences represent annealing sites for the antibi-
otic marker and * indicates the location of a unique Bstz17I restric-
tion sites introduced for later removal of this marker. The resulting
PCR product was recombined with pJY1 by using established pro-
cedures."" The resulting recombinant plasmid, pJY2, was isolated
with GenelJET Plasmid Miniprep Kit (Fermentas) and confirmed by
sequencing. Construct pJY2 was used as a template to generate
PCR products with the needed 39 nucleotide region complementa-
ry to the desired point of recombination between the linked ACP
and KS domains of PikA1. PCR products for the exchange of DNA
sequences encoding the intramodular linkers between modules 1-
2 and LD-module 1 for that coding for the PIm docking domain
pair, were amplified with primer pairs PikATF (5'-GTC TTC GAC CAC
CCG ACG CCG CTG GCC CTC GTG TCG CTG CTG GGG CAC CTC
GAT TTC GG-3') + PikA1R (5-GGG GTA GCG GCA GCT CAT CGC GAC
GAT CGC GAT CGG ATC GTG GTG CTT CGT CTC GGC GT-3), and
LDSepF (5'-TTC GAC TTC CCC ACC CCC GAG GCT CTC GCG GAG
CAG CTG CTG GGG CAC CTC GAT TTC GG-3')+LDsepR (5-GGG
CAG GCG GCA GGC CAT GCC GAC GAT CGC CAC CGG CTC GTG
GTG CTT CGT CTC GGC GT-3'), respectively; primer sequences in
bold italicized font represent annealing sites on the template pJY2,
and the remaining 5’ region represents the complementary 39 nu-
cleotide region of PikAl used for recombination. PCR products
were introduced into pDHS722 by homologous recombination by
using established protocols.*” Recombinant pDHS722 plasmids,
were isolated as before, treated with Bstz71] to remove the apra
marker, ligated, overnight, at 12°C, transformed into E. coli and
single colonies screened for both (+)Amp and (—)Apra; this yield-
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ed pJY7 and pJY12, respectively. Plasmid pJY9, which had the
region encoding the intrapolypeptide linker between modules 1
and 2 deleted, was also generated by homologous recombination
by using established protocols.*" The aac(3)IV resistance marker
amplified from plJ773 was used to delete the linker-encoding
region with primers PiklinkAF (5'-GTC TTC GAC CAC CCG ACG CCG
CTG GCC CTC GTG TCG CTG TGA GTA* TAC GGT TCA TGT GCA
GCT CCA TC-3)+PiklinkAR (5'-GGG GTA GCG GCA GCT CAT CGC
GAC GAT CGC GAT CGG ATC CAC CTA TCG GCT TCG CGG CTG TCC
GCC CGG TA*T ACT GTA GGC TGG AGC TGC TTC-3'). Bold and itali-
cized sequences represent annealing regions for the resistance
marker, and * indicates the location of the unique the Bstz17I re-
striction sites introduced for later removal of this marker. A TGA
stop codon (underlined and bold) was introduced at the 3’ end of
the module 1 ACP-encoding region in the forward primer. The re-
verse primer contained the complementary sequence to the puta-
tive ribosome binding site (underlined) and start codon (CAC) of
the N-terminal PIm DD (underlined and bold) fused to the begin-
ning of the KS module 2 encoding region. This PCR product was
again recombined into pDHS722 by using established protocols,“"
the aac(3)IV resistance marker was removed by restriction enzyme
digestion as before, and religated to yield the final pJY9 plasmid.
PBK51* was generated in the exact same manner as pJY7, but by
using pBK51, which encodes PikAl with a Cys to Ala mutation on
KS1, as the final recombination plasmid. Plasmid pJY7*, which ex-
presses only module 2 of PikAl, was generated from pJY7 by using
the PCR-targeted Streptomyces gene replacement method.”" For
this, the DNA encoding the polypeptide containing just the load-
ing domain and module 1 in pJY7 was replaced with the kanamy-
cin resistance marker. This marker was amplified from pKD13*
with primers PikA1scarF (5'-GTT GGG TGA AAG CGC GGC TTC CGG
AGA CGG AGC CGG ATG ATT CCG GGG ATC CGT CGA CC-3')+ Pi-
kAlscarR (5'-GCG ACG GGA ACA GGG GTG GTG GCA GAG GAT GTA
TAC TCA TGT AGG CTG GAG CTG CTT C-3); bold sequences repre-
sent annealing sites for the antibiotic marker, and the remaining
5’ regions represent recombination crossover sites. Successful re-
placement in pJY7 was followed by FLP-mediated excision of the
marker region to generate pJY7*, which encodes PikAl module 2
with the C-terminal docking domain of PIm2-3 at the N terminus.

Polyketide production analysis: SCM media fermentations
(50 mgL™' thiostrepton) were carried out at 30°C with agitation
(220 rpm) for 72 h. After fermentation the medium was separated
by centrifugation at 11000g for 10 min. The fermentation media
was extracted 3 x with ethyl acetate (10 mL), dried and resuspend-
ed in MeOH (1 mL). Extracts of BB138/(pJY7, pJY12, pJY9, pBK51,
pBK51*, pJY7*) were analyzed by reverse phase HPLC by using an
Agilent 1100 series system with a 5 um Discovery HS C18 reversed-
phase column (25x4.6 cm, Supelco), a linear gradient system from
solvent A (20:80 acetonitrile/water and 10 mm ammonium acetate)
to solvent B (80:20 acetonitrile/water and 10 mm ammonium ace-
tate) over 50 min at a flow rate of 1 mLmin~', and detection at
220 nm. Relative amounts were determined by integrating and
averaging the peak areas for pikromycin produced in three sepa-
rate extracts and comparison to extracts of BB138/pDHS722 (Fig-
ure 2A). Extracts were also analyzed by LC-MS to correlate the
observed retention times with the appropriate masses for both
methymycin and pikromycin (Figure 2B). LC-MS analysis was car-
ried out with extracts (20 pL) under the same solvent system con-
ditions at a rate of 0.3 mLmin~' with a Surevor HPLC system
(ThermoFinnigan) connected to a diode array detector equipped
with a 2.1 um Discovery HS C18 reversed-phase column (25X
4.6 cm Supleco). Mass spectra were collected by using an LCQ
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quadrupole ion trap (ThermoFinnigan) mass spectrometer
equipped with an electrospray ion source in positive mode.

Diketide feeding experiments were completed by using an over-
night seed culture to seed fresh SCM (10 mL) fermentations. After
agitation for 10 h under the above-mentioned conditions, the dike-
tide was added from a stock in MeOH to a final concentration of
1 mm—MeOH was used a negative control—and the fermentation
process was permitted to continue for approximately 60 h. Analy-
ses were carried out as described above.
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Identification of OxyE as an Ancillary Oxygenase during

Tetracycline Biosynthesis

Peng Wang,®®

The double hydroxylation of 6-pretetramid to 4-keto-anhydro-
tetracycline is a key tailoring reaction during the biosynthesis
of the broad-spectrum antibiotic tetracyclines. It has been
shown previously by heterologous reconstitution that OxyL is
a dioxygenase and is the only enzyme required to catalyze the
insertion of oxygen atoms at the C-12a and C-4 positions. We
report here that OxyE, a flavin adenine dinucleotide (FAD)-de-
pendent hydroxylase homologue, is an ancillary mono-oxygen-
ase for OxyL during oxytetracycline biosynthesis in Streptomy-
ces rimosus. By using both gene disruption and heterologous

Introduction

Tetracyclines, such as oxytetracycline 1, have been used as
broad-spectrum antibiotics for over a half century" By target-
ing the 30S ribosomal subunit, tetracyclines inhibit bacterial
protein synthesis with relatively few side effects. The core
structure of tetracyclines is richly oxygenated, with at least six
oxygen atoms contributing strong binding interactions to the
target 165 RNA.*® For example, the keto-enol configuration at
positions C-11, C-12 and C-11a, is crucial for the biological ac-
tivities of tetracyclines. Equally important are the substitutions
on ring A, which include C-12a hydroxyl and critical C-4 dime-
thylamine moiety, which originated from reductive amination
of a C-4 ketone group.”’ On the other hand, some of the
oxygen atoms on the opposite periphery of the molecules
have been shown to be nonessential for the biological activity.
The 6-deoxytetracyclines, such as doxycycline and minocycline,
exhibit improved pharmacological properties.”! Therefore, from
a biosynthetic perspective, the mechanisms of oxygenating
the aromatic scaffold of tetracyclines are of great interest. The
identification and the characterization of involved oxygenases
can contribute to the engineered biosynthesis of tetracycline
derivatives.

Tetracyclines are aromatic polyketides that are synthesized
by type Il polyketide synthases (PKSs) in soil-borne Streptomy-
ces bacteria®® The oxytetracycline (oxy) biosynthetic gene
cluster from Streptomyces rimosus has been sequenced recent-
ly,"® and a minimum set of pathway enzymes that are required
for the biosynthesis of anhydrotetracycline (ATC) has been
identified and reconstituted in the engineered heterologous
host Streptomyces coelicolor CH999." The biosynthetic pathway
for 1 starts with the assembly of the amidated decaketide
backbone catalyzed by the extended minimal PKS (OxyABCD),
which is then transformed into the fully aromatic intermediate
6-methylpretetramid 2 by the actions of immediate down-
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reconstitution approaches, we demonstrated that OxyE plays a
nonessential, but important role in oxytetracycline biosynthesis
by serving as a more efficient C-4 hydroxylase. In addition, we
demonstrated that partially oxidized biosynthetic intermedi-
ates can undergo various glycosylation modifications in S. ri-
mosus. Our results indicate that the synergistic actions of OxyE
and OxyL in the double hydroxylation step prevent accumula-
tion of shunt products during oxytetracycline biosynthesis in
S. rimosus.

stream tailoring enzymes OxyJKNF" Subsequent tailoring
steps, including hydroxylations at C-12a, C-4 (which is reduc-
tively aminated), C-5, and C-6 yield the final product 1. A total
of five oxygenases are present in the oxy gene cluster (oxy-
EGLRS), of which oxyE, oxyL, and oxyS encode flavin adenine di-
nucleotide (FAD)-dependent hydroxylases based on conserved
protein sequences. OxyS (OtcC) was previously identified as
the ATC oxygenase that hydroxylates C-6,">'*! and OxyL has
been confirmed to be a dioxygenase that can hydroxylate 2 at
both the C-12a and C-4 positions to yield 4-keto-ATC 3
(Scheme 1)."! The functions of the OxyE, OxyG (small quinone-
forming oxygenase) and OxyR (pyridoxamine 5-phosphate ox-
idase) have not been resolved.

Here we aim to functionally assign the role of OxyE in the
biosynthesis of 1. OxyE displays 51% sequence identity to
MtmOl, an oxygenase encoded in the mithramycin biosynthet-
ic gene cluster with no apparent function as indicated by gene
inactivation."” In the oxy biosynthetic pathway, OxyE was origi-
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Scheme 1. Biosynthetic pathway of oxytetracycline. Chlorotetracycline 5, which was isolated from S. aureofaciens
is shown for comparison purposes. Oxidation of 2 to 3 is a critical tailoring step in the biosynthetic pathway.

nally assigned to catalyze the C-5 oxidation of 5a,11a-dehydro-
tetracycline (DHTC) to yield 5a, 11a-dehydrooxytetracycline
(DHOTC)." However, this hypothesis came in doubt when an
OxyE homologue was also found in the chlorotetracycline 5
biosynthetic gene cluster from Streptomyces aureofaciens,
while 5 lacked the corresponding C-5 hydroxyl. In this work,
we elucidated the function of OxyE through gene disruption,
as well as heterologous reconstitution studies. Through struc-
tural characterization of several novel metabolites produced by
S.rimosus mutant strains and the S. coelicolor heterologous
reconstitution host, we characterized the function of OxyE as
a C-4 monooxygenase serving an ancillary function to OxyL
during the biosynthesis of oxytetracycline in S. rimosus.

Results

Inactivation of oxyE reduced the yield of oxytetracycline
and led to the emergence of a new metabolite PW1

The gene disruption experiment was first performed in S. ri-
mosus (ATCC 10970) to test the necessity of OxyE in the bio-
synthesis of oxytetracycline. WP1, a mutant strain of S. rimosus,
was constructed with an in-frame deletion of oxyE (Figure 1A).
Both the AoxyE mutant strain WP1 and wild-type strain were
grown on R5 agar for eight days, followed by HPLC and LC-MS
analyses in parallel. Oxytetracycline was detected from the or-
ganic extracts of the AoxyE mutant strain WP1 agar culture,
however, with a yield of only ~50% compared to the wild-type
strain under identical growth conditions (Figure 2A). In addi-
tion, a new metabolite PW1 7 (m/z 558 [M+H] ") emerged (Fig-
ure 2B). The UV spectrum of 7 was nearly identical to that of
WJ119 4, a previously isolated, spontaneously oxidized product
of 2."" This indicated that both 7 and 4 might share a similar
chromophore and aromatic scaffold. HR-ESIMS suggested the
molecular formula of C,H,;NO,; for 7 (m/z: calcd: 580.1067;
found: 580.1066 [M+Na] "), and the HRMS MS/MS analysis of 7
further yielded a major MS fragment (m/z: calcd: 404.0746;
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found: 404.0758 [M-+Na]"),
OH which corresponds to the same
molecular formula (Cy,H,sNO,) as

OxyL
oG - o™
OH OH 4. All of the HRMS analyses indi-

o} cated that 7 might be a deriva-
tive of 2, with a linked hexose
moiety. By using a combination
of gel filtration chromatography
and reversed-phase HPLC, 7 was
purified to homogeneity as a red
powder at a titer of ~5mgL™".
The structure of 7 was further
elucidated by using a combina-
tion of 1D and 2D NMR (Table 1)
(COSY, NOESY, HMQC, HMBQ)
spectroscopic analyses and is
shown in Scheme 2.

The anomeric carbon signal at
O 103.5 ppm (0.1 4.69 ppm)
and the presence of several oxy-
methine protons confirmed the presence of an O-glycoside in
the structure of 7. The COSY and HMBC correlations observed
at Oy 3.47 ppm (O, 73.8 ppm), 5 3.27 ppm (O3 75.6 ppm),
Onsa 344 ppm (Oy 71.6 ppm), Oy 3.54 ppm (0.5 75.8 ppm),

4-keto-ATC 3

oxytetracycline 1

A
) oxyloxyH oxyG oxyF oxyE

i 000

oxyD oxyC oxyB oxyA

100

< >
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Figure 1. Inactivation of oxyE and oxyL in S. rimosus. A) In-frame deletion of
oxyE by homologous recombination to generate WP1 in S. rimosus. B) Re-
placement of oxyL by the apramycin-resistance gene cassette aac(3)IV by
using PCR-directed mutagenesis and homologous recombination to gener-
ate WP2.
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Figure 2. HPLC analyses A) 360 nm and B) 430 nm of organic extracts from S. rimosus wild-type, AoxyE, and AoxyL respectively. Compound 1 was produced
by wild-type S. rimosus. The titer of 1 decreased by ~50% in AoxyE with the emergence of a new metabolite 7. Compound 1 production was abolished in
AoxyL with the production of a major metabolite 8. Note that 8 was also produced by the wild type strain. The 430 nm trace for AoxyE is not drawn to scale

to visualize 7.

