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G. Ekin Atilla-Gokcumen, Nicholas Pagano, Craig Streu,
Jasna Maksimoska, Panagis Filippakopoulos, Stefan Knapp, and
Eric Meggers*

The cover picture shows the binding of a ruthenium half-sandwich complex to the ATP
binding site of glycogen synthase kinase 3 (GSK-3) and how its structure and potency
evolved from a brief structure-activity relationship. With a binding constant (K) of, at
most, 5 pm, this organometallic compound is several orders of magnitude more potent
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than the natural product staurosporine, which itself served as an inspiration for the — WWILEY-VCH
design. The crystal structure of the organoruthenium inhibitor with GSK-3 demonstrates

that the metal itself is not involved in any direct interactions with the active site of GSK-

3, but solely serves as a structural center. Further details can be found in the article by

E. Meggers, et al. on p. 2933 ff.
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Chemical Biology Approaches to Probe the Proteome

Huib Ovaa*™® and Fred van Leeuwen™

Understanding disease-associated cellular defects at a molecular
level is critical for the development of pharmacological interven-
tion strategies. Recent breakthroughs in microarray and sequenc-
ing technologies have provided powerful tools to rapidly reveal
the cellular defects caused by alterations in the genome or tran-
scriptome. However, the picture of how the cellular proteome is
affected in a disease state and how changes in DNA and RNA
affect protein function is often incomplete. This is perhaps not
surprising because the functions of proteins are not just deter-
mined by primary sequence and abundance, but are under the
control of many regulatory mechanisms. Here, we highlight sev-
eral recent advances in proteomics technologies that are being
developed to generate comprehensive human proteome maps

Introduction

With the advent of high-throughput technologies, enormous
progress has been made over the last decade in the under-
standing of human disease. Defects in the cell that lead to dis-
ease include alterations in the genome, changes in messenger
RNA (mRNA) expression or processing, and changes at the pro-
tein level. Changes in the genome and transcriptome have
been best characterized. The recent breakthroughs in high-
throughput sequencing and micro-array technologies have en-
abled efficient and accurate analysis of changes in the genome
such as DNA mutations, deletions, amplifications, and even
translocations.! The same technologies have allowed for the
systematic analysis of mMRNA expression levels and alternative
splicing. The combination of microarrays and sequencing tech-
nologies provides a toolbox with a dynamic range that seems
sufficient to analyze in parallel the sequence and expression
level of both low- and high-abundance transcripts.””’ Diseases
that are caused by a DNA mutation or by the misexpression of
certain genes will most likely give away their secrets to the
brute forces that can now be used to interrogate the genome
and transcriptome. Translation of the changes in DNA or RNA
into phenotypes is not always straightforward. For example,
genome-wide studies in yeast have shown that a change in
mRNA levels alone may be a poor predictor of functional rele-
vance and that changes in the transcriptome show a poor
correlation with changes in the proteome.” In addition, trans-
lation of mRNAs can be modulated by microRNAs (miRNAs)
without affecting mRNA levels.® Finally, there seem to be
many opportunities for a cell to change its identity or fate
without mutations to the genome. Such “epigenetic” changes
can be caused by changes of the chromatin, the packaging
material of the genome, or by feedback loops in transcriptional

ChemBioChem 2008, 9, 2913-2919

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and discuss them in the context of strategies that have been de-
veloped in simple model organisms. Chemical biology will play a
critical role in drafting a map of the proteome with functional in-
formation. Chemical genetic approaches that use high-through-
put small molecule screening have resulted in the public availa-
bility of small molecule datasets through web interfaces such as
PubChem. With such approaches, the opportunities to investigate
disease and to explore the proteome with chemistry are rapidly
increasing. In addition, new tools are being developed to probe
protein function. Here we highlight recent developments in chem-
ical biology and the exciting opportunities that are arising with
them.

circuits.”® Once initiated, such epigenetic events can be
propagated in dividing cells like DNA mutations.

Complexity of the Functional Proteome

Thus, the next challenge will be to develop technologies and
tools to determine the disease-related changes that occur at
the protein level. This is not a simple task. Whereas genome
and transcriptome analysis requires in essence only two pieces
of information (sequence and abundance), protein function in
a given cell or tissue can be affected by many different param-
eters, such as proteolytic processing (for example, of latent en-
zymes such as zymogens or of proteins with targeting signals),
expression levels, localization, interacting proteins (inhibitors,
activators, scaffolds), turnover, catalytic activity, co-factors, pro-
line isomerization, and post-translational modifications (PTMs)
including phosphorylation, acetylation, methylation, ubiquiti-
nation, sumoylation, lipidation, glycosylation and others
(Figure 1). These interactions and modifications determine im-
portant biophysical parameters such as affinity for potential
protein interaction partners, membrane anchoring, trafficking,
stability and overall catalytic activity in the case of enzymes.
Here we discuss recent developments in model organisms and
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Figure 1. From genome to proteome. Analysis of cellular defects at the level
of the proteome requires the integration of many different parameters. Mea-
surement of the different aspects of proteome function will rely on the de-
velopment of novel chemical tools.

human cells to systematically probe the various and diverse as-
pects of the proteome and illustrate how chemical approaches
will be indispensable to obtain further understanding of pro-
teome function.

Measuring Protein Abundance, Modification,
and Interactions

Protein abundance and biophysical properties are key parame-
ters of the proteome. In yeast, the abundance of nearly every
protein has been determined by epitope tagging of most of
the protein-coding genes. By using immunoblots, the expres-
sion of each protein can be quantitated by comparing signals
to a reference sample. This approach has led to a comprehen-
sive proteome-scale dataset of steady-state protein expression
levels.”’ In addition, epitope-tag strain collections have been
used to systematically examine protein half-lives in yeast.'”
For human cells, which are more difficult to manipulate geneti-
cally and which come in different cell-types, this approach is
unfeasible. In addition, epitope tags may interfere with protein
function. Mass spectrometry provides a powerful and more
universal approach to measure protein abundance and modifi-
cation. Advances in mass spectrometry have rapidly increased
our understanding of the functional human proteome and al-
lowed for quantitative comparison of proteins and their modi-
fications in different complex samples. Quantitative proteomics
takes advantage of differential isotopic labeling techniques.
Heavy isotopes can be introduced metabolically into cells or
even whole animals using isotopically labeled amino acids,™'?
or they can be introduced after sample preparation by chemi-
cal reactions using designed heavy weight or control re-
agents.'¥ Alternatively, specific (subsets of) proteins can be dif-
ferentially labeled with dyes and subsequently quantified by
fluorescence scanning after enrichment and protein separa-
tion." While the dynamic range of recent DNA and RNA tech-
nologies is sufficient for genome-wide measurements,™ analy-
sis of the complete proteome has so far proven too complex
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to study directly in all of its details. One solution for this prob-
lem is to select subproteomes through enrichment procedures
that remove abundant, non-specific proteins, which would oth-
erwise interfere with measurements. The combined use of de-
signer reagents and mass spectrometry is a particularly power-
ful strategy to study enriched proteome subsets. Organic syn-
thesis can provide the tools that help to select smaller subpro-
teomes. Proven strategies are the chemical modification of a
drug at predefined positions or its random crosslinking to a re-
trieval tag or resin (Figure 2). When the drug finds its target,
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Figure 2. Target identification A) using immobilized drug chromatography
or B) using chemical reagents (activity-based probes) to label proteins that
can be used in a competition format with small molecules. Competition for
labeling reveals molecular targets. C) Selecting target candidates by RNA.i.

the resulting complex can be purified using the tag and fur-
ther analysis by mass spectrometry. This approach is also ex-
tremely useful to identify cellular targets and may help to ex-
plain or predict the off-target effects of small molecule screen-
ing hits or bona fide drugs. Recent examples include the iden-
tification of targets of the BCR-ABL kinase inhibitors imatinib,
nilotinib and dasatinib, which are used to treat leukemia.'”
Several of the identified targets of these kinase inhibitors in-
clude non-kinase substrates. Chemical reagents can also be
used to label proteins to enrich proteome subsets for analysis.
In these chemical strategies, functional proteins may be modi-
fied with a variety of the aforementioned post-translational
modifications, allowing their identification and further study.

ChemBioChem 2008, 9, 2913 -2919
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Chemical Dissection of Proteome Function

An alternative method that has been successfully used to
select subproteomes is the use of in vivo tags. For example, by
expressing a tagged version of the posttranslational modifier
ubiquitin, ubiquitylated proteins can be enriched by affinity
chromatography."® However, this approach is currently only
applicable to a limited set of genetically encoded PTMs. Iden-
tification of proteins that bind to other classes of PTMs can be
facilitated by the use of protein chips, on which either a library
of modified peptides or a collection of proteins (or sub-do-
mains) with putative PTM binding modules are spotted. For ex-
ample, this concept has been explored successfully to charac-
terize the specificity of proteins that bind to PTMs on specific
sites of histones. To find the enzymes responsible for PTMs, en-
zymes of interest can be assayed on proteome-scale protein
chips. For example, protein chips containing most of the pro-
teins encoded by the yeast genome have been used to sys-
tematically identify substrates of protein kinases."”'® The use
of in vivo tags in combination with mass spectrometry has
proven invaluable for the identification of proteins that co-
purify with a target protein of interest. In yeast, genome-wide
collections of strains with tagged proteins have been used to
systematically purify each protein and identify protein com-
plexes by mass spectrometry.'*2" They have also been used to
measure the activities of the different purified proteins (or pro-
tein complexes) in specific in vitro assays such as phosphodies-
terase or kinase assays.”? Protein-protein interactions have
also been analyzed by systematic in vivo approaches, including
yeast two-hybrid or protein-fragment complementation.”*~*
Together, these assays provide comprehensive proteome-wide
protein—protein interaction maps. A better understanding of
the interplay between individual proteins at a molecular level
and the availability of molecules that interfere with this inter-
play will reveal new targets for the development of novel
therapies and drugs, and will help us find new applications for
existing drugs.

Measuring Protein Localization and Activity

One common way to examine protein localization is to fuse
the protein of interest to a fluorescent reporter and determine
its sub-cellular localization by immunofluorescence. By fusing
nearly every gene of the yeast genome to GFP, a systematic
proteome-wide picture of protein abundance and localization
has been derived.”® However, since this approach is not direct-
ly applicable to other organisms, examination of protein locali-
zation in human cells will require other tools such as the sys-
tematic production of good antibodies against each human
protein.””! While protein abundance and localization are obvi-
ously important, the biological activity of proteins is of greater
significance. Here, chemical biology may provide novel and
powerful tools to address this critical aspect of protein func-
tion. Chemical reporters offer a direct way to study specific cel-
lular events. Such molecules can report enzymatic activities,
protein—protein interactions, the presence of ions or small mol-
ecules (cations for example),*® or act as receptors® and phe-
notypic sensors,®” among others. Most chemical reporters take
advantage of an event-induced change in their spectral charac-
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teristics (like an emission spectrum) to allow a readout of
action. Some of these reagents may ultimately find use as di-
agnostic tools or imaging agents to sense protein malfunction
and/or disease. Such reporters have also been developed for
use in chemical genetic approaches in combination with high-
throughput small molecule screening. Active-site directed
probes form a special class of sensors that can be used to
study various activities simultaneously; this technique is also
known as activity-based protein profiling. These reagents have
been extensively reviewed in this journal®” and elsewhere.®?*3%
Briefly, reagents for activity-based protein profiling generally
contain a reporter module (such as a dye, biotin or radiolabel),
a targeting device (a specific peptide or small molecule) that
has high affinity for the proteome subset or specific target,
and a reactive group or crosslinker that is used to link the tar-
geted reporter module to the receptor or enzyme of choice
(Figure 2B). Depending on the reagents used, this strategy
might allow for the retrieval and study of proteins from com-
plex mixtures (cell or tissue lysates) and create opportunities
for direct readouts such as microscopy on cells®>*® or ani-
mals.®”! The design of molecular sensors and active-site direct-
ed probes has been catalyzed by the development of a
number of bio-orthogonal reactions, which are well-suited for
use in the presence of complex biological matrices. Notable re-
actions that have been exploited extensively are the Stauding-
er ligation®® and the Huisgen cycloaddition®** as well as im-
provements on these themes.®’#" Such bio-orthogonal reac-
tions are of considerable importance as they bring synthetic
chemistry closer to biochemical action and facilitate the further
development of various chemical probes. Probes based on this
theme have, for example, enabled the study of glycosylation
patterns in zebra fish®” and provided many improved alterna-
tives to existing techniques (such as an improved “click” stain-
ing as an alternative to bromodeoxyuridine (BrdU) incorpora-
tion.” Chemists have exploited various combinations of
chemistry, purification and mass spectrometry-mediated pro-
tein identification techniques to provide novel tools and stand-
ards to the scientific community.

Manipulating the Proteome

The availability of yeast deletion mutant collections and the
more recent advent of RNA interference (RNAj technology
have allowed for the systematic evaluation of the contribution
of individual genes and transcripts to disease, and the expecta-
tion for the years to come is high. Systematic genetic knock-
down has become routine and is carried out on genomic sub-
sets such as the kinome,”®! comprising all kinases, the “druga-
ble genome,” *¥ comprising all targets that are likely drugable
(for example, enzymes, (ion)channels and receptors) or simply
“genome-wide” and “unbiased.” Thus, the advent of RNAi tech-
nology provides a powerful and general entry to identify
genes that play roles in normal physiology and disease. Chemi-
cal genetics, a fashionable term for drug screening that has
been routine in industry for decades, has become an exciting
academic discipline. It typically brings together small molecule
libraries and in vitro or cellular assays, as well as informatics
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and data mining tools for analysis of the data generated.
Chemical genetics applies the same principles as traditional
genetics, replaces the toolbox with molecules, and focuses on
proteins rather than genes. Chemical genetics complements
classical genetics by providing probes that can be used to
study not easily transfected cells. Individual chemicals can
often influence single proteins in a way that gene knockouts
and transgenes cannot (Figure 3). Chemical genetics can be di-

0 interfering
w RNA
w protein
/AvAVigues
f small molecule
00006 .

inhibitor
—

molecule

Figure 3. Modulating protein function: RNAi knockdown versus small molecule inhibition. Knockdown of protein
expression by RNA interference and inhibition of protein function by small molecules can be used to verify specif-
icity of each method. However, due to mechanistic differences, the two methods can also lead to different pheno-

typic outcomes.

vided into forward and reverse modes. In a forward chemical
genetics approach, the phenotype induced by a molecule is
studied in a cell or tractable organism. Its ultimate target is dis-
covered at a later stage. This approach is identical to classical
drug discovery. In a reverse chemical-genetic screen, an en-
riched or homogeneous protein is tested against a large
number of small molecules, which are subsequently selected
for further chemical optimization to improve their chemical
and biophysical properties. Thus, this is identical to modern
high-throughput target-oriented drug discovery and analogous
to reversed genetic approaches that use cells or animals,
which have been designed to lack a gene of interest to study
the genes biological function.

Chemical Genetics and RNAi Screens

If RNAi and small molecules are directed against the same
gene product, then independent methods can often be used
to verify whether phenotypes are caused by specific or off-
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target effects. However, RNAi and small molecules each have
their specific advantages and disadvantages (Figure 3). Where-
as RNA:i is slow due to its mode of action, small molecules nor-
mally provide effects that are near instantaneous. Effects are
generally quick and reversible when a small molecule is with-
drawn, which is a useful trait, especially when essential genes
are the topic of study. As RNAI acts on the transcriptional level,
its effect depends on the turnover of the protein targeted and
on the dilution rate due to cell
division. Hence, long-lived pro-
teins in non-cycling cells are not
ideal RNAI targets. In addition,
application of RNAI often results

protein in a modest knock-down of
RNAi gene expression only. The final
outcome of RNAI is reduced pro-

SN MRNA tein production. If the target

f protein is part of a protein com-
plex, this may in turn affect ar-
chitecture of the remaining com-
plex and can affect the stability
of its protein partners. Many
small molecules typically affect
the activity of a protein without
changing its abundance and
\ thereby leave protein complexes
unaltered (Figure 3). Thus, reduc-
ing protein activity by using

mES small molecules or RNAi may not
always give the same outcome.
oooo ,, ys 9

Which of the two strategies is
most useful to achieve the de-
sired phenotype may be differ-
ent for each protein. When RNAI
and small molecule screening
are deployed simultaneously, the
same cell-based readout can be
used, while small molecule hits
may eventually be correlated with the outcome of the parallel
RNAi screen (Figure 2C). The RNAI screen may provide an ini-
tial clue as to whether a target is likely drugable, provided that
targets of these molecules can be found among the hits from
the parallel RNAi screen. The chemical screen may directly pro-
vide a universal entry point for chemical interference in cell
types or tissues that are difficult to target with RNAi-based
methods. A recent approach™ used a chemical genetic syn-
thetic lethal screen to identify chemosensitizer loci in cancer
cells. In this study, responsiveness to paclitaxel, which is an
agent that targets tubulin, was investigated in a one-well, one-
gene RNAi knockdown setup to identify genes that affect sen-
sitivity to this agent; this uncovered both known and novel
target proteins. Another recent example of forward genetics is
the recent discovery of aminoacetonitrile derivatives that func-
tion as resistance-breaking antinematode drugs. They were
identified to target a nematode-specific subtype of nicotinic
acetylcholine receptor (nAChR).“? Definition of this nematode-
specific target with a molecule-initiated approach might pro-
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vide new solutions to tackle nematode infections. Another
recent example of forward genetics is the use of kinase inhibi-
tors to identify kinases that reduce bacterial replication in host
cells. In combination with RNA screens, this approach has led
to the identification of a network of kinases that is abused by
both Salmonella and Mycobacterium tuberculosis to facilitate in-
fection and replication in the host. Interestingly, PKB/Akt,
which is a central player in this network, is also being exploited
for the development of PKB/Akt-targeted cancer therapies by
many pharmaceutical companies. Thus, although classical ge-
netics and more recently systematic RNAi-mediated knock-
down strategies are by far superior to identify gene products
that regulate different biological processes, chemical genetic
approaches are often a great help to understand in molecular
detail how proteins perform their biological functions. Impor-
tantly, chemical genetics identifies small molecules that might
be developed into a drug of medical value. It is also important
to note here that most post-translational events cannot easily
be investigated with common genetic techniques, as the post-
translational machinery is complex and dynamic. Often a great
redundancy in PTM-modifying enzymatic activities are present
in a given cell. That is, a particular phosphorylation event often
cannot easily be attributed to a single kinase. The action of op-
posing phosphatases should also be taken into account. While
this complexity is true for most PTMs, this problem can typical-
ly be addressed by chemical approaches.

High-Throughput Small Molecule Screening

With high-throughput screening platforms available at many
academic scientific institutes, massive amounts of small mole-
cule screening data are being generated. These chemical ge-
netics approaches are often publicly available for further explo-
ration by organic synthesis. The PubChem project, launched
only a few years ago, in 2004, has already resulted in an im-
pressive set of publicly available small molecule information
and screening data. PubChem is a component of the NIH’s Mo-
lecular Libraries Roadmap Initiative and provides information
on biological activities of small molecules and can be accessed
through PubMed. The PubChem interface is not yet as user-
friendly as some of the other PubMed tools, but the initiative
is still in development. These publicly available datasets are
increasing in size at rapid pace. Both quality and chemical syn-
thesis are crucial to turn these screening data into successful
chemical probes and drugs that can chemically tamper with
and understand the proteome. However, the trend of “un-
biased high-throughput testing” has some disadvantages. First
of all, no method is truly unbiased, as assay conditions inevita-
bly influence the outcome of any experiment. Sometimes the
rational approach is not so bad; many false positives are fre-
quently encountered in high-throughput screening campaigns.
Often, these false positives are not apparent at first glance but
turn out to interfere directly with assay readout or prove to be
efficient protein precipitants, while some small molecule “fre-
quent hitters” seem to score well in any assay.*” Even a vali-
dated hit in a screen does not necessarily lead to a useful mol-
ecule. Occasionally, molecules identified as hits in screens are
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no longer commercially available or only available in limited
amounts. In addition, sometimes hits are caused by impurities
in the library or by structures that were wrongly assigned,
which underscores the importance of thorough quality control
and resynthesis of hits. Finally, after sorting out molecules and
addressing these issues, the chemist is often left with a mole-
cule of little charm or with little chemical opportunity for fur-
ther modification. Nonetheless, chemical opportunities from
such screening efforts are emerging at a rapid pace and com-
plementary techniques that include fragment-based screening
and in silico screens are rapidly winning ground in the screen-
ing arena. Numerous examples are available of successful for-
ward and reverse chemical genetics approaches, including
inhibitors of non-replicative bacteria,”® inhibitors of bacterial
replication that act on the host,”*” small molecules that induce
the conversion of procaspase-3 to active caspase-3 to promote
apoptosis® and modulators of autophagy.””

Challenges in Chemical Genetics and
Proteomics

Various chemical genetics screening options are available to
the investigator, but all have their specific advantages and limi-
tations. In vitro screens that use (semi)purified protein compo-
nents are straightforward in practice but can lead to the iden-
tification of promiscuous inhibitors and many other false posi-
tives. Cell based screens avoid many of these problems. Micro-
scopy-based phenotypic screens are becoming routine, faci-
litated by the commercial availability of microscopy-based
screening platforms. In vivo screens have the disadvantage
that targets remain unknown until a serious effort is undertak-
en to identify them. In some cases, the homozygous and het-
erozygous yeast knock-out collections have been useful in the
identification of specific and non-specific targets of a given
drug or small molecule.®>>* |t is expected that next to the dru-
gable genome that includes receptors, ion channels and en-
zymes, proteomics strategies will uncover a range of important
protein—protein interactions. The number of important interac-
tions likely exceeds the number of currently drugable genome
components by far. Although biopharmaceuticals almost exclu-
sively bind to protein surfaces that are required for protein-
protein interactions, small molecules are not easily designed to
do so. Protein—protein interactions in general cover large surfa-
ces areas compared to the traditional small interaction surfaces
(normally specific receptors or enzymatic catalytic clefts or
pockets) of routine drug targets. Most commercially available
compound collections have been designed to fit small clefts
and to obey strict biophysical properties, which in principle
makes them less suited to bind larger surfaces. Despite these
difficulties in targeting protein—-protein interaction surfaces,
great progress has been made over the last years, but it is still
a long way to go before such molecules can be discovered
routinely mainly due to the limits set by current molecule col-
lections. Systematic knowledge of 3D structures of target sur-
faces will greatly improve such designs.

2917

www.chembiochem.org



www.chembiochem.org



BIO

Outlook

The available proteomics strategies, which so far have resulted
in maps of pathways, will eventually afford a near complete
proteome atlas of proteins. This atlas will include information
about protein interactions and the pathways they participate
in as well as their levels of expression, tissue distribution, activ-
ity, and disease related data. Although it may take some time
to get to this point, ambitious projects such as the Human Pro-
teome Research Project aim exactly at this: a complete pro-
teome map including validated antibodies directed against all
human proteins is being pursued. This information is becom-
ing available through efforts such as the human Proteinpedia,
a web interface to which contributors add proteomics data
accompanied with experimental evidence.”” However, proteo-
mics strategies remain challenging because of difficulties with
quantification and the occasional lack of appropriate internal
standards, which makes comparisons of different studies diffi-
cult. A clear advantage of the public availability of all the pro-
teomics data sets is that they will allow researchers to deter-
mine how proteins interact and to cluster information into
pathways. This will enable the design of strategies to target
multiple pathways with combinations of pathway-specific
drugs, which might increase chances of success and reduce
the chance of drug resistance. Chemical genetics and proteo-
mics approaches are expected to dramatically increase the
number of potential drug targets and lead compounds. Fur-
ther development of the new hits will depend on the rapidly
advancing field of structural biology to provide a molecular
understanding of protein function and protein-small molecule
interactions, while the design of novel molecules will likely
always remain the exclusive area of organic chemists.

Selected small molecule screening and chemical bioinfor-
matics databases:

PubChem is a database that contains small molecule infor-
mation linked to biochemical data. The database is maintained
by the National Center for Biotechnology Information (NCBI) of
the National Library of Medicine, part of the United States Na-
tional Institutes of Health (NIH). Millions of structures and asso-
ciated descriptive datasets as well as high-throughput screen-
ing results can be accessed for free through a web interface.
PubChem: http://pubchem.ncbi.nlm.nih.gov/.

ChemBank is a public, web-based informatics environment
created by the Broad Institute’s Chemical Biology Program,
part of the National Cancer Institute Initiative for Chemical Ge-
netics. ChemBank data are also available through PubChem.
ChemBank intends to guide chemists who are synthesizing
novel compounds or libraries, to assist development of small
molecule probes that perturb specific biological pathways, and
to catalyze drug development. ChemBank: http://chembank.
broad.harvard.edu/.

DrugBank is a database available at the University of Alberta
that combines detailed chemical, pharmacological and phar-
maceutical data combined with drug target information (that
is, sequence, structure, pathway). The database contains
roughly 4800 entries that include FDA-approved small mole-
cule drugs, FDA-approved biotech (protein/peptide) drugs, nu-
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traceuticals and experimental drugs. In addition, more than
2500 protein sequences are linked to these drug entries. Drug-
Bank: http://www.drugbank.ca/.

Chemspider is a search engine for chemistry that contains
chemical structures and their associated information, including
vendors and links to other databases such as PubChem into a
single database that can be searched by anyone. Chemspider:
http://www.chemspider.com.
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Allosteric Regulation of Proteases

Patrick Hauske,® ® Christian Ottmann, Michael Meltzer™ Michael Ehrmann,® and

Markus Kaiser*®?

Allostery is a basic principle of control of enzymatic activities
based on the interaction of a protein or small molecule at a site
distinct from an enzyme’s active center. Allosteric modulators
represent an alternative approach to the design and synthesis of
small-molecule activators or inhibitors of proteases and are

Introduction

At any time and in any physiological state, hundreds of cellular
proteins are being processed or degraded in a highly con-
trolled fashion. Although usually several factors are involved in
these processes, intrinsic hydrolytic cleavage is performed ex-
clusively by proteases.

All proteases are strictly regulated, because their proteolytic
activity is potentially harmful for non-substrate proteins and
because they play critical roles in innumerable biological pro-
cesses. Consequently, dysregulation often leads to severe path-
ophysiological states that in principle could be medicated by
protease inhibitors or activators.

Proteases are therefore important drug targets in the phar-
maceutical industry."? The vast majority of protease inhibitors
on the market act at the active sites of proteases, and several
of them have achieved blockbuster status. Besides these re-
sults, however, spectacular failures have also occurred in the
development of protease inhibitors or activators, often caused
by unexpected off-target effects, resulting in toxic or clinically
inefficient drugs.! The development of protease-modulating
drugs still remains a formidable challenge, demanding the ad-
vancement of current drug design strategies.

Allosteric protease regulation by small molecules might rep-
resent a promising alternative approach to active site inhibi-
tors. In this review we therefore detail the structural basis of al-
losteric protease regulation in biologically relevant protein—
protease interactions. Furthermore, we show that small-mole-
cule allosteric effectors often act in a similar manner, illustrat-
ing the generality of allosteric protease regulation.

Proteases

Proteases catalyze the hydrolysis of peptide bonds. They are
categorized by their active site residues—variously an aspar-
tate (aspartylprotease), cysteine (cysteine protease), serine
(serine protease), threonine (threonine protease), or metal
cation such as Zn*" (metalloprotease)—and by their substrate
cleavage mode, leading to endo- or exopeptidases. A more so-
phisticated classification of proteases, internationally accepted
in the field of protease research, is used in the MEROPS data-
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therefore of wide interest for medicinal chemistry. The structural
bases of some proteinaceous and small-molecule allosteric pro-
tease regulators have already been elucidated, indicating a gen-
eral mechanism that might be exploitable for future rational
design of small-molecule effectors.

base. In MEROPS, all known proteases are grouped into clans
and families on the basis of their common evolutionary origins,
as well as their natural and synthetic inhibitors.”

Proteases are a highly diverse group of enzymes and occur
as single- to multidomain proteins of diverse molecular archi-
tectures. In contrast, the three-dimensional folds of proteases
of the same family are usually highly conserved, as exemplified
by the STA family of serine proteases, which contains, for ex-
ample, the widely studied proteases trypsin, chymotrypsin,
thrombin, and factor Vlla (Figure 1A)." The catalytic hydrolysis

Q‘\’L
oW,

¥ Pepstatin
1

Batimastat | ¢
p4 1 Batimasta "T‘-" A
/ PPACK
. P1

P1 Z-EVD-Dcbmk

Figure 1. A) Overlay of the three-dimensional structures of the S1 serine pro-
teases trypsin (green, PDB ID: 1TPO), chymotrypsin (blue, PDB ID: 1DLK),
thrombin (red, PDB ID: 1AI8), and factor Vlla (cyan, PDB ID: 1KLI), highlight-
ing their highly conserved fold. Active site residues are shown as balls and
sticks. B) Examples of peptidic protease inhibitors from different protease
classes, highlighting the conserved p-sheet-like binding interaction.
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of substrates occurs at the active sites of the proteases, and
among the different protease families these often differ in
their amino acid configurations and/or topologies, whereas
substrate binding takes place in specialized substrate binding
pockets responsible for cleavage specificity. Importantly, all
proteases recognize B-strands in their active sites, which fur-
ther complicates the development of selective active-site-di-
rected protease inhibitors (Figure 1B).”!

Allosteric Enzyme Regulation

Allosteric enzyme regulation is a modulation of the activity of
an enzyme resulting from an interaction of an inhibitor at a
site distinct from its active center. Although allostery was ini-
tially thought to be restricted to oligomeric proteins, culminat-
ing in the theoretical Monod-Wyman—-Changeux (MWC) model
and its further refinement in the Koshland-Némethy-Filmer
(KNF) model,®” recent findings indicate that allostery is an
intrinsic property of all dynamic proteins.®?

Enzymes can adopt several conformations, some of them
catalytically active, with others being inactive. Equilibria exist
between these different states, and these can be shifted upon
reversible ligand binding or irreversible trapping at the allos-
teric binding sites to result in redistributions of the conforma-
tion ensembles (Scheme 1)."°™ Such redistributions can often

allosteric

B O=C—0

active enzyme inactive enzyme

aIIosterlc
inhibitor

Scheme 1. General model of allosteric regulation. A dynamic protein exists
in an equilibrium of several low-energy conformations, which are variously
enzymatically active or inactive. Reversible binding to or irreversible trap-
ping of a distinct conformation shifts this equilibrium, inducing an alteration
of enzyme activity.

be visualized by structural analysis of proteins in the absence
and in the presence of allosteric effectors, enabling the charac-
terization of the allosteric binding site and of the structural
basis of the functional coupling to the active site*" Al-
though most allosteric interactions are associated with struc-
tural alterations, it is important to note that enzyme conforma-
tions can also differ only by a mean conformational change re-
sulting from altered atomic fluctuations."*'

Allostery is a very rapid, reversible, and energy-free principle
of regulation of enzyme activities. A vast body of our current
knowledge on allosteric regulation dates back to studies from
the 1960s and '70s, when metabolic pathways of cells were
systematically investigated for feedback regulatory mecha-
nisms. Only recently has interest in allosteric regulation of en-
zymes revived, after the realization that all dynamic proteins
are in principle amenable to it."®'” The vast majority of allos-
teric regulators were identified after study of the binding sites
of known enzyme modulators or by extensive enzyme kinetic
studies. In addition, high-throughput screening of compound

ChemBioChem 2008, 9, 2920 - 2928
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libraries, often in conjunction with structural studies, has yield-
ed various allosteric regulators. An alternative chemical biology
approach, named tethering, has also been successfully applied
to the identification of allosteric effectors and their corre-
sponding binding sites.'®™

Besides the implications of allosteric regulation in many
physiological processes, it also represents a highly interesting
approach for drug discovery. To date, most enzyme inhibitors
target the active sites of enzymes. However, active site topolo-
gies are often strongly conserved between distinct members
of the same enzyme family and so are difficult to address in a
selective manner by small molecules. Moreover, active site in-
hibitors often mimic the transition state during enzyme cataly-
sis, resulting in polar, substrate-like compounds, often with un-
favorable pharmacokinetic properties. This is even more evi-
dent for proteases, in which active site inhibitors frequently
consist of peptidic structures with electrophilic warheads. Al-
losteric sites are usually less conserved and can be addressed
by more drug-like compounds, offering opportunities to identi-
fy structurally unique low molecular weight protein modula-
tors.2”

Allosteric Regulation of Proteases

A continuously growing number of publications points to-
wards the eminent role of allostery in protease regulation.
However, most reports are concerned with allosteric protein—
protein interactions occurring during protease assembly, while
study of allosteric regulation of proteases by proteinaceous ef-
fectors and particularly by small molecules is still in its infancy.
To keep this review informative and concise, the focus will be
on representative examples from three families: the trypsin/
chymotrypsin-like serine proteases (MEROPS S1A), the HtrA
serine proteases (MEROPS S1B), and the caspases, a family of
cysteine proteases (MEROPS C14A). These protease families are
of medicinal interest, and structural studies both of natural
proteinaceous allosteric effectors and of low molecular weight
allosteric effectors are available.

Trypsin/Chymotrypsin-like Serine Proteases
(MEROPS S1A Family)

The S1A serine protease family is the largest of all protease
families. All members are endopeptidases, featuring a highly
conserved fold and a classical catalytic triad consisting of
serine, histidine, and aspartate in the active site (Fig-
ure 1A).2"? |n general, they fall into three main categories:
trypsin-like proteases that preferentially cleave proteins after
basic amino acids, chymotrypsin-like proteases that cleave
after hydrophobic amino acids, and elastase-like proteases that
preferentially cleave after small, hydrophobic amino acids. All
S1A proteases are synthesized as inactive zymogens and are
activated upon a distinct proteolytic cleavage.”

The structural basis of the activation of STA proteases was
elucidated in seminal studies by Bode and Huber in the
1970s.2Y In the zymogen, four structural segments are de-
formed and flexible: the N terminus up to residue 19, as well
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as residues 142-152, 184-193, and 216-223 (chymotrypsin
numbering), which together form the activation domain. A
proteolytic cleavage of the zymogen at a distinct bond results
in an ordering of the activation domain as the newly formed N
terminus inserts into a preformed binding pocket to form a
salt bridge with Asp194 (chymotrypsin numbering). This rear-
rangement also brings about the correct formation of the S1
substrate binding site, oxyanion hole, and adjustment of the
catalytic triad and is accompanied by a general stiffening of
the overall structure. Consequently, the zymogen is commonly
referred to as a disordered conformation, whereas the active
protease adopts an ordered conformation.

Interestingly, most allosteric protease effectors seem to
induce a switch between these two defined, naturally occur-
ring conformations. In 1976, Bode and Huber showed for tryp-
sinogen (the zymogen of trypsin) that the inactive trypsinogen
conformation can be switched into an active but non-pro-
cessed trypsin-like conformation by addition of H-lle-Val-OH, a
dipeptide resembling the activating N terminus of trypsin.©?>2®
This was the first description of allosteric activation of a nor-
mally inactive protease conformation by a small molecule
(Scheme 2).

+C02+

22x10“M™

45x10°M”

EQUILIBRIUM SCHEME FOR THE BINDING OF PTI, ILE VAL aND
€a2* 1o TRvpsinoseN In 0,1 M Tris/HCL aT PH 8.0, 20°C,

Scheme 2. Huber and Bode's “classic” trypsinogen activation scheme of
1976, illustrating the equilibrium shifts occurring during allosteric zymogen
activation (kindly provided by R. Huber, Max-Planck-Institut fiir Biochemie,
Martinsried, Germany). The schematized species K and A represent proteo-
lytically inactive trypsinogen in the absence or in the presence of Ca’*, L
and B represent trypsinogen bound to the trypsin inhibitor PTl in the ab-
sence and in the presence of Ca’*, and M and C represent trypsinogen
bound to the trypsin inhibitor PTI and the activating H-lle-Val-OH dipeptide
in the absence and in the presence of Ca**. Reproduced with permission
from a private communication by W. Bode and R. Huber.

Studies of the biological function of streptokinase, a hemo-
lytic protein secreted by Streptococci strains, demonstrated its
capability to induce a non-proteolytic activation of plasmino-
gen, the zymogen of the trypsin-like protease plasmin.?” This
finding led to the proposal that streptokinase might act in a
similar fashion to the trypsin-activating dipeptide: that is,
through an intrusion of the N-terminal end of streptokinase
into the activation pocket of plasminogen, thereby inducing al-
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losteric activation. This general allosteric zymogen activation
mechanism was consequently termed “molecular sexuality” by
Huber and Bode.” Although later biochemical studies with
streptokinase site-directed mutants confirmed this concept,®®
it took more than twenty years for this allosteric activation
mechanism to be finally corroborated by a structural study on
a molecular level. The validation of the “molecular sexuality”
concept was achieved in the form of a co-crystal structure of
prethrombin-2, a zymogen of the trypsin-like protease throm-
bin, and staphylocoagulase, a non-proteolytically active protein
acting as a zymogen activator.”” Staphylocoagulase is secreted
by the human pathogen Staphylococcus aureus to initiate
blood clotting in its host by nonproteolytic activation of
thrombin.2? As predicted from the activation model, the co-
crystal structure revealed an insertion of the N-terminal end of
staphylocoagulase into the activation pocket of prethrombin-2,
thereby triggering an allosteric rearrangement into the ordered
and proteolytically active thrombin conformation (Figure 2).*?

These findings highlight the inference that small molecules,
mimicking the activating N-terminal end sequences, should
also be able to represent S1A protease activators by inducing
allosteric rearrangement of the disordered zymogen structure
into the ordered protease conformation. Consequently, it
seems reasonable that a thorough systematic search could
yield such medicinally interesting compounds.

A special case of proteolytic activation is represented by the
trypsin-like protease factor Vlla. In contrast with other S1A pro-
teases, the proteolytic cleavage of the zymogen factor VIl to
factor Vlla generates a protease with only low proteolytic activ-
ity. Full enzymatic activity is achieved only after complexation
with a second protein, named tissue factor (TF), in the pres-
ence of Ca’" cations.®" Because factor Vlla plays a critical role
in blood coagulation, and due to its unusual activation mecha-
nism, several studies to elucidate the allosteric activation
mechanism of factor Vlla by TF have been carried out.

To this end, X-ray structures of, for example, the zymogen
factor VI, factor Vlla, and factor Vlla in complexation with TF
have been generated (Figure 3B).?*¥ Unfortunately, the struc-
ture of the zymogen factor VIl has to date been obtained only
in complexation with a small-molecule ligand named A-183
(vide infra). Nevertheless, this structure is generally accepted as
a representative model structure of native factor VIl and re-
veals the usual disordered zymogen conformation, while factor
Vlla in complexation with TF assumes the ordered active pro-
tease conformation. Proteolytically processed factor Vila takes
on an intermediate structure, which, however, resembles a
zymogen-like structure rather than a protease conformation.
The transformation of this partly disordered zymogen-like
structure into the ordered, proteolytically active conformation
is allosterically achieved by interaction with TF (Figure 3 C).

The elaborate nature of the TF-mediated regulation of factor
Vlla suggests that low molecular weight ligands might also
affect factor Vlla function. Two peptides—E-76 and A-183 (Fig-
ure 3A)—were discovered as potential allosteric inhibitors by
phage display of naive peptide libraries constrained with a
single intramolecular cysteine bond.®>=*” The two compounds
bind tightly to two distinct exosites of the protease domain,
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A) Prethrombin-2

Thrombin

MINIREVIEWS

B) Prethrombin-2/Staphylocoagulase

Figure 2. Activation mode of thrombin. A) X-ray structures of prethrombin-2 (PDB ID: THAG) and proteolytically active thrombin (PDB ID: 1PPB). B) Co-crystal
structure of prethrombin-2 and staphylocoagulase (PDB ID: 1NU9). C) Overlay of activated thrombin (green) and the prethrombin/staphylocoagulase complex
(thrombin shown in blue, staphylocoagulase shown in magenta). The N termini of processed thrombin and staphylocoagulase occupy the same position in
the activation region of thrombin. D) Close-up of the activation region of thrombin. Overlay of prethrombin (yellow), thrombin (green), and the prethrombin/
staphylocoagulase complex (prethrombin and staphylocoagulase shown in blue and magenta, respectively).

resulting in a significant reduction of the proteolytic activity of
factor Vlla in complexation with TF. A structural study with E-
76 and factor Vlla revealed that E-76 induced significant disor-
der in the protease conformation, illustrated by the loss of a
conformation-stabilizing hydrogen bond and an increased flex-
ibility in the corresponding loop.?” It thus seems that E-76
acts as a compound that induces conformational switching
from an ordered active protease conformation into a disor-
dered, more flexible zymogen—or at least zymogen-like—
structure, thereby causing the observed inhibition (Figure 3C
and 3D).

Surprisingly, A-183 operates through a different mechanism.
Unfortunately, the only X-ray analysis available to date is that
in complexation with the zymogen factor VIl, which demon-
strated that A-183 binds to a factor VIl exosite close to the
active site.*’” Further characterization of the structural basis of
the observed inhibition is difficult, but A-183-mediated disrup-
tion of the substrate binding site has been suggested.

In summary, although the regulation of factor Vlla is far
more complex than in most STA proteases, it has been possi-
ble to find peptidic allosteric regulators that induce a switch
from the ordered active protease conformation to the disor-
dered zymogen-like conformation, thereby following a mecha-
nism similar to that of the allosteric zymogen activators.

ChemBioChem 2008, 9, 2920 - 2928
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HtrA Proteases (MEROPS S1B Family)

An alternative allosteric regulatory mechanism was found in
the HtrA serine proteases after analysis of their activation in a
cellular signaling cascade. Initially, HtrA proteases were identi-
fied for the first time in E. coli through the use of null mutants
that either prevented growth at elevated temperatures (HtrA,
for High temperature requirement) or lost the capability to
digest misfolded proteins in the periplasm (DegP).*®*% Conse-
quently, this protease family was attributed to protein quality
control, and their direct involvement in diverse biological pro-
cesses such as unfolded stress response, various protein-fold-
ing diseases, and cancer has so far been demonstrated.

HtrA proteases belong to the S1B family and are multido-
main proteins consisting of at least one chymotrypsin-like pro-
tease domain and one or two PDZ domains that assemble into
complex and highly dynamic multimers.*” Among them, Deg$
functions as a stress sensor in bacterial periplasmatic protein
quality control.®” Upon binding of hydrophobic peptides de-
rived from the C-terminal ends of misfolded outer membrane
proteins, an allosteric activation of DegS occurs. This leads to
the initiation of a proteolytic signaling cascade, resulting in the
expression of various stress genes. X-ray studies of DegS have
confirmed this allosteric activation mechanism and provide in-
sight into the structural basis of its activation (Figure 4B).“>*¥
Intriguingly, the activating peptides bind to the PDZ domain
with the penultimate amino residue extending into the chymo-
trypsin-like protease domain, thereby inducing a structural re-
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A) E-76: ALCDDPRVYDRWYCQFVEG

A-183: EEWEVLCWTWETCER

B) FVI/A-183 FViia

Protease
Domain

C) D)

FVIla/TF

\

M. Kaiser et al.

FVlla/TF FVlla/E-76

FVIla/E-76
A

FVII/A-183

Figure 3. A) Sequences of E-76 and A-183. B) Structures of the zymogen factor VII/A-183 complex (PDB ID: 1JBU), factor Vlla (PDB ID: 1QFK), the factor Vlla/TF
(PDB ID: 1DAN) complex, and factor Vlla in complexation with E-76 (PDB ID: 1DVA). C) Overlay of the activation region of the factor Vlla/TF complex (green),
zymogen factor VII/A-183 (yellow), and factor Vlla in complexation with E-76 (red). Arrows indicate the relocation of the activation loop. D) Comparison of the
positions of this flexible loop in the FVIla/TF, FVIla/E-76, and FVII/A-183 complexes, colored according to crystallographic B-factors representing structural flex-
ibility (from blue to red; blue represents rigid regions, red highly flexible areas). Arrows illustrate the increasing disorder in the activation loop. While proteo-
lytically active FVIla/TF is still well defined and ordered, FVIla/E76 shows already greatly increased flexibility. The activation loop in the zymogen FVII/A183,

however, is highly disordered, resulting in a lack of electron density in the corresponding crystal.

arrangement in the protease domain from a disordered zymo-
gen-like structure into an ordered chymotrypsin-like conforma-
tion (Figure 4Q).

Interestingly, an allosteric activation mechanism was also
elucidated for DegP, a structurally and also functionally more
complex HtrA protease, indicating a general regulatory mecha-
nism for all HtrA proteases.**“® At low temperatures, DegP
acts as a molecular chaperone, whereas at higher temperatures
it functions as a protease, selectively digesting proteins that
are misfolded or without any apparent tertiary structure.*”
Binding of suitable hydrophobic peptides to the allosteric
binding site leads either to activation of the protease at low
temperatures or to amplification of the protease activity of
DegP at higher temperatures. The allosteric “chemical” activa-
tion thus overpowers even the temperature regulation of
Degp.[44,48]

HtrA proteases therefore represent anomalous proteases.
While allostery in most proteases represents an additional reg-
ulatory element acting equipollent to other regulatory mecha-
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nisms, allosteric control of the proteolytic activity of HtrA pro-
teases is superordinated over other regulatory mechanisms.
Consequently, these proteases are prime targets for the devel-
opment of small-molecule allosteric effectors through the syn-
thesis of, for example, peptidomimetic analogues of the acti-
vating peptides.

Caspases (MEROPS Family C14A)

Caspases are the central elements of apoptosis, or program-
med cell death.” Their name is a composition of cysteine pro-
tease and aspartate, the residue after which caspases preferen-
tially cleave protein substrates. Caspases belong to the C14A
family and are each characterized by a catalytic dyad consist-
ing of a cysteine and histidine residue. They are biosynthesized
as inactive single-chain proenzymes, which are cleaved upon
proteolytic activation into monomers consisting of large o-
and small B-subunits. Two monomer units subsequently ar-
range into a highly conserved proteolytically active homodimer

ChemBioChem 2008, 9, 2920 - 2928
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PDZ

A)

DegS monomer
- active -~

Protease
Domain

Degs$ trimer

Figure 4. A) Structure of the DegS trimer in surface representation. B) DegS monomers in the presence (PDB ID:
1S0Z) and the absence (PDB ID: 1SOT) of the hydrophobic OmpC peptide. C) Overlay of DegS in the absence

Protease
Domain

MINIREVIEWS

loops constituting the active
site. DARPin appears to fix cas-
pase-2 in an inactive conforma-
tion unrelated to the zymogen
structure, therefore representing
an alternative allosteric binding
mode (Figure 5C).

Wells's group developed a
technique named tethering that
can be employed for allocating
allosteric sites in proteins. It is
based on the reversible forma-
tion of disulfide bonds between
cysteines on protein surfaces
D) and a library of thiol-containing
small molecules. Either native or
artificially introduced cysteines
can be addressed. The function
of the five surface-exposed cys-
teines in caspase-3 was probed
by the tethering technique.™
Two compounds named DICA
and FICA (Figure 5F) were identi-
fied as caspase-3 inhibitors,
binding selectively to Cys264, lo-
cated in a central cavity at the
dimerization  interface.  The
highly homologous caspase-7,
featuring a 100% identical cen-
tral cavity, was also inhibited by
DICA and FICA upon cysteine
binding. A co-crystal structure of
these two small molecules with

%)
£
'/,

DegS monomer
- inactive -

IVALGLVYQF

(blue) and in the presence (red) of the OmpC-derived peptide. Main chain atoms of the diverging loops L1, L2,

and L3 are shown as spheres, the active site residues as sticks. D) Sequence of the OmpC model peptide.

(Figure 5A).5% To date, several examples of allosteric regulation
of caspases by either proteinaceous or small molecules are
known.

Caspases-3, -7, and -9 are inhibited with high specificity by
the multidomain endogenous inhibitor XIAP. However, while
caspases-3 and -7 are inhibited by prevention of substrate
access to the active site, caspase-9 is inhibited allosterically by
the BIR3 domain of XIAP®" In vivo, caspase-9 exists predomi-
nantly as an inactive monomer. BIR3 binds selectively to the
caspase-9 monomer at its dimerization side, thereby prevent-
ing the formation of the catalytically active caspase-9 homodi-
mer. As a consequence, the active site loops remain in the in-
active conformation of the caspase-9 monomer (Figure 5B).
BIR3 thus traps caspase-9 in its inactive conformation, high-
lighting the preferred stabilization of natural state conforma-
tions by allosteric effectors.

In a second example, allosteric inhibition of caspase-2 was
achieved with a designed ankyrin repeat protein (DARPin)."? A
structural study of its binding mode revealed that DARPin in-
duces only relative small structural rearrangements of the

ChemBioChem 2008, 9, 2920 - 2928
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caspase-7 demonstrated differ-
ent binding modes of DICA and
FICA in the allosteric site, but an
identical conformational rear-
rangement in the protease domain. Both compounds induce a
switch of the active dimerized caspase-7 conformation into a
procaspase-7-like conformation by irreversibly trapping the
zymogen-like conformation (Figure 5D).

Caspase-1, which has only 20-30% amino acid sequence
identity to caspase-3 and caspase-7, features a cysteine bind-
ing site not within but close to the cavity at the dimerization
interface." This Cys residue could also be targeted by tether-
ing, and a suitable small molecule named compound 34 (Fig-
ure 5F) was identified as a caspase-1 inhibitor. Structure analy-
sis of their co-crystal structure revealed an analogous allosteric
inhibition mode, characterized by conformational switching
into a zymogen-like structure (Figure 5E). Interestingly, the
functional coupling of the allosteric and the active site requires
only a small subset of the hydrogen bonding networks within
the protease.®™

These examples demonstrate that allosteric regulation of
caspases is employed in nature but can also be achieved by
small molecules. Also for this protease family, it seems that
most allosteric effectors act through preferential binding to
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o B _a/Ri Caspase-9/Bir3
A) Caspase-2 ) Caspase-9/Bir3 Caspase-0 dimer

C) Caspase-2/DARPIn D)  Procaspase-7 zymogen

caspase-7/FICA

E) Active caspase-1 Caspase-1/compound 34 Caspase-1/zVD-FMK

F) F

N/\/SH
H

H
FICA DICA 34

Figure 5. A) X-ray structure of proteolytically active dimeric caspase-2 (PDB ID: 1PYO). B) Complex structure of caspase-9 and BIR-3 (PDB ID: TNW9) and over-
lay of the structure of active dimeric caspase-9 (PDB ID: 1JXQ) and caspase-9 in complexation with BIR3. C) Structure of caspase-2 and complex structure with
DARPin (PDB ID: 2P2C). D) Surface representation of the dimeric structure of procaspase-7, active caspase-7, and FICA-inhibited caspase-7. The allosteric
cavity is shown in red. E) Surface representation of the dimeric structure of active and compound 34- or ZVAD-FMK-inhibited caspase-1. F) Chemical structures
of FICA, DICA, and compound 34.
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native protein conformations, thereby inducing the observed
allosteric effect. However, the binding mode of DARPin dem-
onstrates that previously unobserved conformations can also
be addressed. Unfortunately, although suitable allosteric bind-
ing sites have been identified, no general design principles for
reversible and small-molecule-based allosteric regulators of
caspases can yet be given, and further research into this direc-
tion is required.