Table 1. 'H NMR (500 MHz, [DJDMSO) and C NMR (125 MHz, [D,JDMSO) data for 7, 9, 10.

7 9 10

No. BCNMR 6 [ppm] "HNMR 6 [ppm] BCNMR 6 [ppm] 'H NMR 6 [ppm] BCNMR 6 [ppm] "HNMR 6 [ppm]
(area, m, Juy [Hz]) (area, m, Jyy [Hz]) (area, m, Jyy [Hz])

1 168.5 - 179.8 - 187.3 -

2 99.3 - 97.6 - 101.9 -

3 166.1 - 163.4 - 162.8 -

4 95.6 739 (1H, s) 140.6 - 179.0 -

4a 130.2 - 125.2 - 134.8 -

5 136.3 - 105.2 7.21(1H, s) 114.9 8.05(1H, s)

5a 137.2 - 158.4 - 158.4 -

6 33.1 5.11(1H, q, 6.9) 76.4 - 69.7 -

6a 148.0 - 145.8 - 150.0 -

7 118.5 6.82 (1H, d, 7.4) 116.0 7.06(1H, d, 7.2) 116.3 738 (1H, d, 7.8)

8 135.7 744 (1H, t,7.7) 134.6 7.49(1H, t, 7.8) 136.7 7.64 (1H, t, 8.0)

9 114.7 6.77 (1H, d, 8.0) 115.9 6.79(1H, d, 8.0) 116.1 6.93 (1H, d, 8.3)

10 161.3 - 162.1 - 161.2 -

10a 1151 - 116.1 - 1144 -

n 189.2 - 185.5 - 187.2 -

Ma 105.1 - 107.2 - 1144 -

12 163.7 - 169.7 - 175.7 -

12a 108.2 - 108.3 - 120.9 -

13 172.6 - 1721 - 1729 -

14 28.3 1.29 (3H, d, 6.9) 379 1.49(3H, s) 38.2 1.53 (3H, s)

1 103.5 469 (1H, d, 8.0 100.7 5.61(1 H d, 3.8) -

2 73.8 347 (1H, t, 8.5) 69.7 4.01(1H, t, 3.6) -

3 75.6 3.27 (1H, t, 9.0) 65.5 4.02(1H, t, 3.5) -

4 71.6 3.44 (1H, t, 9.0) 112.0 6.06(1H, d, 3.5) -

5 75.8 354 (1H, d, 9.5) 140.4 -

6 170.2 - 173.7 - -

7 - 48.6 3.14(3H, s) -

10-OH - 14.0(1H, s) 1232 (1H, s)

12-OH - - 14.21 (1H, s)

13-NH, 8.09 (1H, brs), 8.98 (1H, brs) 749 (1H, brs), 9.49 (1H, brs) 9.51 (1H, brs), 9.63 (1H, brs)

and the 'H,"*C HMBC correlations that were observed between
the anomeric carbon and H-2" and H-5', as well as those be-
tween an carboxylic acid carbon signal (dc¢ 170.2 ppm) and
H-4" and H-5" established that the O-glycoside moiety was a
glucuronic acid. The identity and the configuration of this O-
glycoside moiety were further confirmed by the NOESY experi-
ment. In addition to the NMR spectroscopic signals of the glu-
curonic acid, there were 20 carbon and 8 proton signals in *C
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and 'H NMR spectra, respectively. Two of the proton signals
were broad and corresponded to the free amide protons (o,
8.98 and 8.09 ppm). The remaining signals were highly similar
to those of 4 except for the following differences: loss of one
aromatic proton (C-5) and one sp® quaternary carbon (C-6),
gain of one sp? quaternary aromatic carbon (5.5 136.3 ppm)
and one sp® methine (0cs 33.1 ppm) attached to the C-6
methyl group. The 'H,*CHMBC correlation between the

ChemBioChem 2009, 10, 1544 - 1550
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OxyL (slow)
OH OH OH OH O OH OH OH O OH OH OOH
DEOCECIN 000 000
OH OH OH
6-methylpretetramid 2 4-hydroxyl, 6-methylpretetramid 6 4-keto-ATC 3
AoxyE Aoxyl in S. coelicolor CH999
In S. rimosus In S. rimosus
OH O OH OH O OH O OH OH O OH O OH O
0000 000 )
O =
PW2 8 A JX11 10

OH O OH OH O

PW3 9

Scheme 2. Proposed biosynthesis for compounds 6, 7, 8, 9, and 10. Compound 2 can be hydroxylated at the C-4 position by both OxyE and OxyL to yield
intermediate 6. However, the action of OxyL alone in S. rimosus is likely inefficient in catalyzing this step, as AoxyE led to the accumulation of 7, which is a
shunt product that accumulates as a result of lack of C-4 hydroxylation. OxyE therefore serves an ancillary role to ensure the C-4 hydroxylation is complete,
as no trace of compound 7 can be found in strains contain a functional copy of oxyE. OxyL also catalyzes the C-12a hydroxylation of 6 to yield the key inter-
mediate 3. In the absence of OxyL in S. rimosus, the intermediate 6 is glycosylated and air oxidized to yield the shunt product 8. Compound 8 is also ob-
served in wild-type S. rimosus, likely as a result of incomplete conversion of 6 to 3. The role of OxyE as a C-4 hydroxylase was conclusively demonstrated in
the heterologous host CH999 through the biosynthesis of 6, which was recovered as the spontaneously oxidized product 10.

anomeric proton and C-5 suggested that C-5 is hydroxylated, Inactivation of oxyL abolished the production of oxytetra-
and the resulting hydroxyl serves as the O-linkage between  cycline and increased the titer of PW2
the glucuronic acid and the aglycon.

The detection of 1 from the AoxyE mutant strain WP1 dem-  OxyL has been previously identified as the dioxygenase that
onstrated that OxyE is not essential for the biosynthesis of 1.  can hydroxylate 2 at both the C-12a and C-4 positions to yield
However, the yield of 1 was attenuated compared to that of 3. Therefore, it appears that OxyL and OxyE might both use 2
the wild-type strain, thus indicating that OxyE likely exerted as the substrate. To elucidate the exact function of OxyE, we
auxiliary functions. Accumulation of the shunt product 7, disrupted the oxyL gene in the wild-type S.rimosus strain to
which is a derivative of 2, suggested that OxyE might be di- remove the competing OxyL. The oxyL gene was removed by
rectly involved in the tailoring of 2. Therefore we reasoned insertion of the acc(3)IV cassette to afford the mutant WP2,
that removal of OxyE might result in the incomplete oxidation  which was confirmed by PCR (Figure 1B). HPLC analysis of the
of 2 to 3, which can lead to the shunt oxidation of 2 at C-5 in  organic extract of WP2 culture revealed the complete disap-
S. rimosus. The C-5 oxidation could be spontaneous, or most  pearance of oxytetracycline, with the concomitant appearance
likely catalyzed by endogenous oxygenases in S.rimosus and  of a predominant metabolite PW2 8 (Figure 2). No trace of 7
prevented the air oxidation of 2 to 4. The C-5-oxidized aglycon  was detected in this strain; this confirms that the presence of
is subsequently not recognized by the downstream oxy biosyn-  OxyE suppresses oxidation of C-5. LC-MS analysis showed that
thetic enzymes and is glucuronidated by endogenous glucuro- 8 (m/z 556 [M+H]") displayed a UV absorption pattern similar
nosyltransferase yielding the shunt product 7. to that of both 7 and 4, again suggesting retention of the

chromophore and aromatic scaffold. The decrease in mass by
2 compared to that of 7 hinted that there might be an addi-
tional degree of unsaturation in 8. The mutant strain PW2 was
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further cultured on a large scale to isolate 8 in quantities suffi-
cient for complete structural characterization. However, 8 was
highly unstable and rapidly degraded during purification. We
noticed that when it was placed in a solvent containing meth-
anol, 8 readily converted into a new compound PW3 9, which
was significantly more stable. Compound 9 exhibited an iden-
tical UV/Vis spectrum as 8. HR-ESIMS revealed a molecular
formula of C,,H,;NO,; for 9 (m/z: calcd: 592.1067; found:
592.1056 [M-+Na]*), consistent with the addition of one
methyl group to 8. Due to its improved stability, we were able
to purify 9 by reversed-phase HPLC to homogeneity. Com-
pound 9 was obtained as a red powder with a yield of
~20mgL™".

The NMR spectroscopic characterization of 9 is shown in
Table 1, and the elucidated structure is shown in Scheme 2.
The “CNMR spectrum of 9 contained a total of 27 carbon
signals, most of which resemble those that are observed in 4.
The presence of an anomeric proton at d,; 5.61 ppm (Oc
100.7 ppm) indicated the existence of an O-glycoside, and the
analysis of the carbon and proton signals suggested that this
O-glycoside moiety in 9 was an unusual 4’,5-anhydroglucuron-
ic acid. This was established through the 'H,"*C HMBC correla-
tions between the sp? methine proton d,., 6.06 ppm and two
non-protonated carbons (Jc.s 140.4 ppm and Oc¢ 173.7 ppm).
Further COSY and 'H,*C HMBC correlations were observed
among O, 4.01 ppm (dc, 69.7 ppm), Ohs 4.02 ppm (Ocsy
65.5 ppm), Oy 6.06 ppm (dc, 112.0 ppm) and the anomeric
proton confirmed the identity of 4-deoxy-a-L-threo-hex-4-eno-
pyranuronate, which is highly consistent with previously re-
ported NMR spectra of this 4,5-anhydroglucuronic acid.'®®
The "C NMR spectrum further revealed the presence of a low-
field methyl moiety d,,, 3.14 ppm, which showed a HMBC cor-
relation to C-6'. This suggested that the 4',5'-anhydroglucuron-
ic acid was esterified by methanol and is consistent with our
experimental workup.

A comparison of the remaining >C and 'H NMR spectra be-
tween 9 and 4 revealed that the aromatic proton at C-4 and
the corresponding carbon signal that were observed in 4 were
absent in 9. Instead, the C-4 carbon signal was shifted to dc.,
140.6 ppm as confirmed by 'H,"*C HMBC correlations to the
key aromatic proton signal (3,5 7.21 ppm), indicating the C-4
position is most likely hydroxylated. The O-linkage at C-4 was
unequivocally confirmed by the 'H,"*C HMBC correlation of the
anomeric proton to C-4. All of the carbon and proton signals
summarized in Table 1 are consistent with the structure of 9
shown in Scheme 2. The molecular structure of 8 was then
deduced to be the free acid derivative of 9 as shown in
Scheme 2.

The abolishment of oxytetracycline from the S.rimosus
AoxyL mutant strain confirmed the vital role of OxyL, and the
characterization of the major metabolite 8 revealed the catalyt-
ic role of OxyE. We reasoned that OxyE likely catalyzes the C-4
hydroxylation of 2 to yield an intermediate 4-hydroxyl-6-meth-
ylpretetramid 6, which was previously isolated in a blocked
mutant of S. aureofaciens."” In wild-type S. rimosus, 6 is sub-
sequently hydroxylated by OxyL to yield 3. However, in the ab-
sence of OxyL, 6 can be readily glycosylated at the newly in-

1548

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Y. Tang et al.

stalled C-4 hydroxyl and spontaneously air oxidized at ring C
to afford 8. The transfer of a 4’,5'-anhydroglucuronic acid to
the C-4 hydroxyl was unexpected, and the exact reason for de-
hydration of the glucuronic acid is unknown. The same moiety
has been reported previously in S. rimosus, in which an angio-
tensin-converting-enzyme inhibitor dimethyl-A58365A was
modified by 4-deoxy-a-L-threo-hex-4-enopyranuronate in high
yield during feeding."? It is notable that 8 was also present in
the organic extract of the wild-type strain as indicated by
HPLC and LC-MS analyses, albeit with much lower yield (Fig-
ure 2B). This further hints that the OxyL-catalyzed conversion
of either 2 to 3, or 6 to 3, might be relatively slow (Scheme 2).
As a result, the biosynthetic intermediates can be subjected to
actions of endogenous enzymes that are not associated with
the pathway and lead to formation of shunt products such as
7 and 8. OxyE thus serves as the ancillary enzyme to assist in
the hydroxylation of C-4.

Heterologous reconstitution confirmed the C-4 hydroxyl-
ation activity of OxyE

Biosynthesis of 7 and 8 by AoxyE and AoxyL mutants, respec-
tively, strongly indicated that OxyE catalyzes the hydroxylation
of 2 at C-4. To directly confirm the function of OxyE, we per-
formed heterologous expression studies. Our previous study
had identified that OxyA, -B, -C, -D, -J, -K, -N, and -F were
essential and sufficient to produce 2 as a major product with
good yield in the heterologous host S. coelicolor CH999/
pWJ119, and 2 was spontaneously oxidized to yield 4. A new
shuttle vector was therefore constructed in which the gene en-
coding OxyE was added to pWJ119 to yield pJX11. As expect-
ed, the organic extract of CH999/pJX11 contained < 1% of 4,
which was previously observed in CH999/pWJ119, with the ac-
companying appearance of a new major metabolite JX11 (10;
m/z 394 [M—H]"). Compound 10 was isolated as an orange
powder at a yield of ~25 mgL™" after reversed-phase HPLC pu-
rification. The molecular structure of 10 was then determined
by 1D and 2D NMR spectroscopy as shown in Scheme 2.

The "*C NMR spectrum of 10 showed 20 signals, comprised
of 4 aromatic CH residues, 1 methyl group, and 15 quaternary
carbons; this suggests a completely aromatized scaffold similar
to that of 4. Further comparison demonstrated that there were
loss of one aromatic proton and one downfield hydroxyl
proton, and the gain of two downfield carbon signals (3¢,
179.0 and O, 187.3 ppm) indicative of the presence of a qui-
none moiety in 10. The new carbonyl signals were assigned
based on the 'H,"*C HMBC correlation between 6,5 8.05 ppm
and Oc, 179.0 ppm. Analysis of the remaining 'H, "*C, and
'H,"*C HMBC signals (Table 1) confirmed that 10 was a ring-A-
oxidized derivative of 6. Biosynthesis of the new major metab-
olite 10 from CH999/pJX11 further proved that OxyE catalyzes
the C-4 hydroxylation of 2 to yield 6. It is also evident from the
structure of 10 that S. coelicolor lacks the glucuronosyltransfer-
ase that is present in S. rimosus that can decorate 6 into 8.

ChemBioChem 2009, 10, 1544 - 1550
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Antimicrobial bioassays of compounds PW1 and PW3
showed no antibiotic activities

The antibiotic activities of 7 and 9 towards Salmonella enterica
serovar Cerro 87, and Escherichia coli DH10B were tested by an
agar diffusion assay.”® The antibiotic oxytetracycline and the
solvent DMSO were used as positive and negative controls, re-
spectively. Addition of 7 and 9 did not lead to any inhibition
zone up to the concentration of 100 ugmL™'; this indicates
that these compounds do not have antibiotic activities to-
wards the tested strains.

Discussion

The double hydroxylation step that converts 2 to 3 is a key tai-
loring step in tetracycline biosynthesis. The reaction transforms
the fully aromatic ring A into a cyclohexenone that is essential
for tetracycline biological activities. Our previous heterologous
reconstitution and in vitro studies have demonstrated that
OxyL is capable of catalyzing the C-4 and C-12a double hy-
droxylation reactions,"” which is further confirmed in this work.
We further demonstrated that OxyE, a FAD-dependent hydrox-
ylase encoded in the oxy biosynthetic gene cluster, is also ca-
pable of hydroxylating C-4 of 2, a transformation that is shared
by the activities of OxyL. This is supported by the following
findings: 1) biosynthesis of 6 (in the form of 10) was observed
upon heterologous coexpression of OxyE with enzymes re-
sponsible for biosynthesis of 2; 2) disruption of oxyL in S. ri-
mosus led to the accumulation of the shunt product 8 retain-
ing the C-4 hydroxyl; and 3) inactivation of oxyE in S. rimosus
resulted in incomplete C-4 hydroxylation that led to the pro-
duction of a new shunt metabolite 7. These results revealed
the surprising finding that OxyE and OxyL have redundant cat-
alytic activities in the tetracycline biosynthetic pathway. We
propose that OxyE is encoded in the gene cluster as an ancil-
lary C-4 hydroxylase, largely because the reaction catalyzed by
OxyL alone in S. rimosus is incomplete, either due to low pro-
tein expression levels and/or the slow reaction kinetics. Our
previous heterologous reconstitution study in S. coelicolor
CH999 failed to identify the function of OxyE,™ probably due
to the strong expression of OxyL on the SCP2* based shuttle
vector, as well as the lack of competing shunt glycosylation
pathways. The synergistic actions of both OxyL and OxyE can
therefore facilitate the complete turnover of 2 to 3, preventing
irreversible shunt pathways in S. rimosus such as glucuronida-
tion and spontaneous oxidation. On the basis of these results,
we have provided a revised oxidative tailoring pathway of 2 as
shown in Scheme 2. The observed ancillary function of OxyE to
OxyL as a C-4 hydroxylase may be the mechanism by which
multi-oxygenation takes place in other aromatic polyketides
biosynthesis, such as in mithramycin synthesis. We propose
that MtmOI might also catalyze C-4 hydroxylation and serve as
an ancillary oxygenase to MtmOIl, which is known to catalyze
the C-4 and C-12a double hydroxylations.

Both shunt metabolites 7 and 8 isolated from S.rimosus
mutant strains are O-glycosylated with glucuronic acid and 4-
deoxy-a-L-threo-hex-4-enopyranuronate, respectively. These

ChemBioChem 2009, 10, 1544 - 1550
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modifications are proposed to be catalyzed by the glucurono-
syltransferase, which transfers activated precursors, probably
UDP-glucuronic acid, to the biosynthetic intermediates. Similar
glucuronidation modification has been reported previously in
S. rimosus,"'® indicating the presence of promiscuous glycosyl-
transferase with broad substrate specificities. The mechanism
governing the installation of different acids on 7 and 8 is not
known, and it might be possible that the glucuronic acid is
dehydrated after being glycosylated to 6 to yield the 4',5-an-
hydroglucuronic acid attached to 8. Interestingly, although glu-
curonosyltransferases are commonly observed in mammalian
metabolism,?*? few have been described in prokaryotic or-
ganisms.”>?? To our knowledge, this is the first isolation of glu-
curonidated tetracycline biosynthetic intermediates, although
glucosylated, truncated tetracycline intermediates have been
reported to be produced by a S. rimosus mutant.?

In summary, by using gene disruption and heterologous re-
constitution experiments, we have characterized the function
of OxyE as a C-4 monooxygenase during oxytetracycline bio-
synthesis in S. rimosus. Our results demonstrated the power of
combining gene knockout and heterologous reconstitution
techniques in deciphering the functional role of enzymes in
natural product biosynthesis, and provided new insight into
the oxidation tailoring reactions that take place during tetracy-
cline biosynthesis.

Experimental Section

General: 1D and 2D NMR spectra were recorded in [Dg]DMSO on a
Bruker DRX 500 instrument (500 MHz for 'H NMR and 125 MHz for
BCNMR). LC-MS analyses were conducted with a Shimadzu
2010 EV Liquid Chromatography Mass Spectrometer by using both
positive and negative electrospray ionization and a Phenomenex
Luna reverse-phase C18 column (5 um 2.0x 100 mm). High-resolu-
tion ESIMS were measured on an lonSpec Ultima 7T FTICR instru-
ment. Compound isolations were performed on a Beckman-Coult-
er Gold HPLC instrument.

Culture techniques and genetic manipulations: S. coelicolor
CH999 was used as the host for heterologous expression for all
pRM5-derived plasmids. Protoplast preparation and PEG-mediated
transformation were performed as described previously.”® The
transformants were grown on R5 agar that was supplemented
with thiostrepton (50 pgmL™") at 28°C for 8 d. E. coli Topo 10 (Invi-
trogen) and XL-1 Blue (Stratagene) strains were used for subclon-
ing and plasmid manipulations. Growth of E. coli was on Luria—Ber-
tani (LB) agar and in LB liquid medium with kanamycin
(35 pigmL™") or ampicillin (100 ugmL™") at 37 °C. In vivo generation
of targeted mutations in S. rimosus was achieved by conjugation
between E. coli ET12567 and Streptomyces strains according to
Kieser et al.?

Construction of pJX11: PCR was performed with Platinum Pfx DNA
polymerase (Invitrogen). The oxyE gene with the ribosomal binding
site flanked by Xbal/Nhel was amplified through PCR by using the
cosmid pYT264 as the template."” The PCR product was cloned
into pCR-Blunt vector (Invitrogen) for subcloning and oxyE gene
was then introduced into pWJ119"" to yield pJX11 by using com-
patible cohesive ends Xbal/Nhel.

Targeted disruption of oxyE and oxyL: The vector pPW104 which
harbored oxyE was constructed by the recovery of an approximate-
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ly 4.1 kb DNA fragment after Kpnl and Bglll digestion of pYT264
for insertion into the Kpnl and BamHI sites of pJTU1278. This
vector was digested with Apal then self-ligated to yield pPW105. A
construct that harbored oxyL to be used to generate a gene re-
placement vector was constructed by using the ReDirect technolo-
gy.?”" A ca. 8.6 kb Pmll fragment that contained oxyL was recovered
from cosmid pYT264 and inserted into PCR Blunt vector to gener-
ate pPW164. This plasmid was introduced into E. coli BW25113/
plJ790 by electroporation. The acc(3)IV cassette was amplified by
PCR from plJ773 with the primers oxyL-KO-F: 5-CCC TGG CCC TCG
CCA AGC GCT TCG CGG AGG CCC CGC ATG ATT CCG GGG ATC
CGT CGA CC-3’ and oxyL-KO-R: 5'-CGC CGT TGA TCG CTG TCA TAC
GCG TGT CCT CCT TGG TCA TGT AGG CTG GAG CTG CTT C-3". The
cassette was used to replace a 1674 bp portion of oxyL in pPW164,
to give pPW165. Digestion with EcoRl yielded a product that was
cloned into the same site of pJTU1278 to give pPW166. Both
pPW105 and pPW166 DNA were introduced to S. rimosus by conju-
gation from E. coli ET12567 to S. rimosus. Putative double-crossover
strains were confirmed by PCR with the primers of oxyE-T1: 5-TGC
TGA CCG ATC TGC TGG AG-3, oxyE-T2: 5'-ATC CGG CTC TGC ATC
ACC TG-3, oxyL-T1: 5-ATA CGG GAC ACC GGG GAC GG-3' and
oxyL-T2: 5-GCC CTC CTC GGA CAG CTG CC-3".

Isolation of 7: The large-scale culturing experiment of strain WP1
was performed in R5 agar (4 L) over 8 d. The following separation
procedures were used to isolate the pure compound. The cultures
(4 L) were homogenized and extracted three times with EtOAc/
MeOH/AcOH (89:10:1, 3 L). The extracts were dried with anhydrous
Na,SO, and evaporated to dryness. These extracts were first loaded
into a Sephadex LH-20 column and eluted with MeOH. The frac-
tions containing the target compound were then further separated
on an XTerra preparative MSC18 column (5 um, 5019 mm) with
isocratic elution (MeCN/H,O, 40%, 0.1% TFA) at a flow rate of
25mLmin~', vyielding pure 7 (z=12min) with a yield of
~5mglL~".

Isolation of 9: The large-scale culturing experiment of strain WP2
was performed in R5 agar (4 L) over 8 d. The extracts were fractio-
nated on a Sephadex LH-20 column and eluted with MeOH. The
fractions containing 9 were then further separated on an XTerra
preparative MSC18 column (5 um, 50% 19 mm) with isocratic elu-
tion (MeOH/H,0O, 70%, 0.1% TFA) at a flow rate of 3 mLmin’,
yielding pure 9 (t; =8 min) with a yield of ~20 mgL™".

Isolation of 10: The strain CH999/pJX11 was grown on R5 agar
(1L) with thiostrepton (50 ugmL™") at 30°C for 10 d. The culture
was minced and extracted with EtOAc/MeOH/AcOH (89:10:1, 1.51)
three times. The extract was dried with anhydrous Na,SO, and
evaporated to dryness. The residue was dissolved in DMSO
(2.5 mL) and separated on an Alltima semi-preparative C18 column
(5 um, 25010 mm), with a gradient elution from 5% to 95%
MeCN/H,0 (0.1% TFA) over 30 min at a flow rate of 1 mLmin~', to
give pure 10 (=20 min) with a yield of ~25 mgL.™
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A Facile Method for Reversibly Linking a Recombinant

Protein to DNA

Russell P. Goodman,® ® Christoph M. Erben,” Jonathan Malo,™ 9 Wei M. Ho,™
Mireya L. McKee,” Achillefs N. Kapanidis,” and Andrew J. Turberfield*"

We present a facile method for linking recombinant proteins
to DNA. It is based on the nickel-mediated interaction between
a hexahistidine tag (Hiss-tag) and DNA functionalized with
three nitrilotriacetic acid (NTA) groups. The resulting DNA-pro-
tein linkage is site-specific. It can be broken quickly and con-

Introduction

Synthetic structures on the nanometre scale can be made
quickly and efficiently by self-assembly of DNA oligonucleo-
tides. Incorporation of proteins into these nanostructures is a
promising way to increase their functionality: DNA structures
have been used to arrange protein molecules in one," two®
or three dimensions® and to encapsulate them.”! Other appli-
cations of DNA-protein conjugation include the formation of
functional enzyme complexes,” fluorescence resonance energy
transfer (FRET) systems, sensitive detection by immuno-PCRY”
and the construction of protein or peptide arrays by hybridiza-
tion to surface-bound DNA probes.® Several methods for
making covalent DNA-protein linkages have been developed,
including bifunctional crosslinkers,® disulfide bonds"” and
click chemistry.®! A methyltransferase can be used to form an
abortive covalent complex with a modified base." Cysteine-
modified DNA oligomers can be coupled to recombinant
intein-fusion proteins by expressed protein ligation."? Nonco-
valent interactions can also be used. Protein-binding aptamer
domains"™ can be incorporated in DNA nanostructures,™ '
antibodies have been bound to hapten-functionalized DNA,!
and enzymes have been linked to DNA conjugated to a cofac-
tor."® The vitamin biotin, which can be conjugated to an oligo-
nucleotide, forms a strong and specific bond with femtomolar
affinity to the protein streptavidin,"” which can be fused to
another protein”’ or linked to other biotinylated molecules."
Herein, we present a new, facile method for noncovalent at-
tachment of recombinant proteins to DNA that is robust, site-
specific and reversible. We show that it is generally applicable
to the functionalization of synthetic DNA nanostructures.

The linkage is based on the nickel-mediated interaction be-
tween nitrilotriacetic acid (NTA) and a protein carrying a hexa-
histidine tag (Hiss-tag). Two histidines together with one NTA
can satisfy all six coordination sites of a nickel(ll) ion. A Hiss-tag
is often incorporated at the N or C terminus of a recombinant
protein, which can then be purified by immobilized metal ion
affinity chromatography™ on an NTA-functionalized column.
Clustering NTA groups strengthens the interaction.”” Lata
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trollably by the addition of a chelating agent that binds nickel.
We have used this new linker to bind proteins to a variety of
DNA motifs commonly used in the fabrication of nanostruc-
tures by DNA self-assembly.

et al. have shown that the linkage between a Hiss-tag and
three coupled NTA groups is particularly stable, with a dissocia-
tion constant of the order of 10 nm, but can be broken under
mild conditions by the addition of a competing nickel chela-
tor.”"! We demonstrate the facile synthesis of DNA with three
closely spaced NTA modifications and demonstrate that this
modification allows us to link His,-tagged proteins to a range
of DNA nanostructure motifs. This linkage combines many of
the advantages of other linkers: the interaction is site-specific
and stable but, unlike a covalent bond, it can be easily re-
versed.

Results and Discussion
Analysis of NTA-modified oligonucleotides

We have prepared DNA oligonucleotides with one, two and
three NTA groups (mono-, bis- and trisNTA-functionalized oli-
gonucleotides). The synthesis of trisNTA-modified DNA is illus-
trated in Scheme 1. An aminated oligonucleotide is treated
with the heterobifunctional crosslinker N-succinimidyl 3-(2-pyri-
dyldithio)propionate (SPDP). The disulfide bond is then re-
duced, and the resulting thiol group is treated with male-
imide-NTA. Control experiments followed the same protocol
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Scheme 1. Synthesis of a DNA oligonucleotide functionalized with three NTA groups (trisNTA).

with a substoichiometric amount of SPDP (molar ratio: ~two
amine modifications per SPDP) to create partially NTA-modified
oligonucleotides. NTA-functionalized oligonucleotides were pu-
rified either by reversed-phase liquid chromatography (RPLC)
or by denaturing PAGE purification. The synthesis and purifica-
tion of mono- and bisNTA-modified DNA starting from oligonu-
cleotides with one or two amine modifications is analogous.
(See the Experimental Section for details of syntheses and pu-
rification.)

The denaturing PAGE gel in Figure 1 demonstrates the syn-
thesis and purification of mono-, bis- and trisNTA oligonucleo-
tides. The starting materials were 27-mer DNA oligonucleotides
(“Oligo 1”; see the Supporting Information for the base se-
quence) with one, two or three amine modifications at the 5'-
end (lanes A1, B1 and C1). Incubation with SPDP leads to a
small reduction in mobility (lanes 2), and a disulfide dimer can
be seen in lane A2. Lanes 3 contain the control: the product of
the full synthesis using a substoichiometric amount of SPDP to
generate partially NTA-modified oligonucleotides (for example,
lane C3 contains oligonucleotides that carry three amines, but
only one or two of them have been converted into NTAs).
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A) monoNTA B) bisNTA C) trisNTA

[ ] ] 1
A1 A2 A3 A4 A5 B1 B2 B3 B4 BS C1 C2 C3 C4 C5.