Conclusions and Outlook

Allostery is commonly used in biological systems to regulate
the proteolytic activities of proteases. Initial studies of small-
molecule allosteric effectors indicate that they act in a similar
manner to proteinaceous effectors, either by mimicking their
interaction or by targeting completely new sites. Consequently,
this approach offers good prospects for medicinal chemistry as
it circumvents the well known problems of active site inhibi-
tors.

Most allosteric effectors appear preferentially to target
native low-energy conformations such as those found in the
zymogen or active protease structure. The preference for those
conformations might be explained by the stabilities of those
conformations. It is easier to shift the protein conformation
equilibrium into a low-energy conformation, such as zymogen
or active protease conformations, than into high-energy struc-
tures.

Although the principles of allosteric regulation are well un-
derstood, a fundamental question still remains. How can fur-
ther small-molecule allosteric regulators be discovered? This
question is not easy to answer, and it seems that several ap-
proaches can be employed to reach this goal. On the one
hand, the available structural data on the interactions of pro-
teinaceous allosteric effectors and their target proteases might
be used for rational design of small-molecule mimics. On the
other hand, screening of compound libraries represents a
promising approach for finding new allosteric modulators. This
calls for suitable compound libraries from, for example, diversi-
ty-oriented (DOS) or biology-oriented synthesis (BIOS).5*® Fi-
nally, tethering has demonstrated its potential to identify new
allosteric sites and regulators.'®' However, the search for al-
losteric small-molecule regulators of proteases has just begun,
and future research efforts will still be required to provide
guidelines for a more rational design of allosteric effectors.
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Taking a Closer Look at Fatty Acid Biosynthesis

Kira J. Weissman*™

Saturated fatty acids, one of the central
players in energy metabolism,™ are rela-
tively uncomplicated molecules. Howev-
er, this structural simplicity belies a com-
plex assembly process carried out by
enzymes called fatty acid synthases
(FASs).”? Starting from the C, unit ace-
tate, building a typical fatty acid such as
palmitate (C,¢) requires fourteen rounds
of chain extension with malonate, a
carboxylated form of the same building
block. Each of these cycles involves five
catalytic domains (Figure TA): an acyl
transferase (MAT), which recruits the mal-
onate to the FAS, a ketosynthase (KS) to
join the building block to the growing
chain, and three reductive activities, ke-
toreductase (KR), dehydratase (DH) and
enoyl reductase (ER), which together fur-
nish the saturated acyl product. To facili-
tate these sequential reactions, Nature
has developed a “solid-phase strategy”
for fatty acid construction. Throughout
the biosynthesis, the growing chain is
covalently tethered to a noncatalytic
domain, called an acyl carrier protein
(ACP), that keeps it from diffusing away
into the cell. Once the fatty acid is com-
plete, a sixth domain called a thioester-
ase (TE) releases the chain from its link-
age to the ACP. In bacteria, mitochondria
and plants, each of these catalytic func-
tions is present as a discrete, monofunc-
tional protein (so-called “type II” organi-
zation).”) In contrast, in fungi and ani-
mals, the enzymatic domains are strung
together like beads on a string, to form
gigantic  multienzyme  polypeptides
(type | architecture).”

FAS has recently emerged as a target
for chemotherapy in many human can-
cers, as the enzyme is highly over-ex-
pressed in tumor cells." Efforts to design
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specific inhibitors of the FAS require a
detailed understanding of the biosyn-
thetic machinery, motivating efforts to
image representative FAS multienzymes
by using cryoelectron microscopy™ and
X-ray crystallography.” The modular po-
lyketide synthases (typel PKSs), which
construct dozens of secondary metabo-
lites of medicinal value, appear to be
close evolutionary cousins of the animal
FAS:® each PKS is formed from a succes-
sion of FAS-like modules, linked together
like an assembly line (Figure 2A, be-
low).” Thus, it is hoped that high-resolu-
tion structural information on FAS will il-
luminate the inner workings of PKS sys-
tems, facilitating attempts to redirect
polyketide biosynthesis by genetic engi-
neering.” X-ray and NMR structures of
several individual domains excised from
the FAS (including the ACP® and TEY)
have been available for several years.
Recently, Nenad Ban and colleagues ach-
ieved a further breakthrough in the field,
publishing the first medium-resolution
(4.5 A) picture of the entire FAS multi-
enzyme from the pig.”’! This remarkable
feat allowed all of the domains, with the
notable exception of the ACP and TE, to
be localized within the structure. The
same authors have now gone one
better, improving the resolution of the
structure to 3.2 A (Figure 1B)."”

FAS retains the overall shape dis-
cerned at lower resolution, in which the
twin polypeptides wrap around each
other to form an X-shaped homodimer.
As before, a lateral asymmetry is appar-
ent, with the chains adopting slightly dif-
ferent conformations. Newly visible at
this resolution, however, are the protein
backbones, which trace an extraordinari-
ly circuitous route through the complex,
weaving outwards towards the periphery
of the structure, and then back inwards
several times (Figure 1C). This seemingly
uneconomic design might reflect the
evolutionary history of the animal FAS, in
which it was cobbled together from indi-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

vidual type Il components. Despite this
nonlinear path, all of the domains of
each subunit end up on one side or the
other of the central axis of pseudosym-
metry, forming two independent reac-
tion chambers. Unambiguous identifica-
tion of the domains reveals that the FAS
is divided into two parts, a lower chain-
extension region consisting of the KS
and the dual-function MAT domain, and
an upper portion comprising the do-
mains that perform the reductive tailor-
ing steps (KR, DH and ER). The connec-
tion between the two regions, a portion
of the linker between the MAT and DH
domains, is surprisingly tenuous, ac-
counting for its susceptibility to proteo-
lytic cleavage.""

The enhanced view of the structure
exposes two previously unknown, non-
enzymatic functions that occupy the
fringes of the complex. On a sequence
level, the domains sit adjacent to each
other within the “central core” of the
FAS (Figure 1A), a region thought previ-
ously to help the FAS to dimerize."” The
first domain is a pseudoketoreductase
(pKR), which weighs in at about half the
size of the active KR. Purged of its cata-
lytic activity, it apparently serves to sup-
port the catalytic function of the adja-
cent KR through heterodimer formation.
The second domain, whose existence
was predicted earlier,” has been desig-
nated as a pseudomethyltransferase
(pME), reflecting its conserved fold but
inability to bind cofactor S-adenosylme-
thionine (SAM). This discovery suggests
that the ancestor of the modern FAS
incorporated a methylation reaction, an
activity that is retained to this day in
some modular PKSs."'¥ Identifying these
pseudodomains, which both make inti-
mate contact with the KR, helps to ex-
plain an earlier, puzzling result that mu-
tations to the “core” region disrupted
the ability of the KR domain to bind
NADPH.™
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Figure 1. Structure and organization of the animal fatty acid synthase (FAS). A) Linear sequence of domains in the FAS, drawn approximately to scale. The
region originally designated as the “central core” is boxed. The labels DH1 and DH2 identify the two halves of the pseudodimeric DH domain “double hot-
dog” fold, while the gray boxes designate linker regions that together form a folded structural domain. B) Solved structure of the animal FAS, colored accord-
ing to the domains shown in A. Structured and unstructured linker regions are shown in gray. Bound NADP* cofactors and the attachment sites for the C-ter-
minal ACP-TE didomain are shown as blue and black spheres, respectively. The pseudo-twofold rotational axis of the dimer is indicated by an arrow. Domains
within the second polypeptide of the dimer are designated with a prime. The modifying and condensing regions of the FAS are joined together through a
short linker, as indicated. C) Schematic representation of the structure shown in (B). The hypothesized positions of the ACP and TE domains are indicated. Re-

printed with permission from ref. [10], Copyright AAAS, 2008.

Unfortunately, even at higher resolu-
tion, the critical ACP domain and its at-
tached TE remain invisible. This result is
nonetheless informative, as it strongly
suggests that the ACP-TE didomain is a
highly mobile region within the struc-
ture. These data add further weight to a
model for FAS operation in which the
ACP moves in order to ferry the growing
chain to its reaction partners. They also
underline the inability of a single crystal-
lographic snapshot to reveal the large-
scale protein motions that are character-
istic of these mega-multienzymes. Clear-
ly, many more static frames of the FAS
biosynthetic “movie” will be required to
fully understand how the protein accom-
plishes its complex biosynthesis.

Nonetheless, the site of anchoring of
the ACP underneath the catalytic KR
domain is apparent (Figures 1B and C).
Attachment of the ACP to the KR by a
12-14 residue linker (maximum length
40 A), along with the steric constraints
imposed by the protruding \ME, appear
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to confine the ACP to a single reaction
chamber within the structure, formed by
the domains within its own polypeptide.
Thus, to access each of the catalytic do-
mains in turn during a typical chain-ex-
tension cycle, the ACP must shuttle back
and forth several times through the
active-site cleft. As with the extensive
tangling of the backbone, this inelegant
trajectory might reflect the “just good
enough” nature of this solution to fatty
acid biosynthesis.

A potentially more significant issue is
that chemical cross-linking studies on
animal FAS have shown that the ACP
can interact with the KS on the opposite
subunit, and in fact prefers this domain
to the KS on its own polypeptide.”’ How-
ever, such a partnership is visibly exclud-
ed in the present structure. To address
this discrepancy, the authors propose
that the flexible connector between the
two regions of the FAS can unwind, al-
lowing the clusters of domains to rotate
with respect to one another” A 180°

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

twist would drag the ACP into the
second reaction chamber, providing it
with access to the KS and MAT domains
in the mirror subunit. This model also
accounts for data obtained from mutant
complementation experiments® which
showed that the ACP is unable to coop-
erate with any of the reductive domains
or the TE on the opposite polypeptide—
in the crystal structure, this set of do-
mains is located on the same side of the
pivot point, and so moves together with
the ACP.

It is tempting, as the authors have
done," to propose a model for modular
PKS architecture based on the FAS struc-
ture (Figure 2B). Indeed, several structur-
al elements—the entire KS-AT didomain
region,"™ and the WKR'®—are shared,
supporting a common evolutionary
origin for the two systems.” In addition,
the processing region of FAS exhibits a
modular organization, in which domains
alternate with flexible linker regions. This
architectural arrangement would appear

ChemBioChem 2008, 9, 2929 - 2931
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Figure 2. Proposed structural model for modular polyketide synthases (PKSs). A) Linear sequence of do-
mains in a representative PKS. Each of the modules resembles an animal FAS that has lost several do-
mains from its modifying region (i.e., DH1, DH2 and ER). The modules are joined together into a single
polypeptide by a short linker region. B) Architectural model for the modular PKS proposed on the basis
of the animal FAS structure. The ca. 20 residue linkers (purple) joining the ACP domains of the first
module to the homodimeric KS of the subsequent module must also allow the ACPs to interact with all
of their partners within the reaction centers (shown for one module with purple arrows). Adapted with

permission from ref. [10], copyright AAAS, 2008.

to accommodate deletion of individual
activities, an appealing mechanism for
the evolution of modular PKS from a
FAS-like ancestor. Nonetheless, there are
several fundamental features of PKS op-
eration that are tricky to reconcile with
the observed domain topology.

The defining characteristic of modular
PKS is the presence of multiple, consecu-
tively acting modules (Figure 2A). In
many cases, the modules are housed
within a single polypeptide: the ACP of
one module (ACP,) is joined directly to
its partner KS in the following module
(KS,41), by a short linker (typically 20, but
as few as 17 residues (about 48 A)). The
length of this connector seems insuffi-
cient to allow the ACP to reach all of the
widely spaced active sites within its re-
action center—some separated by as
much as 72 AP—and to span the dis-
tance to the next homodimeric KS by
looping outside of the reductive region
of the complex (Figure 2B). The same
issue arises for termination modules, in
which the ACP is linked directly to a di-

ChemBioChem 2008, 9, 2929 - 2931

meric thioesterase."” In the alternative
situation, in which successive modules
are located on separate polypeptides,
the ACP,/KS,,, interface is reconstituted
with the aid of sequence elements called
“docking domains”."® These recognition
units are situated at the extreme termini
of both interacting proteins and are ho-
modimeric. This docking domain self-as-
sociation, if long-lived, also appears in-
compatible with the segregation of the
ACP domains into isolated reaction
chambers. In addition, in direct contrast
to what the proposed structural model
would predict, PKS ACP domains have
been shown to ignore the KS domain on
their own polypeptide, and to instead
collaborate exclusively with the KS on
the opposing subunit.™ Taken together,
these observations suggest that it might
be premature to assume that the archi-
tecture of the modular PKSs closely re-
sembles that of the animal FAS. None-
theless, the Ban group’s success at pro-
ducing the first high-resolution image of
the FAS should encourage the members

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the PKS community in their attempts
to obtain the initial frames of a much
longer and more complicated molecular
movie.
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Extremely Tight Binding of a Ruthenium Complex to Glycogen Synthase

Kinase 3

G. Ekin Atilla-Gokcumen,”® Nicholas Pagano,” Craig Streu,” Jasna Maksimoska,”™ Panagis Filippakopoulos,™

Stefan Knapp,"“ and Eric Meggers*®

The pharmaceutical industry and chemical biology are domi-
nated by organic chemistry, with inorganic compounds playing
only a minor role. This is well illustrated by a review of drugs
approved by the FDA during 2007 in which not a single com-
pound contains a metal atom, with most compounds being re-
versible enzyme inhibitors."! However, our laboratory recently
demonstrated that chemically inert metal complexes can serve
as promising scaffolds for the design of enzyme inhibitors, and
we have reported several compounds with high affinities and
promising selectivity profiles for protein kinases and lipid kin-
ases.” For example, we have recently introduced the rutheni-
um half-sandwich complexes HB12 and DW12 (Scheme 1) as
potent protein kinase inhibitors, in particular for GSK-3 and

R R R3 IC, /nm
HB12 H H H 20
DW12 OH H H 2
NP309 OH F H 03
(Re)-HB1229 [H H X 05
(Re)NP549 |OH F X <0.04

BN
R

NP930 (1.5 ) €S44 (0.5 uu)

Scheme 1. Ruthenium complex HB12 as a lead scaffold for the design of
highly potent GSK-3 inhibitors. NP930 and CS44 are only weak inhibitors for
GSK-3. ICs, values were measured at 100 um ATP. Compounds are racemic if
not indicated otherwise.

[a] G. E. Atilla-Gokcumen, N. Pagano, Prof. Dr. E. Meggers
Fachbereich Chemie, Philipps-Universitdt Marburg
Hans-Meerwein-Strasse, 35043 Marburg (Germany)
Fax: (+49)6421-282-1535
E-mail: meggers@chemie.uni-marburg.de

C. Streu, J. Maksimoska
Department of Chemistry, University of Pennsylvania
231 S. 34th Street, Philadelphia, PA 19104 (USA)
[c] Dr. P. Filippakopoulos, Dr. S. Knapp
Centre for Structural Genomics, Oxford University
Botnar Research Centre, Oxford, OX3 7 LD (UK)
Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

=

ChemBioChem 2008, 9, 2933 - 2936

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Pim-1.5"" DW12 and its derivatives induce strong biological
responses such as the activation of the wnt signaling pathway
in mammalian cells, strong pharmacological effects during the
development of frog embryos, and the efficient induction of
apoptosis in some melanoma cell lines.®!

Here we present the extremely high-affinity organorutheni-
um inhibitor (Rg,)-NP549 (Scheme 1), which displays at most
low picomolar binding affinity for GSK-3, and report our eluci-
dation of its binding to GSK-3f by X-ray crystallography. Com-
pound (Rg,)-NP549 is the result of a brief structure-activity
relationship study starting with the plain scaffold HB12. We
found that the introduction of a hydroxy group into the pyri-
docarbazole heterocycle, leading to DW12 (IC5,=2 nm), results
in a tenfold increased potency for GSK-3.! Introduction of an
additional fluorine at the pyridine moiety improved the bind-
ing affinity by almost another order of magnitude (NP309,
IC5,=0.3 nm)."? Moreover, in an independent previous study
we discovered by a combinatorial approach that the introduc-
tion of a p-alanine amide side chain onto the n’-cyclopenta-
dienyl moiety of HB12 increased its affinity 40-fold ((Rg.)-
HB1229).""'? |n view of these results, we were curious to in-
vestigate by how much we could further improve potency if
we were to combine these beneficial modifications at the cy-
clopentadienyl and pyridocarbazole moieties in one molecule.
Accordingly, we synthesized the individual stereoisomers of
NP549 (see the Supporting Information for synthetic details)
and found (Rg.)-NP549 to be an extremely potent inhibitor for
GSK-3f, with an ICs, of 40 pm at 100 um ATP*' Since this
ICs, was measured in the presence of the lowest practicably
possible GSK-3[3 concentration of 100 pwm, this value reflects an
upper limit. Because GSK-3f displays a K, value for ATP of
15 pum, the binding constant can be estimated as K;<5 pm by
application of the Cheng-Prusoff equation.™ With this value,
(Rs)-NP549 is one of the highest-affinity ligands for a protein
kinase known to date"® (Figure 1).

In order to investigate the binding mode of this class of
organoruthenium complexes to GSK-38, we crystallized full-
length human GSK-3f, soaked it with a solution of enantiomer-
ically pure (Rg,)-NP549, and solved to a resolution of 2.4 A
(Table 1). The global structure reveals the typical two-lobe pro-
tein kinase architecture, connected by a hinge region, with the
catalytic domain positioned in a deep intervening cleft and
(Ra)-NP549 occupying the ATP-binding site, similar to the
binding of staurosporine and synthetic organic inhibitors
(Figure 2)."”

Compound (Rg,)-NP549 forms a number of hydrogen bonds
within the ATP-binding site of GSK-33 (Figure 3). Together, the
maleimide moiety and the indole OH group establish three im-
portant hydrogen bonds to the backbone of the hinge region:
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Figure 1. 1Cy, curves with GSK-3f3 obtained by phosphorylation of phospho-
glycogen synthase peptide-2 with [y-**PJATP at 100 um ATP. HB1229 and
NP549 were used as their R, isomers.

Table 1. Crystallographic data and refinement statistics.

Parameter®®

space group P2,2,2,

cell dimensions [A] a=283.04, b=86.11, c=177.39
resolution [A] 24

total observations 209116 (52103, 4)

(unique, redundancy)

completeness (outer shell) 97.4 (98.3)
Rinerge (outer shell) [%] 10.5 (71.2)
/o (outer shell) 144 (2.1)
Ruork (Riree) [%] 19.0 (22.7)
hetero groups (Rsu)-NP549
rmsd bond length 0.016

rmsd bond angle 1.548
Ramachandran (allowed/ 91.1/8.6/0.3

generally allowed/disallowed)

[a] rmsd =root-mean-square deviation.

Figure 2. Crystal structure of GSK-3 with the ruthenium compound (Rg,)-NP549 bound to the ATP-binding site.
A) Overview of the complete structure. B) Electron density of the ruthenium complex contoured at 10. C) Fit of
(Rrw)-NP549 into the active site of GSK-3 with emphasis on the hydrophobic pocket for the CO ligand. D) Super-
imposed binding positions of (Rg,)-NP549 and other small molecules (PDB codes 1V5, 1Q3D, 1Q3W, 1Q4L, 1Q5K,
1Q41, and TROE) within the ATP-site of GSK-3f. E) Relative binding positions of (Rz,)-NP549 and staurosporine
(PDB code 1Q3D) within the ATP-site of GSK-3f.
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one between the imide NH group and the backbone carbonyl
oxygen of Asp133, a second between one of the imide carbon-
yl groups and the backbone NH of Val135, and the third be-
tween the backbone carbonyl oxygen of Val135 and the indole
OH. The second carbonyl group of the maleimide moiety
forms a water-mediated contact to Asp200. An additional hy-
drogen bond is established with the amide carbonyl group at
the cyclopentadienyl moiety, which is in a water-mediated con-
tact to Thr138. The carboxylate group does not form any par-
ticular hydrogen bond but is well placed close to a positively
charged patch formed by Arg141 and Arg144, thus contribu-
ting to electrostatic attraction. Furthermore, the fluoride atom
is close to the amino group of Lys85 (3.1 A), which suggests a
weak F--H—N hydrogen bond.

Compound (Rg,)-NP549 is involved in extensive van der
Waals contacts with GSK-3p3. A hydrophobic pocket for the pyr-
idocarbazole moiety is formed by side chains from more than
10 amino acids, in particular Phe67, Val70, Ala83, Val110,
Leu132, Tyr134, Val135, Leu188, and Cys199. Phe67 also packs
against the CO ligand and one edge of the cyclopentadienyl
moiety, whereas GIn185 interacts with one edge and the face
of the cyclopentadienyl ring and the adjacent amide carbonyl
group. Finally, the methyl group of the cyclopentadienyl amide
side chain forms a hydrophobic contact with the CH, group of
Gly63 in the glycine-rich loop.

Most interestingly, the CO ligand comes into particularly
close contact to Gly63, with a distance to the methylene group
of only 3.1 A. This is below the van der Waals distance and
suggests dipolar interactions."® We have also observed such
close contacts to glycine-rich loops in crystal structures of re-
lated organometallic compounds with the protein kinase Pim-
1.71% |n addition, Gly63, together with the side chains of lle62,
Val70, and Phe67, create a small hydrophobic pocket in which
the CO ligand is buried (Figure 3C). It is noteworthy that re-
placing the CO by any other monodentate ligand reduces the
binding affinity significantly."
For example, exchanging the CO
group in HB12 for PF; (CS44) in-
creases the ICs, around 25-fold,
presumably because the PF;
ligand is too big for this pocket,
whereas replacing the (n’-
C;H;)RUCO moiety in HB12 by
the highly similar (1°-CgHg)RUCN
fragment (NP930) leads to a 75-
fold diminished affinity
(Scheme 1). Such a dramatic
effect of the replacement of a
CO ligand with a cyanide has
also been observed by us previ-
ously in a related octahedral
scaffold."” Although CO and cy-
anide are isoelectronic, coordi-
nated CO is hydrophobic,?*?"
whereas coordinated cyanide
tends to form hydrogen bonds
with its nitrogen lone pair and
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Figure 3. Interactions of (Rg,)-NP549 within the ATP-binding site of GSK-3f. A) Hydrogen bonding interactions.
B) The most important hydrophobic interactions. C) Highlighting the close contact of the CO ligand of (Rg,)-
NP549 with Gly63 and the small hydrophobic pocket for the CO. D) Proximity of the carboxylate to Arg141 and

ATP-binding site and forms
three direct hydrogen bonds,
two water-mediated hydrogen
bonds, and one fluorine-mediat-
ed hydrogen bond, undergoes
electrostatic contacts between
the carboxylate tail and two ar-
ginines, and is involved in van
der Waals interactions with over
ten amino acids. Furthermore,
the CO ligand stacks against the
glycine-rich loop and is buried
in a small pocket, which ap-
pears to be crucial for affinity
and selectivity for GSK-3f. With
a K value of around 5pm or
less, (Rg,)-NP549 is one of the
most potent protein kinase in-
hibitors reported to date,
almost four orders of magni-
tude more potent than the re-
lated natural product stauro-

sporine (IC5,=180 nm at
100 um  ATP), demonstrating
that this  organoruthenium

structure is a privileged scaffold
for the design of GSK-3 inhibi-
tors.

of Arg144 and of Lys85 to the fluorine substituent, together with interaction of GIn185 with the cyclopentadienyl

ring and the adjacent amide carbonyl group.

should not therefore have any tendency to bind into the hy-
drophobic pocket formed from the glycine-rich loop.***
These examples demonstrate the importance of the CO group,
and we have in fact yet to find a highly potent and selective
ruthenium complex for GSK-3 that lacks this apparently crucial
CO ligand.

Finally, we compared the relative binding position of (Rg,)-
NP549 with cocrystal structures of small organic molecules
bound to GSK-3f. A superimposition of all available structures
demonstrates that (Rg,)-NP549 occupies the same area of the
ATP-binding site. However, it seems that the position of the
CO ligand, together with the perpendicular orientation to the
pyridocarbazole heterocycle, is a unique feature of (Rg.)-
NP549, allowing Val70 to reach down to the pyridocarbazole
moiety, thus maximizing the hydrophobic interactions with the
pyridocarbazole moiety and creating the hydrophobic pocket
for the CO ligand. Although the pyran oxygen atom of stauro-
sporine occupies a position in the active site similar to that of
the CO oxygen of the ruthenium complex, the glycine-rich
loop is in a significantly more open position, as displayed in
Figure 2E, and does not allow the same closure of the active
site with its optimized contacts.

In conclusion, here we report an extremely high-affinity GSK-
3 inhibitor and its binding to the ATP-binding site of GSK-3f.
Overall, (Ry,)-NP549 perfectly complements the shape of the
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Experimental Section

Cloning, expression, purification,
and crystallization of GSK-3f: GSK-33 was cloned into pET151
vector by use of a Champion™ pET Directional TOPO Expression
kit (Invitrogen). The protein was expressed in Rosetta2DE3 cells as
an N-terminal cleavable Hiss-tag fusion protein with TEV cleavage
site. The cells were grown at 37°C until they reached 0.D.=0.4, at
which point the temperature was decreased to 17°C. Once the
cells had reached OD=0.6, protein expression was induced with
isopropyl-p3-p-thiogalactopyranoside (IPTG (1 mm) overnight. The
next morning, the cells were centrifuged, resuspended in lysis
buffer [HEPES (50 mm), pH 7.2, NaCl (50 mm), glycerol (5%)] and
supplemented with Complete Protease Inhibitor Cocktail tablets
(Roche). The cells were then lyzed by sonication at 4°C. The super-
natant was collected and subjected to ion-exchange chromatogra-
phy (SP-Sepharose, GE Biosciences). The protein was bound onto
the column in HEPES (50 mm, pH7.2) and eluted with HEPES
(50 mm, pH 7.2)/NaCl (1 m). The eluted fractions were applied to a
Talon affinity column equilibrated with HEPES (50 mm, pH 7.5)/NaCl
(300 mmMm). The column was washed with HEPES (50 mm, pH 7.5)/
NaCl (300 mm)/imidazole (20 mwm), and the protein was eluted with
HEPES (50 mm, pH 7.5)/NaCl (300 mm)/imidazole (250 mm). GSK-3f3
was treated overnight with A-phosphatase and TEV-protease to
remove phosphate and His-tag, respectively. Further purification
was achieved with a MONO-S column (GE Biosciences). The protein
was loaded onto the MONO-S column in HEPES (50 mm, pH 7.2)/
glycerol (10%)/dithiothreitol (DTT; 1 mm) and eluted with a linear
gradient (0-1m) of NaCl in HEPES (50 mm, pH 7.2), glycerol (10%),
and DTT (1 mm) to ensure the separation of phosphorylated and
non-phosphorylated species. Non-phosphorylated GSK-33 was sub-
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jected to gel filtration chromatography (Superdex 26/60, GE Bio-
sciences) in HEPES (50 mm), DTT (1 mm), MgCl, (2 mm), Nacl
(500 mm), pH 7.2 and concentrated to 3-4 mgmL™" for crystalliza-
tion purposes. Crystals of the apo-protein were grown at 4°C in
4 uL hanging drops in which protein solution (2 uL) was mixed
with the precipitant solution (2 pL). Crystals were observed in Tris
(100 mm, pH 7.2)/PEG 6000 (20%) or PEG 8000 (12.5%) within
three days. The crystal quality was improved by overlaying oil
(50% silicon oil in paraffin oil, 400 uL) onto reservoir solution
(600 pL). Apo-form crystals were soaked with the ruthenium com-
pound overnight at 4°C in Tris (100 mm, pH 7.2), PEG 6000 (20 %),
(Raw)-NP549 (1 mm), DMSO (10%) and glycerol (1%). The next
morning the crystals were cryoprotected in glycerol (25%) and
flash frozen in liquid nitrogen.

Data collection and structure determination: Cryoprotected crys-
tals diffracted up to 2.4 A on the A1 beam line at the Cornell High
Energy Synchrotron Source (Ithaca, NY). After indexing and merg-
ing of the data (HKL2000), the structure was solved by molecular
replacement with use of a crystal structure of GSK-3f3 (PDB code
'J1B) as a search model calculated with Phaser. Refinement and
manual rebuilding of the model were performed with REFMACS5
and Coot, respectively. Data collection and current refinement sta-
tistics are listed in Table 1. Coordinates of the structure have been
deposited in the Protein Data Bank (PDB ID: 2JLD).

Measurement of IC;, values with GSK-3f: GSK-33 and phospho-
glycogen synthase peptide-2 (PGSP-2) were purchased from Up-
state Biosciences (USA). Various concentrations of inhibitors were
incubated at room temperature in 4-morpholinepropanesulfonic
acid (MOPS; 20 mwm), MgCl, (30 mwm), BSA (0.8 uguL™"), and DMSO
(5%, originating from the inhibitor stock solution) at pH 7.0, in the
presence of PGSP-2 (20 um) and GSK-3f3 (200 pm for NP930, HB12,
and DW12; 100 pm for HB1229, NP309, and NP549). After 15 min,
the reaction was initiated by addition of ATP (100 um), including
approximately 0.2 uCipuL ™" [y-*2P]ATP. Each reaction was performed
in a total volume of 25 pL. After 60 min, the reaction was terminat-
ed by spotting of 17.5 uL of the reaction mixture onto a circular
P81-phosphocellulose paper (diameter 2.1 cm, Whatman) followed
by washing four times (five minutes each wash) with phosphoric
acid (0.75%) and once with acetone. The dried P81-papers were
transferred to a scintillation vial, and scintillation cocktail (4 mL)
was added. The counts per minute (CPM) were determined with a
Beckmann 6000 scintillation counter, and ICs, values were defined
as the concentration of inhibitor at which the CPM was 50% of the
control sample, corrected for the background.
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Gene Silencing in Mammalian Cells with Light-Activated Antisense Agents

Douglas D. Young,” Hrvoje Lusic,™ Mark O. Lively,™ Jeffrey A. Yoder,” and Alexander Deiters*"

Detailed knowledge of the external regulation of gene func-
tion is a fundamental necessity in order to annotate sequenced
genomes and to understand biological processes in single cells
and multicellular organisms. One of the most widely used ap-
proaches for the down-regulation of specific genes is the ap-
plication of antisense agents. Antisense agents are oligomers
that have the ability to hybridize sequence specificslly to
mRNAs, inhibiting translation and potentially leading to mRNA
degradation through RNAse H recruitment."™ For the investi-
gation of gene function, antisense agents can be transfected
into cells in cell culture experiments or injected into the em-
bryos of model organisms at an early point in development.
Moreover, antisense oligomers are being investigated as thera-
peutics, and one reagent, Vitravene (Isis Pharmaceuticals), is
available for the treatment of cytomegalovirus retinitis.””’ How-
ever, a substantial drawback of current antisense technologies
is the inability to regulate their activity with spatial and tempo-
ral control. When transfected or injected into cells, antisense
agents are instantaneously active and are distributed to all
daughter cells in cell culture or a developing multicellular or-
ganism. This inhibits the investigation of the spatial and/or
temporal regulation of genes. Moreover, genes that are essen-
tial in early development cannot be targeted with antisense
agents, since they are silenced immediately after injection in-
ducing death in the studied organism. These problems can be
solved with light-activated, photocaged, antisense agents.
Photocaging represents an effective means of simultaneous-
ly achieving spatial and temporal control over biological func-
tions.” The term “caging” refers to the installation of a photo-
removable group on a biologically active molecule, thus ren-
dering the molecule inactive. Irradiation with UV light removes
the caging group and restores biological activity. Previous
research has involved photocaged oligonucleotides,”™ pep-
tides,"” and proteins."" We envisioned the photochemical reg-
ulation of antisense activity through the incorporation of a
caged base into the oligomer (Scheme 1). This strategy is more
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Scheme 1. Light-regulation of antisense activity through the incorporation
of light-removable groups, which block the hybridization of phosphoro-
thioate DNA oligomers to mRNA. Brief UV irradiation at 365 nm removes the
caging groups, enables sequence specific binding to the mRNA, and thus,
blocks translation and/or leads to RNase H-catalyzed mRNA degradation.

predictable, synthetically less complex, and less prone to the
generation of undesired side products than previous solutions
involving the statistical caging of the phosphate backbone or
the application of photocleavable inhibitors.'*'

One of the most commonly employed antisense agents is
based on a DNA phosphorothioate (PS DNA) backbone.'¥ PS
DNA antisense agents have been used in mammalian cell cul-
ture and murine models, and have been FDA approved as
therapeutic agents in humans. They have been employed in
the study and potential therapy of Crohn’s disease, Hepatitis C,
and various cancers."™™ As in the case of locked nucleic acids
(LNA)," peptide nucleic acids (PNA),"*! and morpholinos (MO),””
the phosphorothioate modification conveys intracellular stabili-
ty to the oligomer. Moreover, it is generally accepted that the
formation of PS DNA/RNA duplexes leads to the recruitment of
endogenous RNase H, which subsequently hydrolyses the RNA
strand in the duplex in a catalytic fashion (an alternative way
to achieve RNase H recruitment is through the application of
Gapmers)."? The light regulation of LNA, PNA, MO, and PS
DNA antisense agents can be advantageous over siRNAs,['>'"
since some organisms possess an amplification pathway that
contains an RNA-dependent RNA polymerase; this leads to a
catalytic cascade proliferating the siRNA response.’® As a
result, the ability to tune the silencing event is lost. Moreover,
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in contrast to antisense agents, siRNAs can potentially pass
from cell to cell, thus eliciting a systemic effect and impairing
the ability to achieve spatial control over gene function.'” Ad-
ditionally, LNA, PNA, MO, and PS DNA antisense agents are
chemically and physiologically more stable than RNA, affording
an easier preparation and delivery of the caged analogues. An
advantage of PS DNA over other antisense agents is their ease
of synthesis with commercially available monomers and con-
ventional DNA synthesizers. We hypothesized that the hybridi-
zation of a PS DNA antisense agent to its corresponding mRNA
target can be disrupted through the installation of NPOM (6-
nitropiperonyloxymethyl)-caged thymidine® residues on the
PS DNA (Scheme 1).

Thus, we synthesized a noncaged PS DNA antisense agent,
which was previously reported to target the Renilla luciferase
reporter gene (Table 1).2% In addition, we synthesized PS DNA

Table 1. Synthesized caged and noncaged phosphorothioate DNA oligo-
mers®.

PS DNA Sequence T, —UVI[C T, +UVI[C]
control 5-TCCAGAACAAAGGAAACG-3’ n.d. n.d.
noncaged 5-CGTTTCCTTTGTTCTGGA-3' 39.5+0.5 39.34+0.8
3-caged 5-CGTTT*CCTTT*GTTCT*GGA-3' n.d. 39.24+0.6
4-caged 5-CGTT*TCCT*TTGT*TCT*GGA-3’ n.d. 38.94+0.8

[a] Melting temperature of PS DNA/RNA hybrids before and after irradia-
tion (5 min, 365 nm, 23 W). T* denotes the caged thymidine. n.d.=not
detectable.

antisense agents carrying three or four NPOM-caged thymidine
residues under standard DNA synthesis conditions (see the
Supporting Information) in conjunction with Beaucage's re-
agent®” for the introduction of the phosphorothioate back-
bone. We selected three and four caging groups, evenly dis-
tributed throughout the PS DNA 19-mer, based on our previ-
ous experiments on PCR light regulation.” Finally, we prepared
a control PS DNA sequence that should not induce silencing of
the Renilla luciferase reporter gene.

In order to assess the effective decaging of the synthesized
PS DNA oligomers, we first performed decaging experiments,
which were monitored by HPLC (see the Supporting Informa-
tion). For both the 3-caged and 4-caged oligomers (containing
three and four caged thymidines, respectively), 5 min of irradi-
ation with a hand-held UV lamp (23 W) led to the complete
disappearance of the caged oligomer and the exclusive detec-
tion of the noncaged PS DNA. We then examined the capacity
of the three and four caging groups to inhibit hybridization of
the caged PS DNA oligomer to the complementary RNA se-
quence (5-UCC AGA ACA AAG GAA ACG-3'). We monitored hy-
bridization on a BioRad MyiQ RT-PCR thermocycler by conduct-
ing a sequence of three heating and cooling cycles (10 um of
both PS DNA and RNA with 12.5 pL iQ SYBR Green Supermix in
a total volume of 25 uL, 30°C to 80°C with a 0.5°Cmin”’
ramp). We detected no hybridization in this temperature range
for the control PS DNA or the nonirradiated caged PS DNA
oligomers. The noncaged PS DNA/RNA hybrid melted at
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approximately 39°C, which agreed with that of similar PS
DNAs.”? [rradiation at 365 nm for 5 min completely restored
hybridization for both caged antisense agents (Table 1).

These antisense oligomers were transfected into mouse fi-
broblast cells (NIH 3T3) together with a dual reporter system
encoding Renilla luciferase and firefly luciferase as a transfec-
tion control. As previously described,” the noncaged PS DNA
induced a 70% down-regulation of the Renilla luciferase signal,
and Figure 1 displays all luciferase readouts normalized to that

40 manouv
3.5 B vy

3.01
2.59
2.0

1.5

normalized luciferase signal —

1.04

Non-caged 3-caged  4-caged Control No PS DNA

Figure 1. Renilla luciferase signal after PS DNA transfection & UV irradiation
(365 nm, 23 W hand-held UV lamp, 5 min), normalized to the transfection of
the noncaged PS DNA antisense agent. The error bars represent the stan-
dard deviation of three independent experiments.

signal. The control PS DNA has no effect on the luciferase
signal, as shown by a comparison to cells that had not been
transfected with PS DNA. Moreover, the UV irradiation (365 nm,
23 W hand-held UV lamp, 5 min) of 3T3 cells has no effect on
the luciferase signal (within the error of the experiment), as
shown by comparing the “UV” and “no UV” data for the non-
caged and control PS DNA experiments. Gratifyingly, the instal-
lation of three caging groups completely inhibits the antisense
activity of the PS DNA oligomer, as expected from the hybridi-
zation experiments. Moreover, a brief irradiation with UV light
quantitatively restores antisense activity to the level of the
noncaged antisense agent. The same result was achieved with
the PS DNA oligomer containing four caging groups. This
clearly demonstrated the ability to regulate gene silencing ac-
tivity with light through the incorporation of caged monomer-
ic building blocks into phosphorothioate antisense oligomers.
The brief UV irradiation did not elicit any toxic effects on 3T3
cells, as demonstrated by a cell viability assay (see the Sup-
porting Information).

In order to demonstrate spatial regulation of gene expres-
sion with caged PS DNA antisense agents, we transfected 3T3
cells with the Renilla luciferase plasmid and with or without PS
DNA in a six-well format. After a 4 h incubation, the medium
was removed and the cells were irradiated at 365 nm (5 min,
23 W) in a specific location by using a mask. After a further
24 h incubation for luciferase expression to occur, the plate
was imaged on a Xenogen Lumina system (Figure 2). A high
level of spatial control of antisense activity was achieved, as
only the irradiated areas of the cell monolayer transfected with

ChemBioChem 2008, 9, 2937 - 2940
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Figure 2. Spatial regulation of Renilla luciferase expression with caged PS
DNA antisense agents. The cellular monolayer was only irradiated inside the
white dashed circle (365 nm, 5 min, 23 W). A) Negative control without luci-
ferase plasmid. B) Transfection with luciferase plasmid and 3-caged PS DNA.
C) Transfection with luciferase plasmid and 4-caged PS DNA. D) Positive con-
trol without PS DNA. E) Positive control without PS DNA and without irradia-
tion. F) Transfection with luciferase plasmid and inactive control PS DNA.

caged PS DNA agents displayed little to no luciferase expres-
sion. In contrast, when wells containing no caged PS DNA
were irradiated under identical conditions, no luciferase silenc-
ing was observed.

In summary, we have developed an effective light-regulated
gene-silencing methodology through the incorporation of a
caged thymidine phosphoramidite into phosphorothioate anti-
sense agents under standard DNA synthesis conditions. We
have demonstrated the disruption of antisense activity and its
restoration with UV irradiation through hybridization studies
and in mammalian cell culture with a luciferase reporter gene.
Moreover, we obtained precise spatial control of gene expres-
sion. Due to its easy synthesis and its excellent light-activation
properties, we believe that the developed antisense technolo-
gy will find widespread application in the investigation and
regulation of gene function.

Experimental Section

Luciferase assay. Mouse fibroblast cells (NIH/3T3) were grown at
37°C and 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM,
Hyclone), supplemented with 10% Fetal Bovine serum (FBS, Hy-
clone) and 10% streptomycin/ampicillin (MP Biomedicals). Cells
were passaged into two 96-well plates (200 uL per well, ~1x10*
cells per well) and grown to ~80% confluence within 24 h. The
medium was changed to OPTIMEM (Invitrogen), and the cells were
cotransfected with pGL3 (0.43 pg, Promega), pRL-TK (0.043 nug,
Promega), and the phosphorothioate DNA (250 pmol) with X-
Treme GENE (3:2 reagent/DNA ratio, Invitrogen). The following
conditions were used: no phosphorothioate oligomer, a sense-
strand control phosphorothioate oligomer, the noncaged Renilla
luciferase-targeting phosphorothioate, and the phosphorothioate
with either three or four caging groups. All transfections were per-
formed in triplicate. Cells were incubated at 37°C for 6 h, and the
transfection medium was removed. One of the 96-well plates was
briefly irradiated with a hand-held UV lamp (365 nm, 25 W) for
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5min. The medium was then replaced with standard growth
medium, and the cells were incubated for an additional 24 h. After
the 24 h incubation, the cells were observed, and no changes in
growth or morphology were visible when comparing the irradiated
cells with the nonirradiated cells. Following the visible inspection,
the medium was removed, and the cells were assayed with the
Dual-Luciferase Reporter Assay system (Promega) with a Wallac
VICTOR®V luminometer with a measurement time of 1s and a
delay time of 2 s. The ratio of Renilla to Firefly luciferase expression
was calculated for each of the triplicates, the data were averaged,
and standard deviations were calculated by using Microsoft Excel.
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The injured adult mammalian central nervous system has no
capacity for axon regeneration,””’ predominantly due to specific
inhibitors expressed on residual myelin and on astrocytes re-
cruited to the injury site.””® Several of these inhibitory proteins
have been identified, including the myelin-associated glyco-
protein (MAG).”® MAG is a transmembrane glycoprotein™ that
belongs to a family of sialic acid-binding immunoglobulin-like
lectins, the so-called siglecs."® There are two classes of well-
defined axonal targets of MAG on the surface of neurons: sialy-
lated glycans, specifically the gangliosides GD1a and GT1b,"*
3l and proteins of the NgR family."*'® Although the relative
roles of gangliosides and NgRs as MAG ligands have yet to be
resolved, in some systems MAG inhibition is completely re-
versed by sialidase treatment, suggesting that MAG uses sialy-
lated glycans as its major axonal ligands."® Therefore, potent
glycan inhibitors of MAG may be a valuable therapeutic ap-
proach to enhance axon regeneration.

The native carbohydrate ligand with the highest affinity to
MAG is the ganglioside GQ1ba.l'”" As a starting point for our
search for MAG antagonists, data about the minimal binding
epitope of 1 and its bioactive conformation are required, since
the most abundant solution conformation does not necessarily
represent the bound conformation. Recently, the MAG-affinity
of partial structures of GQ1ba (1), namely derivatives of tetra-
saccharide 2 and trisaccharide 5, was clearly correlated with
their ability to reverse MAG-mediated inhibition of axon out-
growth (Scheme 1).'®™ Both saccharides 2 and 5 contain a
flexible a(2—3)-glycosidic linkage between the sialic acid
(Neu5Ac) and the central galactose (Gal) residue, and it is un-
known which of the solution conformations is recognized by
the receptor protein. The objective of this study is to analyze
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the conformation of these a(2—3)-glycosidic linkages when
bound to MAG. It is known that conformational preorganiza-
tion of ligands may significantly improve binding affinities, and
this information is crucial for the design of potent antagonists.
A prominent example is conformationally preorganized E-selec-
tin antagonists based on the bioactive conformation of sialyl
LeWin.[ZO'ZH

In general, carbohydrate-protein interactions are character-
ized by exchange reactions that are fast on the NMR chemical
shift and relaxation timescales. Therefore, transferred NOE
(trNOE) experiments are ideally suited for the analysis of bioac-
tive conformations of protein-bound carbohydrates.”” Flexible
glycosidic linkages have drawn special attention since different
bound conformations are possible. Here, we analyze the bioac-
tive conformations of Neu5Aca(2—3)Galf(1—3)[Neu5Ac a(2—
6)]GalNAc (2), Neu5Aca(2—3)Galp(1—3)[Neu5Aca(2 —6)]Gal
(3), Neu5Aca(2—3)Galp(1—3)GalNAc (5)* and GalB(1—3)
[Neu5Aca(2—6)]Gal (6),** as well as the tetrasaccharide mimic
4 when bound to MAG (Scheme 1; for the syntheses of 2, 3
and 4 see the Supporting Information). This study comple-
ments an accompanying paper that describes the analysis of
the binding epitopes of trisaccharide 5 and tetrasaccharide 2
when bound to MAG using saturation transfer difference (STD)
NMR.24

From the change in the pattern of specific interglycosidic
NOEs between tetrasaccharide 2 free in solution (Figures 1A
and C) and in the bound form (Figures 1B and D, namely the
disappearance of the NOEs H3”-H3ax"" and H3"-H3eq"), it is
concluded that the terminal a(2—3)-linked Neu5Ac residue is
bound in a minus-gauche orientation, as it has been observed
before for sialyl Lewis* binding to E-selectin.*>~” The thorough
quantitative analysis of the bioactive conformations of the
structurally related ganglioside derivatives 2 to 5 (see the Sup-
porting Information) reveals that the “sialyl Lewis*-type binding
mode” is a common theme among the carbohydrate-protein
interactions studied (Table 1, see also Table S7). Interestingly,
binding of trisaccharide 6 was too weak to give sizeable
trNOEs (Supporting Information), supporting the assertion that
an o(2—3)-linked Neu5Ac residue is absolutely required for
MAG binding.”**! Based on a full relaxation and exchange
matrix analysis of the trNOE data employing the program COR-
CEMA,®*3" we deduced a docking model (Supporting Informa-
tion) for the interaction of the ganglioside derivatives with
MAG.

A complete set of NOESY spectra of oligosaccharides 2 to 5
in the absence and presence of MAG is found in the Support-
ing Information (Figures ST and S2). As an example, Figure 1
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Scheme 1. Structures of the ganglioside GQ1ba (1) and the oligosaccharides 2—-6 (OSE = 2-trimethylsilylethoxy).

displays NOESY spectra of tetrasaccharide 2. For all saccharides
except pseudo-tetrasaccharide 4, the acquisition of build-up
curves was required in order to quantify trNOEs. For 4, in the
absence of MAG, NOEs were close to zero and a distinction
between NOEs and trNOEs was in this case straightforward.
Details of the NOE experiments can be found in the Support-
ing Information.

The trNOE patterns in the presence of MAG were clearly dif-
ferent from the NOE patterns observed for the free saccharides
as highlighted for tetrasaccharide 2 in Figure 1. In comparison
to the corresponding NOEs, the trNOEs between H3 of Gal and
H3,, of Neu5Ac at the a(2—3)-glycosidic linkage were consid-
erably weakened in the presence of MAG for all saccharides
investigated. At the same time, the trNOEs between H3 of Gal
and H8 of Neu5Ac gained intensity in all cases as compared to
the corresponding NOE. This pattern is only compatible with
the so-called “syn” conformation at the a(2—3)-glycosidic link-
age (Table 1 and Figure 2). The relative sizes of NOEs across
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the Galf3(1—3)-glycosidic linkages were almost identical in the
absence and in the presence of MAG, indicating that no signifi-
cant conformational changes occur around these linkages
upon binding.

For a quantitative analysis of the trNOEs, a homology model
of MAG was constructed based on the crystal structure of the
N-terminal V-set domain of sialoadhesin®®? (Figure S4). Ligands
2 to 5 were docked to this homology model with the program
AutoDock 3.0,%% and the docking models were further energy
minimized with Sybyl.*¥ For the docking experiments, ligands
were assumed to be rigid using qualitative restraints from in-
terglycosidic trNOEs (Figure 1).

For the a(2—6)-linkage, manual docking of the tetrasacchar-
ides with Sybyl yielded a gt-orientation for the w dihedral
angle around the C5-C6 bond of the reducing galactose
moiety. The dihedral angles at the a(2—3)-glycosidic linkages
are shown in Table 1. The complete set of glycosidic angles of
all docked ligands can be found in the Supporting Information

ChemBioChem 2008, 9, 2941 - 2945
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Figure 1. Portions of NOESY spectra of tetrasaccharide 2 in the absence (see
A and C); 700 MHz, 288 K, mixing time 500 ms) and in the presence of MAG
(see B and D); 700 MHz, 288 K, mixing time 200 ms). NOEs and trNOEs are
negative, and therefore build-up curves have been obtained for a more de-
tailed analysis (Supporting Information). The spectra show that there are im-
portant changes between the trNOE and the NOE pattern. Most importantly,
the NOE between H3"” and H3ax"’ (see A, arrow) is almost extinct in the
presence of MAG (see B, arrow). In contrast, the NOE between H3" and H8"’
(C) is more pronounced in the presence of MAG (D). This “pattern” of inter-
glycosidic transfer NOEs (see B and D) reveals the so called minus-gauche
conformation at the a(2—3)-glycosidic linkage of 2 as the bioactive confor-
mation. The same effects have been observed for the other ligands investi-
gated (Supporting Information). " refers to the GalNAc residue, ” to Gal, and
""" to 0(2—3)-Neu5Ac. For a comparison of the trNOE and NOE build-up
curves of the critical effects shown in this Figure see Figure S3 in the Supple-
mental Information.
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Table 1. ¢/1 values of the a(2—3) Neu5Ac-Gal motif in saccharides 2 to
5 as compared to the same motif as part of sLe* bound to E-selectin.

Ligand ¢ (C1""-C2""-03"-C3") W (C2-03"-C3"-H3")
2,3 —58° —25°

4 —59° —26°

5 —64° —17°
sLex25-27) —43° to —76° +6° to —22°

Gal Gal

Figure 2. Bioactive conformation of the Neu5Aca(2 —3)Gal moiety of tetra-
saccharide 2 bound to MAG as determined by trNOE experiments. The ori-
entation of this linkage in the bound form is very similar for the saccharides
2 to 5 investigated here (see Table 1). Upon binding to MAG, the trNOE be-
tween H3” and H3,,” is considerably attenuated indicating a rather large
distance between the two protons (4.3 A). At the same time, the distance
between H3" and H8"" becomes 2.8 A, which is consistent with a significant
trNOE. In solution, this conformation is in equilibrium with a different con-
formational family in which the distance between H3” and H3,,” is rather
short and leads to a large NOE as shown in Figure 2 A. The image was pro-
duced with the program PyMOL (http://www.delanoscientific.com).