Figure 1. Synthesis of A) mono-, B) bis- and C) trisNTA-modified 27-mer DNA
oligonucleotides. Lanes 1: Aminated DNA precursor. Lanes 2: Thiol-function-
alized DNA after incubation with SPDP. Lanes 3: Reaction of partially thiolat-
ed DNA with maleimide—-NTA. Lanes 4: Reaction of thiolated DNA with male-
imide-NTA. (Note that failure products are evident in each reaction but
occur in greater concentration in the case of substoichiometric thiolation.)
Lanes 5: Contents of lanes 4 after purification: lane A5: PAGE-purified mono-
NTA-DNA, lanes B5 and C5: RPLC-purified bis- and trisNTA-DNA, respectively.
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Lanes 4 show the product of synthesis. In each case, the domi-
nant band corresponds to fully NTA-modified oligonucleotides,
although partially modified oligonucleotides are also present.
The yield for modification of oligo 1 was approximately 71%
for monoNTA, 57% for bisNTA and 60% for trisNTA. Purified
NTA-oligonucleotides are analysed in lanes A5, B5 and C5: the
single bands correspond to the desired monoNTA, bisNTA and
trisNTA oligonucleotides, respectively. The identity of the NTA-
modified oligonucleotides was also confirmed by mass spec-
trometry (see Table 1.)

Table 1. Mass spectrometry of NTA-modified oligonucleotide “Oligo 1.

Oligo 1 modified with: Expected mass [Da]® Measured mass [Dal

monoNTA 9123.2 91224
bisNTA 9848.0 9847.3
trisNTA 10572.6 10572.1

[a] The expected masses assume NTA-modified oligonucleotides with pro-
tonated carboxyl groups.

Size-exclusion chromatography

Binding of single-stranded, NTA-modified DNA to Hiss-tagged
green fluorescent protein (GFP) was investigated by size-exclu-
sion liquid chromatography (SEC). The 27-mer “Oligo 1" was
modified with mono-, bis- and trisNTA, as described above.
The NTA-modified oligonucleotides were diluted to a concen-
tration of 19 um in 20 puL TN buffer (10 mm Tris, 100 mm NaCl,
pH 8) and combined with NiSO, (2 uL, 5 mm). After 30 min at
room temperature, excess nickel ions were removed by using
a gel filtration spin column (Micro Bio-Spin 6; Bio-Rad). Hise-
tagged GFP was added ([GFP]/[DNA]~2:3), and the mixture
was incubated for 30 min at room temperature. (One-step in-
cubation of GFP and DNA with a small excess of NiSO, for
~1 hour is also effective and removes the need for the gel fil-
tration spin column; data not shown.) The sample was then di-
luted with TN buffer to give final concentrations of DNA and
GFP of ~3 um and ~2 pm, respectively. 100 uL of this solution
was loaded for analysis by SEC.

Figure 2 shows SEC analysis of the products of incubation of
mono-, bis- and trisNTA oligonucleotides with Hiss-tagged GFP.
Absorbance measurements at 260 and 395 nm, the absorption
maximum of the GFP fluorophore,”® indicate the presence of
DNA and GFP, respectively. Controls containing purified mono-,
bis- and trisNTA oligonucleotides and GFP separately are also
shown. Incubation of the monoNTA oligonucleotide with GFP
does not result in a significant shift of the DNA peak. Incuba-
tion of the bisNTA oligonucleotide with GFP results in a shift of
both peaks that is consistent with a transient interaction be-
tween the bisNTA oligonucleotide and the protein with a time-
scale comparable to that of the experiment (ca. 30 min). Incu-
bation of the trisNTA oligonucleotide with GFP results in a
stronger shift of both the DNA and the GFP peaks; both peaks
now elute simultaneously at a smaller solvent volume; this is
consistent with the formation of a GFP-His:Ni**;:trisNTA-DNA
complex. The protein peak is entirely shifted to the new posi-
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Figure 2. Analysis of binding between NTA-modified DNA and His,-tagged
GFP by SEC. Elution of DNA oligonucleotides and of GFP from the SEC
column was monitored by measuring absorption at 260 nm (left vertical
axis, black lines) and 395 nm (right vertical axis, grey lines), respectively. SEC
traces of: A) mono-, B) bis- and C) trisNTA-functionalized DNA oligonucleo-
tides (27-mer) after incubation with NiSO, and Hiss-tagged GFP (solid lines).
Controls: NTA-functionalized oligonucleotides only (dotted black lines); His,-
tagged GFP only (dotted grey lines).

tion; excess DNA remains unbound. We conclude that the
strength of binding increases in the order monoNTA < bis-
NTA < trisNTA.

In order to demonstrate the use of trisNTA to bind proteins
to DNA nanostructures, four commonly used structural motifs
were tested: 1) a DNA duplex, 2) a hairpin loop with the tris-
NTA modification located in the loop region (the trisNTA modi-
fication is internal rather than at the 5’-end of the oligonucleo-
tide), 3) a nicked double helix and 4) a double-crossover (DX)
tile. DX tiles are rigid structures containing two four-arm
branch junctions®® and are one of the most commonly used
motifs in the construction of extended two-dimensional DNA
arrays.?”

The DNA motifs were incubated with NiSO, and GFP as de-
scribed above (except that, in the case of the double crossover
tile, the final DNA concentration was 4.8 um). The correspond-
ing SEC traces are shown in Figure 3. In each case the GFP and
DNA peaks are shifted and elute earlier. (In the traces shown in
Figure 3C and D, the DNA absorption peak corresponding to
the DNA-GFP complex and the peak corresponding to the un-
bound excess DNA are unresolved because of the large size of
these motifs and the relatively small shift caused by GFP bind-
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Figure 3. Binding of GFP to four different trisNTA-functionalized DNA nano-
structure motifs (solid lines). A) Double-stranded DNA, B) hairpin loop with
internal trisNTA modification, C) a nicked double helix and D) double-cross-
over (DX) tile. Controls: DNA motifs only(dotted black lines); Hiss-tagged
GFP only (dotted grey lines).

ing.) We conclude that all four DNA motifs bind GFP as expect-
ed.

Equilibrium dissociation constant (Kp)

The equilibrium dissociation constant (Kp) of the interaction
between NTA-modified DNA and Hissc-tagged GFP was mea-
sured by titration (Table 2). A 27-mer DNA oligonucleotide con-

Table 2. Dissociation constants (Kp) for binding between bis- and trisN-
TA-DNA and Hisc,-tagged GFP measured by titration, with FRET as an indi-
cator of binding. Published results for related constructs are included for
comparison.

bisNTA-DNA trisNTA-DNA

0.124:0.03 um 0.006"35% um

bisNTA-constructs trisNTA-constructs Ref.
0.06840.020 pm 0.002140.0008 um 214
0.2740.05 um 0.0240.01 pm 21"
- 0.005 um (yCD) 2714
- 0.018-0.033 pm (HIP1R) 279
1.0 um (Cy3) - 209
0.4 pm (Cy5) - 209
0.9 um (Cy3) - 201
0.3 um (Cy5) - 20

[a] K, deduced from measured association and dissociation rates. [b] K,
measured by isothermal titration calorimetry. [c] K, measured by titration
with fluorescence anisotropy as an indicator of binding. [d] K, measured
by titration with FRET as an indicator of binding.

1554

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. J. Turberfield et al.

jugated to the fluorophore Cy3 at its 3’-end (Integrated DNA
Technologies) was functionalized with mono-, bis- or trisNTA at
the 5-end, as described above. GFP and Cy3 form a weakly
coupled FRET pair, and GFP fluorescence is quenched in the
proximity of nickel(ll) ions.”® His,-tagged GFP was titrated
against the fluorescently labelled oligonucleotides with FRET as
an indicator, and K, was deduced by fitting the concentration-
dependent binding probability (see the Experimental Section
for details).

The measured Kj values are of the same order of magnitude
as values previously obtained for binding between His¢-tagged
peptides or proteins and two or three NTA groups linked to
fluorescent dye molecules®?" or biotin.””’ The trisNTA oligo-
nucleotide has a very high affinity for the Hiss-tagged protein
(Kb~6 nm). Based on a measurement of the association rate
constant for a similar construct of 10°m~'s™",?" we estimate a
dissociation rate constant of the order of 107357,

Reversibility of binding

The linkage between trisNTA-modified DNA and a Hiss-tagged
protein can be broken controllably by lowering the pH or by
the addition of a competitor for the Ni** coordination sites, for
example ethylenediaminetetraacetic acid (EDTA; commonly
used to elute Hisgs-tagged proteins from Ni:NTA separation col-
umns) or imidazole (data shown in the Supporting Informa-
tion).

Extended DNA arrays

We have also used the trisNTA modification to functionalize re-
versibly an extended two-dimensional DNA array with Hise-
tagged GFP. A DNA array with woven kagome architecture®
was formed by self-assembly. The unit cell of this array con-
tains four different DNA oligonucleotides, one of which was
functionalized such that the array carried a regular pattern of
trisNTAs (Figure 4A). Arrays that were incubated with NiCl, and
Hiss-tagged GFP were visible under a fluorescence microscope,
thus indicating GFP binding (Figure 4B). Images of a control
array in which one of the constituent oligonucleotides was co-

A) B)

10nm O: trisNTA

.
s X

7

=1

Figure 4. Decorating a DNA array with His¢-tagged GFP. A) A section of the
extended trisNTA-modified DNA kagome array. The 5-end of one of the four
constituent oligonucleotides is modified with trisNTA (indicated by a circle).
B) Fluorescence microscopy image of an array with NTA modification +
NiCl, + GFP. (Control experiments are shown in the Supporting Information.)
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valently linked to the fluorescent dye Cy5 were similar, while
no fluorescent arrays were seen in controls lacking NTA modifi-
cation or nickel. Arrays decorated with GFP lose their fluores-
cence after being washed with the chelator imidazole, and
regain fluorescence after the removal of imidazole and re-
charging the array with NiCl, and GFP. (Data shown in the Sup-
porting Information.)

Conclusions

We have presented a new method for linking proteins to DNA.
The required trisNTA-modified DNA is easily synthesised and
purified. The linkage to a His,-tagged protein is formed by in-
cubation at room temperature and can be broken controllably
by addition of the competitors EDTA or imidazole and then re-
formed simply by removal of the competitor and reincubation
with nickel ions and Hiss,-tagged protein. We have demonstrat-
ed binding of Hiss-tagged GFP to a number of trisNTA-func-
tionalized DNA moitifs, including a DX tile, a hairpin with an in-
ternal trisNTA modification and an extended two-dimensional
DNA array. The combination of low dissociation constant and
reversibility of the linkage, its applicability to the broad class of
Hiss-tagged recombinant proteins without the need for addi-
tional chemical modification and the mild reaction conditions
make this linker particularly suitable for the creation of func-
tional nanostructures by using self-assembled DNA architec-
tures to position protein molecules.

Experimental Section
Synthesis

Synthesis of NTA-modified oligonucleotides: DNA oligos with one,
two or three Ci-amine modifications (Uni-Link™ amino modifiers,
Clontech, supplied by Integrated DNA Technologies) were dis-
solved in H,O (to concentrations between 0.2 and 1 mm) and de-
salted by transferring the solution into phosphate buffer (100 mm
sodium phosphate, 100 mm NaCl, pH 7.3) using a size-exclusion
spin column (Bio-Rad, Micro Bio-Spin 6). DNA solution (50 pL) was
combined with freshly dissolved SPDP (Sigma-Aldrich; 12.5 pL, 50—
100 mm in DMSO). After the mixture had been incubated for 1 h at
room temperature, excess SPDP was removed by using a size-ex-
clusion spin column that had been washed with phosphate buffer.
TCEP (Tris(2-carboxyethyl)phosphine hydrochloride; Sigma-Aldrich;
6.25 pL, ~100 mm) was added, and the mixture was incubated for
15 min at room temperature to reduce the disulfide bonds of
SPDP. Maleimide-NTA (Dojindo, Kumamoto, Japan) was dissolved
in phosphate buffer (50 mgmL™"). The maleimide-NTA solution
(7 pub) was added to the DNA solution, and the mixture was incu-
bated for 1 h at room temperature. (The molar excess of male-
imide-NTA over DNA ranges from ~14:1 to ~70:1, depending on
the initial DNA concentration.) Excess maleimide was removed by
transferring the sample into HEPES (20 mm HEPES, 150 mm NadCl,
pH 7.5) or phosphate buffer by using a spin column. The samples
were then stored at 4°C.

Synthesis of controls: Control experiments were performed on a
substoichiometric amount of SPDP, so that not all amine modifica-
tions on all oligos could carry an NTA modification. Desalted DNA
(5 pL, 0.2 mm) carrying one, two or three amine modifications was
combined with SPDP (1.25 uL) such that the molar ratio of amine
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groups to SPDP was ~2:1. After incubation for 1 h at room temper-
ature, phosphate buffer was added (10 uL), and the sample was
passed through a spin column into phosphate buffer. '/,,th volume
TCEP (85 mm) was added, and the mixture was incubated for
15 min at room temperature, followed by addition of '/,;th volume
maleimide-NTA (100 mm) and incubation for 1 h. Excess malei-
mide-NTA was removed by transferring the sample into HEPES
buffer on a spin column.

Yield: The yield of synthesis was estimated from band intensities in
PAGE gels (see below) by using a Pharos FX Plus Molecular Imager
and Quantity One analysis software (Bio-Rad).

Purification and analysis by PAGE: NTA-modified oligos can be
purified from unmodified oligos by PAGE. The monoNTA sample
shown in Figure 1 was PAGE purified. To resolve modified and un-
modified oligos, samples were run on a two-layered, high-percent-
age denaturing gel with a discontinuous Tris-glycine buffer
system™ without SDS, but with urea (7 m) in the gels: stacking gel
(0.84 g urea, 250 pL Tris (1.0 M, pH 6.8), 330 pL acrylamide/bis-acryl-
amide (29:1, 30%), brought up to 2 mL with deionized water); sep-
arating gel (2.1 g urea, 0.65 mL Tris (3 M, pH 8.8), 2.75 mL acrylam-
ide/bis-acrylamide (19:1, 40%), brought up to 5 mL with deionized
water); loading buffer (0.48 g urea, 93.75uL, 1.0m Tris, pH 6.8,
62.5 uL 1% bromophenol blue dye, brought up to 1T mL with de-
ionized water); running buffer (2.5 mm Tris, 0.19m glycine). Sam-
ples were combined 1:1 with the loading buffer and heated to
95°C for 5 min before being run on the gel. Gels were run at room
temperature. A voltage of 150V was applied for ~10 min (while
the sample was migrating through the stacking layer) and then
increased to ~300 V. DNA to be analysed was visualized by using
silver stain (Figure 1) or SYBR Gold (Invitrogen). DNA to be purified
was visualized by UV shadowing, and the desired band was cut
out of the gel and recovered by using the crush-and-soak method:
gel slices were transferred into a reaction vessel, crushed, covered
with buffer, soaked overnight and spun on Millipore Ultrafree-MC
HV centrifugal filters (0.45 um) to remove gel fragments.

Purification by reversed-phase liquid chromatography: NTA-
modified oligos can also be purified from unmodified oligos by
using RPLC. The bis- and trisNTA samples shown in Figure 1 were
RPLC purified on a GE Healthcare pRPC C2/C18 ST 4.6 reversed-
phase column with a volume (CV) of 1.7 mL. The column was con-
nected to an AKTAbasic LC system and a Frac-920 fraction collec-
tor. The following buffers were used to purify NTA-modified oligos:
buffer A: 0.1m triethylammonium acetate, 5% acetonitrile; buf-
fer B: 0.1m triethylammonium acetate, 70% acetonitrile. The fol-
lowing buffer mixtures were pumped through the column at
0.5 mLmin~": 100% buffer A, 0% buffer B (2 CV); raise buffer B to
13% over 1 CV; 87% buffer A, 13% buffer B (8 CV); raise buffer B
to 16% over 30 CV; raise buffer B to 100% over 1 CV. The oligonu-
cleotides that were analysed by mass spectrometry (see below)
were purified by RPLC on a Waters XBridge™ OST C18 column
(2.5 um particle size, 4.6x50 mm). The column was connected to
an Agilent 1200 series LC system. The column was heated to 40°C,
and the flow rate was set to 1 mLmin~": 100% buffer A (5 min);
raise buffer B to 16% over 18 min; raise buffer B to 100% over
4 min; 100% buffer B (3 min).

Mass spectrometry: NTA-modified oligos were prepared and puri-
fied by RPLC, as described above. The collected fractions were
dried, resuspended in water and then passed through a size-exclu-
sion spin column (Bio-Rad, Micro Bio-Spin 6) into water. EDTA was
added to give a final DNA concentration of 5-8 um and a final
EDTA concentration of 250-360 um. Liquid chromatography-mass
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spectrometry (LC-MS) analysis was performed on an HP1050 LC
coupled to a LCT Premier reflectron TOF mass spectrometer
(Waters). Chromatography was carried out on a Waters XBridge
OST C18 column (2.5 um particle size, 4.6x50 mm), with a linear
gradient from 90% buffer C (400 mm 1,1,1,3,3,3-hexafluoroisopro-
panol, 163 mm triethylamine, 5% methanol)+10% buffer D
(400 mm 1,1,1,3,3,3-hexafluoroisopropanol, 16.3 mm triethylamine,
60% methanol) to 30% buffer C+70% buffer D over 8 min. The
eluent was directly injected into the mass spectrometer, and the
data were acquired in the negative-ion mode (mass range 505-
3500) and analyzed by using the manufacturer’'s software (Mas-
sLynx V4.1, Waters).

Size-exclusion liquid chromatography: Analytical size-exclusion
liquid chromatography (SEC) was performed on a GE Healthcare
Superdex 200 10/300 GL column (CV=23.6 mL), connected to an
AKTAbasic LC system, with TN buffer (10 mm Tris, 100 mm NaCl,
pH 8) and a flow rate of 0.5 mLmin~'. All SEC traces were pro-
cessed by using the GE Healthcare UNICORN software package to
subtract baselines and smooth.

Formation of DNA motifs: NTA-modified DNA motifs were assem-
bled in TN buffer as follows. DNA duplexes were formed by com-
bining the NTA-modified 27-mer “Oligo 1" with a 5-10% excess of
a fully complementary, unmodified 27-mer (Oligo 2) and diluting it
to a concentration of ~5.4 um in TN buffer (70 pL). The sample was
heated to 50°C for 10 min and then left to cool to room tempera-
ture. DNA hairpins were formed by heating Oligo 3 to 95°C fol-
lowed by rapid cooling to 4°C. A nicked duplex was formed by
combining Oligo 1 and Oligo 4, heating them to 95°C and then al-
lowing them to cool to room temperature. A double-crossover tile
(DX tile)* was formed by combining the five component oligo-
nucleotides (6 um final concentration), heating them to 95°C and
then allowing them to cool to room temperature over approxi-
mately 20 min. (The base sequences of all oligonucleotides are
given in the Supporting Information.)

Measurement of the equilibrium dissociation constant (Kp)

FRET and fluorescence quenching: The fluorescence intensity of
wild-type GFP (Aecmax @t 504 nm) is reduced, and the fluorescence
intensity of Cy3 (average of 558-564 nm) is increased when photo-
excited Hisc—GFP is bound to NTA-modified DNA labelled with a
Cy3 fluorophore. Two effects contribute to these observations:
GFP and Cy3 form a FRET pair,® and GFP fluorescence is
quenched in the proximity of Ni** cations.”® Changes in the inten-
sities of these two fluorescence bands can therefore be used to
deduce changes in the relative concentrations of free DNA, free
GFP and the DNA-GFP complex, when His,—GFP is titrated against
Ni?*,:bisNTA-DNA or Ni?*;:trisNTA-DNA. The equilibrium dissocia-
tion constant (K) can be deduced from these measurements.

Materials: Mono-, bis- and trisNTA-modified, Cy3-labelled Oligo 1
was prepared as described above from oligonucleotides carrying
amine modifications at their 5-end and a Cy3 modification at their
3’-end. The concentrations of stock solutions of NTA-modified DNA
were determined by measuring absorbance (Nanodrop ND-1000)
at 260 and 550 nm (Cy3 absorption). The concentration of Hiss-GFP
(US Biological, Marblehead, MA, USA) was determined by measur-
ing absorbance at 395 nm. The contribution of absorption by Cy3
at 260 nm was taken into account when calculating the DNA con-
centration. NTA-modified DNA was loaded with Ni*™ by addition of
NiCl, and diluted in buffer G (20 mm HEPES, pH 7.3, 137 mm Nadl,
20 mm KCl, 0.1% BSA, 5% glycerol) to give final concentrations of
3.14 um for bisNTA DNA and 7 pum for NiCl, The final concentra-
tions in the trisNTA-DNA titration were 1.22 um of trisNTA-DNA
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and 4 pm of NiCl,. Hise-GFP was diluted in buffer G to the desired
initial concentration for titration (0.26 and 0.11 um for titration
with Ni**,:bisNTA-DNA and Ni?*;:trisNTA-DNA, respectively).

Fluorescence measurements: For the titration, GFP solution (60 uL)
was placed in a quartz cuvette, and fluorescence spectra were
measured by using a scanning fluorimeter (Photon Technology
International, Birmingham, NJ, USA) with A,,=395 nm. Directly
excited fluorescence of Cy3 in the absence of GFP is negligible;
the fluorescence intensity at 504 nm is therefore the sum of terms
proportional to the concentrations of free and bound His,-GFP.
GFP fluorescence coinciding with the Cy3 band (558-564 nm) was
assumed to be proportional to fluorescence at the GFP peak
(504 nm) and was subtracted from the measured intensity in this
band. The corrected intensity is proportional to the concentration
of bound GFP.

Titration: Intensities of GFP and Cy3 fluorescence were measured
during titrations of His;-GFP against Ni**,:bisNTA-DNA and Ni**
5:trisNTA-DNA. (Cy3 fluorescence in the GFP band was subtracted.)
Fits were performed with two adjustable parameters correspond-
ing to K, and to an overall proportionality constant relating the
change in concentration of the complexes to the change in fluo-
rescence intensity due to the formation of the complexes. The final
determined value of K is the average of the fits to five independ-
ent titrations. The error is the sum of squares of the random error
and an asymmetric, systematic error based on estimates of the
uncertainty of the initial concentrations of DNA and GFP. (Fluores-
cence spectra and titration curves are shown in the Supporting
Information.)

Control experiments: Control experiments were carried out to
assess the importance of nonspecific interactions. No significant
quenching of fluorescence from His,-GFP was observed upon addi-
tion of up to 20 pL of NiCl, (7 um) in the absence of DNA. In the
absence of nickel ions, no significant change in GFP fluorescence
was detected upon addition of up to 6puL of trisNTA-DNA
(3.14 um) or 14 pL of bisNTA-DNA to 60 pL of Hise-GFP (0.26 um).
These concentrations were similar to the concentrations used for
the actual titration. We deduce that titrations used to determine Ky
for these constructs were not affected by nonspecific binding.
However, addition of 15 uL of monoNTA DNA (67 um) to 60 pL of
GFP (4.9 pum) in the absence of nickel caused significant quenching
of GFP fluorescence; this indicates that nonspecific binding is com-
parable in strength to the designed nickel-mediated interaction for
monoNTA (K, > 10 um).?*?" No attempt was made to quantify the
strength of nickel-mediated binding of monoNTA-DNA.

Controlled breaking of the DNA-GFP linkage: The linkage be-
tween trisNTA-modified DNA and a Hiss-tagged protein can be
broken controllably by the addition of a competitor for the Ni**
coordination sites, for example, ethylenediaminetetraacetic acid
(EDTA; commonly used to elute Hiss-tagged proteins from Ni:NTA
separation columns) or imidazole, or by lowering pH. The trisNTA-
functionalized DNA hairpin motif was incubated with NiSO, and
Hiss-tagged GFP, as described above, to give the GFP-Hisg:Ni**
53:trisNTA-DNA complex. Subsequent incubation with the chelating
agent EDTA (10 mm final concentration, i.e., 1000-fold excess of
EDTA over GFP) caused the complex to dissociate.

Fluorescence microscopy

Coverslip silanization and construction of “tunnel slide™: Glass cover-
slips were cleaned by immersion in saturated aqueous KOH for
~12 h, sonication for ~1h and thorough rinsing with distilled
water. They were then silanized by immersion in ethanol contain-
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ing 0.02% (v/v) acetic acid and 2% (v/v) 3-mercaptopropyltrime-
thoxysilane (MPS) heated to ~70°C, in a hot water bath for ~2 h.
Finally, the coverslips were washed thoroughly with distilled water
and placed in an oven set to 120°C for ~30 min. A tunnel (~5 ul)
was formed between two parallel strips of double-sided sticky
tape, a silanized coverslip and a glass microscope slide.

Formation and immobilization of 2-D DNA arrays: TrisNTA-kagome
arrays®” were formed by cooling four oligonucleotides (at a con-
centration of 3 um) from 90 to 10°C over 65 h in MgCl, (30 mm)
and Tris-HCI (20 mm, pH 8.8) by using a Mastercycler PCR machine
(Eppendorf). The arrays were immobilized onto coverslip surfaces
by incubating array solutions within separate tunnel slides for
~10 min at 20°C.

Binding assay and fluorescence microscopy: Nonimmobilized arrays
were washed off the coverslip surfaces with four washes (10 pL) of
buffer F (30 mm MgCl,, 20 mm Tris:HCl pH 8.8). The tunnel slide
was then incubated with ~10 uL of GFP incubation buffer (7 pm
Hiss-tagged GFP, 1 mgmL™" bovine serum albumin (BSA), 100 mm
NaCl, buffer F for 5 min at 20°C. After washes with buffer F (4x
10 pL), fluorescence images were recorded, and no fluorescence
was observed (see the Supporting Information). Nickel(ll) ions were
supplied by washing with buffer E (2x 10 pL; 10 mm NiCl,, buffer F)
and incubating with buffer E for ~5 min at 20°C. Excess Ni** was
removed by flushing with buffer F (4x 10 pL). The slide was then
reincubated with GFP incubation buffer (~10 pL) for 5 min at 20°C.
Excess GFP was removed with buffer F (4x 10 pL). The fluorescence
image shown in Figure 4B was then recorded. (See the Supporting
Information for control experiments and a demonstration of rever-
sible binding between GFP and the DNA arrays.) Tunnel slides
were illuminated with a mercury source lamp (Olympus) and
imaged by using an Andor Ixon CCD (Andor Technology, Belfast,
UK) on an inverted IX71 Olympus optical microscope (Olympus).
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Kinetic Resolution of Aliphatic 3-Amino Acid Amides by

B-Aminopeptidases
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Hans-Peter E. Kohler,*® and Birgit Geueke®

The growing demand for enantiomerically pure [3-amino acids
to be used in the pharmaceutical industry and as fine chemi-
cals requires the development of new strategies for their syn-
thesis. The B-aminopeptidases BapA from Sphingosinicella xen-
opeptidilytica 3-2W4, BapA from Sphingosinicella microcystini-
vorans Y2, and DmpA from Ochrobactrum anthropi LMG7991
are hydrolases that possess the unique ability of cleaving N-
terminal -amino acids from peptides and amides. Hydrolysis

Introduction

The design of unnatural bioactive peptides has attracted in-
creasing attention over the last years. Peptides containing [3-
amino acids are especially interesting, since they show en-
hanced resistance towards proteolytic enzymes. The promising
pharmaceutical potential of compounds with B-peptidic sub-
structures goes along with a growing demand for enantiopure
p-amino acids as building blocks, which is an incentive to de-
velop innovative approaches for their preparations.” Besides
well-established chemical methods for the synthesis of enan-
tiopure B-amino acids,’” enzyme-catalyzed resolutions are an
interesting alternative. Unlike kinetic resolution approaches to
chiral a-amino acids,” the biocatalytic synthesis of enantiopure
[-amino acids is generally limited by the availability of suitable
enzymes that are able to catalyze reactions with [3-amino acid
containing compounds. Promising enzymatic approaches that
provide access to enantiopure aromatic *-amino acids include
the kinetic resolution of N-terminally modified 3-amino acids
by porcine kidney acylase™ and by penicillin G amidase.” Fur-
thermore, B>~ and B**-amino acid esters of high enantiopurity
were prepared in organic solvents with the lipases CAL-A and
CAL-B from Candida antarctica!® However, there is still a lack
of versatile enzymes that operate under mild reaction condi-
tions and provide direct access to a broad range of enantio-
merically pure B*-amino acids by kinetic resolution.

The BapA enzymes from Sphingosinicella xenopeptidilytica 3-
2W4 (3-2W4 BapA) and S. microcystinivorans Y2 (Y2 BapA) as
well as DmpA from Ochrobactrum anthropi LMG7991 are ami-
nopeptidases that catalyze the hydrolysis of N-terminal (-
amino acid residues from amides and peptides.” Due to their
unique substrate specificities and sequence similarities they
are collectively referred to as P-aminopeptidases.”! Despite
being structurally distinct, f-aminopeptidases share the func-
tional properties of the N-terminal nucleophile (Ntn) hydrolase
family.” In recent investigations, we studied the hydrolytic
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of racemic B*-amino acid amides catalyzed by these enzymes
displays enantioselectivity with a strong preference for sub-
strates with the L-configuration and gives access to various
aliphatic B*-amino acids of high enantiopurity. This approach
presents a new access to enantiopure B*-amino acids under
mild reaction conditions and complements chemical asymmet-
ric synthesis strategies.

properties of 3-2W4 BapA, Y2 BapA and DmpA? and also
used these three enzymes for the synthesis of 3- and mixed [/
a-peptides."” Herein, we investigated the enantiodifferentia-
tion of enzyme-catalyzed amide hydrolysis, and employed [
aminopeptidases for the kinetic resolution of four aliphatic -
amino acid amides (rac-1a-d) to the corresponding f*-amino
acids (2a-d) in aqueous solution (Scheme 1).