(Table S3). Based on the docking results, it is predicted that the
carboxyl group of the a(2—3)-linked Neu5Ac residue forms a
salt bridge with Arg118, and that the carboxyl group of the
0(2—6)-linked Neu5Ac is in contact with the amino group of
Lys67 (Figure 3).

A full relaxation matrix analysis of the trNOE build up curves
was then performed for saccharides 3, 4 and 5 employing the
program CORCEMA (Supporting Information). Due to severe
overlap of the anomeric protons of Gal (H1”) and GalNAc (H1'),
tetrasaccharide 3 rather than 2 was employed for a detailed
quantitative analysis of trNOEs. The calculated trNOEs were in
very good agreement with the experimental values. For the
a(2—6)-linkage, experimental trNOEs are rather sparse and
cannot “prove” the proposed bound conformation. On the
other hand, site-directed mutagenesis of Lys67 (K67A) leads to
a significant drop in binding activity for tetrasaccharide 2, but
not for trisaccharide 5, which further indicates the significance
of the proposed salt bridge and substantiates our model (un-
published results, for further details see the Supporting Infor-
mation).

It is interesting to note that using Kj values obtained from
the STD NMR titrations as described in the accompanying
paper® yields k,, and k. rate constants through CORCEMA
calculations (Table S4) that correspond very well with surface
plasmon resonance data obtained for the binding of sialyl
Lewis® to a monoclonal antibody.”™ In the present study k.,
and k.4 values were obtained by fitting experimental and cal-
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Neu5Ac(2,6)

Lys67
v

Trp22

Tyr69

Figure 3. NOE-based docking model of tetrasaccharide 2 in the binding site
of MAG. Only selected amino acids of the binding pocket are shown. The a-
(2—3)-glycosidic linkage prefers a “syn” orientation. It is seen that the car-
boxy groups of the a(2—6)-linked and the (2 —3)-linked Neu5Ac residues
are close to the side chains of the amino acids Lys67 and Arg118, respective-
ly, allowing for corresponding salt bridges. The image was produced with
the program PyMOL (http://www.delanoscientific.com).

culated trNOE curves. The data suggest that association of the
saccharides and MAG is significantly slower than would be ex-
pected for a diffusion-controlled process. It is an open ques-
tion whether this is due to conformational changes of MAG,
the ligand, or both during the binding process.

To summarize, our study shows that the Neu5Aca(2 —3)Gal
moiety, present in compounds 2 to 5, binds to MAG in a “sialyl
Lewis*type binding mode.” So far, from the data available it
appears that this is the preferred binding conformation for the
Neu5Aca(2—3)Gal disaccharide moiety, independent of the
glycosylation pattern present at the reducing end (Table S7).
As a representative example, Figure 3 shows the docking
model of tetrasaccharide 2 bound to MAG. For the future
design of conformationally preorganized and thus more
potent MAG antagonists, the knowledge of the bioactive con-
formation of the Neu5Aca(2—3)Gal moiety will be extremely
valuable.

Experimental Section

Synthesis: The synthesis of the compounds 2-4 is described in the
Supporting Information. The synthesis of compounds 5 and 6 has
been published.?*!

NMR sample preparations for free ligands: NMR samples were
prepared in deuterated phosphate buffer (600 uL, 99.98% D) con-
taining sodium phosphate (10 mm), NaCl (150 mm), and NaN,
(0.1%) at pH 7.4.
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NMR sample preparation in the presence of MAG: MAG concen-
trations were determined using UV absorbance at 280 nm (¢=
1.44m~'ecm™"). The exchangeable protons of the protein were ex-
changed into a deuterated phosphate buffer (10 mm sodium phos-
phate, 150 mm NaCl, pH 7.4) by repeated washing using a micro-
concentrator with a 10 kDa molecular weight exclusion limit (Sar-
torius, Gottingen, Germany). Protein concentrations in the NMR
samples ranged between 30 and 60 pum. The concentrations of tri-
saccharide 5, tetrasaccharide 2, tetrasaccharide 3, pseudo-tetrasac-
charide 4, and trisaccharide 6 were 540, 800, 800, 814 and 840 um,
respectively.
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Binding Epitopes of Gangliosides to their Neuronal Receptor, Myelin-
Associated Glycoprotein, from Saturation Transfer Difference NMR

So-Young Shin,® Heiko Géathje, Oliver Schwardt,” Gan-Pan Gao,"” Beat Ernst,” Soerge Kelm,” and

Bernd Meyer*®

The myelin-associated glycopro-
tein (MAG) inhibits neurite out-
growth in the central nervous
system.'"" Certain gangliosides
can block this action of MAG
and can thus stimulate the re-
growth of severed neurons. In
this study we analyzed the
binding epitopes of fragments
of the ligand with the highest
binding affinity to MAG, that is,
the ganglioside GQ1ba.'”? Spe-
cifically, we studied the binding
of three trisaccharides and one
tetrasaccharide to the MAG chi-
mera FCMAG,; _;® using satura-
tion transfer difference (STD)
NMR."*™ " Trisaccharide Siaa-
(2—3)Galp(1—3)GalNAc (2) and
the tetrasaccharide, Siaa(2—3)
Galp(1—3)[Siac(2 —6)]GalNAc (3), 20%
are fragments of GQ1ba, where-
as the trisaccharide Siao(2—3)
Galp(1—3)Gal (1) is a close
mimetic."® For reference pur-
poses, the commercially avail-
able sialyllactose  Siaa(2—3)
GalP(1—4)Glc was also included
in the study to obtain its Kj
value. Understanding the de-
tailed binding mechanisms is
essential for developing effi-
cient inhibitors of this interac-
tion.

We determined the binding epitopes with (**C,'"H) HSQC STD
NMR spectra and 1D STD spectra whenever the HSQC data
were ambiguous (see the Supporting Information). The stron-
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Scheme 1. Binding epitopes of the three ligands obtained from the integration of signals in the STD HSQC. The
strongest signal (N-acetyl group, left) was scaled to 100 %, and all other signals were related to it. The signal inten-
sity was divided in three categories: black for 31-100% and mid gray for 1—30%, while overlapping signals are
coded in light gray and designated by ¥, meaning that analysis was only possible for the sum of the signals. The
absolute STD values of the N-acetyl groups were 22% for 1, 24% for 2 and 16 % for 3.

gest STD effect was on the N-acetyl group at position 5 of the
2—3-linked sialic acid for trisaccharides 1 and 2 (Scheme 1).
Therefore, the STD effect of this group was set to 100% in
each spectrum. This can be explained by a hydrophobic inter-
action with the protein. Also, the glycerol side chain of the
2—3-linked sialic acid showed high STD effects, thus indicating
that the region of H-6 to H-8 is involved in binding. The patch
from H-4 to H-6 of the central galactosyl residue also shows
strong STD contacts probably originating from hydrophobic
interactions. The carboxy function of the a(2—3)-linked sialic
acid is believed to interact with Arg118, and the proximity of
this part of the oligosaccharide to the carboxy group makes an
interaction likely. The low STD values for the protons of the
first galactose or galactosamine residues indicate that no sig-
nificant contribution to binding originates from these residues.
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The acetyl group of the galactosamine in 2 was obtained
from the 1D STD spectrum and showed a drastically smaller
STD effect of 9% (Supporting Information). Compounds 1 and
2 show an almost identical binding epitope; this suggests that
the N-acetyl group in the 2 position of the galactose residue
does not significantly contribute to binding. Due to the almost
identical STD effects of 1 and 2, it can be concluded that both
trisaccharides bind in the same mode and orientation.

The tetrasaccharide 3 carries an additional sialic acid at posi-
tion 6 of the GalNAc residue of 2 and represents the nonreduc-
ing terminus of GQ1ba. This tetrasaccharide shows a consider-
ably stronger binding affinity than trisaccharides 1 and 2 (see
below). Therefore, we wanted to understand the effect of the
extra sialic acid. The largest STD response is still observed at
the N-acetyl function of the a(2—3)-linked sialic acid. The
binding epitope of the tetrasaccharide is similar to that of the
trisaccharides. Differences are found for the a(2—3)-linked
sialic acid, in which the STD value of H-5 is decreased and that
of H-7 is increased compared to in the trisaccharides. This indi-
cates that a slight rotation of the sialic acid is moving the gly-
cerol side chain closer to the protein. This assumption is sup-
ported by the changes of the STD values in the H-6 protons of
the galactose. H-6a does not show any STD response in the tri-
saccharide 2 and carries a STD value of 14% in 3. In contrast,
H-6b has an STD of 27% in 2 that is reduced in 3 to 9%.

The reducing galactosamine residue of 3 has only low STD
effects, thus indicating that no close contacts to the protein
are present. Compared to 2 it shows increased STD values for
H-2, H-5 and the N-acetyl group; this also supports the notion
that the additional sialic acid in position 6 stabilizes and slight-
ly rotates the oligosaccharide relative to the protein.

The additional sialic acid shows only one sizable STD effect
of 40% on its N-acetyl group. A direct interaction of the car-
boxy group with the protein is likely but cannot directly be de-
tected by STD spectroscopy because of the lack of protons.
Mutational analysis in the lab of S.K. has shown that Lys67 of
MAG is probably also important for the binding of the tetrasac-
charide, which in turn supports the hypothesis of a second
ionic contact between the protein and the oligosaccharide. In
summary, it seems likely that the tetrasaccharide is oriented in
a similar way to the trisaccharides with a slight rotation of the
trisaccharide backbone towards the protein.

The K; values were determined by titration of a ligand solu-
tion to a protein sample and repeated acquisition of STD ex-
periments (see the Supporting Information). The K, values of
trisaccharides 1 and 2 were ~400 and ~800 pm, respectively
(see Figure 1). Thus, the N-acetyl group in position 2 of the
reducing galactose reduces the binding affinity by a factor of
two. The additional sialic acid in position 6 of the GalNAc resi-
due enhances the binding affinity fourfold resulting in a K; of
180 pMm. Sialyllactose was used as a reference, and its K, value
was found to be better than the dissociation constant of the
“native” trisaccharide with the correct linkage and the N-acetyl
group. Its K, of 650 um was between those of the two other
trisaccharides (Figure 2).
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Figure 1. Titration data of the four oligosaccharides analyzed for binding
constant with FCMAGd, _ ;. The binding constants for the trisaccharides are
in the range 390 to 820 um. The addition of the sialic acid at position 6 of
the GalNAc residue leads to a fourfold improvement in the binding constant
to 180 um. For the analysis of the binding constant, the N-acetyl signal of
the a(2—3)-linked neuraminic acid was used in all cases.

Figure 2. Binding epitope of trisaccharide ligand 2 shown in the conforma-
tion obtained by Bhunia et al."® The strongest signal (N-acetyl group) was
scaled to 100% and all other signals were related to it. Only the signals with
the closest proximity to the protein are highlighted here. The protons
shown in black carry the dominant STD effects of 30-100%. Additionally, the
carboxy group of the sialic acid residue, which was shown by other methods
to participate in binding, is shown in white.

Conclusions

One of the major problems in the analysis of its binding mode
is the lack of a three dimensional structure of MAG. It has
been shown that Arg118"% and Lys67 are essential for binding.
Based on trNOE data and homology modeling, in the accom-
panying paper Ernst et al. have devised a binding mode for 3
to MAG that is in agreement with the STD NMR data presented
here."® Combination of these NMR-based methods and model-
ing shows the clear advantage of arriving at validated binding
modes. The relative orientation of the pharmacophoric groups
of these natural ligands will help to validate homology models
of MAG and will lead to new, rationally designed inhibitors.
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The design and development of new ligands based on this
information is under way. These new compounds might show
a way to assist in the regeneration of severed nerves.

Experimental Section

A MAG chimera construct comprising the Fc unit of an immuno-
globulin and the first three domains of MAG, FCcMAGd,; was
employed.” The trisaccharides were synthesized through an enzy-
matic sialylation of chemically synthesized disaccharide acceptors
with sialyltransferase ST3Gal II,>® while the tetrasaccharide was
obtained by a full chemical approach.!'

NMR experiments: All titration experiments were performed on a
Bruker Avance DRX 500 MHz spectrometer equipped with a 5 mm
inverse triple-resonance probe head at 285 K. STD HSQC experi-
ments were performed on a Bruker Avance DRX 700 MHz spec-
trometer with a 5 mm Cryoprobe at 285 K. NMR samples were pre-
pared in D,O (600 pL, 99.9%) buffer containing NaCl (140 mm),
phosphate buffer (10 mm), KCI (3 mm), and NaN; (6 mm) at pH 7
(not corrected for D,0). Protein concentrations in the NMR samples
were in the range 8 to 14.9 um. Saccharides were added to the
protein  NMR sample from a concentrated stock solution
(10 mgmL™); dilution effects due to small volumes were neglect-
ed. Titration was performed up to a 150-fold excess of ligand over
protein. For all 1D spectra, water suppression was achieved by the
WATERGATE sequence with d19=200 ps.

For STD spectra, the on-resonance irradiation of the protein was
performed for titration experiments at a chemical shift of —2 ppm
and for STD HSQCs at + 7 ppm. Off-resonance irradiation was ap-
plied at +40 ppm. Selective saturation of the protein was achieved
by a train of Gauss-shaped pulses of 50 ms length each, separated
by a delay of 1 ms. We used 40 pulses leading to an overall satura-
tion time of 2.04 s. An additional relaxation delay of 1s was used.
The power of the yB,/2m varied between 125 to 138 Hz. All 1D STD
spectra were recorded with a 10 ms spin lock pulse to eliminate
the background protein resonances.

If integration of individual signals was not possible in the HSQC
due to overlap, we first determined the sum of the integrals for
the overlapped signals. Second we determined the intensities of
the peaks in question and calculated their contribution to the inte-
gral. For example, the signals for the C-4, C-5, C-7 and C-8 of both
sialic acids of the tetrasaccharide (3) are overlapped in the STD
HSQC spectrum and were thus determined with the intensity
method (Figure 3). If this method could not be applied, usually
due to severe overlap, we provided the sum of integrals of the
overlapped signals. For example, the C-2, C-5 and C-6 of Siaa(2—
3)Galp(1—3)Gal (1) were so strongly overlapped that it was not
possible to assign them unambiguously. In these cases, we provide
the sum for C-2, C-5 and C-6.

The STD HSQC spectra allowed the analysis of these complex sac-
charides with few limitations. The intensity of the signal depends
on the "Joy coupling constant, which was set to a typical value of
145 Hz. Thus the signals for the H-3a and H-3e ('Jc,;~128 Hz) of
the sialic acids and the anomeric protons of the galactoses ('Jc,
~ 170 Hz) showed very low intensity or could not be observed in
the STD HSQC. A comparison with the 1D STD spectrum provided
additional STD intensities on those signals (Table S1). The resonan-
ces of these protons were not or only slightly overlapped. Thus, it
was possible to determine the relative STD values. The absolute
STD values were up to 23 %.
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Figure 3. A section of the STD HSQC of the tetrasaccharide Siac(2—3)Galf-
(1—3)[Siaa(2-6)]GalNAc (3) with FcMAGd,_; acquired on a 700 MHz spec-
trometer with a cryoprobe. Number of scans: 112 with 256 increments for
both the on- and off-resonance spectra. The intensities of the signals pro-
vide highly resolved information on the binding epitope. Signals that are
overlapped in the 1D spectra can largely be resolved by using the STD

HSQC spectra; the exceptions are C-4, C-5, C-7, C-8 and C-9 of the two sialic
acids.

Kp values were obtained by titrating stock solutions of the oligo-
saccharides to solutions of FCMAGd,_,; and the acquisition of STD
spectra at each concentration. K, values was obtained from the
analysis of the N-acetyl signal of the 0(2—3)-bound sialic acid. We
acquired STD spectra and reference spectra and determined the
STD ampilification factor,™ which in turn was plotted against the
concentration. The titration was continued as long as the STD
amplification factor increased with increasing concentration of the
ligand. In case of the trisaccharides a 150-fold ligand excess and
for the tetrasaccharide at a 40-fold excess was used.

For negative controls, we acquired STD spectra of the ligands with-
out protein. Small artifacts in these spectra arise due to aggrega-
tion and similar effects. These artifacts were usually lower than

ChemBioChem 2008, 9, 2946 — 2949



www.chembiochem.org



0.3%, while STD spectra with protein at highest ligand concentra-
tion usually gave absolute STD effects between 1 to 9%. Thus, the
artifacts were negligible.
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Nanomolar Heparin Detection with an Artificial Enzyme

Laurent Vial and Pascal Dumy*®

Heparin is an anionic and polymeric glycosaminoglycan that is
clinically used as an anticoagulant (Scheme 1) Its activity
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Scheme 1. Major unit of heparin.

occurs by binding to the protease inhibitor antithrombin Il
(AT-1I). After heparin binding, AT-lll undergoes a conformation-
al change and is converted into a more potent inhibitor that
inactivates proteases involved in blood clotting, most notably
thrombin and factor Xa. Heparin is administered at dosing
levels as low as 2 UmL™" (800 nm) during surgery and emer-
gency deep veinous thrombosis (DVT), and 0.2 UmL™" (80 nm)
in post-operative and long-term DVT prophylaxis. Heparin
levels must be closely monitored to prevent complications (for
example, haemorrhaging).”? Methods for heparin quantification
include the measurement of the activated clotting time, acti-
vated partial thromboplastin time, chromogenic antifactor Xa
assays, electrochemical assays, and complexation with prota-
mine.’! However, these methods are generally imperfect due
to their inaccuracy, cost or difficulties in implementation in a
clinical environment.”! Recently, the use of designed synthetic
receptors for heparin that incorporate a fluorescent reporter of
the binding event has emerged as an interesting alternative
for heparin sensing.”

We recently reported that the cationic miniature esterase 1
(Figure 1) is able to catalyse the hydrolysis of an anionic fluoro-
genic ester (2) to give the fluorescent alcohol 3 (Scheme 2).%”
The catalytic activity was credited to either nucleophilic (or
general-base) catalysis, which was assisted by electrostatic
molecular recognition of the substrate. It was shown that the
appearance of the fluorescent signal during the course of the
reaction could be selectively modulated in the presence of
anionic metabolites, which act as inhibitors. We decided to
apply this original detection strategy, which is based on the
inhibition of an artificial enzyme, to the sensing of heparin.
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Because short cyclic or linear peptides that incorporate sev-
eral lysine/arginine residues are known to efficiently bind hep-
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Figure 1. Catalytic peptides 1 and 4. Nucleophilic/basic and cationic amino
acids are highlighted in italic and bold respectively.
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Scheme 2. Miniature esterase-catalysed ester hydrolysis.

arin through electrostatic interactions,® we initially imagined
that the highly anionic nature of heparin would make it an effi-
cient inhibitor for our cationic enzyme mimic 1, thus allowing
its detection and quantification. However, the kinetic study of
the hydrolysis of 2 in the presence of 1 at pH 7.4 revealed a
modest substrate binding value of K, =0.14 mm.®! We thus re-
alized that 1 would probably not be able to bind and therefore
to catalyse the hydrolysis of 2 in the low-concentration condi-
tions that are necessary for the detection of heparin in clinical
settings (vide supra). For this reason, we designed cyclic pep-
tide 4 (Figure 1), which was built upon the success of minia-
ture esterase 1. Like peptide 1, peptide 4 incorporates a histi-
dine amino acid as a nucleophilic/basic centre, and a larger
number of cationic lysine residues (that is, seven vs. three in
peptide 1). We expected that these additional positive charges
would lead to a much more efficient binding of: 1) ester 2, and
as a consequence would allow our peptide to catalyse its

ChemBioChem 2008, 9, 2950 - 2953
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Figure 2. A) Far-UV circular dichroism spectrum of 4 in H,0 (0.5 mgmL™"). B) Time plot formation of 3 from hydrolysis of ester 2 (20 um) in the presence of
catalytic peptide 4 (----- ) or 4-methyl-imidazole (--), and background reaction (—). C) Substrate inhibition of peptide 4-catalysed hydrolysis of ester 2.
Dotted line: hyperbolic curve fitted with the Michaelis-Menten model after truncating the inhibited rates at high substrate concentrations. D) Lineweaver—
Burk plot of the hydrolysis of ester 2 with catalytic peptide 4. General conditions: 0.5 um catalyst, 25°C, 20 mm Tris buffer pH 7.4.

hydrolysis at very low concentration, and 2) heparin, therefore
increasing the ability of this one to inhibit the hydrolysis re-
action.

Synthesis of peptide 4 was carried out as reported previous-
ly for its analogue 1 (see the Experimental Section).” Qualita-
tive indication of the secondary structure of 4 was provided by
its far-UV circular dichroism spectrum in water (Figure 2A).
Peptide 4 exhibited an unexpected spectrum with minima at
A =195 nm, which is indicative of a random-coil conformation
in solution. Such a result was surprising with regard to the
existence of two type Il B-turn inducers within the peptide se-
quence, which usually constrain peptides into an antiparallel
B-sheet conformation.”’ This behaviour was attributed to the
cationic lysine residues that probably destabilize a potential 3
sheet conformation through charge repulsion between the
strands.

Hydrolysis of 2 in water at pH 7.4 was followed by fluores-
cence, and enzyme-like kinetics were observed in the presence
of 4 with multiple-turnover activity (Figure 2B). Kinetic data
analysis showed that the velocity of the reaction drops at high
substrate concentration (Figure 2C). This is indicative of sub-
strate inhibition when two sub-
strate molecules bind to the

tained with 1. This result validated our catalyst design. Under
the same conditions, catalysis by 4(5)-methylimidazole as a ref-
erence catalyst was extremely inefficient (Figure 2B). Catalytic
peptide 4 is 992-fold more active that 4(5)-methylimidazole as
measured by the ratio of the specificity constant k_./K, to the
second-order rate constant for 4(5)-methylimidazole catalysis
kMeIm‘

Inhibition studies have shown that heparin was able to effi-
ciently modulate the appearance of the fluorescence when 4
was used as catalyst (Figure 3A)."" In conditions where pep-
tide 2 and ester 4 were used at sufficiently low concentration
(i.e.g., 0.5 and 12 um respectively), heparin could be detected
with a remarkable 13 nm sensitivity; that is among the lowest
detection limits reported so far for fluorescent heparin sensors
and is markedly below the lowest administered doses of hepa-
rin.”! Such a sensitivity is a clear advantage for sensing experi-
ments because it allows the preliminary treatment of complex
media like biological fluids and, as a result, their dilution (vide
infra). A linear response could be observed in the concentra-
tion range from 13 to 200 nm heparin, permitting therefore
the generation of a calibration curve for the quantitative meas-

active site at the same time.'” A) 4 B) 3, C) 06
This behaviour is good agree- *heparin )
ment with the relative number 3 2 \‘o 2
of positive charges in peptide 4 * 271 % 04%%0 o
(i.e., seven) and negative charg- % 5 t o} E © 0 o 00O
es in ester 2 (i.e., three). Only ~ g @ g
the straight line section of the g 11 8 £ 02
Lineweaver-Burk  plot  (Fig- ! > \ >
ure 2D) was used to determine, 00 o
pseudo-first-order rate constant 0 0 50 100 150 200 0 " " " y 0.0 . .
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of k=0.107min"", and rate 0 100 200 300 400
enhancement  of k. /K= t / min [heparin] / nm [heparin]/ nm

1130. We measured an efficient
substrate binding value of Ky=
9.8 um, which is one order of
magnitude below the value ob-
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Figure 3. A) Time plot formation of 3 in presence of catalytic peptide 4 and increasing amount of heparin (0-
400 nm). B) Initial rate of production of 3 vs. heparin concentration plot in the presence of catalytic peptide 4.
Q) Initial rate of production of 3 vs. heparin concentration plot in the presence of catalytic peptide 1. General
conditions: 0.5 um peptide 1 or 4, 12 um ester 2, 25°C, 20 mm Tris buffer pH 7.4.
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urements of heparin levels (Figure 3B). Interestingly, less than
a stoichiometric equivalent (i.e., 0.4 equiv) of heparin was re-
quired to completely turn off the catalytic activity of 4. This
suggests a 1:2.5 binding ratio between heparin and peptide 4,
which is consistent with their relative number of opposite
charges."” As anticipated, no catalysis and consequently no in-
hibition with heparin could be observed with peptide 1 in the
same conditions (Figure 3C).

Repetition of the above inhibition experiments in presence
of various amount of human plasma in the Tris buffer (10-
100 %) revealed that plasma is actually able to catalyse the hy-
drolysis of ester 2 more efficiently than peptide 4 does (data
not shown). The large number of proteins in plasma, and as a
consequence the potential high concentration of histidine resi-
dues that can act as nucleophilic/basic centres, might explain
this result." Thus, it was evident that the use of miniature es-
terase 4 is only suitable for the sensing of heparin in “protein-
free” solutions. Because it is possible to isolate heparin from
whole blood or tissues by simple extraction procedures,™ we
believe that our sensor might find applications in biological or
medical research. We also envisioned that heparin might be
extracted directly from biological media by using peptide 4 im-
mobilized on beads.""™® Subsequently, the measurement of
the catalytic activity after addition of the fluorogenic ester
should allow the determination of the initial heparin concen-
tration. Investigations in this direction are currently underway.

This study highlights the convenience of using enzyme
mimics in biosensors because they are easily accessible and
can be fine-tuned to achieve the required properties. Given
that we have met with promising degrees of success in our
two first attempts to use artificial enzymes as sensors, we are
optimistic of the potential of this original approach for new
sensor discovery.

Experimental Section

Materials and reagents: Protected amino acids and ChloroTrityl™
resin were obtained from Advanced ChemTech Europe (Brussels,
Belgium) and Bachem (Voisins-le-Bretonneux, France). All amino
acids were of the | configuration. Benzotriazol-1-yl-oxytripyrrolidi-
nophosphonium hexafluorophosphate (PyBOP) was purchased
from France Biochem (Meudon, France) and other reagents from
Aldrich, Acros and EMD Biosciences (Fontenay sous Bois, France).
RP-HPLC experiments were performed on Waters equipment,
which consisted of a Waters 600 controller, a Waters 2487 Dual Ab-
sorbance Detector and a Waters In-Line Degasser. The analytical
column (Nucleosil 100 A 5 um C18 particles, 250x4.6 mm) was
operated at 1.3 mLmin~' and the preparative column (Delta-Pak™
300 A 15 um C18 particles, 200x 25 mm) at 22 mLmin~', with UV
monitoring at 214 nm and 250 nm. Solvent A was water that con-
tained 0.1% TFA (w/v) and solvent B was a mixture of acetonitrile/
water (9:1) that contained 0.1% TFA (w/v). Mass spectra were
obtained by electron spray ionization (ES-MS) on a VG Platform II
(Micromass). Fluorescence measurements were carried out with a
SpectraMax fluorescence detector.

Peptide 4 synthesis: ChloroTrityl™ resin (0.414 g) was preswolle in
dry CH.Cl, (5 mL). 9-fluorenylmethoxycarbonyl (Fmoc)-Gly-OH was
added, followed by iPr,EtN (4 equiv). The suspension was shaken
for 90 min at room temperature. The supernatant was removed by
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suction and then a CH,Cl,/MeOH/iPr,EtN (17:2:1) mixture was
added to cap the residual chlorotrityl groups on the resin. The
loading of the derivatized resin (0.082 mmolg™') was determined
by Fmoc quantification from UV absorption at 299 nm. Assembly
of the linear-protected peptide Lys(boc)-Ala-Lys(boc)-Ala-His(tr)-Ala-
Lys(boc)-Pro-Gly-Lys(boc)-Ala-Lys(boc)-Ala-Lys(boc)-Ala-Lys(boc)-
Pro-Gly-OH was carried out by using an automatic peptide synthe-
sizer (model 433A from Applied Biosystems) on ChloroTrityl™ resin
by using PyBOP/Fmoc chemistry. The linear, protected peptide was
recovered directly upon acid cleavage with hexafluoroisopropanol
(HFIP)/CH,CI, (4:1). The residue was dissolved in H,O/acetonitrile,
and then purified by RP-HPLC (elution with A/B (95:5) to 100% B
in 15 min, t,=11.9 min) to afford the desired compound as a white
solid after lyophilization. The previous solid was dissolved in DMF
(0.5 mm), and the pH was adjusted to 8-9 by addition of iPr,EtN.
PyBOP (1.2 equiv) was added, and the solution was stirred at room
temperature for 2-3 h. DMF was evaporated under reduced pres-
sure. Removal of the side-chain protecting groups was performed
in TFA/triisopropylsilane (TIS)/H,O (95:2.5:2.5). After 12 h of stirring,
the solution was evaporated to yield an oily residue, which was
purified by RP-HPLC (elution with A/B (95:5) to (85:15) in 20 min,
t;=7.3 min) to afford pure 4 as an octahydrotriflate salt (6 mg,
15% overall yield). ESI-MS (positive mode) for CgoH;4;N,,0;4 (calcd
My=1769.2 gmol™"): m/z 885.1 [M+2HI*", 590.6 [M+3H]*", 443.2
[IM+4H]**, 354.8 [M+5HP*.

Kinetic studies: The kinetic measurements were carried out by
using a SpectraMax fluorescence plate reader (1.,=460 nm, A.,=
530 nm) at 25°C. Assays were followed in individual wells of
round-bottom polystyrene 96-well plates. Kinetic experiments were
typically followed for 2-12 h. Tris buffer (20 mwm, pH 7.4) was freshly
prepared by using MilliQ deionized H,0, the pH was adjusted with
ag. 1N NaOH and aq.1 N HCl solutions.

In a typical experiment, Tris buffer (210 uL) was first added in a
well, then a solution of peptide 4 in Tris buffer (25 pL, 0.005 mwm,
final concentration in the well: 0.5 um), and last a solution of 2 in
H,O (15 pL, 0.2 mm, final concentration in the well: 12 pum). Fluores-
cence data were converted to product concentration by means of
a calibration curve with pure product 3, which was linear in the
concentration range that was used. Michaelis—-Menten parameters
were obtained from the linear double reciprocal plot of 1V vs. 1/
[2] that was measured with (final concentrations) 0.5 um peptide 4
or no peptide in Tris buffer. The catalytic rate constant k., for the
hydrolysis was given by k..=V./[4]. The inhibition experiments
were performed similarly with 0.5 um peptide, 12 pm substrate and
13, 40, 67, 114, 133, 200, 266, 333 and 400 nm inhibitor in Tris
buffer. The reaction rate with 4(5)-methylimidazole (Melm) was ob-
tained under the same previous conditions with 24, 48, 64, 96, 200,
400, 600 and 800 um Melm and 200 um 2 in Tris buffer. The
second-order rate constant ky.,, Was calculated from linear regres-
sion of the experimentally measured pseudo-first-order rate con-
stants as a function of Melm concentrations.
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Jitumani Rajbongshi, Shyamalava Mazumdar,” and Yoshihito Watanabe*™

Application of peroxidases as catalysts for the oxidation of a
wide spectrum of organic compounds has been a major focus
in industrial sectors such as food processing, bioremediation,
and biorefinement of oil"’ because they use hydrogen perox-
ide (H,0,), an environmentally low-load oxidant. The full-scale
use of peroxidases is, however, restricted by poor thermal and
environmental stability, as is the case with many commercially
available enzymes. Therefore, peroxidases with improved ther-
mal stabilities are highly desired. Their detection in thermophil-
ic bacteria by screening techniques is a popular approaches to
finding thermally tolerant enzymes, and several such peroxi-
dases have been isolated and characterized.”® Although these
peroxidases show remarkable stabilities and enzymatic activi-
ties at elevated temperatures in their host strains or cell ly-
sates, the properties of the purified enzymes are still not suffi-
cient for industrial applications.”” Some of the enzymes under-
go rapid loss of activity in the presence of H,0, over physio-
logical levels. Partial compensation for the reduced thermo-
stabilities and activities of the purified enzymes might be
achievable by random mutagenesis achieved through evolu-
tionary engineering.” However, there are difficulties in eluci-
dating the obtained variations in chemical terms, which pre-
vents further tuning to improve the desired properties.

Here we demonstrate that cytochrome css, (Cyt css;) from
Thermus thermophilus HB8 can be transformed into a thermally
stable artificial peroxidase by rational modification based on
the molecular mechanisms of natural peroxidases. Cyt ¢ss, is an
electron transfer protein containing His15 and Met69 as heme
axial ligands, and it has characteristically high stability against
thermal denaturation.” In this study, two amino acid residues
in Cyt cs5, were chosen for mutagenesis in line with the perox-
idase mechanism and three-dimensional structure of the pro-
tein (PDBID: 1C52). One was Met69, which was replaced
with alanine in order to provide a reaction site immediately
above the heme iron (M69A). Another was the mutagenesis of
Val49 to aspartic acid (V49D), which would be expected to in-
troduce general acid-base catalyst, a fundamental element of
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the peroxidase mechanism, in the heme cavity. Although weak
peroxidase activity is a natural property of cytochrome ¢ a
variant bearing both mutations (M69A/V49D) exerts enhanced
activity, which is observed neither for the wild-type nor for var-
iants bearing only the M69A mutation.

Figure 1 shows the temperature dependence of CD spectra
recorded at 222 nm for the Cyt c¢s5, variants (M69A/V49D and
M69A) together with the wild-type and the H64D myoglobin
variant (Mb H64D), an engineered sperm whale myoglobin
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Figure 1. A) Temperature dependence of CD spectra recorded at 222 nm
in a temperature range of 20 to 95°C. ——: M69A/V49D. --: M69A. ----- :
Cyt ¢s5, wild-type. B) Mb M64D. Each protein was dissolved in MES/NaOH
(20 mm, pH 5.0) buffer at a concentration of 10 um.

that shows the highest enzymatic activity among artificial per-
oxidases.”! Like the wild-type, the Cytcss, variants showed
gradual decreases in their ellipticities with rising temperature,
while no obvious melting points were obtained throughout
the measurement. This is in contrast to Mb H64D, which has
an apparent melting point at about 82 °C. The mutagenesis ap-
plied in this study thus scarcely influences the conformational
stability of Cyt css,.

Although the Cyt s, variants are stable with regard to ther-
mal denaturation, the heme in M69A/V49D switches its coordi-
nation structure depending on temperature. Figure 2 shows
the UV/Vis spectra of the Cyt s, variants recorded every 10°C
between 20 and 90°C. M69A shows Soret and small bands at
398 and 625 nm, respectively. Both bands are characteristic of
pentacoordinated high-spin heme, consistently with the re-
moval of the original sixth ligand, Met69. The spectrum of
M69A is largely independent of the temperature change,
except for slight hypochromism of the Soret band at higher
temperatures. On the other hand, the spectral features of
M69A/V4A9D change clearly above 70°C: a red shift of the
Soret band from 398 to 413 nm is seen, and the band at
625 nm disappears concomitantly with the emergence of a
band at 533 nm, thus suggesting formation of a hexacoordi-
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Figure 2. Temperature-dependent spectral changes in A) M69A and

B) M69A/V49D ferric forms. Spectra were recorded every 10°C between 20
and 90°C in MES/NaOH buffer (20 mm, pH 5.0). Concentration of each var-
iant is 10 pm. Arrows indicate direction of spectral changes with rising tem-
perature.

nated heme. Despite this large change, the transformation be-
tween the penta- and hexacoordinated forms is largely rever-
sible, and regeneration of the pentacoordinate heme takes
place on reducing the temperature to 70°C. Coordination
switching hence appears to cause no critical perturbation lead-
ing the variants to denaturation.

EPR spectroscopy with M69A/V49D might provide additional
evidence for the hexacoordinated heme and a clue as to the
sixth ligand. However, quick reversal from the hexa- to penta-
coordinated form with reducing temperature hampers the
preparation of a frozen sample of the hexacoordinated form.
Determination of the sixth ligand will be performed in a fur-
ther study.

CD and UV/Vis spectroscopy revealed high thermal stabilities
of the Cyt ¢s5, variants relative to the wild-type. We then as-
sayed the peroxidase activities of the variants at several tem-
peratures. Figure 3 shows the temperature dependence of the
peroxidase activities of the variants together with that of
Mb H64D. The activity was evaluated on the basis of the initial
reaction rate of one-electron oxidation of ferulic acid, a natural
substrate for horseradish peroxidase (HRP).”) Ferulic acid and
its oxidation products show good stability under all reaction
conditions employed in this study.
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Figure 3. Temperature dependence of peroxidase activities evaluated by ini-
tial turnovers at several temperatures. Symbols represent M69A/V49D (o),

M69A (o), and Mb H64D (2). Reaction conditions: enzyme variants (0.2 pm),
H,0, (1 mm), and ferulic acid (200 pm) in MES/NaOH buffer (20 mm, pH 5.0).
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A reaction mixture containing ferulic acid and a variant in
MES/NaOH buffer (20 mm, pH 5.0) was incubated at the indi-
cated reaction temperature for 10 min prior to initiation of the
reaction by addition of a small amount of concentrated H,0,
(500 mwm, final concentration was adjusted to 1 mm) to the
mixture. M69A/V49D showed higher enzymatic activities at
higher temperatures, except at 80 °C. The rise in activity above
40°C is remarkable. In contrast, Mb H64D showed a sluggish
increase in activity, followed by a decrease after peaking at
60°C. M69A/V49D thus surpasses Mb H64D in activity at 60
and 70°C. This distinctive feature of M69A/V49D could be as-
sociated with the thermal stability of Cyt css,. In Mb H64D, ac-
celeration of each reaction step by heat would be subject to
partial cancellation due to loss of catalytic activity through pro-
tein denaturation. The effects of denaturation become more
prominent at higher temperatures, resulting in decreased activ-
ity. On the other hand, Cytcs;, would serve as a thermally
stable scaffold to retain the catalytic activity of M69A/V49D.
Consequently, the accelerating effect of heat is the predomi-
nant feature in the temperature dependence of overall per-
oxidase activity. The sudden drop in activity at 80°C can be
ascribed to the formation of the hexacoordinated heme de-
scribed above. The uncharacterized sixth ligand fills the vacant
site on the heme to prevent substrates from accessing the
active reaction center. As a result, M69A/V49D loses its catalytic
activity.

The initial activity assay also confirms the significantly low
catalytic activity of M69A in relation to M69A/V49D. This is
consistent with our previous study, in which M69A provided a
suitable environment for facile observation of the hydrogen-
peroxide-bound heme (Compound 0) that was hardly observa-
ble by normal spectroscopy at ambient temperature."” In con-
trast, Compound 0 produced in M69A can be detected by an
ordinary EPR technique. This is due to the inability of M69A to
produce a subsequent active intermediate, oxoferryl ; cation
radical, from Compound 0. These results with M69A thus con-
firm the essential role of the aspartic acid introduced at Val49
in the catalytic cycle. This point is discussed in detail below.

In addition to the higher initial reaction rates at higher tem-
peratures, M69A/V49D shows acceptable performance as a
thermally tolerant peroxidase in the durability of its enzymatic
activity. Figure 4 shows representative time course results for
consumption of ferulic acid observed at 70°C in the presence
of M69A/V49D, M69A, and Mb H64D as catalysts. In accordance
with the initial reaction rates, M69A/V49D provides the highest
consumption among the variants throughout the reaction
period. Therefore, M69A/V49D is superior to Mb H64D in dura-
bility as a peroxidase at high temperatures. An apparent differ-
ence in the catalytic activity between M69A/V49D and M69A
confirms that the Asp49 in M69A/V49D also exerts its function
in a consecutive reaction. However, the high initial activity falls
at 200 s and is followed by an inactive phase, as observed in
the form of a plateau in the substrate consumption curve. A
UV/NVis spectrum of the resultant M69A/V49D after 300 s re-
vealed significant loss of heme from the protein. This indicates
that, irrespective of the thermal stability of the protein itself,
degradation of the heme, which is believed to an inactivation
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Figure 4. Time course of consumption of the substrate in the reaction

at 70°C up to 600 s. Symbols represent M69A/V49D (o), M69A (o), and

Mb H64D (A). Reaction conditions: variants or hemin (0.2 um), H,0, (1 mm),
and ferulic acid (200 um) in MES/NaOH buffer (20 mm, pH 5.0).

process in peroxidase cycles, occurs during the catalytic reac-
tion."" Thus, the peroxidase mechanism installed in Cyt css, is
resistant to the thermal disorder, which affords the high initial
reaction rate and subsequent rapid consumption of substrate
at high temperatures. Meanwhile, further improvements in the
durability of the catalyst would require additional molecular
design to suppress the degradation of the heme.

In order to examine the role of the introduced Asp49 in
detail, kinetic isotope effects (KIEs) were determined by use of
D,0, in place of H,0, in the catalytic reactions of M69A/V49D
and M69A. M69A/V49D shows a KIE value of 3.1 (at 70°C, pH/
D 5.0), which is substantially smaller than the value for M69A
(9.9 at 70°C, pH/D 5.0) but similar to that of HRP for com-
pound 1" formation (1.6 at 25°C, pH/D 7.0). The KIE value of
M69A/V49D indicates that Asp49 is involved in the catalytic
mechanism of the peroxidase cycle. For further understanding
of the catalytic role of Asp49, we examined the ligation of
NH,OH to the variants as a model for H,0O,. The pK, value of
NH,OH (6.0) suggests that the majority is protonated to form
NH,;*OH under the reaction conditions of this study (pH 5.0).
Association rate constants of NH;7OH to heme (k,,) at 25°C
were determined for M69A (1.48x10°m's™") and M69A/V49D
(10.0x10*m7's7"). The seven-times higher k., value for M69A/
V49D could be ascribed to assistance of Asp49 as a carboxylate
to pull off the proton from NH;*OH, accompanied by ligation
of its deprotonated form to the heme iron. The base catalysis
in the peroxidase reaction is essentially the same as this depro-
tonation process. It is thus reasonable to assume that Asp49
works as a base catalyst in the peroxidase reaction.

The possible acid function of Asp49 was also examined by
product analysis in the reaction with cumene hydroperoxide.
Heterolytic and homolytic cleavage of the hydroperoxide O—O
bond affords cumyl alcohol and acetophenone as shown in
Equation (1) and Equations (2) and (3), respectively.®

PorFe** -+ PhC(CH,),00H -+ Por'*Fe* =0 + PhC(CH,),0H (1)

PorFe*" 4+ PhC(CH,),00H + PorFe**=0 + PhC(CH,),0" + H*
(2)
PhC(CH;),0" + PhC(O)CH; + CH;" 3)
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The acid catalyst would be expected to enhance heterolysis
and therefore to raise the ratio of heterolysis over homolysis
(cumyl alcohol/acetophenone). M69A/V49D showed a ratio of
2.8 at 25°C and pH 5.0, 3.5 times higher than that observed
for M69A (0.8) under the same conditions. It can therefore be
concluded that Asp49 is also efficient as an acid catalyst in the
reaction.

In this study we have demonstrated for the first time that
Cyt ¢ss, from Thermus thermophilus HB8 can be transformed
into a thermostable peroxidase by molecular design modeled
on the peroxidase mechanism. The prepared variant, M69A/
V49D, retains thermostability comparable to that of the wild-
type and exerts performance superior to that of Mb H64D,
both in the initial reaction rate and in durability at high tem-
peratures. Detailed inspection on the function of Asp49 in
M69A/V49D revealed that the residue serves as a general acid-
base catalyst, confirming the rationality of molecular design on
Cyt Css,-

The initial reaction rate of HRP measured under these re-
action conditions is 3.4x10* min~"' at 70°C, about 230 times
higher than that of M69A/V49D (1.5x10?> min~', 70°C) and still
beyond the range of artificial peroxidases. In addition, heme
degradation during the catalytic reaction is an obstacle to
the durability. These problems require further refinement of
Cyt ¢55, before practical application is possible. Nevertheless,
we argue that rationally engineered Cyt ¢, is a promising pro-
totype as a thermally stable artificial peroxidase.
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Segmental Isotopic Labelling of a Multidomain Protein by Protein Ligation

by Protein Trans-Splicing
Mikko Muona, A. Sesilja Aranko, and Hideo Iwai*®

Segmental isotopic labelling is a powerful method

A) EPL O NH,
for the incorporation of stable isotopes into particular P:\ Intrue KCBD(
regions within proteins for NMR detection, thereby S
reducing the complexity of NMR spectra and offering HS-R thicester modification
the potential to perform sequential assignments.'™ o NH NCL
Here we have demonstrated segmental isotopic la- C\S-R Hs — m @
belling of a domain in a multidomain protein both in
vivo and in vitro through protein ligation by protein  B) pTS
trans-splicing. This robust protein trans-splicing ap-
proach could open possibilities for studying particu-
lar domains in intact proteins without dissection into \assaciatim / PTS
smaller globular domains. Bl
Recent advances in optimization of transverse-re- m @
laxation in NMR spectroscopy have opened avenues
for study of larger molecules (close to 1 MDa).”! How- C) in vivo segmental labelling
ever, sequential resonance assignments in large pro-
teins remain time-consuming and challenging be- =
cause of the increased number of signals and signal Spin down Wgsr.' wd'th LB,
overlapping.! Segmental isotopic labelling is one | at800g (¥ pt'réogw" > Harvest
P ) et a ) g cells
promising approach among numerous isotope-label- 10 min
ling techniques,® because, unlike in the case of selec- .
. . ; } . 0.2 % arabinose 0.5 mm IPTG
tive amino acid Iabelllng, segmentally |sotop.e-la- induction Induction
belled samples can be directly analysed by triple-
resonance NMR techniques developefi for sequential V7 = ool = BN
resonance assignments. Segmentally isotope-labelled
proteins have been prepared either by expressed HE(Smt3)(nsH3 ) @@
prr]otein IIilgation (EPL), [\;v:]\ich k;nakes use of nat:ve Protein trans-splicing * - Protein
chemical ligation (NCL),“® or by protein trans-splic- urification
ing (PTS), through the use of artificially split protein Hf(SmiZ)(sHs ) P
splicing domains (inteins).""” EPL requires the prepa-

ration of an a-thioester group from a thiol reagent
and an N-terminal cysteine residue by proteolysis in
vitro (Scheme 1A), which demands considerable
preparation efforts>® although an easier approach
has recently been proposed.” In protein splicing, an
intein catalyses protein ligation of two polypeptide fragments
fused to the N- and C-terminal ends of an intein.”’ Protein
splicing could take place in trans, when an intein is split into
two fragments (Scheme 1B).”'” Segmental isotopic labelling
through protein trans-splicing with artificially split inteins re-
quires no additional thiol reagent nor cofactor, but denatura-
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\% 7,

Scheme 1. Protein ligation by A) expressed protein ligation and B) protein trans-splicing.
C) Outline of the in vivo procedure for segmental isotopic labelling used in this article.

tion and renaturation steps are necessary before protein-splic-
ing activity can be restored."”"

Unlike artificially split inteins, naturally split inteins do not re-
quire any denaturation and renaturation steps for protein splic-
ing."” Therefore, these have been suggested as potentially
useful for segmental isotopic labelling of multidomain pro-
teins."? Protein trans-splicing with naturally split inteins has
advantages over EPL because protein ligation can be per-
formed not only in vitro but also in vivo, making it possible to
achieve segmental isotopic labelling in vivo."® Despite its
many potential applications, it has never been used for seg-
mental isotopic labelling of multidomain proteins except for a
fusion tag for enhancing protein solubility. This is because the
protein-splicing activity of the split inteins could be negatively
affected even when naturally split inteins were fused with the
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target domains.™ Applications have therefore been limited to
“well-behaved” model proteins such as GB1.'>' Moreover, the
selectivity of in vivo segmental isotopic labelling for segmen-
tally labelled C-terminal domains was low, diminishing the use-
fulness of segmental isotopic labelling."

In this article we describe segmental isotopic labelling of a
multidomain protein containing a multiple copy of one of the
most abundant domains of the Src homology 3 (SH3) domain
by protein ligation with an engineered naturally split intein
from Nostoc punctiforme (Npu).' The selectivity of isotopic la-
belling by the in vivo approach is also enhanced by more than
fivefold.

The SH3 domain is one of the most abundant domains,
found in many organisms and usually a part of larger proteins
as a module mediating protein-protein interactions."” Seg-
mental isotopic labelling of proteins containing multiple
copies of the SH3 domain would be of particular importance
for study of their functional and structural roles in their full-
length contexts by NMR spectroscopy. The in vivo method
with naturally split inteins would be a logical and important
step towards segmental isotopic labelling of such a multi-
domain protein, because it is a simple and versatile procedure
requiring no preparation step prior to protein ligation of iso-
tope-labelled fragments, circumventing several purifications of
the individual protein fragments."® However, naturally split
DnaE inteins either from Synechocystis sp. strain PCC6803
(SspDnaE) or from Nostoc punctiforme (NpuDnaE) intein were
unable to ligate two SH3 domains efficiently either in vivo or
in vitro because of the dominant cleavage reaction (data not
shown). We therefore decided to use an engineered split
NpuDnak intein in which the split site was moved towards the
C terminus by 20 residues and which still retained highly effi-
cient protein trans-splicing activity in vivo."® Additionally, the
N-terminally His-tagged ubiquitin-like protein Smt3 was at-
tached as a fusion protein tag for convenient protein purifica-
tion.

The N and C fragments of the split intein were fused to the
N-terminal SH3 domain (nSH3) and the C-terminal domain
(cSH3), respectively, of c-CRKIl adaptor domain."” The N and C
precursor proteins containing the SH3 domains were cloned
into the two compatible plasmids under the control of two dif-
ferent promoters: that is, T7 and arabinose promoters."® The
two precursor proteins were induced by addition of L-arabi-
nose (0.2%), followed by induction with isopropyl-f3-p-thioga-
lactopyranoside (IPTG; 0.5 mm) for 4 h. After the two sequen-
tial inductions, the two precursor proteins dominantly pro-
duced the ligated product containing the two SH3 domains
resulting from protein trans-splicing (Figure 1). The protein li-
gation of the two SH3 domains was confirmed by ESI mass
spectrometry after removal of the fusion tag of Smt3 protein
(the molecular mass of nSH3-cSH3 was found to be
19945.0 Da, in accordance with the expected value). About
21 mg of the ligated nSH3-cSH3 was obtained from two litres
of "N-labelled M9 medium. Protein ligation performed in vivo
can thus indeed produce sufficient amounts of the ligated
multidomain protein for NMR studies, thanks to the high effi-
ciency of the engineered split NpuDnaE intein.
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Figure 1. SDS-PAGE analysis of in vivo protein ligation of the two SH3 do-
mains with the engineered split NpuDnaE intein. Lane 1: induction only with
L-arabinose (0.2%). Lane 2: induction with IPTG (0.5 mm). Lane 3: before in-
duction. Lane 4: after 0.5 h of L-arabinose induction. Lane 5: 1 h after the
second induction with IPTG (0.5 mm). Lane 6: after 2.5 h of IPTG induction.