R O
Ao
R O L-2a-d
B-aminopeptidase
—_——————
HZNMNHZ RO T e e
R O
rac-laR = Me B
rac-1b R = CH,CH,Me HZN/\)kNHZ
rac-1¢ R = CgHyy 0-1a-d
rac-1d R = tBu

Scheme 1. Kinetic resolution of the f*-amino acid amides rac-1a-d catalyzed
by the B-aminopeptidases 3-2W4 BapA, Y2 BapA and DmpA.
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Kinetic Resolution of f3-Amino Acids

Results and Discussion

Separation of >-amino acid enantiomers

The enzyme-catalyzed hydrolysis of the *-amino acid amides
rac-1a-d was followed by measuring the formation of the cor-
responding free f3-amino acids 2a-d on a teicoplanin HPLC
stationary phase. Under these separation conditions, f*-amino
acids of bp-configuration elute prior to the L-enantiomers
(Table 1).12™

Table 1. Elution order of the enantiomers of 2a-d on a Chirobiotic T2
teicoplanin HPLC column with a mobile phase composition of MeOH
(90%)/H,0 (10%) at 10°C.

B-Amino acid Retention Separation Elution
factor, k! factor, o sequence’®
(0]
k,=1.79
2a J\/K ° 113 b<L(R<SY
H,N OH k=203 (R<3)
o k,=1.47
2b i)k e 126 b<L(R<S)
H,N OH
k,=1.32
:/E o >
2c k=179 1.36 D<L(S<R)
H,N OH
O =
2d h i“i ?'19]1 1.22 D<L(S<R)
H,N OH =

[a] Retention factor k= (tz-tw)/tw, Where t; is the retention time of the
compound and t, is the retention time of an unretained compound.
[b] Separation factor a =kp/k,. [c] According to the proposed general elu-
tion sequence.? [d] According to elution of a standard of L-2a.

Kinetic resolution of B3-amino acid amides

The three f-aminopeptidases 3-2W4 BapA, Y2 BapA, and
DmpA efficiently resolve the racemic B*-amino acid amides
rac-1a-d. The enzyme-catalyzed reactions have L-enantioselec-
tivity and form the respective L-B*-amino acids L-2a-d in high

enantiomeric excesses (Table 2). With all three enzymes, rac-1a
and rac-1b were the most efficiently resolved substrates (E>
200) among the four tested compounds, and yielded amino
acids L-2a and L-2b in high enantiomeric excesses of over
98%. Employing rac-1b as a substrate, we did not observe hy-
drolysis of the p-enantiomer until .-1b had been fully convert-
ed by the enzymes (Figure 1, left side). In the case of rac-1a
we could not detect the formation of p-2a over 72 h, not even
after L-1a was completely consumed. Alkaline hydrolysis of the
remaining amide by the addition of sodium hydroxide and
heating led to recovery of p-1a. This means that all enzymes
completely converted rac-1a to enantiopure L-2a, leaving the
amide b-1a unreacted.

To determine the influence of the acyl leaving group, we
employed the B-aminopeptidases for the kinetic resolution of
rac-3a, the p-nitroanilide analogue of 1a (Scheme 2).%" Wwith
all three enzymes, we observed full conversion of the L-enan-
tiomer to the acid L-2a, whereas formation of p-2a could not
be detected. Alkaline hydrolysis of the unreacted p-nitroanilide
led to recovery of p-2a. Our data suggest that the enantiose-
lectivity of -amino-acid amide cleavage catalyzed by the f3-
aminopeptidases depends on the configuration of the stereo-
genic center in the B-position and not on the acyl leaving
group. In addition to rac-3a, we had enantiopure L-3a and b-
3a at our disposal, which allowed a more detailed analysis of
the L-enantioselectivity. Hydrolysis experiments with 10 mm
solutions of the enantiopure substrates showed that 3-
2W4 BapA converts L-3a more than 2000-times faster than b-
3a (11.8 and 0.0056 pmolmin~' per mg of protein, respective-
ly).

The kinetic resolutions of compounds rac-1c (Figure 1, right
side) and rac-1d, which carry bulky cyclohexyl and tert-butyl
substituents at the p-carbon, respectively, yielded the corre-
sponding L-*-amino acids 1-2¢ and 1-2d in enantiomeric ex-
cesses of over 92%. The DmpA-catalyzed reaction displayed
the highest enantioselectivity (E>100 and ee,>97%) for the
resolution of both, rac-1c and rac-1d. Although the substrates
1a-d could not be analyzed on the employed teicoplanin
stationary phase, our results suggest that kinetic resolution of
rac-1a-d with the three f-aminopeptidases not only leads to

Table 2. Kinetic resolution of rac-1a-d by 3-2W4 BapA, Y2 BapA and DmpA at an initial substrate concentration of 20 mm.
Substrate Enzyme Enzyme concentration Reaction rate t 3 ee of L-2a-d E
[ugmL1] [umolmin~" per mg of protein] [h] [%]® (%]

rac-1a 3-2W4 BapA 6.2 13 8 48 >98 >300
Y2 BapA 13 7.3 24 48 >98 > 200
DmpA 1.6 34 4 49 >98 >400

rac-1b 3-2W4 BapA 9.9 16 6 48 >98 >300
Y2 BapA 21 43 4 48 98 >300
DmpA 520 0.079 32 50 >98 > 500

rac-1c 3-2W4 BapA 9.9 8.5 1.5 38 >97 >100
Y2 BapA 64 0.38 4 28 95 61
DmpA 520 0.0033 120 36 >97 > 100

rac-1d 3-2W4 BapA 31 25 1 24 95 53
Y2 BapA 94 0.75 4 51 92 91
DmpA 520 0.043 8 39 >97 >100

[a] Conversion &=1— (c;+ cf)/gcéa + c?n> at time, t [b]Enantiomeric excess of 1-2a-d ee=(¢; —c7)/(c;+¢). [c]Enantiomeric ratio

E=1In[1—-&(1 +ee)]/In[1 — &(1 —ee)].l"™
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Figure 1. Time concentration curves for the kinetic resolution of rac-1b and rac-1c by 3-2W4 BapA, Y2 BapA, and
DmpA at an initial substrate concentration of 20 mm. The graphs show the formation of the hydrolysis products

L-2b,c (0) and p-2b,c ().

0 /@’ NO, L-2a
M 3-2W4 BapA
H,N N + H0 >

N pH 8, 37°C

. o NO,
rac-3a ; /©/
HZN/\)LN

D-3a

Scheme 2. Kinetic resolution of the 3*-amino acid p-nitroanilide rac-3a catalyzed by 3-

2W4 BapA.

formation of L-2a-d, but also gives access to the unreacted b-
[*-amino acid amides p-1a-d in high enantiopurity.

The reaction rates of the B-aminopeptidases were deter-
mined for L-1a-d because in all cases the L-enantiomers were
hydrolyzed at much higher rates than the b-enantiomers

H.-P. E. Kohler et al.

(Table 2). As expected from
previous degradation ex-
periments,"®  DmpA rapidly
hydrolyzed compound 1a
(34 umolmin™' per mg of pro-
tein). Amides 1b-d, which carry
sterically ~more  demanding
propyl, cyclohexyl, and tert-
butyl substituents, were con-
verted very slowly by DmpA. In
contrast, the BapA enzymes
showed broad substrate specif-
icity and converted all four of
the tested substrates with good
catalytic rates (038 to
13 umolmin~' per mg of pro-
tein). Our results indicate that
the nature of the (3-carbon sub-
stituent controls the rate of the
reaction: The lower the degree
of branching of the substituent
the higher was the rate of
enzyme-catalyzed hydrolysis of
the respective amide.

Conclusions

In summary, we have described
a novel and practical procedure
for the preparation of L-f*
amino acids in high enantiopur-
ities using three [-aminopepti-
dases as catalysts. The nonhy-
drolyzed amide enantiomers are
welcome precursors to the p-f3-
amino acids. The enzymes effi-
ciently hydrolyzed all of the
tested racemic B’-amino acid
amides that carried aliphatic
substituents with different de-
grees of branching. The results

show that the f-aminopeptidases are especially
useful for the kinetic resolution of methyl- and

propyl-substituted f(*-amino acid amides (E>200
and ee >98%), but also substrates with bulky sub-
stituents are efficiently resolved by at least one of
the enzymes (E>100 and ee >97 %). Our previous
investigations on the hydrolytic properties of the
enzymes"” suggest that 3-2W4 BapA, Y2 BapA, and

DmpA might also be useful for resolving other -

amino acid amides with aliphatic, aromatic, or func-
tionalized (-carbon substituents.

Experimental Section

General remarks: The amino acids 2a-d were analyzed by re-
versed-phase HPLC on a Dionex HPLC system equipped with a

1560 www.chembiochem.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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P680 pump, an ASI-100 automated sample injector, an Ulti-
Mate 3000 thermostatted column compartment and a UVD 340U
photodiode array detector (Dionex, Sunnyvale, CA, USA). Enantio-
mers were separated without further derivatization on the chiral
teicoplanin stationary phase Chirobiotic T2 (250x4.6 mm; Astec,
Whippany, NJ, USA) at a constant temperature of 10°C and detect-
ed by measuring the absorbance at 205 nm. The mobile phase was
composed of MeOH (90%)/H,O (10%) and the applied flow rate
was 1 mLmin~". Under the described separation and detection
conditions, the detection limit for compounds 2a-d was 0.1 mm.
For the determination of protein concentrations, we used Bradford
reagent (5x concentrated) from Bio-Rad (Rheinach, Switzerland)
and compared samples to a standard curve of bovine serum albu-
min; absorbance measurements were performed at 595 nm with a
Specord S100 spectrophotometer (Analytik Jena, Jena, Germany).
The p-nitroanilide derivatives rac-3a, L-3a and p-3a were synthe-
sized according to known procedures.!""!

Enzyme expression and purification: The recombinant enzymes
3-2W4 BapA, Y2 BapA, and DmpA were purified from their E. coli
hosts as described previously."*’? The lyophilized enzyme powders
were dissolved in an appropriate volume of Tris-HCI buffer (10 mm;
pH 8) and the protein content of the enzyme stocks was deter-
mined.

General procedure for the kinetic resolution of rac-1a-d: The
reaction mixtures contained 20 mm 3-aminobutanamide (rac-1a),
3-aminohexanamide (rac-1b), 3-amino-3-cyclohexylpropanamide
(rac-1¢) or 3-amino-4,4-dimethylpentanamide (rac-1d) in Tris-HCI
buffer (100 mm; pH 8). Kinetic resolution of the substrates was ini-
tiated by the addition of an appropriate amount of one of the en-
zymes 3-2W4 BapA, Y2 BapA, or DmpA. Samples were withdrawn
regularly from the reaction mixtures and the enzymatic reaction
was quenched by heating the samples at 95°C for 5 min. The hy-
drolysis products 2a-d were analyzed by HPLC and quantified by
relating the UV,y; absorbance to a sample of the respective com-
pound that was fully hydrolyzed at NaOH (1 ™M) and heating at
80°C for 2 h.

General procedure for the enzyme-catalyzed hydrolysis of 3a:
The reaction mixtures contained rac-3a (20 mm) or enantiopure L-
or p-3a (10 mm) in Tris-HCl buffer (100 mm; pH 8) and DMSO
(10%). Kinetic resolution of the substrates was initiated by the ad-
dition of an appropriate amount of 3-2W4 BapA. Samples were
withdrawn regularly and analyzed as described in the previous sec-
tion.
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Synthesis and in vitro Activity of Heterocyclic Inhibitors of
CYP2A6 and CYP2A13, Two Cytochrome P450 Enzymes
Present in the Respiratory Tract

Antoinette Chougnet, Wolf-D. Woggon,*® Esther Locher,” and Boris Schilling*™

The synthesis of several heterocyclic compounds (1- or 2-sub-
stituted TH-imidazoles and 2-substituted oxazoles, oxazolines
and pyrazines) has been achieved. These compounds were
tested as inhibitors of CYP2A6 and CYP2A13—two cytochrome
P450 enzymes present in the respiratory tract—with a view to

Introduction

Tissues of the respiratory tract that are exposed to inhaled
xenobiotic compounds are important targets with regard to
environmental toxicity. Several studies have been devoted to
the expression of cytochrome P450 (CYP) genes in human lung
and nasal mucosa. Most of the liver microsomal CYPs are also
expressed in the respiratory tract, usually in lower amounts,
but with the notable exception of CYP2A13, which is predomi-
nantly expressed in the human respiratory tract.” The two
functional members of the human CYP2A gene family—
CYP2A6 and -2A13—are involved in the metabolism of the nic-
otine-derived procarcinogen 4-(methylnitrosamino)-1-(pyridin-
3-yl)butan-1-one (NNK),*® as well as of aflatoxin B,." Inhibition
of the CYP2A family members in the respiratory tract is of ob-
vious interest because both NNK and aflatoxin require activa-
tion to generate the active intermediates that form DNA ad-
ducts and result in carcinogenicity. Further, it is reasonable to
assume that these P450s, which are also present in the olfacto-
ry mucosa, metabolize fragrances, and that inhibition studies
might hence be significant for the design of the compositions
of new perfumes.

Many studies have already been devoted to the develop-
ment of inhibitors of CYP2A6,” the role of that enzyme in
drug and nicotine metabolism having been known for many
years. CYP2A13, however, has been investigated much less”
and only limited information on inhibition studies has so far
been reported on isothiocyanates®™ and on the mechanism-
based inhibitor 8-methoxypsoralen.” X-ray structures of
human liver CYP2A6™ and human lung CYP2A13"” have been
published. According to these, the enzymes are very similar in
terms of their global structures and differ only slightly with
regard to the volumes of their narrow, very hydrophobic sub-
strate-binding sites. The CYP2A13 active site is about 15-20%
larger than that of CYP2A6."” Both enzymes are well adapted
for the oxidation of small, planar substrates such as coumarins.

The design of new inhibitors that can be inhaled, therefore,
requires: 1) a flat heteroaromatic structure that coordinates
well with the cytochrome P450 heme iron, 2) flexible substitu-
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preventing the formation of carcinogenic metabolites of nico-
tine and inhibiting the metabolism of fragrances. 1-Substituted
imidazoles bearing short alkyl chains displayed ICs, values of
around 2 um for both enzymes, together with high vapour
pressures.

ents that will fit into the narrow binding site, and 3) that the
compounds display sufficient volatility.