We next applied in vivo segmental isotopic labelling, in
which the C-terminal domain was first induced by L-arabinose
in N-labelled M9 medium, followed by the replacement of
the labelled medium with Luria-Bertani medium and the in-
ducer for the expression of the N-terminal precursor
(Scheme 1C). We used LB medium as both unlabelled medium
and washing medium in order to improve the selectivity of
segmental labelling."® The biggest disadvantage of in vivo la-
belling is isotopic scrambling due to recycling and conversion
of labelled amino acids.

In the case of in vivo segmental isotopic labelling, the
domain induced later was particularly contaminated with the
isotope initially incorporated into the domain primarily ex-
pressed in the isotope-enriched medium. It has previously
been reported that the residual signals of the second induced
domain contained as much as 25% of the original signals."
This could be sufficient to disturb certain NMR experiments
such as isotope-filtering experiments. Figure 2 demonstrates
segmental isotopic labelling of nSH3-cSH3 through the use of
the engineered split NpuDnaE intein with the new in vivo pro-
cedure. In the new procedure, LB medium containing the
second inducer (IPTG) was used both for the production of the
unlabelled domain and for a short wash in order to suppress
isotopic scrambling (Scheme 1C). M9 medium (1.5L) for the
primary expression and LB medium (1.8L) for the secondary
expression were used for in vivo segmental isotopic labelling.
After removal of the fusion tag by limited proteolytic digestion
and ion metal chelating chromatography and subsequent ion-
exchange chromatography, the segmental isotope-labelled
protein (8.2 mg) was successfully purified. Figure 2A shows the
superposition of the two ["°N,'H]-TROSY spectra for compari-
son, demonstrating that the spectrum of the segmentally iso-
tope-labelled nSH3-["*N]-cSH3 lacks the signals of nSH3 ob-
served in the spectrum of the ligated fully labelled ['*N]-nSH3-
["*N]-cSH3. Unlike in the previous report, a high degree of se-
lective labelling can be recognized when the slices of the two
spectra taken at the resonance of residue 289 in c-CRK Il adap-
tor protein are compared (Figure 2B). The signals from the N-
terminal domain are below the noise level (<5%), although
the segmentally labelled sample was prepared in the cells (Fig-
ure 2B). The selectivity of the in vivo procedure can thus be
enhanced by more than fivefold, which should allow us to
use the sample for most NMR experiments. Highly selective
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Figure 2. A) Superposition of the [°N,"H]-TROSY spectra of fully '*N-labelled
ligated nSH3-cSH3(131-304) (grey) and nSH3-["*N]-cSH3(213-304) prepared
by in vivo segmental labelling (black). The peak from residue 289 of c-CRK II
is labelled. B) Comparison of the slices taken at the positions indicated by
the broken line from the spectra obtained from the fully labelled sample
(upper) and from the segmentally labelled sample (lower). C) MALDI-TOF
mass analysis of the segmentally isotope-labelled nSH3-["°N]-cSH3(213-304).
The averaged mass of the unlabelled sample is 19945.0 Da. cSH3(213-304)
has the chemical formula C,;4H;33N;3301435,.

segmental isotopic labelling was additionally confirmed by
MALDI-TOF mass spectrometry as a 133 Da increase in the mo-
lecular weight due to the 133 nitrogen atoms in cSH3 (Fig-
ure 2C). It is thus clearly demonstrated that in vivo segmental
isotopic labelling can be applied to biologically relevant multi-
domain proteins with high yields and sufficient selectivity of
isotopic incorporation into the domain of interest.
Furthermore, only one additional medium replacement step
during the protein expression (in comparison with standard
protein expression) is required during the preparation, making
it a simple and versatile approach. Prerequisites for this in vivo
approach might be solubility and stability of individual precur-
sors in E. coli cells and efficient trans-splicing activity achieved
by the engineered split intein. Protein trans-splicing is not lim-
ited to in vivo conditions, but can also be induced in vitro, al-
though individual fragments have to be produced and purified
separately, as demonstrated in Figure 3. For protein ligation in
vitro, the N-terminal precursor was prepared from two litres of
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Figure 3. A) Scheme for segmental isotopic labelling by in vitro protein liga-
tion. B) Time course of the in vitro protein ligation of nSH3 and cSH3 with
NpuDnaE-Inty/Intc. Lane 1: immediately after mixing of nSH3-Inty and H,-
Intc-cSH3, lane 2: 1 h after mixing, lane 3: 4 h after mixing, lane 4: after over-
night incubation, M: molecular weight markers. C) Superposition of ["*N,'H]-
TROSY spectra of segmentally "*N-labelled ["*N]-nSH3(131-205)-cSH3 (black)
and fully labelled nSH3-cSH3(131-304) (grey).

M9 medium containing "*NH,Cl as sole nitrogen source and
purified through the use of the N-terminal His-tag. The C-ter-
minal precursor protein bearing a His-tag at the front of Int,
was prepared separately from two litres of unlabelled LB
medium. The two purified fragments were dialysed against Tris
(10 mm), NaCl (500 mm), pH 7 and mixed in vitro in the pres-
ence of tris(2-carboxyethyl)phosphine hydrochloride (TCEP;
0.5 mm) in order to initiate protein trans-splicing. The reaction
mixture was incubated overnight at 4°C and further purified
by use of a Histrap column and anion-exchange chromatogra-
phy to remove the spliced intein and the residual precursor
proteins. The [°N,'H]-TROSY spectrum of the N-terminally seg-
mental isotope-labelled ["’N]-nSH3-cSH3 is shown in Figure 3C,
indicating that only nSH3(131-205) is indeed 'N-labelled.
About 9 mg of the segmentally isotope-labelled sample was
purified from two litres of each medium, so the yield was
slightly lower than that of the preparation obtained by the in
vivo approach.
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Here, we have demonstrated that segmental isotopic label-
ling of a multidomain protein bearing a multiple copy of the
SH3 domain could be efficiently achieved by protein trans-
splicing either in vivo or in vitro. The in vivo approach may re-
quire fewer preparation steps than the in vitro approach, be-
cause it does not need individual expression and purification
of the two precursor proteins and additional purification steps
after the protein ligation in vitro (Figure 3A). Segmental iso-
topic labelling by protein trans-splicing should be easily ex-
tendable to protein ligation of three fragments for isotopic la-
belling of a central domain with an additional split intein or
with EPL after the creation of an N-terminal cysteine residue.
The in vivo approach by protein trans-splicing with naturally
split inteins might be more advantageous than the in vitro ap-
proach because it does not increase the number of purification
steps even if more fragments are to be ligated and because
high selectivity of segmental labelling can be achieved as dem-
onstrated here. Segmental isotopic labelling could be com-
bined with other labelling methods such as methyl labelling
and fractional labelling."®'® Thus, segmental isotopic labelling
is very likely to contribute to NMR studies of large multido-
main proteins because many proteins contain more than one
modular domain that can be defined as structural and func-
tional entities such as the SH3 domain. It also allows us to
study large multidomain proteins by NMR without dissecting
the protein into the smallest possible domains. Further discov-
eries and engineering of protein splicing domains suitable for
every situation of the linker sequences with robust splicing ac-
tivities could make segmental isotopic labelling an indispensa-
ble approach to the elucidation of structure-function relation-
ships of intact multidomain proteins by NMR spectroscopy.
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Improved Catalytic Activity of a Purified Multienzyme from a Modular
Polyketide Synthase after Coexpression with Streptomyces Chaperonins in

Escherichia coli.

Lorena Betancor,”” Maria-José Fernandez,™ " Kira J. Weissman,® < and Peter F. Leadlay*"

6-Deoxyerythronolide B (6-dEB), the aglycone of the broad-
spectrum polyketide antibiotic erythromycin A, is synthesised
in the filamentous bacterium Saccharopolyspora erythraea by a
giant multienzyme synthase known as 6-deoxyerythronolide B
synthase (DEBS). DEBS contains six distinct sets—or modules—
of catalytic domains, each of which accomplishes one of the
required six cycles of chain extension. Two extension modules
are housed in each of three large polypeptides: DEBS 1
(371 kDa), DEBS2 (374kDa) and DEBS3 (332kDa)
(Scheme 1).I" Because DEBS multienzymes are homodimeric,”
the overall size of the DEBS assembly-line multienzyme com-
plex is predicted to be around 2 MDa. Several individual do-
mains® and didomains® from DEBS and related polyketide
synthases (PKSs) have recently been expressed in E. coli and
their crystal structures determined, but so far an X-ray crystal
structure of one or more complete modules has proved elu-
sive. However, recent successful X-ray crystallography of mam-
malian® and fungal® fatty acid synthase multienzymes has
pointed the way to achieving this challenging goal. Structural
and functional characterisation of such intact PKS units will be
essential for a proper understanding of conformational
changes and interdomain interactions during catalysis. Intact
DEBS multienzymes have been purified previously in small
amounts from S. erythraea,”” and after heterologous expression
in S. coelicolor” and E. coli;® that work provided the starting
point for this study, which aimed to provide an improved
source of homogenous recombinant DEBS subunits.

The heterologous expression of PKS proteins in E. coli has
been intensively studied, and with considerable success, as a
platform strategy for the convenient production of high-value
polyketide and polypeptide natural products.” Alteration of
the codon usage of the actinomycete (G+ C-rich) genes, to-
gether with optimisation of expression vectors and of the fer-
mentation process, have led to very significant production
levels of—for example—6-deoxyerythronolide B (20 mg L™, rel-
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ative to 45mgL™" in S. coelicolor) and other erythromycin A
biosynthetic intermediates."” Notably, coexpression in these
systems of E. coli chaperones, an established tactic for improv-
ing the solubilities and yields of recombinant proteins in E. coli,
has been demonstrated to improve the production of poly-
ketides.”'™ This was shown to be at least in part due to the
maintenance of PKS proteins in the soluble fraction of the cell
in the presence of the chaperones."® However, it is not yet
known whether this would be reflected in improved yields or
integrity of the DEBS proteins isolated from such overproduc-
ing strains. Here we report a comparison of the expression and
catalytic activity of affinity-purified, His-tagged DEBS 3 multi-
enzyme obtained through coexpression in E. coli with specific
GroES/GroEL chaperonins, relative to a control without such
chaperonins.

For two reasons we elected to use the three Streptomyces
coelicolor chaperonins GroEL1, GroEL2 and GroES. Firstly, we
were interested in seeing whether they would also confer an
advantage, because their sequence identity with their E. coli
counterparts is only 40-60%, which might be expected to
compromise their ability to interact productively with the pro-
tein synthesis and folding machinery of the E. coli host. Sec-
ondly, we had previously observed, when expressing other het-
erologous proteins in E. coli containing over-expressed GroEL/
ES, that the chaperone expression levels often swamped those
of the target protein, and that they could be tenacious con-
taminants of the purified protein (data not shown). In compari-
son, we expected the actinomycete chaperonins to be ex-
pressed at relatively modest levels. Here we report that the
presence of the actinomycete chaperonins did indeed prove to
have a beneficial effect on the integrity and catalytic activity of
the purified recombinant DEBS 3.

Plasmid pLB1 was constructed to allow expression of a full-
length, C-terminally His-tagged version of DEBS 3 from the
T7 promoter, and also included the gene for the S. erythraea 4'-
phosphopantetheinyl transferase SePptll, to ensure correct
post-translational modification of DEBS 3. A second plasmid
(pL1SL2) encoding the S. coelicolor chaperonins GroELT1,
GroEL2 and GroES was used to co-transform E. coli cells con-
taining pLB1. DEBS 3 was expressed either in the presence
(pL1SL2(+) strain) or in the absence (pL1SL2 (—) strain) of
chaperones, and was purified in three steps (Figure 1 and Sup-
porting Information) to yield homogenous protein as judged
by SDS-PAGE (Figure 1). Size-exclusion chromatography (Fig-
ure 1) showed a single peak with an elution volume as expect-
ed for the predicted molecular weight of the DEBS 3 homodi-
mer (664 kDa).”® The identity and homogeneity of the DEBS 3
(especially the absence of contaminating chaperonin protein)
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Scheme 1. Organisation of the erythromycin-producing polyketide synthase 6-deoxyerythronolide B synthase (DEBS). The multienzyme complex consists of
six modules located in three different large homodimeric proteins (DEBS 1, DEBS 2 and DEBS 3). Abbreviations. AT: acyl transferase, ACP: acyl carrier protein,
KS: ketosynthase, DH: dehydratase, ER: enoyl reductase, KR: ketoreductase, TE: thioesterase.
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Figure 1. Analysis of purified DEBS 3. Gel filtration chromatogram of DEBS 3.
Inset: an SDS-PAGE (7 %) of the multienzyme obtained after gel filtration.
The gel was stained with Coomassie blue. The molecular weights (M,,) of
the protein standards used are indicated to the left of the gel.

was confirmed by N-terminal sequence analysis. Encouragingly,
coexpression of DEBS 3 with the S. coelicolor chaperonins im-
proved the overall yield of purified protein obtained from 1L
of culture approximately twofold: from 5.14+0.1 mg to 8.4+
0.1 mg (average of three independent experiments). Further,
comparison of the circular dichroism (CD) spectra of these
DEBS 3 preparations (Figure 2) showed a significantly greater
secondary structure content (as judged by molar ellipticity) in
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Figure 2. Comparative CD analysis of the secondary structure of purified
preparations of DEBS 3. Continuous line: DEBS 3 expressed with chapero-
nins. Dotted line: DEBS 3 expressed without chaperonins.

the DEBS 3 that had been expressed in the presence of chaper-
onins.

We measured the catalytic activity of the purified DEBS 3 in
two ways, the first of which was by the ketoreductase-cata-
lysed (KR-catalysed) reduction of trans-1-decalone (Figure 3B)
as previously described."” The DEBS 3 purified after coexpres-
sion with GroEL1SL2 was consistently more active (k.
0.006 min~', compared to 0.0032 min~' without chaperonins;
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Figure 3. Assays for the activity of DEBS 3. A) The formation of triketide lac-
tone by DEBS 3. B) KR activity against a surrogate substrate.'? C) Analysis
of the triketide lactone by HPLC-MS: 1) Total ion chromatogram, 2) mass
spectrum of the triketide lactone molecular ion at m/z 173, 3) MS/MS spec-
trum of the triketide lactone molecular ion at m/z 173.

average of three determinations). We also assayed overall tri-
ketide lactone biosynthesis, taking advantage of a previously
described aberrant decarboxylation of methylmalonyl-CoA on
DEBS 3 allowing priming of two rounds of polyketide chain ex-
tension (Figure 3A and C) with consumption of NADPH.'™ In
the LC-MS analysis, the only polyketide detected was the ex-
pected triketide lactone, whether chaperonins were present or
not. The total ion current in each case showed a number of ad-
ditional peaks, but all of these were also present when control
(no enzyme) incubations were analysed. The masses of these
peaks were low, and did not match any plausible aberrant
product of the polyketide synthase.
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In this assay, too, the DEBS 3 produced in the presence of
the chaperonins was consistently more active (0.17£0.01 pg
product per min per mg enzyme) than the control (0.1+
0.01 pg product per min per mg enzyme). This observed in-
crease in the catalytic activity of a recombinant PKS multien-
zyme after coexpression of chaperone proteins suggests that
some kinetic data previously obtained with recombinant PKS
domains and proteins after expression in E. coli' may not
have used fully active enzyme. More importantly, these results
encourage the view that further optimisation of the quality of
PKS multienzyme preparations intended for structural analysis,
in which homogeneity is at a premium, is both possible and
desirable. It remains to be shown whether the actinomycete
chaperonins are superior in this regard to those from E. coli,
although we have anecdotal evidence from work with other
target proteins that this may be so (data not shown).

Despite intensive study, the mechanisms by which GroES/
GroEL promote the correct folding of proteins in E. coli are not
yet fully understood. DEBS 3 is too large to be encapsulated
within the GroEL/GroES folding cavity, which is normally
capped by GroES bound in cis fashion (that is, bound to the
same hepatameric ring of GroEL subunits). The upper size limit
of unfolded polypeptides that can be accommodated in the
GroEL cavity is approximately 57 kDa, but assistance by GroEL/
GroES in folding of larger proteins has been reported previous-
Iy." It is proposed that in such cases the polypeptide under-
goes successive cycles of partial folding and release from
GroEL, until its final conformation is reached. The key to this
model is that GroES binds GroEL in trans fashion instead of in
cis, removing the requirement for complete encapsulation. Por-
tions of the structure of newly translated DEBS 3 could thus
enter into the GroEL cavity in order to attain their native con-
formations, while the rest of the protein could protrude from
the chaperone. Additional rounds of partial folding as pro-
posed™ could promote a well-folded and fully active form of
DEBS 3. S. coelicolor'™ and other actinomycetes,"” as well as
cyanobacteria, are unusual in that they encode two groEL
genes with about 50-60% mutual sequence identity: groEL1,
found adjacent to groES, and groEL2. It is intriguing that
GroEL1, unlike GroEL2, has been shown not to be an essential
gene, either for Mycobacterium smegmatis''® or for Clostridium
glutamicum." In M. smegmatis, GroEL1 appears to be a dedi-
cated chaperone involved in fatty acid biosynthesis required
for biofilm formation."® Further work will be required to estab-
lish whether folding of other FAS and PKS enzymes in actino-
mycetes also benefits from such assistance.

In summary, the coexpression of GroEL1, GroES and GroEL2
chaperonins derived from actinomycetes has led to purified re-
combinant DEBS 3 forms displaying significant differences in
secondary structure, as judged by CD measurements, in rela-
tion to controls without coexpressed chaperonins. These struc-
tural changes translated both into an almost twofold increase
in the yield of the recombinant protein, and also into a 30%
rise in the specific activity for triketide lactone biosynthesis.
These results strongly suggest the utility of chaperones derived
from polyketide-producing actinomycete bacteria in optimising
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the recombinant production of PKS proteins in E. coli for de-
tailed studies of structure and function.

Experimental Section

Construction of an expression plasmid for holo-DEBS 3: An ex-
pression construct that produces a C-terminally 6-His-tagged
DEBS 3 in holo form by virtue of coexpression with a phosphopan-
tetheinyl transferase (SePptll) that catalyses the essential post-
translational activation of DEBS 3 was created.'"" SePptll (along
with the T7 promoter, lac operator and T7 terminator sequences)
was excised from plasmid pKJW191R with Sphl and ligated into
pPYADE (DEBS 3 in pET29(+) obtained from Novagen, Madison, WI)
to yield plasmid pLB1, in which the genes for SePptll and DEBS 3
are in opposite orientations.

Protein methods: Protein concentration was determined by the
Bradford dye binding assay (Sigma-Aldrich) with bovine serum al-
bumin as a standard. Protein samples were analysed by SDS-PAGE
or Native-PAGE by using Phast Gels gradient 4-15% (GE Health-
care) and stained with Coomassie Phast Gel Blue R (GE Healthcare).

Expression and purification of DEBS 3: E. coli BL21 Codon Plus RP
cells were transformed with plasmid pLB1. An overnight pre-cul-
ture from a single colony (1:1000, v/v) of E.coli pLB1 Codon
Plus RP cells was inoculated into Luria broth (LB) containing kana-
mycin (50 ugmL™") and chloramphenicol (34 ugmL™"). Cultures
were grown at 30°C to an Agy, value of 0.7-0.9. Isopropyl [3-b-1-thi-
ogalactoside (IPTG, 0.1 mm) was added, and the cells were incubat-
ed at 22°C for an additional 16 h to induce the expression of the
recombinant DEBS 3. The cells were harvested by centrifugation
(7000g) for 10 min at 4°C and resuspended in lysis buffer [sodium
phosphate (100 mm), NaCl (300 mm), imidazole (1 mm), Triton X-
100 (0.05%), glycerol (10%), pH 7.0]. Cell lysis was carried out by
sonication in the same buffer supplemented with RNAsel,
DNAse A, a dissolved tablet of EDTA-free proteinase inhibitors
(Roche) and lysozyme (1 mgmL™"). Cell debris and unbroken cells
were removed by centrifugation (34000g for 60 min at 4°C). The
supernatant was loaded onto a HiTrap Ni Chelating HP™ column
(5 mL, GE Healthcare, Piscataway, NJ, USA) equilibrated with lysis
buffer. Proteins were eluted with lysis buffer containing imidazole
(250 mm). Fractions containing DEBS 3 were pooled and applied to
a HiTrapQ HP (5 mL, GE Healthcare) previously equilibrated in buf-
fer A [sodium phosphate buffer (50 mm) containing dithiothreitol
(DTT; 1 mm), EDTA (1 mm), glycerol (10%) and Triton X-100
(0.05%), pH 7.0]. Proteins were eluted with a linear gradient from
buffer A to buffer A containing NaCl (1 m). For further analysis by
gel filtration the fractions containing DEBS 3 were concentrated to
200 pL (Vivascience, 100 M, cut-off) and applied to a Superdex 200
10/300 GL column (GE Healthcare) pre-equilibrated in buffer B
[sodium phosphate (50 mm), pH 7.0, containing NaCl (300 mwm)].

Coexpression of DEBS 3 and chaperonins: A plasmid (pL1SL2) for
the coexpression of S. coelicolor chaperonins (GroEL1, GroEL2 and
GroES) was constructed. GroEL1, GroEL2 and GroES genes were
placed under the same promoter by cloning them sequentially as
Xbal-Spel cassettes into pET-29a(+). In the resulting plasmid,
L1SL2/pET29, each gene is preceded by a Shine-Dalgarno se-
quence and a ribosome binding site. The resulting cassette was
transferred in a single cloning step to the Nhel restriction site of
pETcoco-2 expression vector, to generate plasmid pL1SL2.
E. coli BL21 Codon Plus RP cells containing pL1SL2 were co-trans-
formed with pLB1. Cell cultures were grown in LB containing
kanamycin (50 ugmL™"), chloramphenicol (34 pgmL™"), ampicillin
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(100 ugmL™") and glucose (0.2%, w/v) to maintain a low copy
number of the pL1SL2 plasmid. Other conditions for the expression
and purification of DEBS 3 were as described above for the cells
not supplemented with chaperonin genes.

DEBS 3 activity: Assays for the determination of DEBS 3 activity
were carried out by monitoring the formation of triketolactone by
LC-MS. The reaction mixture contained DEBS 3 (30 ungmL™"), (RS)-
methylmalonyl CoA (0.7 mm), NADPH (1 mm) and DTT (2 mm) in
sodium phosphate buffer (400 mm, pH 7.5). Incubations were per-
formed at 30°C, for 6 h.

Ketoreductase activity: The reductase activity was determined
spectrophotometrically (Cary 50 spectrophotometer, Varian Sunny-
vale, CA, USA) by monitoring the decrease in absorbance at
340 nm due to the oxidation of NADPH. The reaction mixture con-
tained trans-1-decalone (30 ugmL~', 50 mm), NADPH (1.2 mm) and
NacCl (150 mm) in sodium phosphate buffer (400 mm, pH 7.5). Incu-
bations were performed at 25 °C for 20 min.

Circular dichroism experiments: DEBS 3 was diluted in phosphate
buffer (0.05m, pH 7.5) to a final concentration of 0.1 mgmL™". Far-
UV CD spectra (from 260 to 184 nm) were recorded at 4°C on an
AVIV 215 CD Spectrometer (AVIV Instruments, Inc., Lakewood, NJ)
in 0.1 cm quartz cells (Hellma, Essex, UK). Three scanning acquisi-
tions in 0.5 nm steps were accumulated and averaged, yielding the
final spectrum after blank subtraction. CD signals are expressed as
mean residue molar ellipticity.
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Analysis of Specific Mutants in the Lasalocid Gene Cluster:
Evidence for Enzymatic Catalysis of a Disfavoured

Polyether Ring Closure

Luke Smith,” Hui Hong,® Jonathan B. Spencer’,* and Peter F. Leadlay*™

Lasalocid is a highly atypical polyether ionophoric antibiotic,
firstly because it contains a type of aromatic ring normally asso-
ciated with fungal polyketides, and secondly because the forma-
tion of its tetrahydropyran ring appears to contravene Baldwin's
rules, which predict the kinetically preferred routes for cyclisation
reactions in organic chemistry. The lasalocid biosynthetic gene
cluster has been cloned from Streptomyces lasaliensis, and the
las locus (73533 bp) was found to contain seven modular polyke-
tide synthase (PKS) genes, including all the activities necessary
for the synthesis of the aromatic moiety. Specific deletion from
the gene cluster of the flanking lasC gene, which is predicted to
encode a flavin-linked epoxidase, abolished production both of

Introduction

Polyether ionophores are abundant and diverse polyketide nat-
ural products, isolated mainly from Streptomyces and allied
Gram-positive filamentous bacteria.? They exert their antibi-
otic action by transporting specific cations across bacterial
membranes, leading to collapse in membrane potential and
cell death.l" They have been widely used in animal husban-
dry"? and have also shown activity against drug-resistant
strains of the malarial parasite Plasmodium falciparum,** al-
though their clinical use remains limited by their toxicity. Their
structures are characterised by large numbers of chiral centres,
some of which are established during polyketide chain synthe-
sis on a giant modular polyketide synthase (PKS), and the re-
mainder during the stereospecific oxidative cyclisation of the
initially formed chain to form the characteristic polyether
rings.”’ Despite recent advances, the molecular basis for this
exquisite stereospecificity, and the exact sequence of enzymat-
ic steps, remain unclear. Even less is known of the biosynthesis
by marine dinoflagellates of notorious polyether toxins such as
brevetoxin and maitotoxin,® easily the most structurally com-
plex and poisonous of polyketide natural products. An added
incentive to study terrestrial polyether ionophore biosynthesis
is the possibility of using information gleaned from these sim-
pler systems to guide the search for the marine toxin genes.”

The best-understood polyether biosynthetic pathway is that
for monensin A (1, Scheme 1) in Streptomyces cinnamonensis.”®
On the basis of studies with isotopically labelled precursors, a
biosynthetic scheme has been proposed®'” involving forma-
tion of an all-E polyketide triene, followed by stereospecific
epoxidation to a triepoxide and subsequent ring opening. This
hypothesis has received support from subsequent genetic

ChemBioChem 2008, 9, 2967 - 2975

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lasalocid and of the minor cometabolite iso-lasalocid without
leading to accumulation of an identifiable intermediate; this sug-
gests that oxidative cyclisation to form the polyether rings takes
place on the PKS before release of the full-length polyketide prod-
uct. Meanwhile, a mutant in which the adjacent epoxide hydro-
lase lasB had been deleted produced iso-lasalocid only. Iso-lasalo-
cid differs from lasalocid in the replacement of the tetrahydropyr-
an ring by a tetrohydrofuran ring and represents the kinetically
favoured product of cyclisation. The LasB epoxide hydrolase is
therefore directly implicated in control of the stereochemical
course of polyether ring formation during lasalocid biosynthesis.

studies on the biosynthesis of monensin"'? and related iono-
phoric polyethers.*" From analysis of specific mon mutants,
it appears that the polyketide chain, which contains three E
carbon-carbon double bonds,"® is transferred to a separate
acyl carrier protein (ACP) for oxidative processing, first by a
single flavin-linked epoxidase (MonCl) to form a triepoxide,™'?
and then by a novel class of epoxide hydrolase (MonBI,
MonBlII),"” which catalyses the opening of the epoxide rings
with concomitant formation of the polyether rings. MonB-like
proteins are found in all ionophoric polyether gene clusters ex-
amined so far,'”>">"® and these proteins are predicted to have
protein folds essentially identical to that of an authentic ter-
pene epoxide hydrolase."” Release of the fully formed monen-
sin by a novel thioesterase (MonCll) appears to be the final
step."® Analogous thioesterase enzymes appear to operate in
the nigericin™ and nanchangmycin pathways.*?” The kineti-
cally favoured product of acid-catalysed conversion of the
putative triepoxide intermediate into a polyether is predicted
by Baldwin’s rules”” to be monensin, formed by consecutive
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Scheme 1. Structures of monensin (1), lasalocid (2) and iso-lasalocid (3).
Polyether rings arising from either exo-tet (kinetically favoured) ring closure
or endo-tet (disfavoured) ring closure, according to Baldwin’s rules,’” are la-
belled accordingly.

exo-tet ring closures to give tetrahydrofuran rings, rather than
by the alternative, less favoured endo-tet ring closures that
would afford tetrahydropyran rings.

In contrast, the biosynthetic route to the marine polyether
toxins clearly involves a very large number of endo-tet ring clo-
sures, which form characteristic and striking “ladder” struc-
tures.” It is of great interest to determine whether MonB-like
enzymes control this stereochemical outcome.®? Unfortunate-
ly, the genetic investigation of marine polyether biosynthesis
remains extremely challenging, so this mechanistic link has yet
to be made. However, as previously pointed out,” the terminal
tetrahydropyran rings of certain terrestrial ionophoric poly-
ethers, including narasin, salinomycin and lasalocid, are clearly
formed by a 6-endo-tet process, in apparent contravention of
Baldwin’s rules.” Their biosynthesis therefore offers a useful
model system to study the same type of ring closure as is
thought to occur in the marine polyethers. In the case of lasa-
locid (2, Scheme 1) from Streptomyces lasaliensis, a minor com-
ponent of the wild-type fermentation has already been charac-
terised as iso-lasalocid (3, Scheme 1),** the kinetically favoured
product according to Baldwin’s rules. The study of oxidative
cyclisation in lasalocid biosynthesis therefore offers an excel-
lent opportunity to study exo-tet and endo-tet ring closures in
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the same pathway (Scheme 1). Oikawa and his colleagues have
recently accomplished the chemical synthesis of a structural
analogue of the presumed diepoxide intermediate in lasalocid
biosynthesis.”™ The diepoxide is converted to iso-lasalocid
with dilute acid, and (predominantly) to lasalocid in the pres-
ence of a recombinant MonB-like protein, for which they have
cloned the gene from S. lasaliensis.*® Here, we present our
independent sequencing and analysis of the entire lasalocid
gene cluster from S. lasaliensis, together with the results of
specific mutation of each of the presumed epoxidase (/asC)
and epoxide hydrolase (lasB) genes. The findings point towards
oxidative cyclisation taking place on enzyme-bound intermedi-
ates, and show that a functional lasB gene is essential in vivo
in order to channel biosynthesis towards lasalocid rather than
towards iso-lasalocid. Our analysis also provides the first evi-
dence that formation of a benzenoid aromatic ring might be
catalysed by a modular PKS.

Results and Discussion

Cloning, sequence analysis and organisation of the las gene
cluster from Streptomyces lasaliensis

The strategy used to clone the lasalocid gene cluster was to
screen a cosmid library of genomic DNA from the lasalocid-
producing strain with a hybridisation probe consisting of
1.2 kbp of DNA encoding part of the ketosynthase (KS) domain
of module 2 of the erythromycin-producing PKS. Since KS
domains are the most highly conserved domains in canonical
modular PKSs, this probe would be expected to detect all poly-
ketide biosynthetic gene clusters containing such multien-
zymes. Positive colonies were end-sequenced, and colonies in
which the ends showed PKS-encoding DNA were subjected to
restriction mapping. Initial inspection of the deduced sequence
from one region, to which several overlapping cosmids
mapped, suggested that it might contain the las gene cluster.
Further cosmids were identified by chromosome walking. The
overlapping cosmids 4B12, U12G, S3F and M7G and subclones
of them were shotgun sequenced, to give a total of about
110 kbp of DNA sequence. Computer-assisted analysis and
comparison with genes in public databases revealed 53 open
reading frames (orfs) including four pseudogenes. Of these, 16
could plausibly be assigned roles in lasalocid biosynthesis on
the basis of database comparisons. The positions of the most
relevant orfs are shown in Figure 1, and the putative functions
of the orfs predicted to be involved in lasalocid biosynthesis
are summarised in Table 1; the Supporting Information summa-
rises the putative function of all flanking orfs. The complete
sequence data have been deposited in the EMBL/GenBank
database under the accession number AB193609.

Biosynthesis of the polyketide backbone of lasalocid

Seven large adjacent genes in the las cluster—lasAl-lasAVIl—
encode the modular PKS that assembles the polyketide chain
of lasalocid (Figure 1). Detailed analysis of the constituent
enzymatic domains (Table 1) confirmed the presence of a

ChemBioChem 2008, 9, 2967 — 2975
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FULL PAPERS
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Figure 1. Genetic organisation of the lasalocid biosynthetic gene cluster and polyketide chain extension on the lasalocid PKS. The proposed functions of the
gene products are summarised in Table 1. KS: ketosynthase; AT: acyl transferase; DH: dehydratase; ER: enoyl reductase; KR: ketoreductase; TE: thioesterase.
The inactive KR of module 9 is not shown. KSQ® denotes a decarboxylase in the loading module.

decarboxylative loading module containing a so-called KSQ®”

domain, as well as of 11 extension modules. In almost all other
polyether clusters that have been sequenced, a gene (ksX) has
been found whose product catalyses polyketide chain transfer
to a discrete ACP, where oxidative cyclisation then takes
place.'® Surprisingly, the final multienzyme in the las PKS as-
sembly line has an integral C-terminal thioesterase, which is
likely to catalyse direct chain release, as in macrolide PKSs.?®
The predicted linear polyketide triene product based on exami-
nation of the individual modules in the PKS is exactly that re-
quired to give rise to lasalocid, assuming the normal colinear
functioning of a canonical modular PKS.?® In particular, all the
ring carbons of the aromatic ring appear to be provided by
the action of the modular PKS, the first time that a modular
PKS has been shown to be involved in synthesis of this moiety.
We propose that aromatisation occurs as soon as the full-
length PKS-bound intermediate is formed, as shown in
Scheme 2, although no functionality on the PKS has yet been
identified as involved in catalysis of this transformation. A clear
precedent for this transformation is provided by the analogous
aromatisation step in the biosynthesis of the fungal macrolac-
tone zearalenone.” The double bond produced by module 10
is shown as Z in Figures 1 and Scheme 2, as this geometry is
required for cyclisation to occur. However, the PKS-catalysed
dehydration would normally be expected to give rise to a
double bond with an E configuration. Either the Z double
bond is formed directly, or the initially formed E double bond
undergoes subsequent isomerisation. Inspection of the specif-

ChemBioChem 2008, 9, 2967 - 2975
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icity motifs of the acyltransferase (AT) domains of each
module®3? (Scheme 2) showed the pattern expected for in-
corporation of four propionate units and four acetate units
onto an acetate starter unit.”***¥ The three AT domains pre-
dicted to incorporate ethylmalonate shared a specificity motif
that differed from those reported for malonate and methylmal-
onate.

Analysis of the ketoreductase (KR) domain sequences re-
vealed that KR domain of module 9 has a significant deletion
in the sequence and also lacks an essential active site tyrosine
residue® (Figure 1), which is consistent with the production of
a keto group at this point in chain synthesis. Certain sequence
motifs at KR active sites® 3 of modular PKSs have been
shown to correlate with the stereochemical course of reduc-
tion, and the KR domain of las PKS module 5 differs in these
sequence motifs from those at the active sites of the other
seven active KR domains (Figure 2), in full agreement with the
alcohol configurations in the product being as shown in
Figure 1. Similarly, the configuration shown in Figure 1 for the
methyl branch in the fully reduced extension unit inserted by
module 4, and required for lasalocid, is that anticipated from
the presence of a key tyrosine residue in the active site.?”

Genes involved in regulation, export, provision of precur-
sors for Las biosynthesis, and in oxidative cyclisation

Flanking the PKS genes are several genes that, from their se-
quences, are predicted to encode important ancillary proteins
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www.chembiochem.org



www.chembiochem.org



BIO

P F. Leadlay et al.

Table 1. Deduced function of genes in the lasalocid cluster.
ORF® Size Homologue and origin Identity/ Proposed function
similarity [%]

las1 249 dbj|BAC68117.1| (PteH) 59/71 type Il thioesterase
Streptomyces avermitilis MA-4680

las2 518 gb|AA065793.1 | AF440781_12 (MonT) 54/72 resistance protein
Streptomyces cinnamonensis

las3 161 ref [NP_627826.1 | 60/77 transcription regulator
Streptomyces coelicolor A3(2)

las4 793 ref [NP_824078.1 | 42/54 LuxR family regulator
Streptomyces avermitilis MA-4680

las5 454 gb|AAQ84149.1| (PImT7) 79/89 ethylmalonyl CoA synthase
Streptomyces sp. HK803

las6 573 gb|AAQ84148.1| (PImT8) 62/75 3-hydroxybutyryl CoA dehydrogenase
Streptomyces sp. HK803

lasAl 4986 gb|AAZ77693.1| (ChIA1) 53/63 polyketide synthase KS, AT, ACP, KS, AT DH, KR, ACP, KS,
Streptomyces antibioticus AT, DH, ER, KR, ACP

lasAll 5469 gb |AAX98191.1] (orf16) 52/65 polyketide synthase KS, AT, DH, KR, ACP, KS, AT, DH, ER,
Streptomyces aizunensis KR, ACP, KS, AT, KR, ACP

lasAlll 1108 gb|AAZ94389.1 | 61/71 polyketide synthase KS, AT, ACP
Streptomyces neyagawaensis

lasAlV 1647 gb |AAX98190.1| (orf15) 56/70 polyketide synthase KS, AT, KR, ACP
Streptomyces aizunensis

lasAV 3679 gb |AAX98191.1| (orf16) 56/68 polyketide synthase KS, AT, DH, ER, KR, ACP, KS, AT, ACP
Streptomyces aizunensis

lasAVI 1877 gb|AAZ94389.1 | 55/67 polyketide synthase KS, AT, DH, KR, ACP
Streptomyces neyagawaensis

lasAVil 131 gb|ABB52545.1 | 48/59 polyketide synthase KS, AT, ACP, TE
Streptomyces sp. KCTC 0041BP

las7 122 ref| YP_001108251.1 | 38/56 putative regulator
Saccharopolyspora erythraea NRRL 2338

lasC 472 dbj|BAE93732.1| (TmnC) 49/64 epoxidase
Streptomyces sp. NRRL 11266

lasB 282 gb|ABC84468.1| (NigBlI) 47/62 epoxide hydrolase
Streptomyces violaceusniger

[a] A complete table of orfs is provided in the Supporting Information; [b] numbers refer to amino acid residues.

ACP-S.___O ACP-S___0O ACP-S.__0O ACP-S___O
04) (OH m
o o O HO
—_— V) e —_—
X H

Scheme 2. Proposed mechanism of aromatisation to form lasalocid.

for lasalocid biosynthesis. Bioinformatic analyses suggest that
the left-hand boundary of the cluster is defined by a gene en-
coding an 1S10-like transposase (orf6) and three pseudogenes
(orf7-orf9), adjacent to las1, which encodes a discrete thioes-
terase (TEll) highly typical of modular PKS-containing gene
clusters and which is thought to play an activating (but not es-
sential) role by hydrolysing mis-acylated PKS active sites.*
There follow genes for a putative transporter (Las2) and for
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two putative transcriptional reg-
ulators (Las3 and Las4, the latter
belonging to the LuxR family).?
Adjacent to this lie a pair of
genes predicted to encode cro-
tonyl-CoA reductase and 3-hy-
droxyacyl CoA dehydrogenase,
which are both likely to be in-
volved in the provision of ethyl-
malonyl CoA, the source of the
unusual butyrate units for the
PKS. On the right-hand flank of
the las cluster is found a small
gene of unknown function (las?),
possibly involved in regulation.
Adjacent to las7 are two genes
that, from comparisons with previously analysed polyether
clusters, are highly likely to encode i) a flavin-linked epoxidase
(LasC) responsible for initiating oxidative cyclisation to form
the presumed diepoxide intermediate, and i) a single ring
opening epoxide hydrolase (LasB). LasB resembles Nanl in the
nanchangmycin cluster and appears to represent a head-to-
tail fusion of the putative epoxide hydrolases MonBIl and
MonBI in the monensin cluster, and of NigBIl and NigBI in the

ChemBioChem 2008, 9, 2967 — 2975
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Figure 2. Multiple sequence alignment of the AT and KR domains from the lasalocid PKS. A) Alignment of specifi-
city motifs from AT domains of the lasalocid PKS. Asterisks mark the conserved regions that determine substrate
specificity. The substrate specificity is indicated on the right. B) Multiple alignment of specificity motifs of KR do-
mains of lasalocid PKS. Asterisks indicate conserved amino acids that determine stereochemistry. The arrow indi-
cates the active site tyrosine.

1419bp 2
A i 1 B) = E
M M = z
=1 o
1J10p L. R =
ooy £ 5§ T 2
[ 1 ._'1 ] g E k=3 'g
~158%bp 1603, o 2 3 2
Ndel™. = _Hindll
rep(pll101)
pYH?
aae(3v
1419bp—>»

v
iy B

Figure 3. In-frame deletion of lasC. A) Schematic representation of the in-frame deletion in lasC through the use
of shuttle vector pYH7. The numbers 1419, 1191 and 228, represent the expected size of the PCR product ampli-
fied from wild-type S. lasaliensis, the size of the internal deletion, and the expected size of the PCR product ampli-
fied from the AlasC mutant, respectively. The sizes of the flanking regions used to obtain homologous recombina-
tion between construct and chromosome are indicated. B) Confirmation of AlasC by PCR screening. Cosmid M7G
served as a negative control and plasmid pLSAC served as a positive control.

Deletion of the lasC and lasB
genes

An in-frame deletion of the lasC
gene of S.lasaliensis was pro-
duced as described in the Exper-
imental Section and illustrated in
Figure 3. The mutant was grown
in lasalocid production medium,
and extracts were analysed by
LC-MS and compared to those
from wild-type S. lasaliensis. The
LC-MS profile differed from that
of the wild type in that no trace
either of lasalocid or iso-lasalocid
was found; this confirms that
the lasC gene, which encodes a
flavin-linked epoxidase, is essen-
tial for lasalocid production. Nei-
ther was there any evidence for
the production of a “pre-lasalo-
cid” diene nor any other lasalo-
cid-related metabolite (see the
Supporting Information).

To confirm that the loss of la-
salocid production was caused
by specific loss of the lasC gene,
the mutant was complemented
in trans by a plasmid-borne copy
of lasC introduced under its
native promoter (see the Sup-
porting Information). The result-
ing recombinant S. lasaliensis
strain was found by LC-MS anal-
ysis to produce both lasalocid
(2) and iso-lasalocid (3), in the
same ratio as in the wild type
but in reduced yields (~25%). Al-
though admittedly negative evi-
dence, taken together these re-
sults strongly argue against the
release from the PKS, during la-
salocid biosynthesis, of “pre-lasa-
locid diene” as a free intermedi-
ate that is subsequently acted
upon by LasC (epoxidase) and
then LasB (epoxide hydrolase)—
a mechanism recently proposed
on the basis of model experi-
ments with synthetic 5 and puri-
fied LasB.”® Rather, we propose
that the PKS-bound diene is the

nigericin cluster,"” respectively. None of the orfs beyond lasB  substrate for LasB and LasC. The exact timing of the formation
appears to be involved in the biosynthetic pathway, although  of the aromatic ring (Scheme 2) cannot be deduced from the
this remains to be confirmed by detailed mutational analysis. results of these experiments, but it is reasonable to assume

that this also occurs before chain release, and probably before

formation of the diepoxide.

ChemBioChem 2008, 9, 2967 - 2975 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2971
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An in-frame deletion was created in the lasB gene, as de-
scribed in the Experimental Section. When this mutant was fer-
mented in lasalocid production medium and extracts were an-
alysed by LC-MS, the profile differed from that of the wild type
in that no trace of lasalocid was found, and iso-lasalocid was
the exclusive product (Figure 4), at about the same levels as
produced by the wild type. To confirm that the loss of lasalocid
production was caused by specific loss of the lasB gene, the
mutant was complemented in trans by a plasmid-borne copy
of lasB introduced under its native promoter (see the Support-
ing Information). The resulting recombinant S. lasaliensis strain
was found by LC-MS analysis to produce iso-lasalocid (3) in a
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Figure 4. HPLC analysis of lasalocid and iso-lasalocid from S. lasaliensis
strains. A) Wild-type S. lasaliensis (total ion current). The peak at 16.54 cor-
responds to a mixture of lasalocid B, lasalocid C and lasalocid D (m/z 605
[M+H]*), minor products formed through the incorporation of an additional
butyrate extender unit in place of propionate.*” B) Wild-type S. lasaliensis
(selection for m/z 591 [M+H]"). C) S. lasaliensis AlasB mutant (m/z 591
[M+H]*). D) S. lasaliensis AlasB complemented with expression plasmid
pSETlasBNP (m/z 591 [M+H]"). E) Lasalocid A standard (m/z 591 [M+H]*).
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yield comparable to that of the wild type, together with lasalo-
cid (2) at about 35% of the typical wild-type yield. If LasB con-
trols the conversion of the PKS-bound diepoxide intermediate
into a polyether, then in the lasB deletion mutant this inter-
mediate should accumulate. The metabolites found in fermen-
tation extracts should therefore represent the products of the
chemically favoured process of epoxide ring opening in this in-
termediate. The observation that iso-lasalocid (3) is the sole
product of a /lasB mutant can be explained as the result of a
kinetically favoured nonenzymatic 6-exo-tet cyclisation of both
polyether rings in conformity with Baldwin’s rules.

Scheme 3 shows the proposed mechanism for formation of
lasalocid and iso-lasalocid, taking these findings into account.
LasC epoxidises each of the E double bonds in the PKS-bound
diene 4, from the same face of the double bond, to form the
diepoxide 5. The hydroxy group at C-15 opens the first epox-
ide to form a tetrahydrofuran ring, by nucleophilic attack at
the more hindered carbon, and with inversion of configuration
at this centre. This preference can be understood on the basis
of Baldwin’s rules, in that the alternative attack at the less hin-
dered carbon would be a kinetically disfavoured 6-endo-tet cyc-
lisation. It remains an open question as to whether enzymatic
catalysis by LasB is actually required for this step, although it
seems likely. That the ring closures in polyether formation
occur stepwise in a definite order is fully consistent with our
previous results obtained on the MonB-catalysed formation of
monensins in S. cinnamonensis."” It is also supported by the
recent results of Oikawa and colleagues,”® who have shown
that a synthetic compound resembling 6, in which the first
polyether ring has been formed, is chemically competent to be
converted into iso-lasalocid, and can act as a substrate for re-
combinant LasB in vitro. Intermediate 6 partitions differently in
the wild type and the /lasB mutant. In the wild type, the pres-
ence of LasB clearly changes the stereochemical course of
polyether ring formation, channelling the intermediate 6 to
form lasalocid (2) as the major product, despite the fact that in
chemical terms this is predicted to be a kinetically disfavoured
cyclisation pathway. In the mutant, the formation of the
second ring appears to be exclusively by the kinetically fav-
oured pathway.

Conclusions

The analysis of the biosynthetic gene cluster for lasalocid has
provided the first evidence of a modular PKS catalysing the for-
mation of an aromatic moiety. The lack of a detectable inter-
mediate from the lasC mutant provides evidence that oxidative
cyclisation occurs while the polyketide chain is enzyme-bound,
as in other polyether biosynthetic pathways. Importantly, we
have obtained direct evidence for the role of LasB in oxidative
cyclisation. The finding that LasB can dictate, and accelerate, a
ring-formation pathway regarded as kinetically disfavoured
offers an intriguing parallel to the more complex assembly pro-
cess that leads to the giant polyether ladder structures of
marine toxins. Jamison and colleagues have already elegantly
demonstrated in synthetic models®® that the latter process,
which involves 6-endo-tet ring closures, becomes the kinetically
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epoxidation
LasC

exo-tet
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OH A/
(0]
NI
H
1. Ring closure
2. Chain release

Scheme 3. Proposed mechanism for oxidative cyclisation of a PKS-bound diene intermediate to produce either
lasalocid or iso-lasalocid. In the wild-type strain formation of 2 predominates, whereas in a AlasB mutant only 3

is formed.

favoured one when carried out in water rather than in organic
solvent, if there is a single tetrahydropyran ring already in
place to act as a template. It may be that when an epoxide is
bound at the epoxide hydrolase active site this places equiva-
lent constraints on the mechanistic pathway. The successful
creation of a catalytic antibody that favours a kinetically disfav-
oured cyclisation reaction provides added support for this
idea.“” Certainly, the results reported here encourage the view
that equivalent enzymes to LasC and LasB might also be in-
volved in the formation of marine ladder toxins.®?*

ChemBioChem 2008, 9, 2967 - 2975
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Experimental Section

Bacterial strains, plasmids and
DNA manipulation: S. lasaliensis
NRRL3382 was the lasalocid-pro-
ducing strain originally described.”
It was maintained on modified
A medium plates (10g wheat
starch, 2.5g corn steep powder,
3g yeast extractt 3g CaCO;,,
100 mg FeSO,7H,0, 20g agar, 1L
H,O). For isolation of DNA it was
grown for 2days at 30°C with
shaking at 200 rpm in M79 liquid
medium (10 g glucose, 10 g pep-
tone, 2 g yeast extract, 6 g NaCl,
10 g casein hydrolysate, 1L H,0).
For lasalocid production, it was
grown for 7-10 days at 30°C with
shaking at 200 rpm, in LOSP
medium (10g lard oil, 10 g split
peas, 10g dextrin, 4g yeast ex-
tract, 2g K,HPO,, 1L H,0). E. coli
strains DH10B and XL1-Blue MR
were used for routine cloning and
for cosmid library construction, re-
spectively, and strain ET12567 (also
containing the helper plasmid
pUZ8002) was used in the conju-
gation of Streptomyces strains.
E. coli strains were cultured in 2TY

/H (16 g tryptone, 10 g yeast extract,

5g NadCl, 1 L H,0) medium at 37°C
with the appropriate antibiotic
selection at a final concentration:
carbenicillin (100 ugmL™"),  hy-
gromycin B (100 ugmL™"), apramy-
cin (50 ugmL™"), chloramphenicol
(25pgmL™")  or nalidixic acid
(25 ugmL™"). Plasmid pYH7“"42
was used for gene deletions in
S. lasaliensis, and plasmid
pHSG397" for subcloning frag-
ments for DNA sequencing. DNA
manipulations were performed by
using standard procedures for
E. coli™ and Streptomyces."*

Construction and screening of
the genomic cosmid library: A ge-
nomic library of S. lasaliensis was
constructed in the cosmid vector
SuperCos 1 (Stratagene). The genomic DNA was partially digested
with BamHI, dephosphorylated with shrimp alkaline phosphatase
and ligated to the prepared vector without fractionation. The Giga-
pack Ill XL packaging extract (Stratagene) was used for library con-
struction by following the manufacturer’s instructions. About 2000
colonies were screened by colony-hybridisation with digoxigenin-
labelled PKS-probe, which is a 1.2 kbp conserved fragment of the
erythromycin KS2 domain. Positive colonies were analysed by re-
striction enzyme digestion. Further details of the cloning proce-
dure are given in the Supporting Information.