We have designed and synthesized a series of potential in-
hibitors of the CYP2A6/2A13 enzymes. These compounds con-
sist of heterocyclic subunits such as 1- and 2-substituted 1H-
imidazoles (Scheme 1, A and B) and 2-substituted oxazoles (C),

R /FL R R N
\NJ N7 “NH N)\O N)\O [ j\/
N \—/ \—/ \_/ N R
A B c D E

Scheme 1. Potential inhibitors of CYP2A6 and -2A13.

oxazolines (D) and pyrazines (E), which are known to bind to
cytochrome P450 heme iron with high affinity. These heterocy-
cles are substituted with short side chains, resulting in relative-
ly high vapour pressures,™ such that compounds could be ad-
ministered directly through the respiratory tract and interact
with the target enzymes.!'?

Results and Discussion
Synthesis of the inhibitors

Synthesis of the 1-substituted 1H-imidazoles of type A by
direct substitution, from imidazole and various R—Br com-
pounds, has been performed. Several inhibitors containing

[a] Prof. A. Chougnet, Prof. W.-D. Woggon
Department of Chemistry, University of Basel
St.-Johanns-Ring 19, 4052 Basel (Switzerland)

[b] E. Locher, Dr. B. Schilling
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Ueberlandstrasse 138, 8600 Duebendorf (Switzerland)
Fax: (+41)44-824-29-26
E-mail: boris.schilling@givaudan.com
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simple alkyl, alkenyl and alkynyl side chains of different
lengths, as well as side chains carrying functional groups, were
prepared (Table 1).

Table 1. CYP2A6 and -2A13 inhibition by 1-substituted 1H-imidazoles A.
R 1C5o£SD [m]
CYP2A6 CYP2A13
1 —(CHy),—CH, 11043 >300®
2 —(CH,);—CH, 86+13 4416
3 —(CH,),—CH, 2.1£05 43404
4 —(CH,)s—CH; 27+0.2 2.1+0.1
5  —(CH,)CH, 11.0£1.9 3.1+04
6 —CH,—cyclopropyl 5442 148 £51
7  —CH,—CH,—CH(CH,), 3.1£0.2 56+0.5
8 —CH=CH, > 300 >300
9 —CH,—CH=C(CH,), 77404 57403
10 —CH,—CH=CH-Et (cis) 6.7+0.7 11.4+28
11 —(CH,),~CH=CH—Et (cis) 7.1+05 55+1.7
12 —(CH,),~CH=CH-Et (trans) 11.5+0.7 6.81+0.7
13 —(CH,),~CH=CH, 14403 24406
14 (2)-(CH,)—CH=C(CH,—(CH,),~CH=C(CH,), 57+03 6.5+1.9
15 —CH,~C=C-CH, 6416 235+21
16 —CH,—CH,N 136 £31 266+73
17 —(CH,),~COOEt >300 238+46
18 —(CH,);—COOEt >300 123£25
19 —(CH,),~OH >300 >300
20 —(CH,)s—OH 122+14 >300
21 —(CH,),—COOH 178+ 14 82+25
22 —(CH,,—C=N 224+£11 19.1+£1.9
[a] A value of >300 pm indicates that no meaningful concentration-
dependent inhibition curve could be recorded for the molecule, and it is
not considered to be an inhibitor of the CYP enzyme.

The 2-substituted 1H-imidazoles B (Table 2) were prepared
from the corresponding aldehydes in the presence of glyoxal
and ammonia." The 2-substituted oxazoles C (Table 3) and the

Table 2. CYP2A6 and -2A13 inhibition by 2-substituted 1H-imidazoles B.

R IC5o£SD [um]
CYP2A6  CYP2A13
23 (2-(CH,)—CH=C(CH,)—(CH,),—CH=C(CH,),  >300® 107+£1.2
24 exo-bicyclo[2.2.1]hept-3-ene >300 238+46
25 endo-bicyclo[2.2.1]hept-3-ene >300 189+ 16
26 —CH,—CH(CH;—(CH,),—CH=C(CH,), >300 247+18
27 —(CH,)g—CH; >300 277 +24
28 —CH,—CH=CH-—Et (trans) >300 143+27

[a] A value of >300 pm indicates that no meaningful concentration-
dependent inhibition curve could be recorded for the molecule, and it is
not considered to be an inhibitor of the CYP enzyme.

2-substituted oxazolines D (Table 4) were synthesized from the
corresponding carboxylic acids by using published proce-
dures." The 2-substituted pyrazines E were also prepared as
described in the literature.'® These general methods are sum-
marized in Scheme 2.

The compounds were first tested as inhibitors for
CYP2A6""'® by use of commercially available microsomes from

ChemBioChem 2009, 10, 1562 - 1567
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Table 3. CYP2A6 and -2A13 inhibition by 2-substituted oxazoles C.

R ICso£SD [um]

CYP2A6 CYP2A13
29 —C¢H—O—CH, (para) 302437 49410
30 —(CH,)g—CH, > 300 > 3007

[a] A value of >300 um indicates that no meaningful concentration-
dependent inhibition curve could be recorded for the molecule, and it is
not considered to be an inhibitor of the CYP enzyme.

Table 4. CYP2A6 and -2A13 inhibition by 2-substituted oxazolines D.

R ICso£SD [um]
CYP2A6 CYP2A13
31 —C4H—O0—CH, (para) > 300 > 300

32 endo-bicyclo[2.2.1]hept-3-ene 30.1+75 23+0.2

[a] A value of >300 um indicates that no meaningful concentration-
dependent inhibition curve could be recorded for the molecule, and it is
not considered to be an inhibitor of the CYP enzyme.

R
H |
N NaH N
_—
\_/7 RBr \J
N N
A
CHO
I I
R
B

EtO~_.Cl
)O]\ \[m O _Rr
W

R "NH,
c

HO\\‘?H/R d ﬁYR

[N\j\ NaNHs, NH, Naw
—_ =
N/ RBr [N/j\/R
E

Scheme 2. General procedures for the synthesis of inhibitors.

EtNS_ N

o //s\\ “coome

baculovirus-infected insect cells containing CYP2A6 + P450 re-
ductase. The CYP2A13 enzyme was obtained from microsomal
preparations derived from Sf9 insect cells coinfected with re-
combinant baculoviruses encoding CYP2A13 and a cytochrome
P450 reductase. An apparent K, values of 5.9+0.3 um was
determined for the CYP2A13-containing microsomes. This is
higher than values reported by others using reconstituted
CYP2A13 and reductase (0.48+0.07 um,™ 2.2140.63 um™);
the only higher K, value was reported for CYP2A13 expressed
in Escherichia coli as a truncated, His-tagged form (7.5+
1.6 um™®). It is possible that the variation in affinity is the
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result of differences in lipid compositions, because additional
lipids (dilauroyl-L-a-phosphatidylcholine) are required in the re-
constituted assay and it has been shown previously that phos-
phatidylcholine can produce higher affinity in reconstituted cy-
tochrome P450 systems.”? The IC,, values were determined on
the basis of the efficacies of the compounds in interfering with
the formation of umbelliferone in a dose-dependent manner
as described in the Experimental Section.

The results are given in Tables 1-5. Obviously the 2-substi-
tuted imidazoles are poor inhibitors of both isoenzymes. The
reason for insufficient binding of these compounds is probably

Table 5. CYP2A6 and 2A13 Inhibition by 2-substituted pyrazines E.

R ICso % SD [pm]
CYP2A6 CYP2A13

33 —(CH,),—CH(CH,), 11.240.2 21.6+83

34 —(CH,)—CH=CH, 23.8+22 98406

35 —(CH,)—cyclopropyl 10.3£0.1 39+3

36 —(CH,)s—CH; 115+36 33+4

[a] A value of >300 um indicates that no meaningful concentration-
dependent inhibition curve could be recorded for the molecule, and it is
not considered as being an inhibitor of the CYP enzyme.

that the ligand’s nitrogen cannot bind well to the heme iron.
Steric interaction between the adjacent substituents and the
porphyrin plane prevent optimal orbital overlap between nitro-
gen and iron, in particular in a rather small binding site. As a
consequence, almost no effect on the activity of CYP2A6 and
relatively high 1Cs, values for CYP2A13 were observed (Table 2).
The only exception is the 2-neryl-substituted imidazole
(Table 2, entry 23); this compound is not an inhibitor of
CYP2A6 but displays an ICg, value for CYP2A13 that is compa-
rable with the value for the corresponding 1-substituted imida-
zole (Table 1, entry 14). The selectivity for CYP2A13 is most
likely to be due to the larger active site of CYP2A13.1""

Except for one endo-bicyclo[2.2.1]hept-3-ene-substituted ox-
azoline (Table 4, entry 32), both oxazoles and oxazolidines are
poor inhibitors of both enzymes; it appears that they also
suffer from the substituent adjacent to the nitrogen that is ex-
pected to bind to the heme iron. The 2-substituted pyrazines
are more potent because they each have one extra uncongest-
ed nitrogen for binding to iron. There is no clear difference be-
tween inhibitor efficacies towards the two enzymes, although
it appears that the smaller inhibitors (Table 5, entries 33 and
35) show better efficacy towards CYP2A6 and that the larger
ones have lower ICs, values for CYP2A13 (entries 34 and 36).

The most potent compounds belong to the 1-substituted
imidazole series, especially when R is a linear alkyl or alkenyl
chain.

The most potent compound for inhibition of CYP2A6 is 1-
(hex-5-en-1-yl)imidazole (ICs, 1.4 um, entry 13, Table 1), and it is
also one of the most potent inhibitors of CYP2A13 (ICg,
2.4 um). The compounds with pentyl, hexyl or isopentyl side
chains (entries 3, 4 and 7) are also very potent. However, the
inhibitory effect decreases significantly when R is longer than
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six carbons (entry 5) or shorter than five (Table 1, entries 1, 2
and 6).

Other than entry 13, the other imidazoles substituted with
alkenyl residues are also potent inhibitors of both enzymes—
although less active than their saturated counterparts—provid-
ed that their chains also contain five or six carbons (Table 1,
entries 9, 10, 11 and 12). A smaller chain (entry 8) translates
into a drop in activity. The stereochemistry of the double bond
is not important (entries 11 and 12), but its presence in the ter-
minal position in the chain results in the most potent inhibitor
(entry 13). A longer chain (entry 14) with two nonconjugated
double bonds also provides a relatively potent inhibitor.

An alkyne chain is not favourable (entry 15). The presence of
polar functional groups decreases the potencies of the inhibi-
tors, especially in the case of CYP2A6 (entry 18). A short-chain
nitrile substituent give a reasonable inhibitory effect for both
enzymes (Table 1, entry 22).

In general these inhibitors are nonselective with regard to
CYP2A13 and CYP2A6, which is not surprising because the
active sites of the two proteins are very similar. Further, in
order to enhance volatility, most of our compounds do not
carry functional groups in their side chains; these might other-
wise generate selectivity through interactions with polar
amino acids that could be active-site-specific for CYP2A13 and
CYP2A6.M

The calculated vapour pressure data available for all the
compounds described show values between 1-0.001 Pa. The
most potent inhibitors have values of about 1-0.1 Pa, which is
well in the range of many odorous materials used in the fra-
grance industry. This is a good indication that these molecules
may be useful in applications in which they need to be deliv-
ered to the respiratory tract in order temporarily to reduce the
activities of CYP2A13 and CYP2A6.

Conclusions

A potential inhibitor of CYP2A6 and CYP2A13, two cytochrome
P450 enzymes present in the respiratory tract, must have two
important features: 1) it should possess a subunit that binds
with high affinity in the binding site of cytochrome P450—that
is, to the heme-thiolate cofactor—and 2) it should display suffi-
cient volatility for uptake into the respiratory tract. Both as-
pects are significant for inhibition of the activation of tobacco-
specific nitrosamines, which generates the reactive intermedi-
ates that form DNA adducts and ultimately result in carcinoge-
nicity.2*) CYP2A13 is expressed at the highest levels in the res-
piratory tract and is highly efficient for the metabolic activation
of NNK;®! new inhibitors, however, are also of interest with re-
spect to nicotine metabolism®? with CYP2A6 being the
major nicotine C-oxidase.

To create inhibitors featuring these properties we have syn-
thesized a series of substituted 1H-imidazoles (A/B), oxazoles
(C), oxazolines (D) and pyrazines (E). Whereas structures C, D
and E turned out to be rather weak inhibitors for both CYP2A6
and -2A13, the 1-substituted 1H-imidazoles (A) gave interesting
results. The affinities of imidazoles towards the cofactor of
P450 enzymes are well known and have been used in, for ex-
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ample, the design of antifungal drugs, such as ketoconazole.”®

Of the 28 compounds investigated, the 1-substituted 1H-imida-
zoles are the best inhibitors, displaying sufficient vapour pres-
sure and ICs, values down to 2 um for both CYP2A6 and
CYP2A13.

In general, these inhibitors are nonselective with regard to
the closely related enzymes CYP2A6 and CYP2A13. Since both
enzymes catalyse the activation of tobacco-specific nitrosa-
mine promutagens, it is of advantage for an inhibitor to affect
the functional activities of both enzymes. The reported inhibi-
tor results are also of interest with respect to hepatic metabo-
lism of nicotine by CYP2A6, in which the aim is to reach a rela-
tively high blood nicotine level while smoking less."™ In this
case, one would have to demonstrate that inhibitors are selec-
tive for CYP2A enzymes and do not interfere with the activity
of other hepatic CYPs. Furthermore, the volatile inhibitors are
useful for better understanding of the metabolism of fragran-
ces (i.e., to determine whether the smell of an odorant is relat-
ed to the original fragrance molecule or to its metabolite). In
vivo sensory studies demonstrating the influence of inhibitors
on the olfactive profiles of odorants are underway and will be
reported in due course.

Experimental Section

Chemicals were purchased from Aldrich, Sigma or Fluka and were
used without further purification, if not otherwise stated. Solvents
were purified by standard procedures. TLC: Merck precoated silica
gel 60 F254 glass plates (0.25 mm layer); column chromatography
(CQ): Merck silica gel 60 (0.04-0.063 mm); visualization by use of
UV light (254 nm), Schlittler reagent and/or a phosphomolybdic
acid/cerium sulfate mixture; FC=flash chromatography. 'H
(400 MHz) and "CNMR (100 MHz) spectra: in CDCl;, Bruker
DPX 400 instrument; at 298 K if not otherwise stated; J in ppm,
coupling constants (J) in Hz. GC-MS was performed with a Hew-
lett-Packard 5890 gas-chromatograph equipped with a mass selec-
tive detector (5970A) and a Macherey-Nagel column (Phe Me Si,
5%, “optima 5”); flow 1 mLmin~". Temperature program: 70°C for
5 min then increase 10°Cmin~', end temperature 270°C for 5 min.

Microsomes containing CYP2A6 and NADPH-cytochrome P450 re-
ductase (Supersomes) were purchased from BD Biosciences Gent-
est (Woburn, MA, USA).