Sequencing and annotation of the lasalocid biosynthetic gene
cluster: The overlapping cosmids 4B12, U12G, S3F and MK7G were
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sequenced by shotgun sequencing of a subclone library, consisting
of 2.0-7.0 kbp fragments (obtained through partial digestion with
Sau3Al) cloned in pHSG397. DNA sequencing was carried out with
an ABI Prism 3700 DNA Analyzer automated sequencer (Applied
Biosystems). The raw sequence data were processed and assem-
bled with the phred/phrap/consed software package (http://
www.phrap.org). Open reading frames were detected with fgenes-
B.“¢ Annotation was performed through database comparison
with the BLAST search tools on the server of the National Center
for Biotechnology Information, Bethesda, Maryland (http:/
www.ncbi.nlm.nih.gov).

Gene disruption and complementation: The constructs for gene
disruption and complementation used in this study are summar-
ised in the Supporting Information. The constructs were intro-
duced into S. lasaliensis by conjugation with donor strain ET12657/
pUZ8002 on modified A medium plates (20 mL). After incubation
at 30°C for 18 h, exconjugants were selected by the addition of
apramycin (1 mg) and nalidixic acid (500 pg) in water (1 mL) to
each plate. Single colonies from the plate were plated out on
modified A medium without apramycin. To screen the resulting
double-crossover mutants, single colonies were patched both onto
modified A medium plates containing apramycin (50 uigmL™") and
onto plates without apramycin. Candidate clones with the correct
phenotype (Apr) were used for further verification by PCR and
sequencing (see the Supporting Information).

For complementation of in-frame mutant strain AlasC, a pSET152-
derived construct pSETlasCNP was used; this carries the complete
lasC gene with its natural promoter (see the Supporting Informa-
tion). The complementation plasmid was introduced into AlasC by
conjugation, and exconjugants were selected with apramycin. Re-
sistant colonies were confirmed by PCR and sequencing. A similar
procedure was used for complementation of the AlasB mutant
with the construct pSETlasCNP, housing the lasB gene with its own
promoter (see the Supporting Information).

Production, isolation and analysis of lasalocid: To assess lasalocid
production by S. lasaliensis (wild type) and its mutants, a seed cul-
ture containing M79 medium (50 mL) was inoculated and grown as
described above. After 2-3 days, the culture was used to inoculate
LOSP production medium (8 L). After a further 7-10 days the cul-
ture was extracted with an equal volume of ethyl acetate. The ex-
tracts were dried by removal of the solvent under reduced pres-
sure, and the remaining oil was dissolved in methanol. The bulk of
the oil was then removed by filtration at —20°C. The methanol
was removed under reduced pressure, and the extract was further
purified, first with a silica column (15 cmx3 ¢cm) with elution with
a dichloromethane/ethyl acetate gradient, followed by chromatog-
raphy by preparative HPLC (Gilson) on a Luna 10 C18 (10 pm, 250 X
21 mm) reversed-phase column (Phenomenex) with elution with a
gradient of 70-100% acetonitrile containing formic acid (0.1%)
over 30 min. NMR spectroscopy was carried out with a Bruker DRX
500 MHz Cryoprobe spectrometer; samples were dissolved in
cDCls.

Online liquid chromatography-mass spectrometry (LC-MS), LC-MS/
MS and LC-MS" analyses were carried out with an LTQ mass spec-
trometer (Thermo Finnigan) by positive-mode electrospray ionisa-
tion. The LTQ was coupled to an HP 1200 LC (Agilent) fitted with a
Prodigy C18 reversed-phase column (5 um, 4.6 X250 mm, Phenom-
enex) equilibrated with formic acid (0.1%) in acetonitrile (85 %).
Samples were eluted with a gradient of 85-100% acetonitrile over
20 min. The mass spectrometer was set to full scan (from m/z 200
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to 2000), MS/MS and MS® modes with normalised collision energy
of 35%.
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Polymerase Amplification, Cloning, and Gene Expression
of Benzo-Homologous “yDNA” Base Pairs

Jijumon Chelliserrykattil, Haige Lu, Alex H. F. Lee, and Eric T. Kool*®

A widened DNA base-pair architecture is studied in an effort to
explore the possibility of whether new genetic system designs
might possess some of the functions of natural DNA. In the
“yDNA” system, pairs are homologated by addition of a benzene
ring, which yields (in the present study) benzopyrimidines that
are correctly paired with purines. Here we report initial tests of
ability of the benzopyrimidines yT and yC to store and transfer
biochemical and biological information in vitro and in bacterial
cells. In vitro primer extension studies with two polymerases
showed that the enzymes could insert the correct nucleotides op-
posite these yDNA bases, but with low selectivity. PCR amplifica-
tions with a thermostable polymerase resulted in correct pairings

Introduction

A long-standing challenge for chemists inspired by natural sys-
tems has been to find new chemical designs for DNA base
pairs.'"® One goal of such work is to evaluate whether such
designs can mimic natural physical properties of DNA such as
helix formation. Fewer studies have been directed to the bio-
chemical and biological properties of such new pairs. However,
some unnatural base pairs have recently been shown to be
replicated by polymerase enzymes in vitro,>’"'? suggesting
future applications in expansion of the genetic code.™

Until recently, designed base pairs have been constructed
exclusively for function in the context of the natural DNA ge-
netic system. However, one can ask whether other genetic sys-
tems could exist that operate with an entirely different base
pairing architecture from that of natural DNA. In this light we
recently reported the design and synthesis of size-expanded
nucleosides (xDNA and yDNA) capable of forming base pairs
and helices larger than those of natural DNA."*'? In these de-
signs, the dimension of the natural nucleobases was expanded
by 2.4 A through addition of a benzene ring to the natural het-
erocyclic framework."”? While the yDNA analogues studied
here (Figure 1) differ from the xDNA analogues in the exten-
sion vector orientation, both could be synthetically incorporat-
ed into oligonucleotide strands and form stable expanded
double helices. These expanded nucleotide analogues may
serve as useful tools in better understanding the self assembly
and replication of DNA, and its recognition by proteins. They
also have the potential to lead to new applications in biotech-
nology as a result of their ability to bind DNA with high affini-

4]

ty,'* and the fact that all the expanded bases are fluores-
cent.l"®
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in 15-20% of the cases, and more successfully when yT or yC
were situated within the primers. Segments of DNA containing
one or two yDNA bases were then ligated into a plasmid and
tested for their ability to successfully lead the expression of an
active protein in vivo. Although active at only a fraction of the
activity of fully natural DNA, the unnatural bases encoded the
correct codon bases in the majority of cases when singly substi-
tuted, and yielded functioning green fluorescent protein. Al-
though the activities with native polymerases are modest with
these large base pairs, this is the first example of encoding pro-
tein in vivo by an unnatural DNA base pair architecture.

A)
A L
HN NH HN \N
HO ° HO °
o (o]
HO HO
dyT dyC
B
) H H
R A N N T NN
e U el
Nl N--H—N N/ N—H-----N
—/ —
N N /
"'1,/ (o] N ‘M,/ ’<'N—H ----- [o} \s*
A-yT G-yC

Figure 1. Widened (yDNA) nucleoside and base pair structures. A) Structures
of benzopyrimidine nucleosides dyT and dyC. B) Proposed structures of wid-
ened base pairs in this study.

If designed genetic systems are to function like natural ones,
they must be able to encode and transfer sequence informa-
tion to copies. However, this presents a serious challenge for
the widened yDNA pairs, because DNA polymerases can be
highly sensitive to the size of base pairs."” While our long-
term goal is to discover and develop new enzyme variants that
can adapt to the large size of expanded pairs, we have begun
to examine whether naturally occurring enzymes and replica-
tion systems have any ability to process the information en-

[a] Dr. J. Chelliserrykattil, Dr. H. Lu, Dr. A. H. F. Lee, Prof. Dr. E. T. Kool
Department of Chemistry, Stanford University
Stanford, CA 94305-5080 (USA)
Fax: (+ 1) 650-725-0259
E-mail: kool@stanford.edu
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coded by expanded pairs. Here we report on the encoding of
information in the yDNA system. We find that although such
pairs are processed with relatively low efficiency and fidelity in
vitro, native polymerases can in fact replicate such pairs suc-
cessfully in some cases. Moreover, we demonstrate that single
yDNA bases can correctly encode genetic information in living
cells.

Results and Discussion

Our initial experiments explored the ability of the benzopyrimi-
dine C-nucleosides*™ dyT and dyC (Figure 1A) to template the
addition of natural nucleotides opposite them, using native
polymerases. We studied the Klenow fragment of Escherichia
coli DNA polymerase | (KF exo™), and a commonly used ther-
mostable polymerase, the DNA polymerase from Thermococcus
litoralis (Vent exo™)®® to recognize dyT and dyC bases in a syn-
thetic 28 mer DNA template. If insertion of dATP and dGTP
were successful, the resulting A-yT and G-yC pairs (respectively)
would be about 2.4 A larger than natural Watson-Crick pairs.
The single nucleotide insertion studies were performed under
nonforcing conditions, such that inefficiently formed base pairs
(like mismatches), would not be formed in the case of the nat-
ural base system. The data showed (Figure 2) that both the
polymerases tested incorporated the natural nucleotides of dA
opposite yT and dG opposite yC with qualitatively moderate
efficiencies. The selectivity with both enzymes was low, as
dTTP was also incorporated across from both yC and yT with
comparable efficiencies. We hypothesize that this T-yT and T-yC
mispairing is due to a wobble-type pair geometry (Figure 3).
Interestingly, such a T-yT pair is reasonably close in size and
orientation to a natural A-T pair. A similar structure can be
drawn with a possible tautomer of yC.?"??

Encouraged by the ability of the thermostable Vent exo™
polymerase to incorporate nucleotides opposite the expanded
bases in a DNA template, we next explored the fidelity of this
activity in a polymerase chain reaction (PCR)-based assay. Two
oligonucleotides were synthesized and annealed, each contain-
ing two modifications (one dyT and one dyC), and having a
16nt region of overlap at their 3’ ends (Table 1). PCR was per-

A) B)
Template yC yT ol T
dNTP A CGT ACGT A CGT A C G T

Vent exo- ol e -:. ~

C) D)

KF exo- .’;' ‘." ..;’ a.‘.

Figure 2. Survey of selectivity of enzymatic nucleotide incorporation oppo-
site yDNA bases. A) and C) show yDNA template bases; B) and D) show nat-
ural bases as controls. Enzymes are Thermococcus litoralis DNA polymerase
(Vent exo™) and Klenow fragment of DNA pol | (KF exo™). Standard 10 pL re-
actions were performed at 37 °C (KF exo™) or 68°C (Vent exo™) and contained
25 nwM radiolabeled primer-template (primer, 5-TAA TAC AAC TCA CTA TAG
GGA GA-3'; template, 5'-ACT GXT CTC CCT ATA GTG AGT CGT ATT A-3/,
where X=yT,TyC, or C). A) Reaction solution contained 0.4 unitsuL~' Vent
exo~, 500 pm dNTP; reaction time 20 min. B) Reaction contained 0.05 units
uL~! Vent exo™, 50 um dNTP; reaction time 3 min. C) Reaction contained
0.02 units ;LL’1 KF exo~, 50 pm dNTP; reaction time 4 min. D) Reaction con-
taine 0.005 unitsuL ™' KF exo~,5 um dNTP; reaction time 3 min. Products
were resolved by denaturing polyacrylamide gel electrophoresis (7.6 M urea,
20% acrylamide) and visualized by phosphorimaging.

H
o H‘N
0"“-H~N o~~~~_H\N -
/
______ N '~~--~o/
/N
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Figure 3. Proposed structures of mismatched T-yT and T-yC wobble-type
pairs. The similarity in geometry to standard Watson-Crick pairs might ex-
plain the common T-yT and T-yC mispairing observed in vitro.

poration of G) in 15% of clones at one of the two modified po-
sitions and similarly, yT being read correctly (incorporation of
A) in 20% of clones at one of the two positions. Any other mis-
pairings were rare.

formed using this template and natural dNTPs. Note
that the product after amplification in these reac-
tions is natural DNA, as no modified nucleotides
were used in the PCR. The resulting 79-base-pair (bp)
PCR products were directly cloned into a PCR cloning
vector, and transformed into E. coli. DNA was then
extracted from a small population of the transformed
clones, and the resulting sequences were analyzed.
The obtained sequences (Table 1) provide informa-
tion regarding the fidelity of replication of yT and yC
bases in the initial template DNA. We observed that
in a majority of the clones, the obtained sequence
corresponded to the misincorporation of dT opposite

dNTPs.

Table 1. PCR amplification of templates containing yT and yC bases with natural

Y2F/Y2R template
primer-ATGTACAAGAACGCACGATATCT TTCAAA-3

Expected sequence
primer-ATGTACAAGAACGCACGATATCTTTCAAAGATGACGGAAA-primer

Observed sequence
primer-ATGAAAAAGAACGCACGATATCTTTCAAAGATGTCG TAAA-primer (55 %)
primer-ATGAAAAAGAACGCACGATATCTTTCAAAGATGACG TAAA-primer (15 %)
primer-ATGAACAAGAACGCACGATATCTTTCAAAGATGTCGTAAA-primer (15%)
primer-ATGCAAAAGAACGCACGATATCTTTCAAAGATGACG TAAR—primer (5%)

primer-ATGAAAAGAACGCACGATATCTTTCAAAGATGGCG TAAA-primer (5%)

primer-ATGAAAAAGAACGCACGATATCTTTCAAAGATGCCGAAAA—primer (5%)

3'-GTGCTATAGAAAGTTTCTACTGCCTTT-primer

both yC and yT in the template, consistent with the
above single nucleotide incorporation experiments.
The expanded pairs were formed relatively infre-
quently, with yC being read correctly (that is, incor-

Observed sequences were obtained after bacterial cloning and sequencing of ampli-
fied duplexes. The yDNA template bases are underlined. Expected bases replacing
these are shown in bold; mutated results are shown in italics. Represented percentag-
es of sequences cloned are as shown.
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To test yDNA base pair replication in a second context, we
next performed PCR using primers that each contained two
yDNA bases. The modified primers were designed such that
the y-bases were incorporated towards the 5-end, so that
their ability to anneal with the template would not be compro-
mised (Table 2). In these experiments, replication is more chal-
lenging since the polymerase would have to continually use
DNA containing yDNA bases as the template during each step
of PCR. As in the previous assay, the PCR products were direct-
ly cloned and sequenced. We observed again that in the
region downstream from the primer, the observed sequence
corresponded to the misincorporation of T opposite both yC
and yT in the template in the majority of cases. “Correct” incor-
poration of A opposite yT occurred in 20% of cases on average
(10% at one position and 30% at the second position), and of
G opposite yC, in 10% of cases on average (15% at one posi-
tion and 5% at the second position) (Table 2). However, in the
primer binding regions, we observed far fewer misincorpora-
tions. All cases tested (at two sites in each of 20 clones)
showed correct replacement of yT by T, indicating A-yT pairing.
Similarly, yC was replaced by C on an average in 88% of the
cases (75% at one position, 100% at the second position). In
this experiment, it should be noted that the products from
each PCR cycle are modified DNAs containing yC and yT modi-
fications near the ends. This could potentially pose an addi-
tional difficulty for ligation and cloning into the TA vector.
Thus, in this experiment we cannot rule out some possible
bias of the bacterial replication machinery during plasmid rep-
lication for certain sequence outcomes over others, especially
near the ends of the amplified duplexes. Nevertheless, the
results show that a native polymerase can read and replicate
the information stored by yDNA pairs to a substantial extent.

The above experiments demonstrated that small numbers of
yDNA base pairs can be amplified in vitro and replicated in
vivo. However, the cloned segments were in noncoding parts
of the DNA, and the yDNA bases were processed prior to
reaching cells. Thus, the question remained as to whether
yDNA bases could encode genetic information (as observed by

E. Kool et al.

a phenotype) to any extent in a living system. To directly
probe this question, we examined the in vivo replication of
synthetic DNAs containing yDNA bases without amplification.
A 46-base-pair segment within the green fluorescent protein
(GFP) gene in pGFPuv plasmid vector, a plasmid with a high
copy number of expression in cells, (see Experimental Section)
was replaced with an identical synthetically prepared DNA con-
taining yDNA modifications (Table 3). For this, two complemen-
tary oligonucleotides, both containing increasing numbers of
yT and yC bases within the gene segment, were synthesized.

Table 3. In vivo replication of gene segments containing yDNA base
pairs.

y-Gene1®
5'-GTACAGGAGCGCACTATTTCTTICAAAGATGACGGAAACTACAAGA
3-TCCTCGCGTGATAAAGAAAGT I TCTACTGCCTTTGATGTTCTGCGC
Expected sequence
GTACAGGAGCGCACTATTTCTTTCAAAGATGACGGAAACTACAAGA
Observed sequence
GTACAGGAGCGCACTATTTCTTTCAAAGATGACGGAAACTACAAGA (60 %)
GTACAGGAGCGCACTATTTCTTTCATAGATGACGGAAACTACAAGA (40%)
y-Gene2
5'-GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA-3'
3-TCCTCGCGTGATAAAGAAAGTTCCTACTGCCTTTGATGTTCTGCGC-5'
Expected sequence
GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA
Observed sequence
GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA (15%)
GTACAGGAGCGCACTATTTCTTTCAATGATGACGGAAACTACAAGA (60 %)
GTACAGGAGCGCACTATTTCTTTCTATGATGACGGAAACTACAAGA* (15%)
y-Gene3
5'-GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA-3
3-TCCTCGCGTGATAAAGAAAGTTCCTACTGCCTTTGATGTTCTGCGC-5
Observed sequence

no colonies observed

The yDNA bases are underlined in the synthetic GFP gene segments. Ex-
pected bases replacing these are shown in bold; mutated results are
shown in italics. Percentages of clones are given in brackets. Observed
sequences were obtained after bacterial cloning and sequencing of syn-
thetic duplexes in a GFP-encoding plasmid. [a] Silent mutation sites (used
as markers) are pictured in gray.

caagagtgccatgcccgaaggt (forward primer)
(reverse primer) gatgttctgcgcacgacttca
Expected sequences

Observed sequences

Table 2. PCR amplification with both primers and templates containing yT and yC bases (using natural dNTPs).

caagagtgecatgcccgaaggt tATGTACAAGAACGCACGATATCTTTCAAAGATGACGGAAACtacaagacgcgtgetgaagt

caagagtgecatgcccgaaggt tATGAARARAAGAACGCACGATATCTTTCAAAGATGTCGTAAACtacaagacgcgtgectgaagt (35%)
caagagtgecatgcccgaaggttATGAAARAGAACGCACGATATCTTTCAAAGATGACGTAAACtacaagacgcgtgectgaagt (20%)
caagagtgacatgcccgaaggttATGAAAAAGAACGCACGATATCTTTCAAAGATGTCGTAAACtacaagacgcgtgectgaagt (10%)
caagagtgeccatgcccgaaggt tATGAATAAGAACGCACGATATCTTTCAAAGATGTCGTAAACtacaagacgcgtgctgaagt (5%)

caagagtgeccatgcccgaaggt tATGAACAAGAACGCACGATATCTTTCAAAGATGTCGTAAACtacaagacgcgtgctgaagt (5%)

caagagtgacatgcccgaaggt tATGAACAAGAACGCACGATATCTTTCAAAGATGTCGTAAACtacaagacgcgtgectgaagt (5%

caagagtgecatgcccgaaggt tATGAAAAAGAACGCACGATATCTTTCAAAGATGACGGAAACtacaagacgcgtgectgaagt (5%
caagagtgecatgcccgaaggttATGTAAAAGAACGCACGATATCTTTCAAAGATGTCGTAARACtacaagacgcgtgetgaagt (5%)
caagagtgacatgcccgaaggttATGAAARAGAACGCACGATATCTTTCAAAGATGACGTAAACtacaagacgcgtgetgaagt (5%)
caagagtgacatgcccgaaggt tATGTACAAGAACGCACGATATCTTTCAAAGATGTCGTAAACtacaagacgcgtgctgaagt (5%)

)
)

amplified duplexes.

The yDNA template bases are underlined. Expected bases replacing these are shown in bold; mutated results are shown in italics. Represented percentag-
es of sequences cloned are as shown. Template sequence is given in Table 1. Observed sequences were obtained after bacterial cloning and sequencing of
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Upon hybridization of these sequences, a double-stranded
DNA fragment was yielded that had sticky ends similar to
those generated by two restriction enzymes on the plasmid
vector. Genetically silent mutations were also introduced
within the synthetic gene to distinguish the input unnatural
DNA from possible unmodified vector contamination. These
“artificial gene” segments were cloned into the vector, replac-
ing the original sequence, and then transformed into E. coli.
Here, only if the bacterial DNA replication machinery is capable
of correctly propagating the genetic information provided in
the form of modified DNA content, would colonies with green
fluorescence form on an LB plate. Note that the bacteria only
need to make a few faithful copies of the modified plasmid
input initially to foster further natural plasmid replication. A
high copy number yielding plasmid would also help maintain
the continued replication as compared with a low copy
number plasmid.

We found that green colonies were in fact obtained when
gene segments containing one yDNA base and two yDNA
bases in each strand were present in the vector. Transforma-
tion efficiency was lowered by about 200-fold compared to a
control reaction where unmodified DNA was used for ligation
and transformation. However, upon sequencing the resulting
plasmids extracted from the fluorescent colonies from modi-
fied DNAs, we observed that there were many clones where
the genetic information was preserved by correct replication
of the unnatural pairs. When there were two yDNA modifica-
tions in the cloned gene segment, 60% of the sequences ob-
tained had the expected fidelity of replication with dA added
opposite yT. The mutational tendency for the misinsertion of T
opposite yT was also observed again, with 40% of the clones
exhibiting the corresponding mutation (Table 3). In the more
stringent case where there were two yDNA modifications in
each strand, the sequences obtained were more diverse, with
only 15% of the clones showing complete fidelity; a small
population also showed a preference for the addition of A
opposite yC. Interestingly, no misincorporations were observed
while replicating the yDNA modifications in the top strand,
thus showing complete fidelity in the clones tested. In the
case where there were three consecutive yDNA base modifica-
tions in each strand, we did not observe any green transform-
ants, thus indicating the limits of the E. coli replication machi-
nery for yDNA replication.

Conclusions

Overall, our experiments show that despite the large size of
yDNA base pairs, DNA partially modified with yDNA bases can
be recognized and replicated to some extent in vitro even by
natural polymerases. This suggests the future possibility of
finding or developing enzymes that are more accepting of the
large size of these pairs. More surprisingly, yDNA pairs could
be successfully replicated in living bacterial cells to a limited
extent, and we demonstrate for the first time that yDNA base
pairs can help store and transfer information leading to an
observable phenotype. The findings suggest that with further
development of replicases that can better adapt to altered

ChemBioChem 2008, 9, 2976 — 2980
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geometries genetic systems that use unnatural information-en-
coding architecture may one day be viable.

Experimental Section

Modified oligodeoxynucleotides: Modified nucleoside analogues
dyT and dyC were synthesized and characterized following the
methods described previously.?" Suitably protected cyanoethyl
phosphoramidite derivatives were prepared following literature
procedures.? DNA sequences containing modified bases were
prepared on an Applied Biosystems 394 instrument following the
published methods (Foster City, CA, USA)."**" Unmodified oligo-
deoxynucleotides were purchased from Integrated DNA technolo-
gies (IDT, Coralville, IA, USA).

Polymerase reactions: 28 mer/23 mer template-primer duplexes
with the sequence (5'-ACT GXT CTC CCT ATA GTG AGT CGT ATT A) -
(5'-TAA TAC GAC TCA CTA TAG GGA GA), where X is dyT, dyC, dT, or
dC, were used as polymerase substrates. The enzymes used were
the exonuclease-deficient Klenow fragment of DNA polymerase |
(Cat. No. M0212L from New England Biolabs, Ipswich, MA, USA)
and the exonuclease-deficient Vent DNA polymerase from T. litor-
alis (Cat. No. M0257S from New England Biolabs). Primer 5'-termini
were radiolabeled by using 5'-[y-*’P]-ATP (Amersham Biosciences,
Piscataway, NJ, USA) and T4 Polynucleotide Kinase (Invitrogen,
Carlsbad, CA, USA). Labeled primers were purified by MicroSpin™
G-25 columns (Amersham Biosciences). The single nucleotide inser-
tion reactions were performed at 37°C (for KF exo™) or 68°C (for
Vent exo”). Reaction buffer (10x) contained Tris-HCI (500 mm,
pH 7.4), MgCl, (100 mm), DTT (10 mm), BSA (0.5 mgmL™") for KF
exo ; or KClI (100 mm), (NH,),SO, (100 mm), Tris-HCl (200 mwm,
pH 8.8), MgSO, (20 mm) Triton X-100 (1%) for Vent exo~. duplex
solution (2.5 pL) containing nonradiolabeled duplex (5 um), radiola-
beled duplex (25 nmM) and reaction buffer (2x) was mixed with
enzyme solution (2.5pl) containing varied concentrations of
enzyme and reaction buffer (2x), and was incubated for one
minute. dNTP solution (5.0 pL) at various concentrations was then
added and the mixture reacted for various times (see legend of
Figure 2). Reactions were stopped by addition of stop buffer
(15 ub) containing formamide (40%), xylene cyanol (0.05%) and
bromophenol blue (0.05%). Products were resolved by denaturing
polyacrylamide gel electrophoresis (7.6M urea, 20% acrylamide)
and visualized by phosphorimager (Amersham Biosciences, former-
ly Molecular Dynamics) and ImageQuant program.

Polymerase amplification: For the PCR amplification experiments,
primers (0.4 um each), templates (50 ng of annealed double-strand-
ed DNA, Table 1), and dNTPs (200 pum each), were mixed with reac-
tion buffer and Vent exo™ polymerase (both from New England Bio-
labs, Ipswich, MA; Cat No: M0254S) and adjusted to a final reaction
volume of 50 pL with water. The reaction conditions consisted of
an initial denaturation step of 95°C for 1 min, followed by 20
cycles of 94°C for 30's, 50°C for 30's, and 68°C for 40 s. Products
after PCR were visualized on an agarose gel. The conditions for the
PCR reactions were initially optimized to determine the optimal an-
nealing and extension temperatures for amplification using modi-
fied yDNA templates and Vent DNA polymerase. In general, with
modified DNA as templates, it was observed that higher elongation
temperature provided more robust amplifications.

Plasmid construction and cloning: The products from PCR assays
using yDNA templates were directly cloned into the pCR2.1 vector
using TA cloning kit (Invitrogen; cat no: K4575) and transformed
into E. coli. Plasmid DNA was isolated from the transformants using
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Miniprep DNA isolation kit (Qiagen, Valencia, CA, USA) and the am-
plified region was sequenced using appropriate primers. All DNA
sequencing was done using the standard automated fluorescent
sequencing techniques.

For cloning the GFP gene segment containing the yDNA bases to
pGFPuv plasmid (Clontech, Mountain View, CA; Cat N0:632312),
which is a high copy number plasmid yielding ~500 copies per
cell, the vector was first prepared by digesting the plasmid with
the restriction enzymes, BsrGl and Mlul (New England Biolabs); this
removes a 46-base-pair region from within the GFP gene. The re-
sulting linearized vector with cohesive ends was ligated with the
annealed duplex DNA containing the yDNA bases (Table 3) using
T4 DNA ligase (New England Biolabs). The ligated product was
transformed to BL21 (DE3) cells (Stratagene, La Jolla, CA, USA) and
plated on LB agar plates containing ampicillin and isopropyl thio-
galactosidase (IPTG). The green fluorescent colonies obtained after
transformation, identified by viewing under UV transilluminator,
were picked, plasmid DNA isolated, and the cloned region within
the gene was sequenced. Transformation efficiencies were com-
pared with that of a control ligation reaction under identical condi-
tions using unmodified duplex DNA, which was otherwise identical
in sequence to the yDNA containing segment.
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7-Azidomethoxy-Coumarins as Profluorophores for
Templated Nucleic Acid Detection

Raphael M. Franzini and Eric T. Kool*®

Templated nucleic acid detection is an emerging bioanalytical
method that makes use of the target DNA or RNA strand to ini-
tiate a fluorogenic reaction. The Staudinger reduction holds par-
ticular promise for templated sensing of nucleic acids because
the involved functional groups are highly chemoselective. Here,
the azidomethoxy group, which can be removed under Stauding-
er conditions, is used to cage 7-hydroxycoumarin fluorophores.
Reduction by phosphines and subsequent loss of the azidome-
thoxy substituent induce a significant bathochromic shift of the

Introduction

Combining nucleic acid templated reactions” with fluores-
cence reporting provides a particularly attractive strategy to
detect nucleic acid sequences.” This sensing method relies on
two functionalized oligonucleotide probes, which hybridize to
a common target strand; the proximity of the probes acceler-
ates a reaction between the attached functionalities, resulting
in a fluorescence signal. Templated fluorescence activation can
be selective to single mismatch polymorphisms® and imposes
minimal requirements for equipment and personnel. Further-
more, it enables the detection of nucleic acids in prokaryotic™®
and mammalian®™ cells. Detecting genetic sequences directly in
host cells may reduce the time and expense associated with
the characterization of pathogens and tissue samples. Previous
studies of templated nucleic acid detection in live cells were
based on a Sy2 quencher displacement strategy.” In that
approach, significant background fluorescence from the
quenched probes restricted templated detection in cells to
highly expressed RNAs.*

Several fluorogenic reactions have been investigated to
address the current limitations.” However, most reaction
schemes are not compatible with cellular RNA detection be-
cause of either low chemoselectivity or dependence on exter-
nal cofactors. The Staudinger reduction of organic azides by
triphenylphosphine (TPP) holds particular promise for templat-
ed nucleic acid detection because of its exceptional degree of
bioorthogonality.™ Besides having found numerous applica-
tions in chemical biology, this reaction is also compatible with
DNA templated chemistry.”! The reaction kinetics are rapid, the
preparation of the probes is straightforward, and the absence
of probe ligation in principle enables amplification of the re-
porter signal. The primary challenge is to link the Staudinger
reduction to a fluorescence turn-on event. Two fluorescence
activation schemes have been applied toward this end. One
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major absorbance band in the near UV region. When excited at
the appropriate wavelength, this change in the absorbance spec-
trum translates into a substantial fluorescence turn-on signal.
The described profluorophores are readily conjugated to amino-
modified DNAs and are rapidly uncaged by a triphenylphos-
phine-DNA probe under the control of a DNA template. In addi-
tion, turnover of the probes on the target strand occurs and
yields substantial signal amplification.

strategy involves azide-modified peptide nucleic acid probes,
which unmask a 2-(diphenylphosphino)benzoate derivative of
fluorescein.'” Alternatively, a TPP-probe activates the fluores-
cence of a latent fluorophore that contains an aromatic azide.
The known examples include 7-azidocoumarin™ and azide-
substituted rhodamines."? However, certain drawbacks limit
the scope of both caging strategies. The TPP-derivative of fluo-
rescein is prone to phosphine oxidation and hydrolysis of the
phenolic ester; this instability hinders the application of this
probe in cells. On the other hand, profluorophores with exo-
cyclic azides are limited to few particular cases.

Here, an alternative strategy to couple the Staudinger reduc-
tion to a fluorescence turn-on event is presented. Derivatizing
existing exocyclic functionalities of fluorophores with azide-
based protecting groups allows the design of phosphine sensi-
tive profluorophores. We have synthesized 7-hydroxycoumar-
ins caged by azidomethyl-substituents (AzMe)"™ and applied
them to templated nucleic acid detection. TPP-modified DNA
probes efficiently reduced 7-AzMeO-coumarin conjugates
(Scheme 1), activating the fluorescence signal. This caging
strategy for templated fluorescence reporting raises new possi-
bilities for the detection of nucleic acids in vitro and in live
cells.

[a] R. M. Franzini, Prof. E. T. Kool
Department of Chemistry, Stanford University
Stanford CA-94305-5080 (USA)
Fax: (+ 1) 650-725-0295
E-mail: kool@stanford.edu

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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Scheme 1. Conceptual representation of DNA-templated fluorescence activa-
tion of 7-azidomethoxy-coumarin induced by Staudinger reduction.

Results

Design and synthesis of 7-azidomethoxy-coumarins

Substituents at the C-7 position are well known to affect the
fluorescence properties of coumarins. For example, alkylation
quenches the emission of 7-hydroxycoumarins, which are
highly fluorescent when deprotonated. Consequently, 7-alkoxy-
coumarins constitute profluorophores with excellent turn-on
ratios upon dealkylation and have been applied as fluorogenic
substrates for various enzymes."¥ Pursuing this strategy, we
hypothesized that the installment of an AzMe-protecting
group! at the phenolic position would convert 7-hydroxycou-
marins into TPP-sensitive molecular probes. Carboxylic acid
functionalities render these masked fluorophores water-soluble
and make possible the straightforward conjugation to amino-
modified DNAs. A chloro substituent at the C-6 position is

“m@ @ﬂ;@

=H; 2a
=Cl; 2b

= H; 3a (44%)
= CI; 3b (23%)

1

R2
=H; 4a (95%) d)|: R'=H, R?=Cl; 5a (95%)
R Cl; 4b (92%) = H, R =N, 6a (84%)
E R1 Cl; R? = Cl; 5b (99%)
=Cl, R? = N; 6b (90%)
HO 0.0
o}
R’ 7 OH

= H; 8a, HOHCoum
=Cl; 8b, HOCICoum

R'=H; 7a (76%), AzZMeOHCoum
=CI; 7b (97%), AzMeOCICoum

Scheme 2. Synthesis of 7-azidomethoxy-4-methylcoumarin-3-acetic acids.
a) H,SO,; b) bromomethyl 4-chlorophenyl sulfide, K,CO; (for 4a) or DIEA

(for 4b); c) SO,CI, then cyclohexene; d) tetrabutylammonium azide, THF;
e) NaN;, MeCN/H,0. f) LiOH, THF/H,0.
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expected to decrease the pK, of the phenolic functionality and
intensify the fluorescence brightness of the coumarin at phys-
iological pH.™™

The synthesis of the designed 7-AzMeO-coumarins AzMeOH-
Coum (7a) and AzMeOCICoum (7 b) was straightforwardly ach-
ieved in five steps (Scheme 2). The sulfuric acid catalyzed Pech-
mann condensation of dimethyl acetylsuccinate (1) with the
corresponding resorcinol derivative (2a or 2b) afforded the 7-
hydroxycoumarins 3a and 3b in moderate yield. The AzMe
caging group was installed by a three-step reaction sequence
derived from a literature protocol.™ Initially, reaction with
bromomethyl 4-chlorophenyl sulfide converted the coumarins
into the S,0-acetals 4a and 4b. Sulfuryl chloride replaced the
(4-chlorophenyl)thio group of 4a and 4b by a chloro substitu-
ent. Nucleophilic substitution converted the chloromethyleth-
ers 5a and 5b to the corresponding azidomethylethers 6a
and 6b. Hydrolysis of the methyl esters using lithium hydrox-
ide provided the desired carboxylic acids AzMeOHCoum (7 a)
and AzMeOCICoum (7 b), which were obtained in high purity
by recrystallization from acetonitrile. Initial attempts to synthe-
size 6-chloro-7-azidomethoxycoumarin-4-acetic acid by hydrol-
ysis of the corresponding ethyl ester (Scheme S1 in the Sup-
porting Information) proved surprisingly difficult. The ester was
unexpectedly inert, while the carboxylic acid was sensitive to
decarboxylation when heated moderately.

Photophysical properties of 7-azidomethoxy-coumarins

The absorbance and fluorescence emission spectra of the syn-
thesized 7-AzMeO-coumarins 7a and 7b were analyzed (0.1 m
sodium phosphate buffer, pH 7.55) and compared to those of
the corresponding 7-hydroxycoumarins 8a and 8b (Figure 1
and Table 1). Both masked 7-AzMeO-coumarins displayed ab-
sorbance bands in the near UV range with maxima at 319 nm
(€max=15200 cm™"m™") for AzMeOHCoum and 325 nm (&, =
14000 cm~'m~") for AzZMeOCICoum. The absorbance band of
HOCICoum experienced a significant bathochromic shift rela-
tive to the band of AzMeOCICoum with the maximal absorb-
ance at 364 nm (&,,,=16200cm~'m~"). This red-shifted ab-
sorbance band corresponds to the deprotonated coumarin.
Conversely, at pH 7.55 the major absorbance band of HOH-
Coum was centered at 324 nm (&,,,=13600cm'm~ ") with a
shoulder at longer wavelengths. The differences between the
absorbance spectra of HOHCoum and HOCICoum likely result
from the different pK, values of the phenolic functionality,
which is significantly lower for 6-chloro substituted 7-hydroxy-
coumarins.™ At higher pH the absorbance spectrum of HOH-
Coum indeed displayed a bathochromically shifted absorbance
band (Figure S1).

Both 7-hydroxycoumarins (8a, 8b) emitted light at 450 nm
when excited at 375 nm. In contrast, the caged coumarins 7a
and 7b were nearly nonfluorescent. The fluorescence intensity
of HOCICoum was approximately four times that of HOHCoum,
correlating with the difference in extinction at 375 nm, while
the quantum yields were the same within experimental error.
Unexpectedly, at pH 7.55 AzMeOHCoum displayed a distinc-
tively higher fluorescence enhancement upon removal of the

ChemBioChem 2008, 9, 2981 - 2988
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Figure 1. Absorbance () and fluorescence emission (—) spectra of A) Az-
MeOHCoum and B) AzMeOCICoum and the corresponding 7-hydroxycou-
marins HOHCoum and HOCICoum (light grey lines). Dotted vertical lines in-
dicate excitation and maximal emission wavelengths. Measurements were
performed in sodium phosphate buffer (0.1 m, pH 7.55), and probe concen-
trations for emission spectra were 0.5 uMm.

Table 1. Photophysical properties of coumarin dyes.

Fluorophore Aabsmax o @ Fluorescence
[nm] [M'em™] increase®

AzMeOHCoum 319 15200 —d 62

HOHCoum 324 13600 0.69

AzMeOCICoum 325 14000 0.60 32x

HOCICoum 364 16200 0.67

[a]l Quantum yields were determined using 7-hydroxy-4-methylcoumarin
as fluorescence standard."® [b] Excitation at A.,=375 nm and emission at
Aem =450 nm. [c] Emission spectrum was unsuitable for integration.

AzMe-group (62-fold) than did AzMeOCICoum (32-fold), de-
spite the fact that only a fraction of HOHCoum is deprotonat-
ed at this pH. Apparently, a chloro substituent at the C-6 posi-
tion of the coumarin heterocycle decreases the quenching
efficiency imposed by alkylation of the 7-hydroxy group. Az-
MeOCICoum has a faint absorbance at 375 nm and the quan-
tum yield is insignificantly lower than that of HOCICoum. Of
course, the photophysical properties of 7-hydroxycoumarins
depend strongly on the pH; increasing the basicity increases
the fluorescence of HOHCoum (Figure S1 in the Supporting In-
formation) and the fluorescence turn-on ratio. DNA templated
fluorophore uncaging experiments were performed with Az-
MeOHCoum in order to ensure minimal background fluores-
cence.

ChemBioChem 2008, 9, 2981 - 2988
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DNA templated profluorophore activation
A pair of modified DNA-probes was prepared to investigate

the template dependent uncaging of AzMeOHCoum
(Scheme 3). One probe contained the AzMeOHCoum profluor-

sUORY

;q 0]

o 0. 0
(%0 S
o \O o O

AzMeOCoum-FRET-DNA

TPP-DNA
3'-GGC *TGC C-5

3-ACGGGTGT -¥§ 3'-GGCTGCC -5

" AzMeOCoum-DNA

.

mutA  3- GCA CTC TTG CCC ACA CCG ACG GCG - 5
wic  3-GCA CTC TTG CCC ACA CCG CCG GCG - 5

Scheme 3. DNA-probes and target strands for template dependent activa-
tion of AzMeOHCoum fluorescence. Underlined bases indicate a single nu-
cleotide polymorphism site. *"T specifies a thymine base with a fluorescein
attached to the C-5 position.

ophore at its 3'-terminus (AzMeOCoum-DNA) while a TPP mol-
ecule was appended to the 5-terminus of the second probe
(TPP-DNA). The modified probes were complementary to adja-
cent sequences at a single nucleotide polymorphism site of
the H-ras oncogene."” Conjugation of the reactants to the
DNAs entailed standard amide bond formation. The in situ
generated N-hydroxysuccinimide ester of AzMeOHCoum was
reacted post-synthetically with 3’-amino modified DNA and.
TPP coupling to the 5-amino modified DNA was performed on
solid support followed by cleavage/deprotection.”’ Reactive
DNA probes were purified by reverse phase HPLC and con-
firmed by MALDI-TOF mass spectrometry (Supporting Informa-
tion).

The templated reaction between AzMeOCoum-DNA and
TPP-DNA and the associated increase in fluorescence was as-
sessed (Figure 2). AzMeOCoum-DNA (200 nm) was incubated
with the template strand mutA (200 nm) at 37°C (10 mm
MgCl,, 70 mm tris-borate buffer, pH 7.55) and the fluorescence
intensity (A,,=375nm and A.,=450 nm) was measured as a
function of time after the addition of TPP-DNA (400 nm). The
TPP-probe rapidly induced a major enhancement of the fluo-
rescence emission before it reached a constant level within
few minutes. After 30 min, the emission level exceeded the
fluorescence signal of the caged AzMeOCoum-DNA by a factor
of 29.0+1.5. Addition of excess TPP-DNA after the reaction
reached completion did not further increase the fluorescence,
which indicates that the AzZMeCoum-DNA probes had reacted
near-quantitatively. This fluorescence increase was inferior to
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Figure 2. Time courses of the fluorescence activation of AzMeOCoum-DNA
by TPP-DNA in the presence of the fully matched template mutA (—), the
mismatch containing template wtC (----- ), and in absence of template ().
Experiments were performed in a hybridization buffer (70 mm tris-borate,
10 mm MgCl,, pH 7.55) at 37°C; probe concentrations were 200 nm for Az-
MeOCoum-DNA and templates and 400 nm for TPP-DNA.

that of the uncaging of AzZMeOHCoum (Table 1), in-
dicating that the fluorescence turn-on was limited
by incidental coumarin uncaging during conjugation
and purification of the probe. An uncaging experi-
ment performed at pH 8.5 provided a comparable
turn-on ratio but higher fluorescence intensity,
which supports this hypothesis (Figure S2). To ex-
clude that a nontemplated reaction between TPP- B)
DNA and AzMeOHCoumDNA caused the observed
unmasking, the experiment was repeated in absence
of the mutA template. The fluorescence intensity re-
mained unchanged within the 30 min experimental
interval, demonstrating that the reaction was tem-
plate-dependent and that background uncaging was
negligible. To assess the mismatch sensitivity, the re-
action was repeated in the presence of wtC, a tem-
plate strand that contains a C-T mismatch at the
center of the AzMeOHCoum-DNA binding site. In
this experiment, the rate of reaction was considerably reduced
relative to the rate in the presence of the fully matched tem-
plate mutA. The kinetic mismatch discrimination was estimated
at 115+ 8-fold based on the initial rates of reaction. This mis-
match sensitivity rivals values reported for the best current
templated detection schemes.

A)

Long-wavelength emission FRET probes

For cellular applications, the signal for fluorescence RNA detec-
tion using a single probe color depends on parameters other
than analyte concentration such as cellular probe concentra-
tion; this makes experimental results difficult to interpret. Con-
versely, two-color reporter systems are independent of probe
concentration and allow straightforward sequence calls for
single nucleotide variations. For example, a pair of probes that
emit in different spectral regions when excited at a common
wavelength has been used recently to discriminate bacterial
strains based on single nucleotide differences.”
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With this objective in mind, we tested whether uncaged 7-
AzMeO-coumarins could be used to yield a secondary signal
by Forster resonance energy transfer (FRET). We prepared a Az-
MeOHCoum-DNA probe (AzMeOCoum-FRET-DNA, Scheme 3),
which contains a fluorescein, a preferred FRET-partner for cou-
marins,"® at an internal thymidine site (Scheme 4). TPP-DNA in-
duced activation of FRET-acceptor emission in the presence of
the target strand mutA was investigated (Figure 3). AzMeO-
Coum-FRET-DNA and mutA (200 nm) were combined in a
hybridization buffer (10 mm MgCl,, 70 mm tris-borate, pH 8.5)
and the fluorescence was measured before and after a 30 min
incubation with TPP-DNA (400 nm) at 37°C. AzMeCoum-FRET-
DNA exhibited a strong acceptor emission band with a maxi-
mum at 521 nm after the templated reaction with TPP-DNA.
The intensity of fluorescence at 521 nm increased 3.2-fold rela-
tive to the level of the probe prior to reduction by TPP-DNA.
Coumarin emission at 450 nm, on the other hand, was strongly
quenched compared to uncaged AzMeOCoum-DNA. These re-
sults demonstrate efficient FRET between the uncaged cou-
marin and fluorescein. The sequence-specificity of the Stau-

450 nm
375 nm
0N, A 3{0_
TPP H,0 TPPO
—_—_—
-Nz -H;CO
FRET 521 nm
O_N; N
TPP

H0
—
-N, -H,CO

TPF%E 50 ;

Scheme 4. Conceptual representation of the long-wavelength FRET probe AzMeOCoum-
FRET-DNA. A) Fluorophore uncaging without FRET reporting. Upon reaction with triphe-
nylphosphine the uncaged coumarin emits at 450 nm when excited at 375 nm. B) Excita-
tion of uncaged coumarin of AzZMeOCoum-FRET-DNA leads to an efficient energy transfer
and emission at the fluorescein emission wavelength at 521 nm. (TPP: triphenylphos-
phine; TPPO: triphenylphosphine oxide)

6x10°

IS

ITAU 3

400 450 500 550 600 650 700

Alnm —

Figure 3. Fluorescence emission spectra of AzZMeOCoum-DNA (dark grey
traces) and AzMeOCoum-FRET-DNA (light grey traces) before (-) and after
(—) uncaging by TPP-DNA in the presence of the template mutA at 37°C.
Experiments were performed in hybridization buffer (10 mm MgCl,, 70 mm
tris-borate, pH 8.5) with AzZMeOCoum-DNA (200 nm), AzZMeOCoum-FRET-
DNA (200 nm), mutA (200 nm), and TPP-DNA (400 nm).
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dinger fluorescence activation was unaffected by the modifica-
tion with fluorescein (Figure S3). Thus, the results show that
the AzMe-caged coumarins can be employed in a two-color,
single-nucleotide sequence detection system.

Template turnover

The Staudinger reaction of the present azidoethers (and recent
other examples)®'? likely involves an iminiophosphorane in-
termediate!™ which decomposes rapidly, leaving two unjoined
product probes as the major products. Accordingly, at physio-
logical temperature, the DNA probes can be expected to disso-
ciate after the reaction takes place, allowing the target strand
to act as a template for further Staudinger reductions. Such
turnover of multiple probes on the template yields useful
levels of signal amplification.”® "2 To investigate turnover of
the template for the described coumarin unmasking reaction,
the intensity of fluorescence as a function of time was mea-
sured in the presence of substoichiometric concentrations of
the template oligonucleotide mutA (Figure 4) under the same
conditions as described for stoichiometric coumarin uncaging.
After 30 min, the measured signal clearly exceeded the emis-
sion level expected for a stoichiometric template dependence.
For example, a solution containing 40 nm of the mutA tem-

A) 50x10°

c(mutA) | nm
200

11 AU
t!/ min —
B) 254
20-: T J.
15
Toxp / Ttheor I
10 .
T
51 ok
]
40 20 10 5 2.5

c(mut) | ny ——

Figure 4. TPP-DNA induced activation of AzMeOCoum-DNA fluorescence in
the presence of substoichiometric amounts of the template strand mutA.

A) Representative time courses of fluorescence activation. B) Turnover num-
bers after 30 min incubation with variable concentrations of mutA. Error bars
represent standard error from triplicate experiments.
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plate, corresponding to 20% of the AzMeOCoum-DNA concen-
tration, exhibited nearly the same fluorescence intensity after
30 min as aliquots containing one equivalent of mutA
(200 nm). This result implies that on average each template
catalyzed the uncaging of approximately five coumarins under
these conditions, assuming that stoichiometric coumarin acti-
vation is quantitative. Further decreasing the concentration of
mutA additionally enhanced the turnover of the probes. After
30 min, a sample containing 2.5 nm of mutA exhibited about
25% of the fluorescence intensity of a solution containing one
equivalent of mutA (200 nm). This outcome corresponds to
approx. 20 turnovers of probes on the mutA template in
30 min. Importantly, the fluorescence signal in the presence of
2.5 nm of mutA exceeded that measured for a stoichiometric
amount of the mismatched strand wtC (Figure 2). This out-
come demonstrates that nanomolar concentrations of the
target oligonucleotides can be reliably sensed in the presence
of mismatched sequences.

Discussion

Our data show that 7-AzMeO-coumarins hold substantial po-
tential as phosphine-sensitive profluorophores. Removal of the
AzMe-protecting group from the 7-hydroxycoumarin’s phenol
functionality is coupled to a considerable increase of the fluo-
rescence intensity when excited at 375 nm. The prepared 7-
AzMeO-coumarins 7a and 7b are suitable for bioconjugation
through standard amide bond formation as demonstrated by
the post-synthetic labelling of an amino-modified DNA probe
with AzMeOHCoum. Applications of these reporters in bio-
chemistry and biology can be envisoned beyond the illustrated
DNA-templated reaction scheme.

The TPP-induced, fluorogenic deprotection of 7-AzMeO-cou-
marins was successfully implemented in a DNA-templated re-
action scheme. This outcome adds support to recent reports
that promote the Staudinger reduction as a prospective reac-
tion for templated nucleic acid detection,"*"'? complementary
to the S\2 quencher displacement strategy developed by our
laboratory.” In particular, the rapid reaction kinetics of the re-
ductive deprotection represents a considerable rate-advantage
over templated Sy2 displacement. The outlined templated
reaction also displays a favorable fluorescence turn-on ratio,
which significantly exceeds the value reported in another
study of TPP-induced coumarin uncaging.'! The measured
templated fluorescence enhancement of AzMeOCoum-DNA
was less than that for AzZMeOHCoum 7a. It is possible that,
despite the evident stability of the a-azidoether functionality,
a minor fraction of the coumarin-probes was deprotected (but
undetected) during conjugation and purification; a turn-on
ratio of 29 could correspond to 3-4% of the fluorophore-con-
jugates being unmasked.

Post-reactive dissociation of the probes releases the target
strand for additional rounds of reaction templation. Indeed,
the present results indicate efficient turnover of the template,
at 30 min significantly exceeding values reported for Sy2 dis-
placement using a destabilizing linker.®™ Template recycling
translates into an amplified fluorescence signal and will signifi-
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cantly enhance the detection sensitivity of templated nucleic
acid sensing at low target concentrations. The proposed o-
azidoethers are particularly suitable for amplified Staudinger
reductions. For earlier Staudinger probes, the inertness of the
phosphorous-ylide intermediate" interfered with dissociation
of the probes and amplification of the signal. Basic reaction
conditions™ or alternative reductants were required to over-
come this limitation. In contrast, the lability of the phospho-
rous-ylide intermediate of a-azidoether reduction®’ reduces
product inhibition and enhances signal amplification. We ob-
served 22 turnovers in 30 min; it seems likely that longer reac-
tion times and greater probe excesses could yield higher levels
of amplification. For example, Grossman and Seitz reported a
turnover number of 402 within 24 h using a 10*fold excess of
probes for a quencher transfer reaction.”

The AzMeO-functional group may be applied to cage other
fluorophores containing phenolic groups such as fluorescein,
resorufin, or Tokyo green derivatives.””? Furthermore, alterna-
tive azide-based protecting groups that can be removed by
mild reducing agents® have been described and could be ap-
plied to mask fluorophores. Consequently, the outlined strat-
egy to cage fluorophores by modifying existing exocyclic sub-
stituents with phosphine-sensitive protecting groups is highly
versatile in contrast to the reduction of aromatic azides, which
is limited to specific cases only.""'? The outlined FRET strategy,
which enables long wavelength detection, further adds to the
versatility of the current approach. We have shown that FRET-
probes can be applied to simple, color-based visual calling of
single nucleotide sequence variations."!

The described phosphine-induced unmasking of AzMe-
caged profluorophores has promise for the templated detec-
tion of native RNAs and DNAs. The high degree of bioortho-
gonality of the Staudinger reaction may enable to use of this
system with cellular RNA targets.'” The fast reaction kinetics of
the present fluorogenic Staudinger reaction combined with
the efficient signal amplification through template turnover
will improve the sensitivity of these caged probes. Future work
will be directed to employing them in identifying pathogens
and characterizing human sequence variations.

Experimental Section

Methods and materials: Anhydrous solvents were purchased from
Fisher Scientific and used without further purification. Bromometh-
yl-4-chlorophenyl sulfide was synthesized as reported®” and used
within few days after preparation; all other chemicals were pur-
chased from either Sigma-Aldrich, Alfa-Aesar (Ward Hill, MA, USA),
or Acros and used without further purification. Chemicals used for
the solid-phase synthesis of oligonucleotides such as phosphorami-
dites, solid-supports, amino-modifiers, and synthesizer reagent-sol-
utions were acquired from Glen Research (Sterling, VA, USA). All 'H
and CNMR spectra were recorded on either a Varian Innova
500 MHz or a Varian Mercury 400 MHz NMR spectrometer. 'H and
3C NMR Spectra were internally referenced to the residual solvent
signal. High-resolution mass spectrometry analysis was performed
by the UC Riverside Mass Spectrometry Facility. Semi-preparative
high performance liquid chromatography was performed on a LC-
CAD Shimadzu liquid chromatograph (Kyoto, Japan), equipped
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with a SPD-M10A VD diode array detector and a SCL 10A VP
system controller. Fluorescence measurements were performed on
a Fluorolog Jobin Yvon fluorophotospectrometer (Edison, NJ, USA)
equipped with an external temperature controller. UV-absorbance
spectra were collected on a Cary 100 Bio UV-visible spectropho-
tometer. Oligonucleotide masses were determined by the Stanford
University Protein and Nucleic Acid Facility on a Perspective Voyag-
er-DE RP Biospectrometry MALDI-TOF mass-spectrometry instru-
ment using a 3-hydroxypicolinic acid/di-ammonium hydrogen cit-
rate matrix.

Methyl 7-hydroxy-4-methylcoumarin-3-acetate (3a): Concentrat-
ed sulfuric acid (15 mL) was added to a suspension of triturated
resorcinol (10.4 g, 92 mmol) in dimethyl acetylsuccinate (17.8 g,
92 mmol). The viscous liquid was stirred at room temperature for
18 h. The reaction mixture was blended with MeOH, which induced
the precipitation of the product within few minutes. After filtration,
the precipitate was washed with MeOH/H,O and dried under
vacuum to provide the product in a yield of 10.2 g (44%). 'H NMR
(500 MHz, [Dg]DMSO): 6=2.33 (s, 3H; CH,), 3.60 (s, 3H; CH,), 3.63
(s, 2H; CH,), 6.70 (d, “J(H,H)=2.5 Hz, TH; Ar-H), 6.81 (dd, *J(H,H)=
9.0 Hz, “J(HH)=2.5 Hz, 1H; Ar-H), 7.64 (d, >J(HH)=9.0 Hz, TH; Ar-
H), 10.53 ppm (brs, 1H; ArOH); '*C NMR (500 MHz, [DJJDMSO): 6 =
15.06, 32.36, 51.86, 102.01, 112.19, 113.11, 115.07, 126.99, 149.73,
153.48, 160.75, 161.00, 170.77 ppm. HRMS [-Scan]; calcd mass for
Cy5H,,0, 247.0606; found: 247.0603.

Methyl 6-chloro-7-hydroxy-4-methylcoumarin-3-acetate (3 b):
Concentrated sulfuric acid (7.5 mL) was added to a suspension of
triturated 4-chlororesorcinol (6.8 g, 47 mmol) in dimethyl acetylsuc-
cinate (8.9 g, 47 mmol). The viscous liquid was stirred at room tem-
perature for 24 h. The reaction mixture was blended with MeOH
and the precipitate was filtrated. Recrystallization from MeOH/H,0O
afforded the product in a yield of 3.0 g (23%). '"H NMR (500 MHz,
[DcIDMSO): 6=2.35 (s, 3H; CH,), 3.60 (s, 3H; CH;), 3.64 (s, 2H;
CH,), 6.89 (s, 1H; Ar-H), 7.81 (s, 1H; Ar-H), 11.38 ppm (brs, TH;
ArOH); CNMR (500 MHz, [DJDMSO): 0=15.14, 32.42, 51.89,
103.14, 113.01, 116.24, 117.11, 126.47, 149.01, 151.63, 155.87,
160.57, 170.57 ppm. HRMS [+ Scan]; calcd mass for C;3H;,ClOg
283.0373; found: 283.0372.

Methyl 7-(4-chlorophenylthio)methoxy-4-methylcoumarin-3-ace-
tate (4a): Calcinated potassium carbonate (1.1 g, 8.2 mmol) was
added to a solution of 3a (1.0 g, 6 mmol) in anhydrous acetone
(15 mL) followed by the addition of a solution of bromomethyl-4-
chlorophenyl sulfide (1.2 g, 5.1 mmol) in acetone (2.5 mL). The re-
action mixture was heated to reflux for 2 h. Precipitates were re-
moved by filtration and the solvent evaporated. The residue was
dissolved in a minimal amount of dichloromethane (DCM) and the
product precipitated by the addition of hexanes. After filtration,
the precipitate was dried under vacuum to provide the product as
a white solid in a yield of 1.55 g (95%). '"H NMR (500 MHz, CDCl,):
0=2.40 (s, 3H; CH,), 3.72 (s, 3H; CHs), 3.73 (s, 2H; CH,), 5.47 (s,
2H; CH,), 6.90 (d, *J(HH)=2.5Hz, TH; Ar-H), 6.92 (dd, *J(H,H)=
9.0 Hz, “J(HH)=2.5 Hz, 1H; Ar-H), 7.30 (d, *J(H,H)=8.5 Hz, 2H; Ar-
H), 7.41 (d, 3J(H,H)=9.0 Hz, 2H; Ar-H), 7.58 ppm (d, >J(H,H)=9.0 Hz,
1H; Ar-H); *C NMR (400 MHz, CDCl,): 6 = 15.46, 32.74, 52.33, 73.25,
103.14, 113.43, 114.93, 117.11, 126.07, 129.35, 132.44, 132.64,
133.96, 149.01, 153.73, 158.96, 161.60, 170.78 ppm. HRMS [+ Scan];
calcd mass for C,qH,305SCl 405.0563; found: 405.0566.

Methyl  6-chloro-7-(4-chlorophenylthio)methoxy-4-methyl-cou-
marin-3-acetate (4b): A solution of bromomethyl-4-chlorophenyl
sulfide (2.8 g, 11.8 mmol) in anhydrous DMF (2 mL) was added to a
solution of 3b (2.8 g, 10 mmol) and diisopropylethylamine (1.52 g,
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11.8 mmol) in DMF (20 mL). The solution was stirred at 50°C until
the starting coumarin had disappeared (5 h). The solution was con-
centrated on the rotary evaporator and added to MeOH (50 mL).
The precipitate was filtrated, washed with MeOH, and dried under
vacuum. The product was obtained as a white solid in a yield of
3.8 g (92%). 'H NMR (500 MHz, CDCl;): 6=2.37 (s, 3H; CH,), 3.7(18)
(s, 3H; CH,), 3.7(23) (s, 2H; CH,), 5.52 (s, 2H; CH,), 6.92 (s, TH; Ar-
H), 7.31 (d, *J(H,H)=8.5 Hz, 2H; Ar-H), 7.46 (d, *J(H,H)=8.5 Hz, 2H;
Ar-H), 7.65 ppm (s, 1H; Ar-H); *C NMR (500 MHz, CDCl,): 6 =15.58,
32.84, 52.46, 74.25, 103.15, 115.33, 118.25, 120.31, 126.18, 129.43,
132.27, 132.83, 134.29, 148.09, 151.88, 154.06, 161.13, 170.55 ppm.
HRMS [-Scan]; calcd mass for CyH,,0sSCl, 437.0017; found:
437.0013.

Methyl 7-chloromethoxy-4-methylcoumarin-3-acetate (5a): A so-
lution of sulfuryl chloride (0.56 g, 4.15 mmol) in anhydrous DCM
(2 mL) was added dropwise to a solution of 4a (1.4 g, 3.5 mL) in
DCM (15 mL) cooled 0°C; this caused the appearance of a yellow
coloration. The solution was incubated at 0°C for 45 min before cy-
clohexene (0.34 g, 4.2 mmol) diluted with DCM (2 mL) was added
dropwise; this addition was accompanied by complete decolora-
tion of the solution. The mixture was stirred for additional 15 min,
concentrated by rotary evaporation, and added dropwise to hot
hexanes (50 mL). The precipitate that formed was filtrated off af-
fording the product in 0.98g yield (95%). 'HNMR (500 MHz,
CDCly): 6=2.41 (s, 3H; CH,), 3.72 (s, 3H; CH,), 3.73 (s, 2H; CH,),
5.91 (s, 2H; CH,), 7.04 (dd, *J(HH)=9 Hz, “J(H,H)=2.5 Hz, 1H; Ar-
H), 7.07 (d, *J(H,H)=2.5 Hz, 1H; Ar-H), 7.62 ppm (d, *J(H,H)=9.0 Hz,
1H; Ar-H); *C NMR (400 MHz, CDCl,): § =15.55, 32.82, 52.41, 76.08,
103.62, 113.15, 115.94, 117.85, 126.22, 148.85, 153.69, 157.79,
161.47, 170.73 ppm. HRMS [+ Scan]; calcd mass for C,,H,,0sCl
297.0530; found: 297.0523.

Methyl  6-chloro-7-chloromethoxy-4-methylcoumarin-3-acetate
(5b): A solution of sulfuryl chloride (0.55 g, 4.1 mmol) in anhydrous
DCM (1 mL) was added dropwise to a solution of 4b (1.5¢,
3.4 mmol) in DCM (20 mL) cooled to 0°C. The solution was incubat-
ed at 0°C for 45 min before cyclohexene (0.34 g, 4.1 mmol) dis-
solved in DCM (1 mL) was added dropwise, causing complete de-
coloration of the solution. The mixture was incubated for addition-
al 15 min at 0°C, concentrated by rotary evaporation, and added
dropwise to hot hexanes (50 mL). The precipitate that formed was
filtrated off affording the product in 1.12 g yield (99%). 'H NMR
(500 MHz, CDCl,): 6=2.39 (s, 3H; CH,), 3.73 (s, 3H; CH,), 3.72 (s,
2H; CH,), 5.95 (s, 2H; CH,), 7.22 (s, 1H; Ar-H), 7.67 ppm (s, 1H; Ar-
H); *C NMR (500 MHz, CDCl,): 6 =15.06, 32.88, 52.49, 76.23, 103.67,
116.39, 118.96, 120.10, 126.34, 147.87, 151.87, 153.11, 160.96,
170.45 ppm. HRMS [-Scan]; calcd mass for C;,H;;OsCl, 328.9984;
found: 328.9981.

Methyl 7-azidomethoxy-4-methylcoumarin-3-acetate (6a): Tetra-
butylammonium azide (0.96 g, 3.4 mmol) was added to a solution
of 5a (0.8 g, 2.7 mmol) in anhydrous THF (10 mL). The solution was
incubated at room temperature for 4 h. The solvent was removed
by rotary evaporation and the residue purified by column chroma-
tography (DCM + 2% acetone). Product containing fractions were
combined and evaporated to provide the product in a yield of
0.69 g (84%). '"H NMR (500 MHz, CDCl,): 6=2.36 (s, 3H; CH,), 3.68
(s, 5H; CH; and CH,), 5.19 (s, 2H; CH,), 6.88 (s, TH; Ar-H), 6.92 (d,
3J(HH)=9.0 Hz), 1H; Ar-H), 7.55 ppm (d, *J(H,H)=8.5 Hz, 1H: Ar-H);
BCNMR (500 MHz, CDCly): 6=15.38, 32.66, 52.25, 79.37, 103.07,
112.86, 115.20, 117.26, 126.11, 148.88, 153.60, 158.76, 161.43,
170.67 ppm. HRMS [+ Scan]; calcd mass for C;,H;,N;O5 304.0933;
found: 304.0932.
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Methyl  7-azidomethoxy-6-chloro-4-methylcoumarin-3-acetate
(6b): A solution of sodium azide (0.26 g, 4.05 mmol) in H,0 (15 mL)
was added to a solution of 5b (1.075g, 3.2 mmol) in MeCN
(50 mL). The solution was stirred at 60°C for 4 h. After rotary evap-
oration of the MeCN, the aqueous suspension was extracted with
EtOAc, dried over Na,SO,, filtrated, and evaporated to provide the
product in a yield of 0.99 g (90%). 'H NMR (400 MHz, CDCl;): 6=
2.38 (s, 3H; CHs), 3.71(8) ppm (s, 3H; CH,), 3.72(3) (s, 2H; CH,) 5.28
(s, 2H, CH,), 7.02 (s, 1H; Ar-H), 765 (s, TH; Ar-H); "CNMR
(400 MHz, CDCly): 6=15.57, 32.85, 52.45, 80.41, 103.52, 115.90,
118.61, 119.95, 126.20, 147.95, 152.00, 154.16, 161.03, 170.51 ppm.
HRMS [+ Scan]; calcd mass for C,,H;3sN;O;Cl 338.0544; found:
338.0540.

7-Azidomethoxy-4-methylcoumarin-3-acetic acid (7a): An aque-
ous solution of lithium hydroxide monohydrate (0.27 g, 6.4 mmol
in 5 mL) was added to a solution of 6a (0.27 g, 0.89 mmol) in THF
(5 mL) cooled to 0°C. The biphasic system was stirred at 0°C for
90 min until all starting product had disappeared. The mixture was
acidified with aqueous HCl and extracted with EtOAc. The organic
layer was dried over Na,SO,, filtrated, and evaporated to provide
the product as a white solid in a yield of 195 mg (76%). Minor
contamination of 7-hydroxy-4-methylcoumarin-3-acetic acid (<2 %)
was removed by recrystallization from MeCN. 'H NMR (500 MHz,
[DJDMSO): =237 (s, 3H; CH,), 3.58 (s, 2H; CH,), 5.52 (s, 2H;
CH,), 7.07 (dd, 3J(HH)=9.0 Hz, *J(H,H)=2.5 Hz, 1H; Ar-H), 7.11 (d,
“(HH)=2.5Hz, 1H; Ar-H), 7.80 (d, *J(HH)=9.0Hz, 1H; Ar-H),
12.48 ppm (brs, 1H; COOH); *C NMR (500 MHz, [D]DMSO): 6 =
15.12, 32.79, 78.77, 102.61, 112.98, 114.73, 117.64, 127.03, 148.84,
153.00, 158.37, 160.77, 171.50 ppm.

7-Azidomethoxy-6-chloro-4-methylcoumarin-2-acetic acid (7b):
A solution of lithium hydroxide monohydrate (0.65 g, 15.5 mmol)
in H,0 (5 mL) was added to a solution of 6b (0.65 g, 1.92 mmol) in
THF (13 mL) cooled at 0°C. The biphasic mixture was vigorously
stirred at 0°C and allowed to warm to room temperature for
90 min until all starting product had disappeared. The mixture was
acidified with aqueous HCl and extracted with EtOAc. The organic
layers were dried over Na,SO,, filtrated, and evaporated to provide
the product as a white solid in a yield of 0.60 g (97 %). Minor con-
tamination of 6-chloro-7-hydroxy-4-methylcoumarin-2-acetic acid
(<2%) was removed by recrystallization from MeCN. 'H NMR
(500 MHz, [Dg]DMSO): 6=2.37 (s, 3H; CH,), 3.58 (s, 2H; CH,), 5.60
(s, 2H; CH,), 7.31 (s, TH; Ar-H), 7.93 (s, 1H; Ar-H), 12.49 ppm (brs,
1H; COOH); *C NMR (500 MHz, [DJDMSO): 6 =15.57, 32.85, 52.45,
80.41, 103.52, 115.90, 118.61, 119.95, 126.20, 147.95, 152.00, 154.16,
161.03, 170.51 ppm. HRMS [+ Scan]; calcd mass for C;3H,;N;0.Cl:
324.0387; found: 324.0381.

Synthesis of oligonucleotides: All oligonucleotides were synthe-
sized on a 1 umol scale on an ABI model 392 synthesizer using
standard (-cyanoethylphosphoramidite coupling chemistry. Re-
moval of the protecting groups and cleavage from the CPG-sup-
port were carried out by incubation in concentrated aqueous
NH,OH solution at 55°C for 14 h. The oligonucleotides were puri-
fied using Poly-Pak Il cartridges. Oligonucleotide concentrations
were determined by UV-absorbance using extinction coefficients
derived by the nearest neighbour approximation. The identity of
the strands was confirmed by MALDI-TOF mass spectrometry.

Preparation of DNA-conjugates of AzMeOHCoum: Oligonucleo-
tides were synthesized on a 3’-PT-amino-modifier C3 CPG solid
support, cleaved/deprotected, and purified as described for stan-
dard oligonucleotides. A DMSO solution containing 8a (0.1 m),
1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride
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(0.1 m), and N-hydroxysuccinimide (0.1 m) was incubated for 2.5 h
at room temperature in the dark. A mixture of 3’-amino DNA solu-
tion (200 pL, 1-2 mm), borate buffer (600 pL, 0.1 M, pH 8.5), and the
preincubated N-hydroxysuccinyl AzMeOHCoum ester solution
(140 uL) was shaken gently overnight protected from light. The so-
lution was centrifuged, decanted, and extracted with CHCl;. The
oligonucleotides were precipitated with EtOH and purified by re-
versed-phase HPLC. Formation of the intact conjugates was con-
firmed by MALDI-TOF mass spectrometry (AzMeOCoum-DNA: calcd
mass =2504.5 m/z; found=2507.8 m/z). The oligonucleotide con-
centrations were determined photospectrometrically at 260 nm
assuming an extinction coefficient for AzMeOHCoum of &,5,=
3800Mm 'cm~'. AzMeOCoum-FRET-DNA was prepared and purified
analogously using the dT-fluorescein phosphoramidite (MALDI-TOF
analysis of AzMeOCoum-FRET-DNA: calcd mass: 3016.6 m/z; found:
3015.3 m/z).

Preparation of TPP-DNA conjugates: Oligonucleotides containing
a 5’-amino modifier 5 were synthesized as described for standard
oligonucleotides. The monomethoxy-trityl protecting group was re-
moved on the synthesizer using alternating cycles of deprotection
reagent (3% trichloroacetic acid in DCM) and DCM washes. The
solid support was added to a solution containing 4-(diphenylphos-
phino)benzoic acid (0.1 M), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (0.1 M), and diisopropylethylamine (0.2 m)
in DMF. The mixture was placed under vacuum and backfilled with
argon to remove air trapped in the solid support and incubated at
37°C for 2.5 h. The DMF was decanted, the resin washed twice
with MeCN, and dispersed in aqueous NH,OH/MeNH, deprotec-
tion/cleaveage solution (1 mL) containing the sacrificial oxygen
scavenger tris-(2-carboxyethyl)phosphine (4 mg) and incubated for
2 h at 55°C. Beads were eliminated by filtration and TPP-DNA was
purified by reverse phase HPLC and stored at —78°C. (MALDI-TOF
analysis of TPP-DNA: calcd mass: 2919.6 m/z, calcd mass for oxi-
dized probe TPP-DNA: 2935.6 m/z, found: 2935.6 m/z). TPP-DNA
was sensitive to oxidation by atmospheric oxygen. The TPP-DNA
stock solution was kept under argon at —78°C and used within
two weeks after preparation to ensure the reactivity of the probe.

Templated fluorescence uncaging studies: TPP-DNA (400 nm) was
added to samples containing AzMeOCoum-DNA or AzMeOCoum-
FRET-DNA (200 nm) and the corresponding template strand
(200 nm unless indicated differently) in buffer (70 mm tris-borate,
10 mm MgCl,, pH 7.5 for AzZMeOCoum or pH 8.5 for AzMeOCoum-
FRET-DNA) at 37°C. The change in fluorescence was determined as
a function of time with probe excitation at A,,=375 nm and mea-
surement of emission at A,,=450 nm or 521 nm for AzMeOCoum-
DNA or AzMeOCoum-FRET-DNA, respectively.
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Total Synthesis of desB30 Insulin Analogues by Biomimetic
Folding of Single-Chain Precursors

A. Pernille Tofteng,”™ Knud J. Jensen,*™ Lauge Schiffer,” and Thomas Hoeg-Jensen*®

Insulin is a peptide hormone consisting of 51 amino acids in two
chains with three disulfide bridges. Human insulin and various
analogues are used for the treatment of diabetes and are pro-
duced recombinantly at ton scale. Herein, we report the chemical
synthesis of insulin by the step-wise, Fmoc-based, solid-phase
synthesis of single-chain precursors with solubilising extensions,
which under redox conditions, spontaneously fold with the cor-
rect pairing of the three disulfide bridges. The folded, single-

Introduction

Insulin consists of two peptide chains of 21 and 30 amino acid
residues, with each chain folded into secondary structures and
cross-linked by three disulfide bridges (two interchain and one
intrachain). Since the discovery of insulin around 1920, insulin
drugs have been the cornerstone of diabetes treatment. The
goal of modern diabetes treatment is to approximate the
native, healthy secretion of insulin, which occurs in two major
patterns. Slowly released basal insulin should be delivered to
the body around the clock on a day-to-day, reproducible fash-
ion, and fast-acting insulin should be supplied with meals, with
the timing and dosing of the drug optimally adjusted to the
character of each individual meal. It is generally agreed that
the better the native insulin delivery can be approximated, the
lower is the risk of long-term complications from diabetes,
such as blindness and kidney and cardiovascular damage.”?

In order to achieve ideal insulin delivery, various insulin ana-
logues have reached clinical practice in recent years." For
many years, insulin was collected from animal glands, and at-
tempts at optimising insulin delivery consisted of various for-
mulation approaches, such as different crystal forms. However,
modern recombinant technologies allow for the manufacture
of insulin mutants and enable diverse modulations of the phar-
macological properties of insulin.

Although recombinant methods have been very successful,
they suffer from one major drawback; generally, only the 20
proteogenic amino acids are allowed.”! Modern chemical pep-
tide synthesis, on the other hand, allows for the introduction
of an almost unlimited number of unnatural amino acids and
other building blocks.

The total chemical synthesis of insulin has been reported on
several occasions, but the methods are difficult and have only
been practised in a few specialized laboratories.” The difficul-
ties involve the relatively long sequences, which are difficult to
solubilise, and the correct folding and pairing of the three di-
sulfide bridges. Early methods involved the synthesis of the

ChemBioChem 2008, 9, 2989 - 2996
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chain, insulin precursors can be transformed into bioactive two-
chain desB30 insulin by the simultaneous removal of the solubil-
ising extension (4-5 residues) and the chain-bridging C-peptide
(3-5 residues) by employing Achromobacter lyticus protease—a
process well-known from the yeast-based recombinant produc-
tion of insulin. The overall yields of synthetic insulins were as
much as 6%, and the synthetic process was straightforward and
not labour intensive.

two separate chains,"®' followed by random disulfide pairing.
More recently, methods for controlled disulfide pairings, by the
use of triple orthogonal cysteine protection schemes, have
been described."*™ Insulin analogues have also been pre-
pared by native chemical ligation from three fragments,"'¥ fol-
lowed by folding to single-chain insulin analogues or insulin-
like growth factors."”™ However, two-chain insulins have not
been prepared by the native ligation route. Furthermore, the li-
gation procedures seem to work only with special insulins con-
taining solubilising mutations, such as the immunogenic A8
and mitogenic B10 mutations, which render the compounds
questionable as drugs.'"®'”" All of the described methods in-
volve labour-intensive procedures, and overall yields are low.

In the pancreas, native insulin is produced from a single-
chain precursor, which spontaneously folds to give an inactive
single-chain proinsulin with the correct disulfide pairing.'®
Only upon enzymatic removal of the native 35-residue C-pep-
tide is the bioactive two-chain form of insulin produced. The
single-chain approach has been briefly exploited by chemical
linkers"” and broadly adopted in the recombinant production
of insulin, for which much shorter artificial C-peptides have
been developed, such as AAK or EWK.**?? These artificial C-
peptides can be removed enzymatically to provide two-chain
insulins by the utilization of the lysine-specific enzyme Achro-
mobacter lyticus protease (ALP).*?
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structions containing the C-peptides AAK or EWK, as pH 9.5
known from recombinant methods, were insoluble s s
in simple aqueous buffers. However, by supplement- I I
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values and could be folded in simple buffers. Nota- 2h H—EEEK
bly, the folding of synthetic insulin proceeded even 3b H—EEEEK ALP
better with GEEEK as the C-peptide than with AAK
or EWK, as optimised for recombinant methods. s s

. . . : . | |
During the final processing, the C peptlde and the H-G 1 VEQCCTS | &S L YQLENY CN-OH
EEE(E)K presequences were removed simultaneously | :
by ALP treatment to provide bioactive two-chain in- 4 ) s

sulin. The B2Aib desB30 human insulin was prepared
as an example of an insulin analogue containing an
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Scheme 1. Folding to give single-chain precursors 1b, 2b and 3b and enzymatic ALP
transformation to give two-chain desB30 human insulin 4. Compound 1a: single-chain

insulin precursor with no solubilising extension and AAK as the bridging C-peptide. Com-
pound 2a: solubilising extensions EEEK and EWK as the C-peptide. Compound 3a: ex-
tensions EEEEK and GEEEK as the C-peptide.

Results and Discussion
Peptide synthesis with AAK as the C-peptide

From the peptide N terminus, native proinsulin consists of the
B-chain, the C-peptide and the A-chain. For the solid-phase
synthesis of peptide acids, the C-terminal amino acid is gener-
ally immobilised on a hydroxyl resin. Since the C-terminal resi-
due of the insulin A-chain is asparagine, which contains a side-
chain amide, we chose to anchor the first amino acid by its
side-chain to a Rink amide linker resin. This strategy circum-
vents potential problems with a C-terminal ester, such as race-
misation. We conducted the chemical peptide synthesis by
amino acid activation with HBTU and HOBt/HOAt (80:20) and
Fmoc removal with 20% piperidine in NMP on a Tentagel resin
on a standard automated peptide synthesizer. We used the
AAK sequence as the C-peptide (1a; Scheme 1). For analysis,
we cleaved intermediary peptides from the resin at various
times during synthesis, and these data showed the synthesis
to proceed with the desired sequence as the main product
(Figure 1).

We cleaved the crude 53-mer single-chain intermediate 1a
from the resin with TFA/H,O/TES (95:2.5:2.5) and precipitated
it from diethyl ether. Unfortunately, the full-length product,
which had six reduced Cys residues, was insoluble in simple
aqueous buffers, even at pH values above 12 or below 2. As a
control experiment, we reduced the identical recombinant pre-
cursor 1b (MI3) with either excess thiol (MESNa) or phosphine
(TCEP) to provide 1a. These experiments also produced precip-
itates of reduced 53-mer insulin 1a. Because of the poor solu-
bility of reduced insulin 1a, we were not able to purify the
peptide prior to folding.
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We dissolved the reduced synthetic 1a in 6 m guanidinium
chloride (GuHCI), but analysis by LC-MS showed a broad peak
with no distinct mass peak for the expected product. We
folded 1a by either dialyzing a solution of it in 6 GuHCI
against a buffer with dilute GUHCI or by simply diluting it into
buffer, as detailed below. Such procedures resulted in the ap-
pearance of a minor peak in the LC-MS with a smaller reten-
tion time and the expected mass signals for folded product
1b. However, the handling of the peptide in GuHCI with dialy-
sis filters provided very low yields on repeated purification
attempts. For this reason, we sought a precursor that was solu-
ble in a simple buffer.

Peptide synthesis with EEEK or EEEEK as N-terminal exten-
sions and EWK or GEEEK as C-peptides

Insulin is an acidic peptide, so the molecule attains an overall
negative charge at neutral and basic pH. The isoelectric point
of insulin is 5.5. Accordingly, providing insulin with additional
negative charges seemed like a viable approach to solving the
solubility problems. For this reason, we placed an extension at
the N terminus of the B-chain (EEEK), which could be removed
with enzymatic ALP-based removal of the C-peptide (cleavage
at K, 2a; Scheme 1). We also included a negative charge in the
C-peptide. The EWK C-peptide has been shown to provide
better yields in recombinant insulin production in yeast due to
better folding.*?

ChemBioChem 2008, 9, 2989 — 2996
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Figure 1. LC-MS data of peptide intermediaries cleaved from the resin after 10, 21, 30, 35
and 40 couplings. All peptide samples were dissolved in MeCN/H,O (1:1) prior to analysis
except for the 21-mer, which could be only solubilised in a 20 mm phosphate buffer con-
taining 6 M GuHCI, pH 7.5.

We synthesized the 57-mer peptide 2a as described above
with a Rink ChemMatrix resin by using an automated peptide
synthesizer and microwave heat-
ing to decrease the coupling

1662.48

peptides.”>?? Since HPLC gave a broad peak with
no mass corresponding to 2a, we did not purify the
crude product prior to folding. However, upon fold-
ing crude 2a in redox buffers, as detailed below, a
new LC-MS peak appeared at an earlier retention
time. This peak displayed a well-defined LC-MS mass
spectrum corresponding to the desired product 2b
as both [M]*" and [M]°" ions (Figure 2).

In order to improve the solubility and perhaps im-
prove the folding even further, we synthesized an-
other sequence with the microwave peptide synthe-
sizer, this time with EEEEK as the presequence and
GEEEK as the C-peptide. The resulting peptide 3a
was highly soluble at neutral and basic pH, but its
reduced form also eluted as a broad peak in the LC-
MS. Contrary to 1a and 2a, 3a gave the mass signal
corresponding to the reduced peptide.

In order to clarify the quality of the peptide syn-
thesis without complications from reduced, reactive
cysteines, we also synthesized the single-chain inter-
mediate 2a with the cysteines blocked by Acm pro-
tection, in order to prevent Cys-based side reactions,
which could include alkylations, random folding and
oligomer formations. The LC-MS of the Acm-blocked
peptide showed the expected mass from the largest
eluted peak (t;=4.17 min). Accordingly, the peptide
synthesis proceeded quite well considering the long
sequence. However, when multiple reduced cys-
teines were present in the sequence, the material
eluted as a very broad peak, which was very difficult
to characterize by MS.

We attempted to fold the Acm-protected version
of 2a, with either iodine in dilute acetic acid or
TMSCI in DMSO. However, the solubility of Acmg-2a
was poor under such conditions, and we could not
detect any folded material by LC-MS.

times and improve the purity.”” 1210 100 _

We cleaved the crude single- 4'71(3|L“'2’2_

chain intermediate 2a from the 1.0x10™ 0 :2 Zx eectez mass peaks
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. . folded product 2b: 3 (o

ed it from diethyl ether. Contra- < 50x102 M 1(‘5)62.48 "

ry to intermediate 1a above, [M]>* 1330.22

the intermediate 2a could be 4.0x10°2 N miz

solubilised in aqueous buffer at
pH 8-10 (>5mgmL™"). Howev-
er, LC-MS analysis of crude 2a
showed a broad peak with no
clear mass peak. There is prece-
dence for such complex HPLC
profiles of unfolded reduced
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Figure 2. C-peptide EWK: crude reduced precursor 2a at 4.73 min showed no well-defined mass peaks, and
folded precursor 2b at 3.55 min (5-6 %) displayed the expected product masses, [MI*" and [M]°".
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Folding experiments

As mentioned above, purified recombinant 1b could be re-
duced with excess thiol or phosphine to produce 1a, but the
material precipitated when simple buffers were used. However,
by carrying out the reductions in 6 M GuHCI, the reduced inter-
mediate 1a could be kept in solution. When we refolded
under redox conditions, which was adopted from proinsulin
work,?” folded single-chain insulin 1b could be regained from
recombinant 1b in yields of approximately 50-70%, as quan-
tified by HPLC. In other words, the chemical reduction and
refolding of a pure single-chain insulin precursor can proceed
in quite high yields.?®%

In extensive folding studies of the synthetic sequence 1a (C-
peptide AAK), we kept the peptide in solution with 6 m GuHCI
buffer and folded it using three different methods. Initially we
dialyzed a protein solution of approximately 0.2 mm (in 6m
GuHCI buffer, pH 9) against a refolding buffer containing T mm
Cys and 8 mm cystine at pH 9, and a decreasing amount of
GuHCI in order to keep precipitation at a minimum. The final
yield of purified product was very low. The second folding
method involved the simple addition of refolding buffer con-
taining 1 mm Cys and 8 mm cystine at pH 9.5 directly to the re-
duced peptide in 6 M GUHCI (protein concentration of 0.6 mm).
We incubated the mixture for 48 h at room temperature, dilut-
ed it to a protein concentration of 0.1 mm, and then removed
GuHCI by dialysis. Precipitation occurred during the dialysis,
which complicated purification and gave a very low final yield.
The third folding method started with the conversion of re-
duced peptide 1a to its corresponding S-sulfonate.®**" The re-
duced peptide 1a required 6 M GUHCI to solubilise it. We ac-
complished the folding of the corresponding S-sulfonates by
adding 350 mm Cys to a solution of the S-sulfonated peptide
dissolved in NH,HCO;. The overall purified yield was low. Al-
though it was possible to obtain the precursor 1b from the
folding of synthetic 1a, the amount of precipitation during
folding decreased the purified yields to approximately 1-2%
and made the process very time consuming. Therefore, we car-
ried out the remaining experiments with EEE(E)K extensions at
the N terminus of the B-chain in order to eliminate the precipi-
tation problems.

The synthetic, EEEK-solubilised, reduced intermediate 2a (C-
peptide EWK) eluted as a broad peak by LC-MS, so the reduced
intermediate could not be purified. Instead, we treated crude
2a (0.5 mm) with aqueous buffers in the pH range of 7.5-11.
Notably, the material did not dissolve fully below pH 8. We
conducted the refolding in buffers containing Cys (1 mm), cys-
tine (8 mwm), Tris (10 mwm), glycine (10 mm) and EDTA (1 mm)?”
at room temperature in an open vial. We analyzed the reaction
mixtures by LC-MS and observed the expected product 2b as
an earlier eluting peak in yields of up to 6% (Figure 2). We ob-
served the best yields from 2a after folding it at pH 9.5 for 2-
3 days. We based the quantifications on the LC-MS UV trace at
280 nm compared to a recombinant insulin standard, with ex-
tinction coefficients corrected for the number of Tyr and Trp
residues. We could not identify any conditions that increased
the folding yield higher than approximately 6%. Higher pep-
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tide concentrations (5 mm) resulted in poorer folding yields (1-
2%) and lower concentrations (50 um) did not improve the
yields. Phosphate buffer or no buffer gave results similar to
those in Tris buffer (5-6% folding yield). The addition of pro-
tein disulfide isomerase (0.1%, w/w) did not improve folding
yields (2-3%), and similar yields were obtained with classical
folding methods, such as lauroyl-sarcosine buffer in combina-
tion with cyclodextrin (4-5% yield) or charcoal as a surface cat-
alyst (2% yield). Additionally, experimenting with the tempera-
ture or with oxygen-free conditions did not improve folding
yields.

We isolated the folded intermediate 2b by preparative
HPLC; this gave 2b in a yield of 3%, which was calculated
from the crude peptide material. During the HPLC, we collect-
ed the broad residual peak of 2a, and attempted to refold this
“second-crop 2a". However, these experiments gave very little
folded product 2b (< 0.5% yield) even when the material was
first fully reduced with excess thiol and/or denatured with 6 m
GuHCI. Accordingly, crude 2a seemed to contain a smaller por-
tion of material that could be folded correctly as well as a
larger portion that was unfoldable and overall failed characteri-
zation.

Notably, attempts at reducing the amount of solvent after
folding by partial evaporation or by freeze-drying followed by
redissolution, before samples were loaded on preparative
HPLC, lowered the isolated yields. Also, any freezing and thaw-
ing of the folding mixture before preparative HPLC lowered
the isolated yields.

By introducing EEEEK as the presequence and GEEEK as the
C-peptide (60-mer peptide 3a), we observed even better fold-
ing. With Cys (1 mm), cystine (8 mm), Tris (10 mm), glycine
(10 mm) and EDTA (1 mm) at room temperature in an open vial
at pH 9.5, we obtained 3b in crude folding yields of 20-25%
as quantified by LC-MS (Figure 3). For 3a, we obtained the
best folding yields in as little as 2-4 h (contrary to 2a, for
which folding was optimal after 2-3 days). The better folding
of synthetic precursor 3a compared to that of 2a might have
resulted from the more polar nature of the C-peptide (GEEEK
vs. EWK), which might have led to the better exposure of this
part of the sequence to solvent, and hence, to the tighter fold-
ing of the hydrophobic parts of the sequence towards the
core of the structure, and thus, to better overall yield. Upon
purification by HPLC, we isolated the folded precursor 3b in
yields of 10-12%, as calculated from the crude peptide materi-
al.

Careful LC-MS analysis of the residual unfolded material cor-
responding to the broad LC-MS peak from 3a revealed the
presence of several masses corresponding to (partially) folded
product + multiples of 56 Da (Figure 4). These signals likely re-
sulted from a number of cysteines that were irreversibly alky-
lated by tBu cation during the TFA-based peptide deprotec-
tion, despite the presence of scavengers. Cys tert-butylation is
a well-known side reaction during peptide deprotection, and
we were not surprised that this was a significant problem in
the present case considering the presence of six Cys and 20
tBu-protected residues in the crude peptide 3a. Notably, Cys-
(tBu) can be deprotected with HF.®? so it is possible that the
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Figure 3. Crude reduced precursor 3a (C-peptide GEEEK) showed trace MS peaks of the unfolded material at 4.28 min and folded precursor 3b at 3.60 min

(20-25 %) with the expected product masses, [M]** and [M]°*.
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Figure 4. LC-MS of the unfolded material corresponding to the broad peak
from peptide 3a revealed the presence of partially folded tert-butylated side
products as [M+n56]*" ions.

method can be improved with HF-compatible equipment,
which were not available to us.
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Enzymatic removal of the C-peptide and solubilising
extension

We dissolved the purified single-chain peptides 2b and 3b
separately (10 mgmL™) in carbonate buffer (pH 9.5), treated
them with ALP (0.1%, w/w) and analysed the products by LC-
MS. The single-chain peptides were quantitatively transformed
into the two-chain insulin final product 4 (Figure 5). Notably,
ALP processed the 2b precursor faster than it did the 3b pre-
cursor (1-2 h compared to 6-12 h), but in both cases the trans-
formation proceeded quantitatively. The final crude products
showed no significant byproducts by LC-MS analysis, although
we identified product 4 with the C-peptide GEEEK still at-
tached as a passing intermediate in the LC-MS analysis. The
final purifications by HPLC proceeded in yields of approximate-
ly 50% and provided desB30 human insulin 4 in overall yield
of 1% from 2b (C-peptide EWK) and 6% from 3b (C-peptide
GEEEK), with yields calculated from the crude reduced peptides
2a/2b. The purity of 4 was, in both cases, >98% in both
acidic and neutral pH HPLC systems.
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Figure 5. LC-MS of the ALP-catalysed transformation of folded single-chain precursor 3b (3.55 min) into two-chain insulin 4 (3.80 min).
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Notably, human insulin contains B30-threonine,
and porcine insulin contains B30-alanine. The lysine
used in the described ALP transformation was posi-

tioned at B29. Accordingly, the prepared products 3.0x10”
were desB30 insulins. However, the B30 position has > 5 oxio
little or no impact on the biological activities and < ©

biophysical properties of insulin. In fact, some insulin 1.0x10-

products used clinically are desB30 analogues.®*** If

desired, a B30 residue can be coupled enzymatically
to the B29 lysine with ALP and excess amino acid
ester in a partial organic solvent, as already exploited
for the transformation of porcine insulin to human in-
sulin.!

Bioactivity and disulfide bridge characterization

To test whether the disulfide bonds were formed correctly we
used two approaches. First, when the final product 4 was
tested in an insulin receptor binding assay, it showed an affini-
ty of 82% compared to human insulin. The high value indi-
cates that the product was correctly folded. For comparison,
recombinant desB30 human insulin 4 showed an affinity of
85% in the same assay. Insulin analogues containing mispaired
disulfides display much lower insulin receptor affinities.®®

Second, we treated product 4 with V8 protease, which is
known to cleave peptides to the Cterminus of their glutamyl
residues. If the correct disulfide bridge pattern was in place,
the fragments shown in Scheme 2 should theoretically be ob-
tained from V8-treated 4; the MS data shown in Figure 6 dis-
play the expected signals from fragments 5 and 6. In theory,
other disulfide bridge patterns could give rise to the same
fragmentation pattern, but in combination with the high insu-
lin receptor affinity, the results indicated that the native di-
sulfide bridge pattern was present in the synthetic desB30
human insulin 4.

In a demonstration of the scope of this new insulin synthesis
strategy, we incorporated the nonproteinogenic amino acid

S S
| |
H—GIVEQC(.[‘,TSICSLYQLENY(.‘?N—OH Ve
S‘ /s
S S

I |
H-FVNQHLCGSHLVEALYLVCGERGFFYTPK-OH

H—G | VE—OH + H—R GFFYTPK-CH

s S
i i
H—Q CCTSICSLYQLE—OH _
: H=N YCN-on
+ $ + s
S $

]
H—F V NQHLCGSHLVE—oH H—A LYLVCG E—OH
5 6

Scheme 2. Treatment of desB30 human insulin with V8 protease to provide
fragments 5 and 6, as detected by LC-MS.
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fragment 6
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\
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Figure 6. LC-MS showing the expected disulfide pattern with fragments 5 and 6 from V8
35] treatment of synthetic desB30 human insulin 4.

Aib into synthetic insulin.®” The B2Aib desB30 insulin analogue
7 was prepared by the described methods and showed an
affinity of 80% compared to human insulin in the insulin re-
ceptor binding assay.

Conclusions

In conclusion, we prepared desB30 human insulin and B2Aib
desB30 human insulin chemically by the step-wise, Fmoc-
based, solid-phase synthesis of single-chain precursors, prefera-
bly with EEEEK as the presequence and GEEEK as the chain-
bridging C-peptide. The reduced intermediates were difficult
to characterize but folded spontaneously under redox condi-
tions to provide insulin with the correct pairing of the three di-
sulfide bridges in folding yields of up to 25% (12 % after puirifi-
cation). We identified tert-butylated side products, which likely
contained Cys(tBu), in the material that resisted folding. We
transformed the purified single-chain precursors into bioactive
two-chain insulin by a clean enzymatic transformation with
ALP. We obtained overall yields of up to 6% from this synthesis
strategy, and the method was robust, easy and not labour in-
tensive. This provides a new route to the synthesis of insulin
variants containing unnatural substitutions. Whether or not the
method is applicable to insulin analogues with structure-dis-
rupting substitutions, remains to be investigated.

Experimental Section

General procedures: Automated peptide synthesis was carried out
by using an Applied Biosystems 433A peptide synthesizer or a Lib-
erty microwave peptide synthesizer. Protection groups used during
the peptide synthesis include Fmoc-Arg(Pbf), Asn(Trt), Cys(Trt), GIn-
(Trt), Glu(OtBu), His(Trt), Lys(Boc), Ser(tBu), Thr(tBu), Trp(Boc) and
Tyr(tBu).

Chemicals were purchased from Sigma-Aldrich, Fluka, NovaBio-
chem or Iris Biotech and were used without further purification.

The LC-MS of 1a and 1b was performed on a Micromass LCT appa-
ratus connected to a Waters HPLC by direct injection. The prepara-
tive HPLC of compound 1b was performed by using a Waters
system with a 600 control unit, 996 PDA detector, 717 Plus auto-
sampler, Millenium 32 control software, a Delta 600 pump and no
autosampler on a C4 RP column.

ChemBioChem 2008, 9, 2989 — 2996
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The LC-MS of compounds 2-7 was performed on a Waters Alli-
ance 2795 instrument with an MS module ZQ/ZMD 4000 and Mass-
Lynx software. The preparative HPLC of compounds 2b, 3b, 4 and
7 was performed by using a Gilson unit with Trilution software and
a C4 RP column. The analytical HPLC of compounds 2b, 3b, 4 and
7 was performed on a Dionex Summit instrument with Chrome-
leon software and C8 RP columns, with either an acidic or a neutral
eluent system (0.1% TFA in H,0 to 80% CH;CN over 20 min or
10 mm Tris, 15 mm (NH,),SO, in H,0 to 80% CH;CN over 20 min,
pH 7.2).

Solid-phase peptide synthesis (SPPS) of 1a: The peptide was syn-
thesized by using standard Fmoc chemistry. Amino acids (4 equiv)
were activated with HBTU (3.8 equiv), DIPEA (7.8 equiv) and HOBt/
HOAt (4 equiv, 80:20) in NMP. Rink-Tentagel resin (1 g, 0.25 mmol,
0.25-0.27 mmolg ™' approximate loading) was used, and the first
residue was Fmoc-Asp-OtBu (loaded by its side-chain to provide C-
terminal Asn). The Fmoc-protected amino acids were side-chain
protected when needed, and the chain elongation was carried out
on an ABI 433A peptide synthesizer. All amino acids were double
coupled for 45 min. Intermediate peptides and the final 53-mer
precursor were cleaved from the resin with TFA/H,O/TES (95:
2.5:2.5) for 3 h followed by the partial removal of TFA in vacuo and
product precipitation from diethyl ether. The analytical samples of
intermediate peptides after 10, 21, 30, 35 and 40 couplings were
collected, dissolved in CH;CN/H,O (1:1) and analyzed by LC-MS,
except for the 21-mer intermediate, which required GuHCI (6 m)
buffer solution for solubilisation before analysis by LC-MS. The
crude 53-mer peptide was dried and used in folding studies. The
yield of crude peptide, which was calculated from the initial load-
ing of the resin, was approximately 445 mg (30%) with a protein
concentration of ~100% according to UV at 280 nm with ¢=
5840 Lmol 'cm™.

SPPS of EEEK-EWK-precursor 2a and EEEEK—GEEEK-precursor
3a: The peptides were synthesized with standard Fmoc chemistry
on a Liberty microwave-assisted peptide synthesizer (CEM Corpora-
tion, North Caroline, USA). Rink-ChemMatrix (0.5 g, 0.5 mmolg™’
approximate loading, Matrix Innovation, Montreal, Canada) was
used. Couplings were performed with a sixfold excess of amino
acid, activated in situ with DIC/HOAt, for 5 min at up to 70°C. De-
protection was performed with 5% piperidine in NMP for up to
3 min at 70°C. After synthesis, the peptide was cleaved from the
resin by treatment with TFA/TIPS/H,0/DMB/DTT (89:5:2:2:2, 20 mL)
for 2 h and precipitated by the addition of the cleavage mixture to
diethyl ether (70 mL).

Folding of 1a to give 1b

Method I: Peptide 1a (160 mg, 27 umol) was dissolved in a Tris
buffer (200 mm Tris, 6 M GuHCI, pH 7.5; 40 mL, 0.6 mm protein con-
centration). The crude peptide 1a contained traces of TFA from
the cleavage step, and the pH was readjusted to 7.5 before the
mixture was incubated at 37°C for 3 h to provide full dissolution.
The sample was diluted to a total volume of 120 mL with GuHCI
buffer (6 m, pH9) to a total protein concentration of 0.2 mm. The
peptide solution was then dialyzed against Tris buffer (20 mm,
pH 9) containing decreasing amounts of GUHCI. Precipitation was
observed at GuHCI concentrations below 2 m. Finally, the solution
was dialysed against H,0, lyophilized, and the crude solid was puri-
fied by RP preparative HPLC on a C4 column to provide ~3 mg of
product (2%).

Method II: Peptide 1a (70 mg, 12 pmol) was dissolved in a Tris
buffer (10 mm Tris, 6M GuHCl, 1 mm EDTA, 0.5 mm Cys, 4.5 mwm
cystine, pH 9.5; 200 mL, 0.6 mm final peptide concentration). The
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crude peptide 1a contained traces of TFA from the cleavage step,
and the pH was readjusted to 9.5 before the mixture was incubat-
ed for 48 h. The solution was dialyzed against phosphate buffer
(10 mm), eluted through a desalting column and purified by RP
preparative HPLC on a C4 column to provide ~1 mg of product
(1.5%).

Method Ill: Peptide 1a (160 mg, 27 umol) was dissolved in a Tris
buffer (200 mm Tris, 6 M GuHCI, pH 7.5, 8 mL). The crude peptide
1a contained traces of TFA from the cleavage step, and the pH
was readjusted to 7.5 before the mixture was incubated at 37°C.
Na,SO; (128 mg, 1.02 mmol) was added, the mixture was stirred for
10 min, Na,S,0; (144 mg, 0.53 mmol) was added, and the mixture
was incubated for 60 min at 37 °C before the Na,50,/Na,S,0, addi-
tion was repeated. The mixture was incubated for an additional
2 h at room temperature in the dark, filtered, dialyzed extensively
against H,O for approximately 2 days and lyophilized. Sulfonated
1a (93 mg, 52%) was dissolved in freshly made NH,HCO; buffer
(50 mm NH,HCO;, pH 9.5, 400 mL). Cys (20 mg, 0.17 mmol) was
added, and the mixture was incubated at 4°C, overnight. The solu-
tion was dialyzed against H,O for 2h and against NH,HCO,
(50 mm, pH 9.5) overnight, dialyzed extensively against H,O for up
to 2 days and lyophilized. The product was purified by RP prepara-
tive HPLC on a C4 column to provide approximately 2.5 mg (1.5 %).