In order to clone the coding region of the CYP2A13 gene, total
RNA was isolated from human olfactory epithelium cells, which
were obtained from a local hospital (informed, signed consent was
obtained for the use of the material), by using RNeasy midi-kit
(Qiagen). The isolated RNA was reverse transcribed by using Super-
script Il (MMLV) Reverse Transcriptase (Gibco) to produce the corre-
sponding cDNA product. Four consecutive PCR reactions were re-
quired to amplify the full-length sequence of the CYP2A13 gene
and to introduce appropriate restriction enzyme sites. The follow-
ing primer pairs were used for the four reactions: PCR1: 5'-ATA TCC
TTA GGC GAC TGA GG-3' and 5-CAG GGC TGC TTC TGG TGA-3’;
PCR2: 5'-ATA TCC TTA GGC GAC TGA GG-3' and 5-GTC TTG ATG
TCA GTC TGG CG-3’; PCR3: 5'-TCT GGT GAC CTT GCT GGC CTG CCT
GAC TGT GAT GGT CTT GAT GTC TGT TTG G-3' and 5-GGG ATC
GTG GCA AAG CCC ACG TGT TTG GGG GAC ACG TCA ATG TCC TTA
GGC GAC TGA GGA-3’; PCR4: 5'-TAT GAA TTC TAT GCT GGC CTC
AGG GCT GCT TCT GGT GAC CTT GCT GGC CT-3’ and 5'-AGA AGC
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TTA TCA GCG GGG CAG GAA GCT CAT GGT GTA GTT TCG TGG GAT
CGT GGC AAA GCC CA-3'. The product of the fourth PCR reaction
spans the entire open reading frame of the CYP2A13 gene, which
is flanked by the restriction enzyme recognition sites for EcoRI and
Hindlll. The EcoRl and HindIll DNA fragment was subcloned and
sequenced for comparison to the known cDNA sequence for
CYP2A13 (GenBank accession No.: AF209774) before being cloned
into the expression vector pBlueBac4.5 (Invitrogen) to give a re-
combinant baculovirus expression vector.

Recombinant CYP2A13-encoding baculoviruses were produced by
using the manufacturer’s protocol (Invitrogen). Transfection of the
recombinant pBlueBac4.5 and Bac-N-Blue DNA resulted in the for-
mation of a full-length (-galactosidase gene, and recombinant
viruses containing the CYP2A13 cDNA were identified as blue
plaques in the presence of the chromogenic substrate X-gal. Re-
combinant viruses from single plaques were isolated, propagated
and analysed by use of the primer pair of the first PCR reaction
(PCR1). Propagation of the recombinant virus was performed by
several consecutive cell infections until a high-titre (2%
108 PFUmL™") large-volume virus stock was obtained.

Recombinant P450 reductase-encoding baculoviruses were pro-
duced by starting from the rat NADPH-dependent P450 oxidore-
ductase gene contained in the Escherichia coli expression plasmid
pOR263.%" A BamHI-HindIll fragment from pOR263 containing the
coding region of the oxidoreductase gene was cloned into the
expression vector pBlueBac4.5 (Invitrogen). Recombinant oxido-
reductase-encoding baculoviruses were produced as described for
CYP2A13, by using the manufacturer’s protocol (Invitrogen).

Microsomes from baculovirus-infected Sf9 insect cells coexpressing
CYP2A13 and the P450 oxidoreductase genes were prepared as fol-
lows. Insect cells were cultured in spinners at 27°C up to a cell
density of 2x10° cells per mL. Cells were coinfected with the two
recombinant baculoviruses (multiplicity of infection of four for
CYP2A13 and three for recombinant P450 reductase baculoviruses).
At the time of infection, vitamin B2 was added at a concentration
of 5 ugL™". After 24 h, hemin was added to the infected culture at
a concentration of 10 ugL™". Cells were harvested 72 h postinfec-
tion. Microsomes containing CYP enzyme were prepared and puri-
fied as described by Zhang et al.*® Resuspended microsomes were
used to determine the P450 carbon monoxide (CO) spectrum to
calculate the concentration of the P450 enzyme contained per mL
of preparation, as described by Omura and Sato.”

1-Substituted 1H-imidazoles: The preparation of the 1-substituted
1H-imidazoles was performed by the procedure exemplified by
compound 11. Most of them have already been described®**" and
their identities were checked by 'H and *C NMR and by GC-MS.

(2)-1-(Hex-3-enyl)-1H-imidazole (entry 11): The bromoalkenes
were prepared from the corresponding alcohols:®? (2)-hex-3-en-1-
ol (5 mmol, 500 mg) in dry diethyl ether (15 mL) was treated at
—78°C under Ar with a solution of PBr; in ether (1:10 v/v, 1.69 mL)
for 1 h and at 0°C for 5 h. The mixture was then poured into ice-
water, extracted with hexane and washed with a saturated sodium
bicarbonate solution and water. The crude bromo compound was
mixed with imidazole (1.3 g, 19 mmol) in dry THF (10 mL) contain-
ing Nal (a few mg) and heated at reflux for 18 h. The solvent was
evaporated under reduced pressure, the residue was redissolved in
methylene chloride and extracted into water with HCl (1N), and
the solution was brought to pH 9 with K,CO;, extracted with ethyl
acetate, washed with water and purified by FC (CH,Cl,/MeOH
93:7): 210 mg (28%); oil; R=0.52 (CH,Cl,/MeOH 10:1); 'H NMR
(CDCly): 6=7.50 (s, TH), 7.04 (s, TH), 6.91 (s, 1H), 5.50 (m, 1H), 5.28

1565

www.chembiochem.org



www.chembiochem.org



BIO

(m, TH), 3.95 (t, 2H), 2.49 (m, 2H), 1.92 (m, 2H), 0.89 ppm (t, 3H);
BCNMR (CDCly): =137.4, 135.9, 129.4, 123.8, 119.2, 47.37, 29.43,
20.90, 14.40 ppm; GC-MS: 16 min; m/z: 150.

(E)-1-(Hex-3-enyl)-1H-imidazole (12): 156 mg (20%); oil; R;=0.47
(CH,Cl,/MeOH 10:1); 'H NMR (CDCl,): 6=7.47 (s, 1H), 7.04 (s, TH),
6.89 (s, 1H), 5.50 (m, 1H), 5.30 (m, TH), 3.95 (t, 2H), 2.44 (m, 2H),
1.97 (m, 2H), 093 ppm (t, J=7 Hz, 3H); “CNMR (CDCly): 6=
137.39, 136.47, 12948, 124.1, 119.23, 4759, 3471, 25.94,
13.97 ppm; GC-MS: 15.78 min; m/z: 150.

1-(Hex-5-enyl)-1H-imidazole (13): 647 mg (86%); oil; R;=0.28;
'H NMR (400 MHz, CDCl;): 6=7.43 (s, 1H), 7.02 (s, 1H), 6.87 (s, TH),
5.72 (m, 1H), 4.95 (m, 2H), 3.90 (t, J=7 Hz, 2H), 2.05 (m, 2H), 1.76
(m, 2H), 1.36 ppm (m, 2H); *CNMR (CDCl,): §=138.22, 137.41,
129.71,119.16, 115.62, 47.27, 33.44, 30.80, 26.09 ppm; GC-MS:
16.13 min; m/z: 150.

2-Substituted 1H-imidazoles: The preparation of the 2-substituted
1H-imidazoles 23-28 was achieved by the general procedure de-
scribed below for compound 23. Compounds 24-27 have already
been described™ and were identified by their NMR spectra and
GC-MS analysis.

2-((2)-2,6-Dimethylhepta-1,5-dienyl)-1H-imidazole (entry 23):
Glyoxal trimer hydrate (504 mg, 2.4 mmol) was added at 0°C to
neral (365 mg, 2.4 mmoles) in MeOH (10 mL), together with solu-
tion of ammonia in MeOH (7N, 1.5 mL). The reaction mixture was
stirred at room temperature overnight, the solvent was evaporat-
ed, and the residue was dissolved in CHCI;, extracted three times
with HCI (1 n), adjusted to pH 7 with a K,CO; solution, extracted
with AcOEt, washed with water, and dried over sodium sulfate. The
solvent was evaporated and the residue was purified by FC
(AcOEt) to afford brown crystals (82 mg). M.p. 71-73°C; R=0.21
(AcOEt); 'H NMR (CDCl,): 6=6.9 (s, 2H), 6.12 (s, 1H), 5.34 (m, 1H),
2.57 (t, 2H), 2.55 (m, 2H), 1.9 (d, 3H), 1.69 (d, 3H), 1.64 ppm (s,
3H); ®CNMR: 0=1457, 144.2, 133.2, 124.4, 122.1, 122.0, 1148,
36.8, 26.4, 26.1, 24.7, 18.2 ppm; GC-MS: 16.3 min; m/z: 190.

2-((E)-Pent-2-enyl)-1H-imidazole (entry 28): This was obtained as
a brown oil; 86 mg; R=0.26 (AcOEt/MeOH 95:5); 'H NMR (CDCls):
0=6.9 (s, 2H), 5.9 (m, 2H), 3.47 (m, 2H), 2.01 (m, 2H), 0.97 ppm (t,
3H); ®*C NMR: 147.5, 136.5, 123.9, 121.9, 32.3, 25.8, 14.6 ppm; GC-
MS: 15.4 min; m/z: 136.

2-Substituted oxazoles and oxazolines: The 2-substituted oxa-
zoles and oxazolines have already been described in the literature
and their identities were checked by 'H and *C NMR and by GC-
MS.

2-Substituted pyrazines: The 2-substituted pyrazines were pre-
pared from 2-methylpyrazine by the procedure given"® for com-
pound 33. Compounds 34 and 35 have already been described in
the literature and their identities were checked by 'H and "*C NMR
and by GC-MS.

2-(Hept-6-enyl)pyrazine (entry 33): 2-Methylpyrazine (940 mg,
912 mL,10 mmol) was added at —65°C to sodium amide (490 mg,
12.5 mmol) in liquid NH; (10 mL) and the red mixture was stirred
for 30 min. A solution of 1-bromohex-5-ene (7.5 mmol) in dry ether
was added dropwise and the mixture was stirred for another hour.
The reaction was quenched by addition of ammonium chloride
(626 mg, 11.7 mmol) and the ammonia was eliminated by heating
at reflux. The mixture was extracted with ether, washed with water,
dried with sodium sulfate, concentrated under vacuum and puri-
fied by FC (hexane/ethyl acetate 1:1). 1.03 g (78%); oil; R;=0.52
(hexane/ethyl acetate 1:1); '"H NMR (CDCl,): 6 =8.48 (s, 1H), 8.45 (s,
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1H), 8.39 (s,1H), 5.78 (m, 1H), 5.00-4.94 (m, 2H), 2.81 (t, J=7 Hz
2H), 2.04 (m, 2H), 1.75 (m, 2H), 1.41 ppm (m, 4H); '*C NMR (CDCl,):
5=158.29, 144.96 14434, 142.46, 139.22, 114.82, 35.81, 33.99,
29.65, 29.12, 29.03 ppm; GC-MS: 16.23 min; m/z: 176.

2-(4-Methylpentyl)pyrazine (entry 32): This was obtained as an
oil; 430 mg (26%); R; 0.44 (hexane/AcOEt); 'H NMR (CDCly): 6=
849 (d, TH), 8.46 (s, TH), 840 (d, TH), 2.79 (t, 2H), 1.74 (m, 2H),
1.56 (h, TH), 1.24 (m, 2H), 0.88 ppm (d, 6H); *C NMR (CDCl,): 6 =
158.4, 144.9, 144.2, 142.4, 38.9, 36.1, 28.2, 27.7, 22.9 ppm; GC-MS:
14.16 min; m/z: 164.

CYP2A6 inhibition tests: Microsomes containing CYP2A6
(1.0 pmol) were used. Tris buffer (1m, pH7.6) and water were
added to give a buffer concentration of 0.1 m. The test compound
was prepared as a stock solution in acetonitrile (50 mm). The con-
centration of the standard substrate coumarin was 3 um, and the
K., value for coumarin hydroxylation was determined under the
conditions described here. Initially, the test compound was used in
concentrations between 0 and 0.2 mm, and the range was adjusted
depending on the first results. The mixture was incubated for
10 min at 37°C prior to the initiation of the enzymatic reaction by
the addition of a solution of NADPH in water (50 mm, 5 pL). The
final total volume was 0.2 mL, which is suitable for microtitre plate
measurements. The samples were incubated for 60 min at 37°C.
After 60 min, the enzymatic reaction was stopped by the addition
of cold trichloroacetic acid (50%, 20 uL) and the mixture was incu-
bated at 4°C for 15 min. A solution of NADPH in water (50 mm,
5 ubL) was added to the control reaction, which corresponds to the
reaction without test compound and without NADPH, and as a
consequence no umbelliferone was formed. Denatured proteins
and other insoluble parts were separated by centrifugation
(10 min, 560g, room temperature). The samples were analysed
spectrofluorometrically, which allows detection of the formation of
umbelliferone as the enzymatic product of coumarin at an excita-
tion wavelength of 340nm and an emission wavelength of
480 nm. A decrease in the fluorescent signal at 480 nm with re-
spect to the control shows that the test compound is influencing
enzymatic activity and confirms the nature of an inhibitor, or alter-
natively a competing substrate. Graphical analysis of the data
allowed calculation of the concentration at which the test com-
pound inhibits the enzyme to the level of 50% of its maximum
activity (ICs, value).

CYP2A13 inhibition tests: Microsomes containing CYP2A13
(1.1 pmol) were used. Tris buffer (1m, pH7.6) and water were
added to give a buffer concentration of 0.1 m. The test compound
was prepared as a stock solution in acetonitrile (50 mm). The con-
centration of the standard substrate, coumarin, was 6 um, and the
K., value for coumarin hydroxylation was determined under the
conditions described here. Initially, the test compound was used in
concentrations between 0 and 0.2 mm, and the range was adjusted
depending on the first results. The mixture was incubated for
10 min at 37°C prior to the initiation of the enzymatic reaction by
the addition of a solution of NADPH in water (50 mm, 5 pL). The
final total volume was 0.2 mL, which is suitable for microtitre plate
measurements. The samples were incubated for 60 min at 37°C.
After 60 min, the enzymatic reaction was stopped by the addition
of cold trichloroacetic acid (50%, 20 pL) and the reaction mixture
was incubated at 4°C for 15 min. A solution of NADPH in water
(50 mm, 5pL) was added to the control reaction, which corre-
sponds to the reaction without test compound and without
NADPH, and as a consequence no umbelliferone was formed. De-
natured proteins and other insoluble components were separated
by centrifugation (10 min, 560g, room temperature). The samples
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were analysed spectrofluorometrically, which allows the detection
of the formation of umbelliferone as the enzymatic product of cou-
marin at an excitation wavelength of 340 nm and an emission
wavelength of 480 nm. A decrease in the fluorescent signal at
480 nm with respect to the control shows that the test compound
is influencing enzymatic activity and confirms the nature of an in-
hibitor, or alternatively a competing substrate. Graphical analysis of
the data allowed calculation of the concentration at which the test
compound inhibits the enzyme to the level of 50% of its maximum
activity (ICs, value).
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