Folding of 3a to give 3b: Crude peptide 3a (338 mg, 49 umol)
was suspended in a Tris buffer (10 mm Tris, 1 mm Cys, 8 mm cys-
tine, 10 mm glycine, 1 mm EDTA, pH 10.5, 101 mL, 3.3 mgmL™",
0.5 mm peptide concentration). The pH value was readjusted to
10.5 with NaOH (1 m), and the mixture was shaken occasionally to
give full dissolution within 15-30 min, at which time the pH had
decreased to 9.5. The folding was monitored by LC-MS. After 4 h
(3 days in the case of 2a), the folding mixture was divided into five
portions, and each was purified by preparative HPLC on a C4
column (2x25 cm) with buffers A (0.1% TFA in H,0) and B (0.1%
TFA in CH;CN) in a gradient of 22-85% B over 40 min with a flow-
rate of 9 mLmin~". The product 3b was isolated by freeze-drying
(40 mg, 12%). The purity was >989% by analytical HPLC with either
TFA (0.1%) or Tris (10 mm, pH 7.2) buffer.

ALP treatment to give 4: Folded precursor 3b (27 mg, 4 pmol)
was dissolved in a bicarbonate buffer (50 mm NaHCO;, pH 9.5,
2.7 mL, 1%, w/w peptide/buffer). ALP was added from a stock so-
lution (5.4 mgmL~', dissolved in 50 mm sodium acetate, 160 mm
NaCl, 50 uL, 1% w/w enzyme/peptide). The reaction was monitored
by LC-MS. The reaction was complete after 6-8 h (1-2 h in the case
of 2b). The product was purified by HPLC on a C4 column (2x
25 cm) with buffers A (0.1% TFA in H,0) and B (0.1% TFA in
CH;CN) in a gradient of 23-50% B over 30 min with a flowrate of
5 mLmin~". Product 4 was isolated by freeze-drying (11 mg, 50%
for this step and 6% overall from the crude peptide 3a). The
purity was >98% by analytical HPLC with either TFA (0.1 %) or Tris
(10 mm, pH 7.2) buffer.

V8 treatment to analyse the disulfide bridge pattern of 4: Prod-
uct 4 (1 mg, 0.18 umol) in phosphate buffer (0.1 m, pH 7.5, 300 pL)
was treated with V8 glutamyl endopeptidase (6 pL, 1 mgmL™", 2%,
w/w). The mixture was monitored by LC-MS, which documented
the formation of products 5 and 6 (Figure 6); these support the
presence of the native disulfide bridge pattern.

Receptor-affinity assay: This was a scintillation proximity assay in
which partially purified insulin receptors were used. SPA PVT anti-
mouse beads (Amersham Biosciences, UK) were incubated with IR
antibody 83-7 and insulin receptors for 5 h at room temperature.
The SPA beads were washed twice with buffer to remove any re-
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ceptors not bound to the SPA beads, and '®I-human insulin was
added. A twofold dilution series of human insulin or insulin ana-
logue (starting from 100 nm), was prepared in a Packard Opti-
plate 96, and the SPA beads were added. The final concentration
of l-human insulin was 5000 cpm per 200 uL, and the buffer
composition was HEPES (100 mm), pH 7.8, NaCl (100 mwm), MgCl,
(10 mm) and Tween-20 (0.025%). The plate was shaken gently for
18 h at room temperature, centrifuged and counted in a Topcount-
er. The ECs, values were calculated by nonlinear regression analy-
sis.

Abbreviations: Acm: acetamidomethyl, Aib: a-aminoisobutyric
acid, ALP: Achromobacter lyticus protease, Boc: tert-butyloxycar-
bonyl, DIC: N,N'-diisopropylcarbodiimide, DMB: 3,5-dimethoxyben-
zene, DMSO: dimethylsulfoxide, DTT: 1,4-dithiothreitol, EDTA: ethyl-
enediaminetetraacetic acid, Fmoc: 9-fluorenylmethoxycarbonyl,
HBTU: N-[(1H-benzotriazol-1-yl)(dimethyl amino)methylidene]-N-
methylmethanaminium hexafluorophosphate N-oxide, HEPES: N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid, HOAt: 1-hydroxy-
7-azabenzotriazole, HOBt: 1-hydroxybenzotriazole, GuUHCI: guani-
dine hydrochloride, LC-MS: liquid chromatography mass spectros-
copy, MESNa: sodium 2-mercaptoethanesulphonate, NMP: N-
methyl-2-pyrrolidone, Pbf: 2,2,4,6,7-pentamethyldihydrobenzofur-
an-5-sulfonyl, RP: reverse phase, SPA: scintillation proximity assay,
tBu: tert-butyl, TCEP: Tris-(2-carboxyethyl)phosphine, TES: triethylsi-
lane, TIPS: triisopropylsilane, TFA: trifluoroacetic acid, TMS: trimeth-
ylsilyl, Trt: trityl, UV: ultraviolet spectroscopy, V8: glutamyl endo-
peptidase.
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Phenylnannolones A-C: Biosynthesis of New Secondary
Metabolites from the Myxobacterium Nannocystis exedens

Birgit Ohlendorf,? Stefan Leyers,”™ Anja Krick,”™ Stefan Kehraus,® Michael Wiese,™ and

Gabriele M. Kénig*®

Myxobacteria are gliding bacteria that belong to the J-Proteo-
bacteria and are known for their unique biosynthetic capabilities.
Among myxobacteria, Nannocystis spp. are most closely related
to marine myxobacteria and their secondary metabolism has
hardly been investigated. Phenylnannolones A (1), B (2) and C (3)
were obtained from a culture of Nannocystis exedens that was
isolated from the intertidal region of Crete. Compound 1 had in-
hibitory activity toward the ABCB1 gene product P-glycoprotein

Introduction

Bacteria of the genus Nannocystis" are representatives of the
myxobacteria, which belong to the d-subdivision of the Pro-
teobacteria. These microorganisms are highly organised as ex-
pressed in features like social gliding and swarm formation to
facilitate feeding by predation on other bacteria. Under unfav-
ourable living conditions, fruiting bodies containing myxo-
spores are formed.” The complexity of their social behaviour
and life cycle is reflected in their large genomes, some of
which (e.g., Sorangium cellulosum So ce56® and Myxococcus
xanthus DK1622") have been sequenced. In both species,
genes devoted to regulation and secondary metabolism are
overrepresented. The latter explains the frequent encounter of
fascinating natural products in myxobacteria, which may even
play a role in hunting prey.? Since the 1970s, more than 100
new basic chemical structures™® have been discovered from
myxobacteria, including the epothilones, which are in clinical
trials as anticancer agents.”” The epothilone B derivative ixabe-
pilone (Ixempra™) has recently been approved by the FDA for
advanced breast cancer.”

In recent years, truly marine myxobacteria belonging to the
genera Engygromyxa,”® Plesiocystis"® and Haliangium™ were
discovered. Myxobacteria of the family Nannocystaceae, with
the main representative Nannocystis, show the closest phyloge-
netic relation to marine myxobacteria.”'? Even though the
secondary metabolism of Nannocystis species has hardly been
investigated, their biosynthetic potential is obvious from their
production of natural products such as germacran," geo-
smin," and siderophores of the citrate-hydroxamate type
called nannochelins (Figure 1).'” Additionally, Nannocystis spp.
belong to the few groups of bacteria that are known to pro-
duce true steroids."®"”!

Our research program is aimed at discovering unique struc-
tures from bacterial sources that have not been investigated
to date and at deciphering novel biosynthetic pathways. Over
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and reversed daunorubicin resistance in cultured cancer cells.
Phenylnannolone A has an unusual structural architecture; it is
composed of an ethyl-substituted polyene chain linked to a
pyrone moiety on one side and to a phenyl ring on the other.
The investigation of the biosynthesis with labelled precursors re-
vealed acetate, butyrate and phenylalanine as building blocks for
1. The labelling pattern suggested novel biochemical reactions
for the biosynthesis of the starter unit.

H.CO.C H 0
O %
- N N Z
H |
OH
HOOC OH
H o
OH N N X
o B
H Yco,cH, o
Geosmin Nannochelin

Figure 1. Structures of geosmin and nannochelin, metabolites reported to
be produced by Nannocystis species.

the course of our research, our attention was drawn to Nanno-
cystis exedens (strain 150), which was isolated from the inter-
tidal region of Crete. The structurally related phenylnannolones
A (1), B (2) and C (3) were obtained from a culture of this bac-
terial strain. Phenylnannolone A has an unprecedented struc-
ture, which is composed of an ethyl-substituted polyene chain
linked to a pyrone moiety on one side and to a phenyl ring on
the other. The investigation of the biosynthesis of 1 with la-
belled precursors revealed acetate, butyrate and phenylalanine
as building blocks. Thus, 1 is a polyketide with a phenylala-
nine-derived starter unit, which might be formed through a
C,C, intermediate. In this respect, the biosynthesis may be sim-
ilar to that of the myxobacterial compounds ripostatin® and
phenalamide (Figure 2), which are suggested to be poly-
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Figure 2. Structure of phenalamide A1, a myxobacterial multidrug resistance
reversal agent.

ketides with phenylacetate as their starter unit. The labelling
pattern for phenylnannolone A, however, suggests further un-
precedented biochemical reactions for the biosynthesis of the
aromatic starter unit.

Results

The Nannocystis exedens strain 150 was isolated from the inter-
tidal region of a sandy beach in Crete and taxonomically char-
acterised by 16S rDNA analysis. After the bacteria were cul-
tured in a liquid medium in the presence of an adsorber resin
(Amberlite XAD-16), extraction of the resin with acetone pro-
vided an extract that was fractionated by liquid-liquid parti-
tioning and normal phase vacuum liquid chromatography
(VLC). Subsequent HPLC separations yielded the structurally
closely related compounds phenylnannolone A (1), B (2) and C
(3) as yellow solids (Figure 3).

1 (phenylnannolone A): R'=CH;, R2=H
2 (phenylnannolone B): R'=H, R?=H
3 (phenylnannolone C): R' = CHj, R? = OH

Figure 3. Structures of phenylnannolones A, B and C (1-3).

The molecular formula of 1 (C,gH;30,) was determined by
mass spectral analysis (HREIMS; measured 278.1304 gmol™',
calcd. 278.1307 gmol™), and implied eleven degrees of unsa-
turation. UV maxima at 239, 304 and 394 nm indicated an ex-
tended aromatic chromophore. The IR spectrum showed char-
acteristic absorption bands for the presence of a lactone car-
bonyl group (1710 cm™'), a monosubstituted phenyl ring (750
and 692 cm™") and double bonds conjugated with a phenyl
ring (1625 cm™").2%

The 3C NMR spectra (‘H decoupled and DEPT) included two
strong signals at 127.7 (C-13/17) and 129.5 (C-14/16) ppm, a
less intense signal at 128.9 (C-15) ppm and a resonance for a
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quaternary carbon at 138.3 (C-12) ppm; this proved the pres-
ence of a monosubstituted phenyl ring. Additionally, nine sp*
hybridized carbon atoms with chemical shifts characteristic of
an olefinic partial structure (from 105.7 (C-4)-144.9 (C-3) ppm)
were discernible, one of which (C-8) was a quaternary carbon.
Two sp*-hybridized carbons attached to an oxygen were obvi-
ous from "CNMR resonances at 161.5 (C-1) and 161.0 (C-
5) ppm. The molecule also contained two sp*-hybridized car-
bons with high-field resonance signals [20.4 (C-18) and 14.6 (C-
19)] ppm.

A "H-"3C HSQC spectrum correlated all proton resonances to
the *C NMR resonances of directly bonded carbon atoms. Sub-
sequently, a 'H-"H COSY spectrum indicated five isolated spin
systems, one of which included the protons of the phenyl ring
(H-13-H-17). A second spin system formed an ethyl residue
(CH,-18, J=7.7 Hz and CH;-19, J=7.7 Hz). A third spin system
comprised H-9-H-11 with H-10 coupling with both H-9 (J=
11.7 Hz) and H-11 (J=15.4 Hz), thus clarifying the C-9 to C-11
part of the structure of 1. A disubstituted double bond (A%7)
within 1 was obvious from the 'H-'H coupling of H-6 (J=
16.1 Hz) and H-7 (J=16.1 Hz), whereas the diene A** and A*®
was apparent from the 'H-'H spin system (including H-2 (J=
9.2 Hz), H-3 (J=9.2 Hz, 6.6 Hz) and H-4 (J=6.6 Hz)). In this way,
five partial structures were delineated. These structures had to
be connected by the four quaternary carbons C-12, C-8, C-5
and C-1. Carbon C-12 was part of the
phenyl ring and located adjacent to C-
11, as proven by HMBC correlations
from H-13/17 to C-11. 'H-*C HMBC
correlations from H,-18 as well as from
H-7 and H-9 to C-8 showed that the
corresponding carbons were linked by
C-8. We established the connection of
C-4 and C-6 by C-5 from the HMBC
correlations of H-6 to C-4 and C-5. Car-
bons C-1 and C-5 are linked by an
oxygen bridge which forms a 2-pyrone
ring. These conclusions are consistent
with the eleven degrees of unsatura-
tion (Figure 4).

We deduced the configuration of
A** as Z from a 'H-'H coupling con-
stant of 9.2Hz. The double bonds
within the 2-pyrone ring, A** and A**,
had to be in the Z-conformation to
allow for lactonisation. The A%’ and A" however, had to be
in the E-conformation, according to their 'H-"H coupling con-
stants of 16.1 and 15.4 Hz, respectively. In order to clarify the
configuration of A%, we carried out selective 1D-NOE experi-
ments. Irradiation at the resonance frequency of H,-18 led to a
strong enhancement of the H-10 and H-6 signals, but not of
the H-9 signal. In contrast, H-9 had a strong NOE with H-7.
Therefore, H-9 and the ethyl residue C-18/19 had to be located
on opposite sides of the A®*° double bond, which dictated an
E-configuration.

The only difference between 1 and 2 was the replacement
of the ethyl group of the former by a methyl group in the

Figure 4. Selected 'H-"*C
HMBC (plain) and NOE
(dashed) correlations,
'H-H COSY fragments
are highlighted in bold.

ChemBioChem 2008, 9, 2997 - 3003
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latter. Accordingly, LC-MS data showed a mass difference of 14
indicating that 2 contained one CH, group fewer than 1, and
we established the molecular formula of 2 as CigH,,0, by
HREIMS analysis (measured 264.1142, calcd. 264.1150). As ex-
pected, the NMR and IR data of 2 were very similar to those of
1; however, the 'TH NMR spectrum of 2 did not show the ethyl
group signals but instead a singlet resonance accounting for
three protons (0,=1.27, 6c=12.6 ppm, CH;-18). Thus, we es-
tablished the structure of phenylnannolone B (2).

In phenylnannolone C (3), the phenyl residue was substitut-
ed with a hydroxyl group in the para-position. Accordingly, the
molecule was more polar than 1 and 2, and we observed a
mass difference of 16 between 1 and 3. We confirmed a mo-
lecular formula of C,gH,;0; by HREIMS measurements (found
294.1256, calcd 294.1256). The only difference in the 'H NMR
spectra of 1 and 3 concerned the aromatic resonances. In the
'H NMR spectrum of 3, the complex multiplet was reduced to
two distinct doublets, confirming a para-substituted phenyl
ring.

The structural features of phenylnannolone A (1) and its de-
rivatives 2 and 3 led to the assumption that the compounds
were polyketides with a phenylalanine- and tyrosine-derived
starter unit, presumably cinnamoyl- and coumaryl-CoA, respec-
tively. We supposed that the biosynthetic origin of the ethyl
group was ethylmalonyl-CoA. In order to gain insight into the
details of the biosynthetic pathways for 1-3, we carried out
feeding experiments with *C-labelled precursors.

Feeding experiments with 2-">C-acetate led to an enrich-
ment of *C in positions 2, 4, 6 and 9. The labelling of carbons
C-2, C-4 and C-6 agreed well with the proposed biosynthesis,
but we did not expect the labelling of C-9. However, we con-
firmed acetate incorporation at C-9 by labelling studies with
1,2-"*C,-acetate. The latter experiment yielded enhanced
3C NMR signals for C-1-C-6, with C-1 and C-2, C-3 and C-4 and
C-5 and C-6 showing intra-acetate couplings, which proved the
incorporation of intact acetate units. The same experiment
also showed C-9 to be enriched. However, the *C NMR signal
was only a singlet, indicating that this acetate unit had to be
cleaved during the biosynthetic process (Figure 5).

We did not observe an enrichment for any of the aromatic
carbons upon feeding "*C-labelled acetate, thus excluding a
polyketide-derived aromatic moiety. The formation of the phe-

o U-13Cg-""N-phenylalanine
acetate unit

[ ] carbon from C-2 of acetate

ﬁ butyrate unit

Figure 5. Results of the feeding experiments with labelled precursors.
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nylic part of 1-3 through the shikimate pathway with a phe-
nylalanine-derived starter unit thus appeared most probable.
We confirmed the incorporation of L-phenylalanine by feeding
3-BC -L-phenylalanine, leading to an enhancement of the
3C NMR signal for C-11. Feeding with U-"*Cy-"°N-L-phenylala-
nine proved that C-10 also originated from phenylalanine.

The ethyl group in 1 could either be derived from acetate or
by the incorporation of a butyrate unit through ethylmalonyl-
CoA. We excluded the former possibility since feeding experi-
ments with 1,2-"*C,-acetate and 2-'*C-acetate did not result in
the labelling of the appropriate carbons (C-7, C-8, C-18 and C-
19). We produced evidence for the incorporation of an ethyl-
malonyl-CoA building block by feeding with 1-*C-butyrate,
which led to the enhancement of the *C NMR signal for C-7.
Interestingly, the signals of C-1, C-3 and C-5 were also slightly
enhanced, which can be explained by the degradation of 1-
BC-butyrate to 1-'>C-acetate.

The feeding studies thus defined the biosynthetic origin of
each carbon within 1. According to our experimental data, the
biosynthesis of 1 begins with the complex and unprecedented
formation of an aromatic starter unit, possibly through a phe-
nylalanine-derived C,C, intermediate, which most probably is
extended with malonyl-CoA and tailored by decarboxylation to
obtain a C¢C; unit. Subsequently, further extension of this
postulated cinnamic acid unit with ethylmalonyl-CoA and
three intact acetate units would give rise to the basic carbon
skeleton for the phenylnannolones (Figure 6).

(0] O
via CsCy N
OH — "y SCoA
NH,
o]

+ ethylmalonyl-CoA N + 3 malonyl-CoA

A SEnz ——— »
— 73C0,,3H,0
-CO,,-H,0
OH o}
N —_—
NN SCoA —— >

Figure 6. Proposed biosynthesis of phenylnannolone A (1), the phenylala-
nine-derived carbons are highlighted in bold.

Compound 1 inhibited the ABCB1 gene product P-glycopro-
tein (P-gp). P-gp is an ABC transporter with broad substrate ac-
ceptance, including cytostatics like etoposide, mitoxantrone
and daunorubicin.”"" We indirectly determined the ability of 1
to inhibit P-gp by measuring the increase in daunorubicin cy-
totoxicity in the presence of phenylnannolone A in the (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. First we determined the toxicity of phenylnannolone A
alone in the P-gp-overexpressing cell line A2780adr and in the
wild-type cell line as a control. Phenylnannolone A only
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showed cytotoxicity at very high concentrations, that is, above
31.6 um (see the Supporting Information). For daunorubicin,
we determined an ICs, value of 13.3 um towards the A2780adr
cell line and a value of 91.8 nm for the wild-type cells line
(Figure 7). Thus, A2780adr was approximately 145 times more

_ 100
3]
s
Q
o
%S 75 -
€
[}
o
[
[o% 50
c
i)
1=
2 254
Q
<

-10 -8 -5 -4

Log [daunorubicin]

Figure 7. Concentration-effect curve of the cytostatic drug daunorubicin in
the resistant A2780adr (squares) and sensitive A2780 (circles) cell lines in the
presence (open symbols) or absence (closed symbols) of phenylnannolone A
(1). The presented data are averages + SE of one typical experiment with
three replicates from a series of three independent experiments.

resistant to daunorubicin than A2780. In combination with
daunorubicin, phenylnannolone A decreased the resistance of
the A2780adr cells, resulting in an ICs, of 0.946 um, while the
ICsy in the wild-type cells remained nearly unaffected (ICso=
68.6 nM). The resistance factor was reduced 10.3-fold from 145
to 14.1, closely corresponding to the maximal effect obtained
with third generation modulators such as tariquidar.”? Phenyl-
nannolone A may thus be of importance for the development
of multi-drug resistance reversal agents. The activity of phenyl-
nannolone A correlates to that of phenalamide, which has
been taken as a model for the synthesis of new multi-drug re-
sistance reversal agents.”) A drawback of the phenalamides
and their derivatives is their considerable cytotoxic activity,
whereas phenylnannolone A showed no cytotoxic effects
which is an important advantage of the structural type report-
ed here.

We also tested phenylnannolone A for antimicrobial proper-
ties towards six different organisms where it did not show any
activity. It was slightly active against influenza A (data not
shown) but not towards coxsackievirus B3 and Herpes simplex
virus type 1. Additionally, we observed no modulation in the
activity of trypsin, acetylcholinesterase, the adenosine A, recep-
tor or the phosphatases Cdc25A and MPTPb.

Discussion

Phenylnannolones A, B and C (1-3) are polyketides with amino
acid-derived starter units. During the current study, we also de-
tected phenylnannolones in a different Nannocystis species
(data not shown), showing that phenylnannolone production
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may be a characteristic feature of this little-investigated genus.
The co-occurrence of 1, 2 and 3 may be due to a lack of sub-
strate specificity of the biosynthetic enzymes. Thus, using tyro-
sine instead of phenylalanine for the formation of the starter
unit could result in 3, and incorporation of methylmalonyl-CoA
instead of ethylmalonyl-CoA would explain the presence of 2.
In this respect, it is of interest that during the biosynthesis of
monensin A and B in Streptomyces cinnamonensis, the incorpo-
ration of either ethylmalonyl- or methylmalonyl-CoA is depen-
dent on the availability of these substrates.”*?

Phenylnannolones A, B and C (1-3) are new structural types
of myxobacterial secondary metabolites. The presence of a
polyunsaturated carbon chain substituted with an ethyl group
is extremely rare in natural products, one example being a
pheromone from a Carpophilus beetle.”® Even though certain
structural features such as monosubstituted phenyl rings and
polyunsaturated carbon chains are known from other myxo-
bacterial natural products, the overall composition makes
these compounds (1-3) the first members of a new structural
class.

Among the various polyketide-derived polyenes isolated
from myxobacterial cultures are dawenol,””’ DKxanthenes,"
myxalamides® and phenalamides (also named stipiamides)."
Of these the phenalamides are most closely related to the phe-
nylnannolones (Figure 2). Even though only preliminary label-
ling studies were performed for phenalamide, the aromatic
and polyene part of this structure was suggested to be formed
from a phenylalanine-derived C,C, starter unit, which is extend-
ed with methylmalonyl-CoA and malonyl-CoA."

We determined the biosynthetic origin of each carbon
within phenylnannolone A by using appropriately labelled pre-
cursors. We propose that the starter unit for 1 is cinnamoyl-
CoA (C¢G,). Even though myxobacteria have been reported to
possess phenylalanine ammonium lyases (PALs),*? the direct
transformation of L-phenylalanine to cinnamoyl-CoA does not
take place in the case of phenylnannolone A, because C-9 ori-
ginated from the methyl carbon (C-2) of acetate. A benzoate
starter unit derived from phenylalanine has been described for
soraphen, a myxobacterial metabolite. The starter unit is subse-
quently elongated with malonate®® and results in a cinnamic
acid analogous structure (3-hydroxy-3-phenylpropanoate).
However, due to the labelling pattern observed for 1, a corre-
sponding scenario is not possible, since in cases like soraphen,
the carbon corresponding to the C-9 of phenylnannolone A
derives from the C-1 of acetate.

All carbons of the C-10-C-17 phenyl-ethyl moiety (C,C,) in 1
originated from phenylalanine. Therefore, our data suggest a
C¢C, intermediate (phenylacetic acid) in the formation of the
starter unit. This intermediate was postulated as the starter
unit for the biosynthesis of ripostatin, phenalamide and some
cyanobacterial metabolites (e.g. microcystin and nodular-
in®"3233) put was not verified, since feeding experiments with
phenylacetic acid proved unsuccessful in every case. For cya-
nobacterial toxins of the microcystin family, the adenylation-
peptidyl carrier protein didomain (A-PCP), postulated to be re-
sponsible for the activation and loading of the starter unit, was
heterologously expressed, and the direct loading of a phenyl-

ChemBioChem 2008, 9, 2997 - 3003
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acetate starter unit was proven unlikely. Instead, a modification
of a phenylpropanoid precursor was suggested. This involves
the loss of the carbonyl carbon of the C¢C; unit through novel
biosynthetic chemistry.*? In the case of phenylnannolone A, a
C,C, intermediate would have to be elongated with acetate
and subsequently subjected to further transformations, includ-
ing a decarboxylative step. In this way, the C-2 of acetate
would finally be located at position C-9 of phenylnannolone A,
which is in accordance with the observed labelling pattern.
Even though the details of the individual biochemical steps for
the biosynthesis of the starter unit cannot be deduced from
our experimental data, they provide clear evidence that these
reactions are unprecedented and represent unique biochemi-
cal reactions. The investigation of the biosynthetic gene cluster
for phenylnannolone will clarify the picture.

The incorporation of ethylmalonyl-CoA for the formation of
an ethyl group is quite a common biosynthetic scenario with
examples known for many microorganisms like Streptomyces
cinnamonensis as well as for insects such as Carpophilus spp.>®
However, the incorporation of ethylmalonyl-CoA in 1 was
somewhat surprising, as the carbons in question were reported
as acetate/succinate-derived for ethyl group-containing myxo-
bacterial metabolites such as tuscorone and tuscolide.®™

Experimental Section

General experimental procedures: UV and IR spectra were ob-
tained by employing Perkin-Elmer Lambda 40 and Perkin-Elmer
Spectrum BX instruments. NMR spectra were recorded at 300 K on
a Bruker Avance 300 DPX or Bruker Avance 500 DRX spectrometer
with (CDs),CO as the solvent and internal standard. Spectra were
referenced to residual solvent signals with resonances at Oy,c=
2.04/29.8 ppm.

EI-MS were recorded with a Finnigan MAT 95 spectrometer. LC-ESI-
MS was performed with an Agilent 1100 system with an APl 2000
Triple Quadrupole LC/MS/MS (Applied Biosystems/MDS Sciex,
Foster City, Canada) and a Diode Array Detector (DAD).

Analytical TLC: TLC was performed on aluminium sheets of silica
gel Si 60 F,5, (Merck) with a solvent system of dichloromethane/
methanol (9:1). Detection was performed by observing the
quenching of fluorescence at 254 nm and 366 nm and by staining
with a vanillin sulphuric acid reagent followed by heating to 110°C
(blue/green spots).

HPLC was carried out with either an HP system equipped with a
1050 pump, a 1050 autosampler and a 1050 multiple-wavelength
detector (isolation of 1 and 2) or a system consisting of a Waters
associated chromatography pump, a Rheodyne 7725i injection
system (Milfoard, USA), a Knauer differential refractometer (Berlin,
Germany), and a Linseis L200E recorder (Selb, Germany; isolation
of 3).

Isolation and taxonomy of the bacterial strain: The myxobacterial
strain (no. 150 of our strain collection) was isolated from a sandy
soil sample collected on the island of Crete. Small amounts of the
sample were applied onto water cycloheximide (WCX) E. coli
agar® plates, on which the strain was isolated. It was transferred
to yeast (VY/2)®¥ agar plates until an axenic culture was obtained.
The morphology of the swarm and the microscopic appearance of
the vegetative cells led to the assumption that strain 150 belonged
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to the genus Nannocystis. The result of the 16S rDNA sequencing
analysis supported this assumption. Stock cultures of the strain
were kept at —80°C.

Isolation procedure: Cultivation was performed in Erlenmeyer
flasks (15%5 L), each containing 1L of a peptone medium (MD1
medium, supplemented with 0.2% glucose and 0.2% starch) with
Amberlite XAD-16 (2%, Fluka, Germany). MD1 medium consists of
Casiton (3gL™"), CaCl,2H,0 (0.7 gL™") and MgSO,7H,0 2gL™).
The flasks were inoculated with a preculture (same medium,
200 mL) and shaken on a rotary shaker (140 rpm) at 30°C for seven
days. At the end of the cultivation, the bacterial cells and adsorber
resin were separated from the culture broth by centrifugation and
extracted with acetone (15x200 mL). After removal of the solvent,
the residue (5.79 g) was suspended in 60% aqueous methanol
(200 mL) and extracted ten times with dichloromethane (100 mL).
The dichloromethane layers were combined and dried (2.19 g). The
separation of this extract by column chromatography over silica
gel (Merck, 63-200 um, ~304g) by consecutively employing di-
chloromethane, ethyl acetate, acetone and methanol as eluents
gave seven fractions between 20 mL and 120 mL. 'H NMR spectro-
scopic analysis indicated two of the dichloromethane fractions to
be very similar and of further interest. They were combined and
after evaporation of the solvent, this fraction (240 mg) was subject-
ed to semipreparative RP-HPLC: column: Eurospher-100 C-8,
Knauer, 5um, 250x8 mm; eluent: methanol/water (75:25), flow
rate: 2.5 mLmin~". The retention times of 1 and 2 were 15 min and
13 min, respectively. The separation yielded 42 mg of 1 and 6 mg
of 2.

One of the ethyl acetate fractions seemed to contain a similar com-
pound to 1 and 2 by TLC (same colour and colour reaction upon
staining) but in a very low concentration. The fraction was com-
bined with the corresponding fraction from another cultivation
(approximately 235 mg) and separated by Vacuum liquid chroma-
tography (VLC) (RP-18, from methanol/water 60:40 to methanol
leading to eight fractions with a volume of 50-100 mL each). The
HPLC separation of fraction 5 (14 mg) (column: Eurospher-100 Si,
Knauer 2508 mm; solvent system: petroleum ether (PE)/acetone,
80:20; flowrate of 2.5 mLmin~", retention time: 22 min) led to the
isolation of 3 (1 mg).

Biosynthetic studies: For the feeding experiments, strain 150 was
cultivated in the same liquid medium as described above. In each
feeding experiment, the preculture was grown for seven days in
3%200 mL medium which was the inoculum for the main culture
(3% 1L), to which 2% Amberlite XAD-16 was added. After 48 h, the
labelled compounds were added in the form of sterile filtered solu-
tions. The yields of labelled phenylnannolone A were between
0 mg and 4 mg.

Labelled reagents: 1g of 1,2-C,-sodium acetate, 1g of 2-"°C-
sodium acetate, 1g of 1-°C-sodium butyrate, 500 mg of 3-C-L-
phenylalanine and 250 mg of U-"Cy-"*N-L-phenylalanine. The la-
belled compounds were obtained from Cambridge Isotope Labora-
tories or Aldrich. The isolation of labelled phenylnannolone A was
carried out according to the isolation procedure described above.

The feeding experiment with 2-"C-sodium acetate led to the fol-
lowing carbon enrichment: C-2 (8.1 %), C-4 (6.9%), C-6 (6.7%), C-9
(4.0%, for details see the Supporting Information).

In the other feeding experiments, phenylnannolone A was ob-
tained in yields so low that the signals of the natural abundance
carbons could not be detected in the *C NMR experiments. The
enrichment rate could not be calculated. Additionally, in the cases
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of 1-"®C-butyrate, 3-"C-phenylalanine and U-"*C,-"°N-L-phenylala-
nine, the yield was extremely low. Thus the isolated labelled phe-
nylnannolone A was not measured, but a VLC fraction containing
the compound was measured (Supporting Information).

In the feeding experiments with 1,2-*C,-phenylacetic acid and car-
boxy-">C-benzoic acid, no incorporation was observed.

MTT assay: A2780 cells and their P-gp-overexpressing counter-
parts, A2780adr, were cultured in RPMI-1640 medium (Sigma
Chemical, Taufkirchen, Germany) with 10% fatal calf serum and
50 uygmL " of penicillin G and streptomycin (Sigma Chemical). For
MTT survival testing, cells were harvested with trypsin, centrifuged
at 1200 rpm at 4°C and resuspended in medium. Cells were count-
ed, diluted and seeded into 96-well plates at a density of approxi-
mately 12500 cells/well either in 90 uL (for the measurement of
the resistance factor) or in 80 pL (for testing the effect of 1 on P-
gp-mediated daunorubicin resistance). Afterwards, plates were in-
cubated for 6 h at 37°C and 5% CO,, and cell attachment was
checked by microscopy.

For the measurement of the resistance factor, 10 pL of increasing
daunorubicin concentrations were added to each well. To deter-
mine the reversal effect of 1, 10 pL of various increasing daunoru-
bicin concentrations were added plus 10 uL of 1 (at a fixed, final
concentration of 31.6 um), resulting in a volume of 100 pL per well.

After 72 h of incubation, 20 uL of MTT solution (5 mg mL~") were
added to each well. Cells were incubated for an additional hour
and then lysed by the injection of 150 pL of propan-2-ol/10m HCI
(50 mL:165 pL). Afterwards, the plates were kept at 4°C for approx-
imately 1-2 h to complete lysis, and finally, the absorption was
measured at 595 (test wavelength) and 690 (reference wave-
length) nm with a BMG Fluostar (BMG Labtechnologies, Offenburg,
Germany) instrument. The absorption at the test wavelength was
subtracted from the absorption at the reference wavelength.

Compound 1: yellow solid; UV/Vis (MeOH): 4, (logg): 239 (3.59),
304 (3.90), 394 (3.84) nm; IR v, 3028, 2967, 2360, 1710, 1625,
1519, 1359, 1220, 1098, 966, 750, 692, 632cm '; 'HNMR and
3C NMR data, see Table 1; EIMS: m/z (%)=278 (100), 250 (4), 249
(20), 221 (4), 204 (4), 193 (6), 183 (44), 169 (14), 141 (6), 128 (5), 115

G. Kénig et al.

(12), 105 (3), 95 (44), 91 (16), 77 (4); HR-EIMS: m/z 278.1304 (calcd
for CoH,40,: 278.1307).

Compound 2: yellow solid; UV/Vis (MeOH): 4, (loge): 252 (3.74),
310 (3.83), 382 (3.84) nm; IR v, 2925, 2361, 1705, 1627, 1527,
1360, 1221, 1092, 968, 751, 699, 640, 610cm '; '"HNMR and
BCNMR data, see Table 1; EIMS: m/z (%)=264 (100), 249 (5), 169
(47), 95 (28); HR-EIMS: m/z 264.1142 (calcd for CgH;s0,: 264.1150).

Compound 3: yellow solid; UV/Vis (MeOH): ..., (loge€): 260 (3.94),
309 (4.01), 409 (3.87) nm; IR v, 3384, 2926, 2855, 2358, 1704,
1517, 1361, 1227, 1169, 1104, 969, 636, 616 cm~'; '"HNMR and
3C NMR data, see Table 1; EIMS: m/z (%) =294 (100), 265 (15), 199
(50), 95 (40); HR-EIMS: m/z 294.1256 (calcd for C;H;50;: 294.1256).
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Cooperative Biosynthesis of Trisporoids by the (4+) and (—)
Mating Types of the Zygomycete Blakeslea trispora

Doreen Schachtschabel,” Anja David,”” Klaus-Dieter Menzel,” Christine Schimek,™
Johannes Wéstemeyer,'” and Wilhelm Boland*"

The fungal phylum zygomycota uses trisporic acids (TSAs), a
family of apocarotenoids, during sexual reproduction to syn-
chronize and control activity between the mycelial hyphae of op-
posite mating types. Separate as well as mixed cultures of Blake-
slea trispora were systematically supplemented with putative,
deuterium-labeled precursors downstream of 3-carotene en route
to the bioactive TSAs. Analysis of the isolated metabolites al-
lowed the reconstruction of the complete biosynthetic sequence
between the first apocarotenoid, D’orenone (1), and the different
series of TSAs B (8) and C (13). Both mating types produced a

similar spectrum of early metabolites upstream of trisporols B (7)
and C (12), while only the (+) type was able to further oxidize
trisporols B (7) and C (12) to the corresponding methyltrispor-
oid B (5) and C (11), respectively. A novel 4-dihydrotrisporic acid B
(14) that was not formed from the labeled precursors was isolat-
ed from mated strains; this compound might be derived from
oxygenated [3-carotene by a parallel pathway. The ester accumu-
lated in the culture broth of the (+) strain and was only hydro-
lyzed by mycelia of the (=) strain; this corresponds to a synchro-
nization of the biosynthetic activities of both mating types.

Introduction R R’ R®
X 15

Fungi are heterotrophic organisms that are omnipre- 0
sent in our environment. With few exceptions, fungi
have filamentous bodies enclosed by cell walls, are o
nonmotile and reproduce both sexually and asexual- ] .

s Compound Series B Series C
ly by spores. The fungal division zygomycota—a
group of more than 1000 species—is distinguished trisporin R'=CH,; R?=R°=0 R'=CH,; R?=H R°=OH
from all other eumycota by its ability to reproduce trisporol R'=CH,OH; R?=R=0 R'=CH,0OH; R2=H R*=OH
sexually by zygospores following gametangial methyltrisporate R'=COOCH,; R?=R’=0 R'=COOCH,; R?=H R*=OH

fusion. If mycelia of complementary (4+) and (—)
mating types are present, the hyphal tips grow to-
wards one another and develop into gametangia.
Next, the walls between the two touching gametan-
gia dissolve, and the two multinucleate compart-
ments fuse. The (+) and (—) nuclei fuse to form a
young zygospore with one or more diploid nuclei. The zygo-
spores are typically thick-walled, highly resilient to environ-
mental hardships and metabolically inert. When conditions im-
prove, they can germinate, which is accompanied by meiosis
to produce a germ sporangium or directly vegetative
hyphae.™

The compounds coordinating and synchronizing sexual re-
production have been isolated and identified from members
of the order mucorales, namely Blakeslea trispora,? Phycomyces
blakesleeanus,”™ Zygorhynchus moelleri™* and Mucor mucedo.”®
In all cases, the bioactive molecules belonged to the large
family of trisporic acids (TSAs) representing a special group of
apocarotenoids. As a part of their involvement in the recogni-
tion of mating partners, they induce the first steps of sexual
differentiation, maintain the development of sexual structures
and probably mediate the recognition between certain zygo-
mycetes and mycoparasites, such as Parasitella parasitica.” As
shown by Sutter et al.,”® the production of the different series

SR, WWILEY R
) InterScience®
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R'=COOH; R?=R’=0 R'=COOH; R?=H R®=OH

Scheme 1. Functionalization patterns of trisporoids series B and C.

of bioactive TSAs (Scheme 1) requires an enzymatic contribu-
tion from both mating partners, since the TSAs and their early
precursor (3-carotene accumulate in the contact area of their
hyphae.

From pioneering analytical work of van den Ende,” Werk-
mann,"” Austin™ and Sutter® with the fungi M. mucedo, P. bla-
kesleeanus and the trisporoid-overproducing species B. trispora,
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a putative chemical dialogue between sexual partners was
envisaged, which involves an exchange of early trisporoids as
precursors for the bioactive TSAs.'>"

According to Scheme 2, both mating types are able to con-
vert [3-carotene to 4-dihydrotrisporin B (3) but lack the ability
to generate significant amounts of the downstream metabo-
lites required for the production of hormones, such as TSAB
(8). Therefore, for further transformations to occur, mating
partners were supposed to exchange early metabolites, such
as trisporin B (6) and 4-dihydromethyltrisporate B (4), with

B-carotene
(+)(=)
0
P N
1
(o]
[\
2

4-dihydro-
OH trisporine B (3)

FULL P

their complementary mating partners. According to this con-
cept, TSA B (8) is generated in the (—) type by the saponifica-
tion of methyltrisporate B (5) or in the () mating type by the
oxidation of trisporol (7)."” The details of the biosynthesis
scheme were composed from experiments with radiolabeled
precursors,' with compounds isolated from the mixed grow-
ing cultures and the logic of enzymatic transformations con-
necting the metabolites in a functional biosynthesis pathway.
Moreover, experimental results from different zygomycetes
were unified in the general pathway outlined in Scheme 2.
Although the sequence of
Scheme 2 apparently matches
currently known aspects of
sexual recognition and differen-
tiation in zygomycetes, many
details of the elegant and con-
vincing scheme remain specula-
tive. Early intermediates, such as
the carotene cleavage product
1, recently termed D'orenone,!™”
have never been isolated or
characterized. Most importantly,
although the sequence within
the pathway is biochemically
plausible, it is, as yet, uncon-
firmed by precise labeling ex-
periments, which would un-
equivocally establish the se-
quence of reactions.

Herein, we present a new ap-
\ proach with which to evaluate
and validate the previously

4-dihydromethyl-
OH trisporate B (4)

I~ diffusion -~

(+)-mating type

postulated biosynthesis pathway
for B.trispora, employing sys-
tematic  metabolic  profiling
based on the administration of
isotopically labeled precursors™®
to cover and probe the whole
pathway (Scheme 2). High-reso-
lution gas chromatography
combined with mass spectros-
copy (GC-MS) was used to char-
acterize and identify the correct
§ stereochemistry of the resulting
Ny metabolites. We provide evi-
dence that both mating types
are able to produce all early in-
. termediates en route to trispor-
ol B (7) albeit with different de-

adA} bunew-(-)

grees of efficiency. The further
\ 0 / oxidation to methyltrisporate B

trisporic acid B (8)

(5) was achieved exclusively by
the (+) strain, while the saponi-
fication of the ester into the bio-
active TSA B (8) was faster in the

Scheme 2. Postulated cooperative biosynthetic pathway for TSA B (8). The production of 8 required the exchange (=) strain. Combining pulse-chase

of intermediates between the mycelia of the different mating types.

experiments with labeled com-
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pounds and isolated metabolites from the large-scale fermenta-
tion of the individual strains, we revise previous schemes of the
chemical dialogue between the mating types of B. trispora.

Results

Administration of labeled precursors and metabolite
analysis

TSAs stimulate zygophore (sexually determined hyphae) devel-
opment in M. mucedo and in many other mucoralean fungi, in-
cluding the fungus B. trispora, which overproduces f-carotene
and trisporoids.” """ Separate (+) and (—) cultures of B. tris-
pora synthesize appreciable amounts of TSAB (8) and C (13)
after biosynthetic precursors from a neutral fraction of the cul-
ture medium stimulate the complementary mating type.*”
Without stimulation, the (+) strain is able to produce small
amounts of TSAs, but the (—) strain is not. To establish the
complete biosynthetic pathway from B-carotene to the individ-
ual TSAs and to address the biosynthetic capacity of the indi-
vidual strains, we systematically administered deuterium-la-
beled early precursors from Scheme 2—namely, the ketone
cleavage products of [-carotene ([D;]1, [D;]2 and [D,]9;
Figure 3)—and analyzed their metabolites. The later transfor-
mations en route to TSAs were studied by administering la-

W. Boland et al.

beled 4-dihydrotrisporin B ([D;]3), trisporin B ([D5]6), trisporic C
([D5110), trisporol B ([D5]17), trisporol C ([D;]112), and unlabeled
methyltrisporate B (5), methyltrisporate C (11), TSAB (8) and
TSA C (13). All compounds were individually added to shaken,
liquid (+), (=) and mixed cultures of B. trispora (21°C, 120 rpm)
in the dark, and their metabolites were extracted after 3, 6, 9,
12, 24 and 48 h following the standard protocol shown in
Scheme 3. After the mycelia were removed, an aliquot of the
culture broth was adjusted to pH 8, and the neutral compo-
nents were removed with CHCl;/propan-2-ol (20:1). After the
aqueous medium was acidified to pH 2, the TSAs were extract-
ed with the same binary solvent. For analytical purposes, free
acids were converted to methyl esters (with diazomethane),
and additional hydroxy groups were converted to trimethylsilyl
ethers upon treatment with N-methyltrimethylsilyltrifluoroace-
tamide (MSTFA) when necessary.

Although the composition of the extracts proved to be
quite complex, we successfully analyzed the individual metab-
olites including their stereoisomers by GC-MS (Figure 1). The
presence of a deuterium label in the methyl group at C(3') of
the side-chain (>98% D,) facilitated the identification of the
metabolites (Scheme 1). This position proved to be completely
inert, and we obtained all identified metabolites without signif-
icantly affecting the original isotope level.
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Figure 1. Mass spectrum of trisporol B ([D;]7) obtained from the sequential transformation of [D;]1 by (4+) or (—) mating type cells of B. trispora. The insert

shows the upper mass range from the mass spectrum of natural trisporol B.
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liquid culture

I removal of the mycelium (sieve)
Y
broth

A\
adjustment of pH 8

| extraction CHCly/propan-2-ol (20:1)
\4

precursors

\4
adjustment of pH 2

| extraction CHCL/propan-2-ol (20:1)
\4
trisporic acids

| derivatisation (CH,N,, MSTFA)
\4

GC-MS analysis

Scheme 3. Extraction and derivatization protocol for early and late trispor-
oids from the culture broth of growing mycelia of (+) and (—) mating types
of B. trispora.
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Administration of early cleavage products of f}-carotene

Administration of the putative first [3-carotene cleavage prod-
uct, [D5]1, resulted in the culture broth of both mating types
of B. trispora to produce a complex pattern of metabolites that
changed greatly over time. After 3 h, we observed the transfor-
mation of [D;]1 into labeled 4-dihydrotrisporin B ([D5]3), tris-
porin B ([D5]6) and trisporin C ([D5]10). After 6 h, the oxidation
of the pro-R methyl group at the cyclohexene ring of the inter-
mediates generated labeled trisporol B ([D5]7) and trisporol C
([D5]12). All compounds were unequivocally identified by their
retention times and mass spectra by using authentic stand-
ards."® The ratio of the originally administered E/Z isomers
was channeled relatively unchanged through a series of trans-
formations. Moreover, we performed independent administra-
tion experiments with the identified metabolites to exclude ar-
tifacts caused by detoxification reactions not related to the
biosynthetic pathway en route to TSAs. Furthermore, the same
ratio of products was observed in fermenter experiments
(30L); this indicates that the biosynthetic capacity of the
strains was not exhausted by the amount of added precursors.

The putative first metabolites from the reduction and oxida-
tive functionalization of [D;]1, namely [D;]2 and [Ds]9, were
observed owing to the rapid turnover of labeled 4-dihydrotris-
porins, such as [D5]3. The fact that the addition of the putative
intermediates [D;]2 and [Ds]9 resulted in a similar pattern of

100 [DJ(2)-6
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[D,](2)-10

IS
N L

[Di-(2)-7
\
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Figure 2. Time course of the transformation of (E/Z)-trisporin ([D;]6) in (+) and (—) mating type cells of B. trispora. Compounds were extracted at pH 8 and
do not contain the TSAs. Left: time course of the formation of (E/Z)-trisporol B ([D5]7) and C ([D;]12) in (—) mating type cells of B. trispora. Right (gray back-

ground): time course of the formation of 4-dihydromethyltrisporate ((2)-4) and methyltrisporate B ([D;]5) and trisporol C ([D;]7) in

B. trispora.
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([Ds]3) in the culture broth of the (+) and (—) mating types after 12 h.

Table 1. Metabolite profile after administration of D’orenone ([Ds]1), ([D5]2), ([D]9), and dihydrotrisporin B

next step, namely the oxidation
of the pro-(R)-CH,0OH group of

[D5]7  to  methyltrisporate B
Administered precursor mating type [D:1 [D;]2 [D;19 [Ds13 ((D5)5), was only observed in
) ) ) o ) ) A o the (4) cultures; the mycelia of
Metabolite . u . the (—) strain accumulated tris-
D’orenone ([D;]1) / _l _la _l .
ketone (IDJ12) m , " " porol ([D3]?, S'cheme 4).' Pare?llel
hydroxyketone ([D;19) _tal _tl / Gl to the oxidative functionaliza-
4-dihydrotrisporin B ([D5]3) X X X X X X / tion of the cyclohexene moiety,
trisporin B ([D;16) X X X X X X X X the keto group within the
trisporin C ([D5]10) X X X X X X X X A . _
tisporol B (D7) X X X X X X X X longer C8 side-chain was re
trisporol C ([D;]12) X X X X X X X X duced to a secondary alcohol
methyltrisporate B ([Ds]5) X - X - X - X - yielding the corresponding tris-
methyltrisporate C ([D;]11) X - X - X " X " porins and trisporols of the C
4-dihydromethyltrisporate B ([D,]4) X - X - X X . X B
wisporic acid B (ID,18) X ~ X _ X ~ X ~ s.erles (Table 1). The .conﬁgu'ra
trisporic acid C (ID;]13) X _ X _ X _ X _ tion of the resultlng chiral

[a] Compound not observed due to rapid turnover; [b] <6% deuterium label; X: compounds produced during
24 h after administration of precursors; —: compound not produced; /: precursor incubated substance.

center was not determined. Tris-
porols of both the B ([D5]7) and

metabolites as observed for [D;]1 (Figure 3) confirmed their
involvement and turnover. Alternative cleavage products of f3-
carotene, namely retinol, retinal and retinoic acid, were not
metabolized by the growing cultures and could be recovered
unchanged (Figure 3 and Table 1).'"'¥

The cultures of both mating types produced the same spec-
trum of early trisporoids, in which trisporols B ([D;]7) and C
([D5]112) represented the last common intermediates. Figure 1
shows a mass spectrum of the downstream metabolite trispor-
ol B ([D;]7) obtained by administering [D5]3 to growing hyphae
of the (+) or (=) mating type of B. trispora.

The metabolite was obtained undiluted by a background of
unlabeled compounds as evidenced by the large molecular ion
at m/z 293 and the very low abundance of the one at m/z 290
(Figure 1; arrow: unlabeled 7). The high abundance of the 293
signal for [D;]7 also proved that the deuterium label was com-
pletely maintained during subsequent transformations. The

C ([D5]12) series were oxidized
only by the cells of the (+)
strain to the corresponding
methyltrisporate B ([D;]5) and methyltrisporate C ([D5]11), re-
spectively. The saponification of the esters to TSA B ([D;]8) and
C ([D5]13), respectively, was achieved by both mating types,
but the cells of the (=) mating type proved to be more effi-
cient (vide infra).

In addition to the esters [D;]5 and [D;]11, 4-dihydromethyl-
trisporate B (4) was also found in the culture broth of the (+)
mating type (Schemes 2 and 5). All three esters accumulated
transiently between 9 to 12 h after the precursors were admin-
istered, but only [D;]5 and [D;]11 were rapidly saponified to
the final TSA B ([D5]8) and C ([D5]13), respectively. Ester 4—pre-
viously considered to be a central precursor to TSAB (8;
Scheme 2)—apparently had another biosynthetic origin and
metabolic fate than [D5]5 and [D;]11. First, unlike [D;]5 and
[D5]11, 4 was not significantly labeled (approximately 6% D).
The same low degree of labeling was obtained when, for ex-
ample, the more advanced intermediate [D;]9 was fed to the

A) B)
cD, 0 co,
Xy A
[D,J2
cD, 0 OH
R R >
(D11 co, 0 cD,
N X N
R, RZ=0 B [DJJ9
R R2=H,0OH C
OH o]

D3

[DJ6
[D,]10

Scheme 4. Survey of administered precursors and their metabolites from the culture broth of (+) and (—) mating types of B. trispora. A) Administered precur-
sors; B) isolated metabolites from (—) mating type cultures (white background) and (+) mating type cultures (gray background). Compounds were identified

by their retention time and mass spectra with authentic references.!'¢>
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B-carotene
1

B-carotene

v

N

o]

D orenone (1)

v

X

OH

ketone (2)

4-dihydromethyl-

OH trisporate B (4)

diffusion

4-dihydro-

OH trisporic acid B (14)

trisporic acid B (8)

Scheme 5. Revised cooperative biosynthetic pathway for the biosynthesis of TSA B (8) by individual and mated cultures of B. trispora. The pathway illustrates
the production of the B series of trisporoids. The reduction of the keto group in the C8 side-chain to a secondary alcohol generates the C series, which is pres-
ent in the culture broth of both mating types. In mated cultures, there is a free exchange of all early and late intermediates, which are secreted into the

medium.

growing culture of the (+) strain. Second, although ester 4 ac-
cumulated transiently, its exclusive saponification by the myce-
lia of the (=) mating type preferentially led to a novel and
rather unstable 4-dihydrotrisporic acid B (14) without any nota-
ble oxidation of the ring hydroxy group (Scheme 5). In fact,
the oxidation of 4 to TSA B (8) was very slow and insignificant
compared to the main route to 14 (Figure 2 and Scheme 5).

Kinetics of trisporol and TSA production

Figure 2 illustrates the time-dependent conversion of synthetic
trisporin B ([D;16) to trisporin C ([D;]110) and trisporols B ([D;]7)
and C ([D5]12) for both mating types. Cells of both mating
types metabolized the E and Z isomers of the administered
[D5]6 in the first 12 h; the corresponding E and Z isomers of
trisporols [D5]7 (neutral extract, pH 8) were also metabolized
with similar efficiency. Minor amounts of (E)- and (2)-trisporol B
([D5]7) were produced within 2h by both mating types
(Figure 2). The E/Z ratio of [D;]6 isomers was largely retained in
the end products (vide supra). In cultures of both mating
types, after 12 h the intermediate trisporin C ([D;]10) was large-
ly consumed and converted to the corresponding trisporols B

ChemBioChem 2008, 9, 3004 -3012
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Figure 3. Time course of the saponification of methyltrisporate B (5) and C
(11) by mycelia of the (+) and (—) mating type of B. trispora.
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([D5]17) and C ([D;]112). After 24 h, cells of the (=) mating type
had converted all intermediates to an E/Z mixture of trispor-
ols B ([D5]7) and C ([D5]12) with the E isomers prevailing. After
the same time, the Z isomer of unlabeled 4-dihydromethyltris-
porate (4) dominated in cultures of the (+) mating type; minor
amounts of trisporin C ([D;]10) and methyltrisporate B ([D5]5)
were also present.

The kinetics of the ester hydrolysis to TSAs B (8) and C (13)
was independently studied by administering methyltrisporate
B (5) and methyltrisporate C (11) to separate cultures of similar
biomass. The progress of the reaction was followed by GC-MS
analysis of aliquots without pretreatment with diazomethane.
In both cases, the externally added pure methyltrisporates B
(5) and C (11) were not only hydrolyzed but partially reduced
or oxidized; this generated a mixture of the two series prior to
hydrolysis to TSAs B (8) and C (13), respectively. Within 12 h,
the mycelia of the (—) type hydrolyzed methyltrisporate B (5)
almost completely to the acid (8 and 13), whereas the cells of
the (4) type achieved only about 50% conversion. The
hydrolysis proved to be irreversible since adding free TSA B (8)
or C (13) did not result in the formation of methyltrisporates (5
or 11, respectively).

Discussion

The fungal phylum zygomycota uses the degradation products
of B-carotene, namely TSAs (Schemes 1 and 2) and many of its
isoforms and precursors, as a communication system. The com-
pounds, which are involved in the recognition of mating part-
ners, induce the first steps of sexual differentiation and possi-
bly maintain the development of sexual structures. Their origin
in B-carotene has been demonstrated with inhibitors of [3-caro-
tene biosynthesis” and [-carotene-deficient mutants®"?? and
by administering radiolabeled P-carotene®™ to growing cul-
tures. B. trispora, M. mucedo and P. blakesleeanus in particular,
have been studied with respect to the diverse substances they
contain, which are active during the sexual reproduction cycle.
Pioneering work by Austin, Sutter, Gooday and Bu’lock led to
the proposal of a cooperative biosynthesis of trisporoids
(Scheme 2) by both mating partners, which was reinvestigated
in this contribution by the administration of specifically labeled
precursors to individual cultures of the (+) and (—) strains, as
well as to mixed cultures. Owing to the inert position of the
deuterium atoms in a methyl group of the side-chain, the me-
tabolites could be unequivocally identified by mass spectrome-
try. Moreover, the administration and recovery of the metabo-
lites resulting from the transformation of both early and late
trisporoids by (+) and (—) mycelia gave reliable information on
the biosynthetic capacity of the two mating types and allowed
the sequence of transformations to be reconstructed.

The procedure is illustrated by the administration of the
postulated early product of [-carotene cleavage, namely the
conjugated ketone D’orenone (1), to mycelia of both mating
types. Mass spectrometric analysis of the isolated metabolites
revealed that both strains were able to produce the full spec-
trum of early trisporoids between D’orenone (1) and trisporol
(7). However, cells of the (—) mating type generated larger
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amounts in less time. Interestingly, 4-dihydrotrisporine B (3)
was produced from ketones 9 and 2, since both intermediates
were converted to 3 when added to the growing cultures.
However, the administration of 9 resulted in higher levels of 7
and 12 (Table 1), and consequently, of TSAB (8) and TSA C
(13), respectively; this suggests that the allylic oxidation at C-4
of the cyclohexene ring might precede the reduction of the
conjugated double bond. Most importantly, cells of the (+)
mating type were able to generate small amounts of the end-
product TSA B (8) without any assistance by the (—) type.””
Consistent with previous findings (Scheme 2), cultures of the
(=) mating type were not able to proceed beyond trisporol B
(7). Further oxidation required the contribution of the comple-
mentary cell type to convert the hydroxymethyl group of (7)
to the methyl ester of methyltrisporate B (5). The biosynthetic
flexibility and capacity of both strains were further illustrated
by their ability to generate simultaneously trisporoids of the B
and C series from the same early intermediates 2 and 3
(Table 1). Since all intermediates are secreted into the medium,
the hyphal cells of a mixed culture can contribute at almost all
early levels to the production of the final TSA. The oxidation of
trisporol B (7) to methyltrisporate B (5), however, is limited to
cells of the (+) strain, which then synchronize the biosynthesis
of TSAs in mixed cultures. The final saponification of the meth-
yltrisporates 5 and 11 to the free TSAs 8 and 13, respectively,
can be achieved by both strains, but again, metabolic activity
is much higher in the (—) strain (Figure 3). Accordingly, the
complementary partner serves as a source of early intermedi-
ates and stimulants, which enhances the efficiency of the co-
operative biosynthesis dramatically since much higher
amounts of the bioactive TSAs are obtained from mixed cul-
tures than from a single (+) mating type.””

In contrast to previous findings,”®* in this study, trisporol B
(7) was formed by both the (+) and (—) cells of B. trispora. Ac-
cordingly, the overall transformation requires at least three dif-
ferent enzymes. The initial oxidation of the methyl group to
the primary alcohol is achieved by an enzyme common to
both cells. The subsequent oxidation of the alcohol 7 to the
carboxylic acid 8 and its esterification only occur in cells of the
(+) type. Whether this transformation requires one or two dis-
tinct enzymes, including a methyl transferase, remains to be
established. Overall, the oxidative functionalization of the exo-
cyclic methyl group to a carboxyl group resembles the action
of certain multifunctional P450-type enzymes of the steroid
metabolism required for dealkylation processes.”® The final
saponification of methyltrisporates to the free TSAs can be
achieved by both strains, but, as in the case of the biosynthesis
of the early intermediates, this occurs faster in the (—) strain
(Figure 3, Scheme 5).

A striking result was the observation that 4-dihydromethyl-
trisporate B (4), which was isolated from growing cultures of
the (+) strain, was not labeled (about 6% D,) after the admin-
istration of [D;]1 and other early precursors. Since TSA B ([D,]8)
was found to be highly labeled (>95% D;) when obtained
from the transformation of [Ds]1, the isolated 4-dihydromethyl-
trisporate B (4) seems to have another origin. Following an
experimentally unproven postulate of Gessler etal.,””” we
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assume that the (+) strain might be able to use oxygenated
carotenes, such as isocryptoxanthine, as substrate for the bio-
synthesis of the accumulating 4-dihydromethyltrisporate B (4).
The oxidative degradation and transformation of this alterna-
tive and oxygenated carotene precursor could account for the
lack of deuterium in 4. For further transformation into TSA B
(8) this compound would require the oxidation of the ring hy-
droxyl group and the saponification of the resulting methyl
ester. Interestingly, 4 did not follow this line, but instead accu-
mulated in the fermentation broth of the (+) type mycelia and
required the hydrolytic capacity of the (—) type for the saponi-
fication to the corresponding unstable 4-hydroxytrisporic acid
(14). The biological function of 14 is not yet known.

Since the biosynthesis of 14 requires cooperative activity
from both mating types, this novel pathway also indicates the
synchronization of the production of the bioactive compounds
that control the progress of sexual reproduction. The further
oxidation of 14 to TSA B (8) was not observed (Figure 2). Addi-
tional experiments with labeled isocryptoxanthine are neces-
sary to explore this pathway. It also remains to be clarified
whether or not the previously described 4-dihydromethyltris-
porate dehydrogenase from M. mucedo, which is claimed to be
responsible for the oxidation of 4 to methyltrisporate (5) in the
(—) strain,®' can alternatively oxidize 4-dihydrotrisporine B (3)
to trisporin B (6). Since 4-dihydromethyltrisporate (4) is not oxi-
dized to TSA B (8) in B. trispora in significant amounts, the oxi-
dation of 3 to 6 seems to be the more likely reaction for this
enzyme.

In summary, the administration of labeled early trisporoids
to growing cultures of the (+) and (—) strains of B. trispora
showed that metabolic activity in both mating types is highly
flexible. Our experiments clearly demonstrate that both are
able to use the previously postulated® early cleavage product
of B-carotene, recently called D’'orenone (1), to produce tris-
porins 6 and 10 and trisporols 7 and 12, albeit with different
efficiencies. Besides (-carotene, oxygenated derivatives of [3-
carotene like isocryptoxanthine (Scheme 5), might also contrib-
ute to the metabolic diversity of these compounds.

Treating (4) or (—) mycelia with individual early and late
trisporoids at given concentrations revealed that many of
them are bioactive and that they are able to stimulate differen-
tial reactions in B. trispora,””*® or other members of the zygo-
mycetes, such as M. mucedo.” The biosynthesis and oxidative
degradation of p-carotene, in particular, can be differentially
stimulated by various early and late trisporoids in B. trispora
and M. mucedo (M. Richter et al., unpublished results). To evalu-
ate the metabolic profile of other zygomycetes, the current ap-
proach can be easily modified or adapted. Since D’orenone (1),
the first cleavage product of (3-carotene, strongly inhibits the
growth of root hairs of various plant species," the bioactivity
of individual trisporoids needs to be evaluated even beyond
the zygomycota. This is further supported by the recent dis-
covery of 1 in cyanobacteria and cell cultures of rice (Salim Al-
Babili, University of Freiburg, Germany, 2008, personal commu-
nication). New and unexpected functions in the interaction of
zygomycetes with other organisms (the mycorrhization of
plant roots, parasitic interactions with other fungi, colonization
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of insect guts, colonization of mycelia by bacterial endobionts
and establishment of the Geosiphon fungus-cyanobacteria in-
teraction) might be discovered, since several structurally relat-
ed apocarotenoids (e.g., retinoic acid and abscisic acid) control
fundamental processes in living organisms.3"

Experimental Section

Strains and culture conditions: A compatible mating pair of
B. trispora strains (FSU 331 (4+) and FSU 332 (—)) were grown on
solid glucose for 30 days in standard Petri dishes (diameter 9 cm)
with aeration vents and containing complete medium.*? Three
pieces of mycelium (5 mm x5 mm) were inoculated and incubated
for 4 days for the (—) type and 3 days for the (+) type at 21°C in
liquid SUP medium and shaken at 120 rpm. The different inocula-
tion times accounted for the different growth rates and generated
similar biomasses, as determined by dry weight, at the onset of
the administration experiments. The mycelium was filtered and
transferred into a medium containing maltose instead of glu-
cose.?

Trisporoid standards: D'orenone (1),"'® 4-dihydrotrisporin B (3),
trisporin B (6) and trisporin C (10) were synthesized as defined E/Z
isomers, according to Schachtschabel et al."® Methyltrisporate B (5)
and methyltrisporate C (11) were obtained from TSAB (8) and
TSA C (13), respectively, by esterification with ethereal diazome-
thane. TSA B (8) and TSA C (13) were produced by a large-scale co-
culture of both mating types of B. trispora in a 30 L fermenter. The
free acids were extracted from the acidified medium (pH 2) and
purified as described."® The ester, 4-dihydromethyltrisporate B (4),
was purified from an alkaline extract (pH 8) of the (+) strain. Tris-
porol B (7) and trisporol C (12) were generated by the biotransfor-
mation of trisporin B (6), as previously described."® Ketone 2 was
generated from 2-(4-brom-3-methylbuta-1,3-dienyl)-1,3,3-trimethyl-
cyclohex-2-ene by Pd®-mediated alkylation with the zincate of 4-io-
dobutan-2-one. Hydroxyketone 9 was synthesized via a Heck-type
alkenylation of 3-((1E)-4-bromo-3-methylbuta-1,3-dienyl)-2,4,4-tri-
methylcyclohex-2-enol with but-3-en-2-one.'*3%

Mass spectrometric analysis of trisporoids: Samples were ana-
lyzed by using a Trace GC (Thermo Finnigan, San Jose, CA, USA)
connected to a Trace MS detector (Thermo Finnigan, San Jose, CA,
USA). An EC-5 column (15 mx0.25 mm i.d., 0.25 um film thickness;
Alltech, Deerfield, IL, USA) was used to separate the reaction prod-
ucts. Helium, at a constant rate of 40 cmsec™ ', served as the carrier
gas, and samples (1 pL) were introduced in the splitless mode by
an autoinjector. The GC injector, transfer line and ion source were
set at 220, 280 and 280 °C, respectively. Spectra were taken in the
total-ion-current mode (TIC) at 70 eV. The separation of the com-
pounds was achieved with a temperature program from 50-280°C
at 15°Cmin~". The final temperature of 280°C was maintained for
2 min prior to cooling. Trisporoids were identified by comparing
their mass spectra and retention times to those of authentic stand-
ards."®

Feeding experiments: Deuterium-labeled precursors (5.0 mg) in
ethanol (100 L) were added to sterile cultures of mated or individ-
ual (+) and (=) mating strains of B. trispora grown in liquid cultures
on a maltose medium (100 mL in 250 mL Erlenmeyer flasks). The
cultures were shaken in the dark at 21°C (120 rpm) for 3, 6, 9, 12
and 24 h. Incubations were performed with D'orenone ([D;]1), 4-di-
hydrotrisporin ([D5]3), trisporin B ([D;16), trisporin C ([D;]10), meth-
yltrisporate B (5), methyltrisporate C (11), 4-dihydromethyltrispo-
rate B (4), 4-dihydrotrisporic acid, TSA B (8), TSA C (13), the two ke-
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tones [D;]2 and [D;]9 and the apocarotenoids retinol, retinal and
retinoic acid.

Extraction and derivatization of metabolites: All operations were
carried out in the dark (with red light) to avoid the isomerization
of double bonds. The culture broth was filtered and adjusted to
pH 8 with aqueous NaOH (1 m), and B-ionone (25 pg) was added as
an internal standard (IS). Neutral constituents were extracted with
CHCls/propan-2-ol (20:1, v/v). The aqueous phase was then acidi-
fied (pH 2, 1m HCI), perhydrogenated retinoic acid (25 ug) was
added as an IS, and the aqueous phase was extracted with CHCl,/
propan-2-ol (20:1, v/v). Both extracts were dried (Na,SO,), and the
solvent was removed under reduced pressure. The residue of the
alkaline extract was redissolved in CH,Cl, (1.0 mL) before being
treated for 5 min with ethereal diazomethane (0.5 mL). Excess di-
azomethane and solvent were removed by a stream of argon. Ad-
ditional treatment with MSTFA (50 pL) for 90 min at 55°C convert-
ed hydroxylated derivatives into silylethers. Following the removal
of the reagent under a gentle stream of argon gas, the sample was
dissolved in CH,Cl, (1.0 mL).
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Investigation of Biosynthetic Pathways to
Hydroxycoumarins During Post-Harvest Physiological
Deterioration in Cassava Roots by Using Stable Isotope

Labelling

Soad A. L. Bayoumi,” Michael G. Rowan,” John R. Beeching,” and lan S. Blagbrough*®

Cassava (Manihot esculenta Crantz) is an important starch-rich
crop, but the storage roots only have a short shelf-life due to
post-harvest physiological deterioration (PPD), which includes the
over-production and polymerisation of hydroxycoumarins. Key
aspects of coumarin secondary-metabolite biosynthesis remain
unresolved. Here we exploit the accumulation of hydroxycoumar-
ins to test alternative pathways for their biosynthesis. Using iso-
topically labelled intermediates (p-coumarate-2-"C, caffeate-2-
BC, ferulate-2-C, umbelliferone-2-0 and esculetin-2-"°0), we
show that the major biosynthetic pathway to scopoletin and its

Introduction

Coumarins are pharmacologically active and have important
roles in plant development and defence. Despite their impor-
tance, key aspects of the biosynthesis of these secondary me-
tabolites remain unresolved."? Here we exploit the observa-
tion that the accumulation of scopoletin and its glucoside, sco-
polin, increases in cassava roots (Manihot esculenta Crantz
family Euphorbiaceae) during post-harvest physiological deteri-
oration (PPD)™“ to test alternative pathways for the biosynthe-
sis of these hydroxycoumarins.

Cassava is an important crop due to its high root starch con-
tent and because of its ability to grow well in poor soil and
even under drought conditions. However, harvested cassava
roots have a short shelf-life of only 1-3 days due to PPD, thus
causing significant wastage and economic loss. This deteriora-
tion is not due to microorganisms, but is physiological; pos-
sibly due to the over-production and then polymerisation of
hydroxycoumarins. Deteriorating cassava roots show blue to
black vascular streaking and are unpalatable and unmarketa-
ble. The first detectable aspect of PPD is an oxidative burst oc-
curring within 15 minutes of the root’s being injured, followed
by altered expression of genes, including those involved in an-
tioxidant defence together with the accumulation of secondary
metabolites, such as the antioxidant hydroxycoumarins scopo-
letin and esculetin and their respective glucosides scopolin
and esculin.®~

Three hypothetical pathways for the biosynthesis of scopole-
tin,® via 2',4'-dihydroxycinnamate, 2',4,5'-trihydroxycinnamate
(6'-hydroxycaffeate), or 4'-hydroxy-3'-methoxycinnamate (feru-
late) have been proposed from studies in various plant species
(Scheme 1). The observation that esculetin and its glucoside

ChemBioChem 2008, 9, 3013 -3022

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

glucoside, scopolin, in cassava roots during PPD is through p-
coumaric, caffeic and then ferulic acids. An alternate pathway
through 2',4'-dihydroxycinnamate and umobelliferone leads to
esculetin and esculin. We have used C'®0,-carboxylate-labelled
cinnamic and ferulic acids, and feeding experiments under an at-
mosphere of ®0,, to investigate the o-hydroxylation and cyclisa-
tion steps. We demonstrate that the major pathway is through
o-hydroxylation and not via a proposed spirolactone-dienone in-
termediate.

esculin accumulate in deteriorated cassava in lesser amounts
than scopoletin and scopolin is consistent with a route via caf-
feate to esculetin and then scopoletin. In Agathosma puberula,
the biosynthesis of puberulin (6,8-dimethoxy-7-prenyloxocou-
marin) is from umbelliferone via esculetin and then scopole-
tin;”¥ this implies hydroxylation and methylation after lactoni-
sation. In addition, in Cichorium intybus (chicory), it was con-
firmed that umbelliferone was converted into esculetin.”” How-
ever, feeding Nicotiana tabacum (tobacco) with "“C-labelled
ferulate led to this being actively metabolised by the leaf tis-
sues' or tobacco tissue cultures™ into scopoletin and its glu-
coside scopolin; this suggests methylation prior to lactonisa-
tion. From studies in Arabidopsis thaliana it has been proposed
that the biosynthesis of scopoletin and scopolin is strongly
dependent on the 3’-hydroxylation of p-coumarate units cata-
lyzed by CYP98A3;® this indicates that scopoletin is biosynthe-
sised in A. thaliana from either ferulic or caffeic acid—recently
feruloyl-CoA has been proposed as a key precursor in scopole-
tin biosynthesis in this plant.!'?

We have previously shown that when chopped cassava
roots were fed with deuterated (E)-cinnamic acid, and PPD was
allowed to occur, a certain percentage of labelled scopoletin
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work by Kenner and co-workers,"¥ and also pro-

posed from UV studies in cultures of the plant Ammi
majus L. (Apiaceae, Bishop's flower, large bullwort)™!
following work by Grisebach and Ollis."® Alternative-
ly the 2'-hydroxylation of 4'-hydroxycinnamic acid
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was produced.” In order to investigate the pathway of scopo-
letin biosynthesis in cassava roots during PPD, direct and com-
petition feeding experiments with potential intermediates
were carried out. Here we report feeding experiments in cassa-
va roots under PPD with stable isotopically labelled p-couma-
rate (4'-hydroxycinnamate), caffeate, ferulate, umbelliferone
and esculetin. In addition, competition feeding experiments
were carried out by feeding the root samples with deuterated
(E)-cinnamic acid alone as a control and with deuterated ([Dsl-
and [D,]-) (E)-cinnamic acids mixed with putative unlabelled
intermediates along the scopoletin biosynthetic pathway that
could compete with deuterated (E)-cinnamic acid.

Two routes have been proposed for the key benzo-2-pyrone
cyclisation reaction of 4-hydroxycinnamic acid (Scheme 2).I"
Oxidative cyclisation via a spirodienone intermediate would
yield umbelliferone in which the lactone ether oxygen is de-
rived from the carboxyl group. The spirolactone-dienone inter-
mediate pathway has been previously established in Strepto-
myces niveus for novobiocin biosynthesis through elegant
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Scheme 1. Three proposed metabolic pathways in the biosynthesis of scopoletin. For
clarity the carboxylate anion has been omitted after (E)-cinnamate; PAL = phenylalanine
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lilotus alba shoots, and the retention of label was
78% upon conversion into coumarin and 92% upon
conversion into o-coumaric acid in Gaultheria pro-
cumbens leaves, so o-coumaric acid biosynthesis in-
volves an efficient migration and retention of the o-
proton, evidence that in coumarin the lactone ether
oxygen is introduced by o-hydroxylation."® Recently,
in A. thaliana, it was shown that an Fe'- and 2-oxo-
glutarate-dependent dioxygenase (rather than a
P450 enzyme) catalyses the o-hydroxylation of feru-
loyl-CoA in scopoletin biosynthesis."? It is notable
that the biosynthesis of salicylic acid and the origin
of its o-hydroxyl group is also still a matter of
debate and shows differences between species." In
Nicotiana benthamiana, it was determined that sali-
cylic acid is biosynthesised from isochorismate,””
while in phenylalanine ammonia lyase (PAL)-sup-
pressed N. tabacum the level of salicylic acid was de-
creased,”” thus suggesting that salicylic acid was synthesised
from phenylalanine®®? through benzoic acid,”® which was then
o-hydroxylated to salicylic acid. Following the '®0-labelling of
salicylic acid, it was proposed that benzoic acid o-hydroxylase

cooOH
COO \ 00C
—>
(E)-4'-hydroxy- (E)-2',4'-dihydroxy- (2)-2',4'-dihydroxy-
cinnamate cinnamate cinnamate

|

umbelliferone

l
COon 00—

(2)-4'-hydroxy-
cinnamate

0]

OH

spirodienone

Scheme 2. Proposed routes for the conversion of 4'-hydroxycinnamate into
umbelliferone.
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Biosynthetic Pathways to Hydroxycoumarins

is an oxygenase that specifically hydroxylates the o-position of
benzoic acid. This hydroxylase enzyme was purified and found
to belong to a novel class of soluble, high-molecular-weight
cytochrome P450 enzymes.”?” Therefore, in order to investigate
the origin of the lactone ether oxygen in coumarins biosynthe-
sised in cassava roots during PPD, we designed and carried
out feeding experiments with C'®0,-enriched (E)-cinnamic and
ferulic acids by spraying an aqueous solution of each labelled
cinnamic acid on cubes of freshly harvested cassava roots. Sep-
arately, in an atmosphere rich in '®0,, the scopoletin and sco-
polin labelling patterns resulting from deuterated [D,]lcinnamic
acid feeding were obtained and compared with those from
untreated roots kept in the same vacuum desiccator.

Results and Discussion
Synthesis of isotopically labelled intermediates

Synthesis of p-coumaric-2-"C acid, caffeic-2-">C acid and ferulic-
2-"3C acid: p-Coumaric-2-">C acid, caffeic-2-">C acid and ferulic-
2-3C acid were synthesised by a Knoevenagel reaction® %
through the nucleophilic addition of 2-"*C-malonic acid to the
corresponding aldehyde (Scheme 3), and the three desired (F)-
cinnamic acid derivatives were recrystallized from water.

COOH
13,
CHO o €
piperidine,
,COOH 79 °C il bath, 24h
+ CH, —

R COOH pyridine R

OH OH

= : 13
R=H 4-hydroxybenz- R=H  p-coumaric-2-'°C
aldehyde acid

REOR S ehyae Pen R=OM caffeic-2-"°C acid
R=OMe vanillin R=OMe ferulic-2-"3C acid

Scheme 3. Synthesis of labelled substituted cinnamic-2-">C acids.

The chemical structures, and therefore the position of the
BC-labels, were confirmed by 'H and "CNMR spectroscopy
(Tables 1 and 2). The 'HNMR spectra (Table 1) showed H-2
doublet of doublets due to H-2-"*C-2 coupling (‘Joy=~161 Hz)
and trans-H-2-H-3 coupling (Jy,=16), H-3 is also a doublet of
doublets including %J,=3, and such J values are consistent
with the reported literature values.?” In all the *C NMR spec-

Table 1. 'H NMR (400 MHz) spectral data.

Compound 'H multiplicity (J)

position p-coumaric-2-"*C acid  caffeic-2-"*C acid  ferulic-2-"*C acid
2 6.28 dd (161, 16) 6.22 dd (160, 16) 6.31 dd (161, 16)
3 7.60 dd (16, 3) 7.53 dd (16, 3) 7.59 dd (16, 3)
2 7.45d (9) 7.04d (2) 717 d (2)

3 6.81d (9) - -

5 6.81d (9) 6.78 d (8) 6.81d (8)

6’ 7.45d (9) 6.94 dd (8, 2) 7.06 dd (8, 2)
OCH, - - 3.89s

ChemBioChem 2008, 9, 3013 -3022

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. '3C NMR (100 MHz) spectral data ('H broadband decoupled).
Compound 3C multiplicity (J)
position p-coumaric-2-C acid  caffeic-2-"*C acid ~ ferulic-2-"*C acid
1 171.0 d (74) 171.0d (74) 171.0 d (74)
2 115.6 115.5 115.9

(99% enriched) (99% enriched) (99 % enriched)
3 146.7 d (71) 147.0d (71) 146.9 d (71)
1 127.2 127.8 127.7
2 131.1d (5) 115.0 d (5) 111.6d (5)
3 116.8 146.8 150.5 (149.3)
4 161.2 149.5 149.3 (150.5)
5 116.8 116.5 116.2
6’ 131.1.d (5) 122.8 d (5) 124.0d (5)
OCH, - - 56.4

tra, the signal for C-2 at =116 was approximately 90-fold
more intense (99% enriched) than the natural abundance
peaks for the other positions. This intense signal is superim-
posed on the doublet ('J.c=71) resulting from natural abun-
dance "C at C-3 (or at C-1), while the peaks at =171 and
147, corresponding to C-1 and C-3, respectively, are doublets
("Jec=74 or 71), due to this 'J coupling. Peaks corresponding
to C-2' and C-6' are doublets (*J.c=5) due to long-range cou-
pling to the enriched C-2. Interestingly, quaternary C-1" was an
apparent singlet (*J.c<1.5), due to a combination of being a
quaternary carbon and being B to the enriched *C-atom. Why
the *J.c=5 is greater than 2J.< 1.5 is complex, but has litera-
ture precedent, for example, in geraniol where *J..=5 and
2J.c=1.3;® however, this is not always the case as % can be
equal to or slightly greater than %J., but always in the range
2-7 Hz,”*® and such long-range "*C—"3C coupling constants can
now be detected at natural abundance with the appropriate
pulse-sequence.” The *C NMR spectra (Table 2) clearly show
that introducing an o-phenolic group, from p-coumarate to
caffeate, causes a shift of —12-16 ppm whilst a gain of 30 ppm
is seen at the carbon that now carries the oxygen (relative to
proton), and a shift of —8 ppm at the para-carbon. Therefore
we assign 149.5 (from 161.2) to 4’ and 146.8 (from 116.8) to 3'.
However, on converting the hydroxy into a methoxy, that is,
from caffeate to ferulate, the gain would be 30.2 ppm at the
attached carbon, with a shift of —14.7 ppm at the ortho-car-
bons, according to tables.””” We cannot unambiguously assign
150.5 and 149.3 ppm to 3’ and 4/, respectively, but this order is
consistent with tables, that is, shifting further from TMS with a
methoxy (relative to a hydroxy) and shifting slightly nearer
(2 ppm) to TMS with an o-methoxy than with an o-hydroxy.””!
These 'H and "*C NMR assignments are also consistent with
those few literature data that have been reported for cinnam-
ic-2-3C acid®V and ferulic-2-"*C acid.®?

80 enrichment of umbelliferone and esculetin: '®0 enrichment
of umbelliferone and esculetin with H,'®0 is a practical method
of introducing selectively only one label into these compounds
(Scheme 4). This mechanism yields coumarins labelled only in
the lactone carbonyl, the lactone ether and phenolic oxygen
atoms are not exchanged. The percentage of '®0-enrichment
was monitored for umbelliferone after 3 h (8 %), 4 days (61 %)
and 7 days (82%). Esculetin was '®O-enriched for 7 days (82 %),
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Scheme 4. Isotopic enrichment of umbelliferone or esculetin with ®0.

as this gave the highest percentage enrichment for umbellifer-
one.

C'®0, enrichment of (E)-cinnamic acid and ferulic acid: C'®0,-
enriched (E)-cinnamic acid was synthesised by double ex-
change with H,'®0 catalysed by concentrated HCl. The percent-
age %0 enrichment was monitored over 3 h, 1 day, 2 days and
4 days in order to optimise the yield of the '®0,-enriched spe-
cies (Table 3). C'®0,-enriched ferulic acid was then synthesised
by the same method as (E)-cinnamic acid for 4 days.

Table 3. HR ESI MS data of cinnamate labelling showing the percentage
of '®0-enriched (E)-cinnamic acid.

% '®0, enrich-
ment (m/z 153)

% unlabelled cinnam- % '®0 enrich-
ic acid (m/z 149) ment (m/z 151)

Duration of
the reaction

3h 86.2 13.8 0

1d 9.3 43.5 47.2
2d 1.9 237 74.4
4d 0 14.0 86.0

Biosynthetic feeding experiments

Feeding with p-coumaric-2-"C acid, caffeic-2-"*C acid and ferulic-
2-BC acid: The relative importance of the pathways labelled 1,
2 and 3 in Scheme 1 was explored by direct feeding of cassava
roots with the above three *C-labelled acids, which are later
intermediates than cinnamic acid in the biosynthesis of scopo-
letin. p-Coumaric acid is an intermediate in all three proposed
pathways, caffeic acid in pathways 2 and 3, while ferulic acid is
in pathway 3 only. The percentages of labelled scopolin and
scopoletin were calculated and are summarized in Tables 4 and
5. These results showed an increase in the percentage of la-
belled scopoletin and scopolin above the natural abundance
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Table 4. HR ESI MS data of the HPLC peak at 7.1 min showing the per-
centage of labelled scopolin.

Cassava cv Scopolin®  Scopolin- % of % *C
MCOL 22 3-13C scopolin-  scopolin®
fed with 3-3C

untreated (control) 355.1033 356.1073 139 -
p-coumaric-2-*C acid  355.1050  356.1087  31.2 173
caffeic-2-*C acid 355.1033 356.1079 28.2 143
ferulic-2-"*C acid 355.1039 356.1068 27.5 13.6

[a] Scopolin signifies m/z found of scopolin, CigH;s0y [M+H]™ (calcd
355.1024). Scopolin-3-"3C  signifies m/z found of scopolin-3-°C,
C,5"°CH,06["*CM4H] T (calcd 356.1057). [b] Adjusted for natural abun-
dance.

Table 5. HR ESI MS data of the HPLC peak at 24.7 min and the percent-
age of labelled scopoletin.

Cassava cv Scopoletin® Scopoletin- % of % *C
MCOL 22 3-13C scopoletin- scopoletin®
fed with 3-3C

untreated (control) 193.0487 194.0537 7.5 -
p-coumaric-2-C acid 193.0488 1940533 226 15.1
caffeic-2-*C acid 193.0489 194.0529 19.1 11.6
ferulic-2-°C acid 193.0487 194.0529 23.0 15.5

[a] Scopoletin signifies m/z found of scopoletin, C,,Hs0, [M+H]* (calcd
193.0495). Scopoletin-3-">C signifies m/z found of scopoletin-3-"*C,
Co*CHg0, [*CM4H]" (calcd 194.0529). [b] Adjusted for natural abun-
dance.

for all three precursors. Ferulic-2-*C acid incorporation con-
firms that pathway 3 is involved in the biosynthesis of scopole-
tin in cassava roots during PPD. However, as all three labelled
precursors gave very similar enrichment of the product hydroxy-
coumarins, biosynthetic pathways 1 and 2 cannot be com-
pletely excluded.

Feeding with '80O-umbelliferone and '®0-esculetin compared
with ferulic-2-C acid: The relative importance of these three
possible pathways (Scheme 1) was further explored by feeding
cassava roots with the above three compounds, later inter-
mediates in these three pathways where umbelliferone is in
pathway 1, esculetin is in both pathways 1 and 2, but ferulic
acid is only in pathway 3. The percentages of labelled scopolin,
scopoletin and esculin are summarized in Tables 6, 7, and 8.
These results showed an increase in the percentage of labelled
scopoletin and scopolin above the natural abundance for ferul-
ic-2-"*C acid, together with a relatively small increase in the
percentage of labelled scopoletin and scopolin above the nat-
ural abundance for umbelliferone and esculetin; we interpret
this as confirmation that pathway 3 is the main pathway for
the biosynthesis of scopoletin and scopolin in cassava roots
during PPD (Scheme 5). It is noteworthy that the accurate
mass of the [M+2] isotope peak for scopolin (Table 6) obtained
from the experiment with '®0-labelled umbelliferone and escu-
letin did not agree with calculated value for C,4H,405'20. Thus,
the peak observed at this mass does not arise entirely from
'®0-labelled scopolin, which would reduce the apparent enrich-
ment observed. A similar discrepancy was observed in the
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Table 6. HR MS data of the HPLC peak at 7.1 min showing the percentage of labelled scopolin.

Feeding cassava cv Scopolin® Isotope peak  m/z found of labelled % of total la- % of enriched
MNGA 19 with monitored scopolin (calcd) belled scopolin  scopolin
ferulic-2-"C acid 3551012 Cys"*CH,40, 356.1053 (356.1057) 333 19.4
umbelliferone-2-*0  355.1036 C,¢H,,04'°0 357.1396 (357.1066) 9.4 4.8
esculetin-2-'%0 355.1024 CygH1004'°0 357.1102 (357.1066) 8.3 37

[a] Scopolin signifies m/z found of scopolin, C;¢H;o04 [M+H]" (calcd 355.1024).

Table 7. HR MS data of the HPLC peak at 24.7 min showing the percentage of labelled scopoletin.

Feeding cassava cv  Scopoletin® Isotope peak m/z found of labelled % of total la- % of enriched
MNGA 19 with monitored scopoletin (calcd) belled scopoletin scopoletin
ferulic-2-"C acid 193.0499  C,"CH,0, 194.0532 (194.0529) 15.7 8.2
umbelliferone-2-%0  193.0491  C,,H,0,"°0 195.0524 (195.0538) 17 04
esculetin-2-'%0 193.0493  C,oH,0,"%0 195.0493 (195.0538) 16 0.3

[a] Scopoletin signifies m/z found of scopoletin, C,,H,O, [M+H]"* (calcd 193.0495).

Table 8. HR MS data of the HPLC peak at 6.0 min.

341.0867). Esculin-2-"®0 signifies m/z found of esculin-2-"%0, C,sH,,04'%0-

[D;Icinnamic acid alone as a
control, and with (E)-[D,]-
cinnamic together with unla-
belled 2',4’-dihydroxycinnamic,
ferulic or caffeic acids. It was
postulated®®'? that if any of
these unlabelled compounds
were intermediates in the bio-
synthesis of scopoletin, they
would compete with (F)-
[D;Icinnamic acid and decrease
the amount of deuterium la-
belled scopoletin produced. The
results of these experiments are
summarized in Tables 9 and 10.

A further competition experi-
ment was carried out be-
tween labelled (E)-cinnamic-
2',3',4',5',6'-[Dslacid and umbelli-
ferone or esculetin, which are in

NH,"
Feeding cassava cv Esculin® m/z found of % of total _OOCA\_Q “00C
MNGA 19 with esculin-2-*0 labelled esculin on
cmnamate L-Phe
umbelliferone-2-'*0 341.0864 343.0921 19.8 )
esculetin-2-'*0 341.0871 343.0907 67.7
ooc 1 Ho
[a] Esculin signifies m/z found of esculin, CisH,,05 [M+H]™ (calcd 1@ > o00C

OH

5

[80M+H]* (calcd 343.0910). E)-p- °°”marate
(E)-2',4'-dihydroxy-

00C 2 cinnamate
accurate mass of scopoletin derived from '®0O-labelled esculetin C( oH ¢
(Table 7). Experimental error was evaluated by calculating the E)-caffeate OH : SOO
BC-natural abundance of ten (unlabelled) scopoletin samples. ‘3 HO ' \—@OH
The percentage of scopoletin containing 1x*C was 7.7 +£0.6% ooc \ 00C | o (2)-2' 4dihydroxy-
(s.d.) and that of 2x'*C-labelled scopoletin was 1.27 £0.05% 1Q~OH cinnamate
(s.d.), for example, found 195.0557 and 195:0562, calculateq as (E)ferulate . OMe . OH 0 ¢
195.0562 for Cg'*C,H,'®0,. Furthermore, this small [M+2] iso- ‘ (Cg)f;ga-rgdroxy- o)
tope peak for scopoletin is not due to the presence of (for 00C HO, : \ OH
example) C,,Hy'°0,'®0 calculated as 195.0538, an argument \_QOH '
which we develop further below with respect to results ob- om OH umbelliferone
tained from feeding experiments with C'®0,-labelled (E)-cin- ]EeEr)UIGatr;ydroxy— © C\OO 0 ¢
namic and ferulic acids. The low level of error in these reprodu- ‘ OH 0
cible feeding experiments, for example, from umbelliferone-2- coo ©H on N\ OH
180, allows us to assign (Table 7) 195.0524 as C,,H,0,'®0 which \ o (2)-6-hydroxy- ’ :
requires 195.0538 (and therefore it is not 195.0562 for caffeate --~" esculetin OH
CgPC,H,'%0,), so calculating only 0.4% of '®0-enriched scopole-
ti; 2o 9 y ? P (2)-6' hydroxyferulate \ 0

The incorporation of umbelliferone into esculin (Table 8)
suggests that pathway 1 (Scheme 5) operates for the biosyn- Q o
thesis of esculetin with only a small level of O-methylation to 4 C°p°|et'n OMe
scopoletin. Pathway 2 cannot be excluded. The key first inter- O. o esculin
mediate in pathway 1, 2',4-dihydroxycinnamic acid, was inves- OMe OH HO ~ OH
tigated in a competition experiment with (E)-[D,]lcinnamic acid scopali 7 OH éH
polin OH

in a further attempt to elucidate the pathway.

Competition feeding experiments with deuterium-labelled cin-
namic acid and unlabelled intermediates: Competition experi-
ments were carried out by feeding the root samples with (E)-

ChemBioChem 2008, 9, 3013 -3022
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Scheme 5. Results of feeding experiments supporting pathway 3 as the
major pathway for the biosynthesis of scopoletin in cassava roots during

PPD.
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age of labelled scopolin.

Table 9. HR MS data of the HPLC peak at 7.1 min showing the percent-

Table 12. HR ESI MS data of peak 2 at 24.7 min showing the percentage
of labelled scopoletin.

dihydroxycinnamic acids

Feeding cassava cv Scopolin®  [D;]Scopolin % of Feeding cassava cv Scopoletin®  [D,]Scopoletin % of

MCOL 22 with [D;Iscopolin MCOL 22 with [D,]scopoletin
[D;lcinnamic acid 355.1027 358.1222 7.8 [Dslcinnamic acid 193.0501 195.0633 8.1
[D,Icinnamic + ferulic acids 355.1037 358.1224 8.1 [Ds]lcinnamic acid + 193.0502 195.0623 4.8
[D;Icinnamic + caffeic acids 355.1038 358.1217 14.1 umbelliferone

[D;Icinnamic+2',4- 355.1037 358.1224 7.5 [Ds]cinnamic acid + 193.0503 195.0631 14.9

esculetin

[a] Scopolin signifies m/z found of scopolin, CigH;s0y [M+H]" (calcd

[D3M+H]" (caled 358.1212).

355.1024). [Ds]Scopolin signifies m/z found of [D;]scopoletin, Ci¢H;4D30,

[a] Scopoletin signifies m/z found of scopoletin, C,,H,0, [M+H]* (calcd
193.0495). [D,]Scopoletin signifies m/z found of [D,]scopoletin, C,,H,D,0,
[D,M+H]" (calcd 195.0621).

spirodienone intermediate, then feeding experiments with

Table 10. HR MS data of the HPLC peak at 27.4 min showing the percent-
age of labelled scopoletin.

C'80,-enriched (E)-cinnamic acid would yield '®0,-scopoletin
enriched in both the lactone ether and carbonyl oxygen
atoms, whereas biosynthesis through 2’-hydroxylation of 4'-hy-
droxycinnamic acid would yield '®0,-scopoletin enriched only

Feeding cassava cv Scopoletin®  [D;]Scopoletin % of

MCOL 22 with [D;]scopoletin
[D,Icinnamic acid 193.0502 196.0694 5.8
[D,]Icinnamic + ferulic acids  193.0489 196.0687 6.0
[D,Icinnamic + caffeic acids  193.0496 196.0692 83
[D;Icinnamic+2',4'- 193.0500 196.0688 43

dihydroxycinnamic acids

in the carbonyl oxygen atom (Scheme 6). Both doubly '®0-la-
belled (E)-cinnamic and ferulic acids were incorporated only
into scopoletin-2-'¥0 and scopolin-2-'20, that is, scopoletin and
scopolin enriched only in the carbonyl oxygen. No HR MS
peaks corresponding to C;oH,'°0,'%0, or CsH,,'°0,'%0, were

[a] Scopoletin signifies m/z found of scopoletin, C,,Hs0, [M+H]* (calcd
193.0495). [D;]Scopoletin signifies m/z found of [D;]scopoletin, C,,HsD;0,
[DyM4H] ™" (calcd 196.0684).

found; this is evidence that their biosynthesis in cassava roots

H1SO 1/50
< H'®0
P NN PN e 20
the same pathway (1) as 2',4-dihydroxycinnamate C
. OH OH (¢] (6]
(Scheme 5). The results of these experiments are summar-
ized in Tables 11 and 12. Only minor reductions in the en- R R R MeO
richment of labelled scopolin and scopoletin were ob- OH OH OH _
served with 2',4’-dihydroxycinnamate and umbelliferone; \ scopoletin
this con.firmed the minor role of this pathway in the bic?- HP0 185 HPO g H®0 8o
synthesis of scopoletin. The presence of unlabelled caffeic °c” c” c” 180
acid (Tables 9 and 10) or esculetin (Tables 11 and 12) re- = Z = A0 > _~Jo
sulted in an unexpected increase in the percentage of la- BOH 0 185
belling in scopoletin and scopolin. It is possible that this — - - — > -
effect arises from the inhibition of PAL" thus reducing R R R MeO
the flux of unlabelled substrate through the pathway. (E)-cinna- OH OH OH 0 OH
Feeding experiments with C'®0,-labelled (E)-cinnamic and ~ ™3© spirodienone scopoletin
ferulic acids: If the blosyntheSIS of SCOpOIetm occurs via a Scheme 6. Pathways from feeding C'®0,-enriched (E)-cinnamic acid depending on the

route of the biosynthesis of scopoletin in cassava roots.

Table 11. HR ESI MS data of peak 1 at 7.1 min showing the percentage of
labelled scopolin.

during PPD occurs through o-hydroxylation and not via a spi-
rodienone intermediate.
The accurate mass of the [M+2] isotope peak for scopoletin

Feeding cassava cv Scopolin® [D,]Scopolin % of

MCOL 22 with [D,]scopolin
[Dslcinnamic acid 355.1018 357.1150 16.8
[Dslcinnamic acid + 355.1036 357.1174 14.0
umbelliferone

[Dslcinnamic acid + 355.1028 357.1150 25.8

esculetin

obtained from feeding experiments with C'®0,-labelled (E)-cin-
namic and ferulic acids was found to 195.0541 or 195.0543,
agreeing with the value calculated for C;,H,'°0,'0 (195.0538).
The [M+2] peak is not due to the presence of two *C-isotopes
at natural abundance, which is calculated as 195.0562 for

[a] Scopolin signifies m/z found of scopolin, CigH;s0y [M+H]" (calcd
355.1024). [D,]scopoletin signifies m/z found of [D,]scopoletin, C,¢H;,D,04
[D,,M+H]" (calcd 357.1149).

C4'"°C,Hy'®0,. From Einstein’s Theory of Relativity, E=mc? some
of the energy used for holding the extra neutrons in the nu-
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cleus has come from the mass. Thus, although at a superficial
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level adding two neutrons to make 'O from '°O looks like
adding any other two neutrons, for example, incorporating 2 x
3C or 2xD, it is not the same mass gain, and this small, but
measurable difference is called the mass defect.

Feeding experiments under an atmosphere of 20% '®0,: The
doubly 'O-labelled cinnamic acid could lose one 'O atom
during the pathway to scopoletin by conversion into its CoA
ester or into the shikimate or quinate ester;® such esters have
recently been shown to be involved during the insertion of
the 3'-hydroxy group in several species.” Although ferulate is
a later component of the pathway, the involvement of such an
ester of ferulate in the E-Z isomerisation step cannot be ruled
out. In order to confirm our interpretation of the above results,
feeding experiments under an atmosphere rich in 80, were
designed and carried out by using a vacuum desiccator evacu-
ated to 10-20 mbar (1 mbar is 100 Pa, 100 Nm~) and then
filled with anhydrous nitrogen to a pressure of only 800 mbar,
then taken to 1000 mbar with '®0, to afford an atmosphere of
approximately N,/'®0, 4:1 (v/v).

It has been established that both 4’-hydroxylation and 3'-hy-
droxylation of cinnamate involve cytochrome P450 enzymes?
and that the inserted oxygen atom is derived from molecular
oxygen. 2-Hydroxylation is thought to involve a Fe'- and 2-
oxoglutarate-dependent dioxygenase? which also utilises mo-
lecular oxygen. Thus, if the biosynthesis of scopoletin occurs
via a spirodienone intermediate, feeding experiments under
'®0, would yield '®0,-enriched scopoletin, doubly labelled in
the methoxy and hydroxy oxygen groups, whereas biosynthe-
sis through o-hydroxylation would yield '®0,-enriched scopole-
tin, labelled in the methoxy, hydroxy and lactone ether oxygen
atoms (Scheme 7). The results of scopoletin biosynthesis under
80, and of feeding cassava roots with [D,]cinnamic acid under
80, are summarized in Tables 13 and 14, and two representa-
tive HR mass spectra are shown in Figure 1.

These results (Figure 1) unequivocally show that the major
isotopic peak was '®0;-enriched scopoletin, and thus the major
pathway in the biosynthesis of scopoletin in cassava roots
during PPD is through o-hydroxylation not via a spirolactone-

HO. O
c

Me'8
1BOH

T

HO. O HO. O ~c°
C C

2

= / e 7
OH
——
—_—
Me'® Me'80 o0 Me'80

1SOH 18

(E)-cinnamate

Table 13. HR ESI MS data of scopoletin showing the percentage of la-
belled scopoletin when cassava cv MNGA 2 was stored under 20% '°0,.

Scopoletin and m/z found Calcd % of

its isotope peak of labelled scopoletin
monitored [M+H]™ scopoletin isotopomers
CioHo'®0, 193.0496 193.0495 8.8
Cy1oHs0'°0,'%0 195.0544 195.0538 10.7
CyoHo'0,'%0, 197.0581 197.0580 333
CyoH'°0™0, 199.0624 199.0623 472

Table 14. HR ESI MS data of scopoletin showing the percentage of la-
belled scopoletin when cassava cv MNGA 2 was fed with [D;lcinnamic
acid under '°0,.

Scopoletin and m/z found Calcd % of

its isotope peak of labelled scopoletin
monitored [M+H]" scopoletin isotopomers
CyoHo'%0, 193.0502 193.0495 23
C,oH,'°0,"0 195.0571 195.0538 1.8
C,oH,'°0,"0, 197.0606 197.0580 45
C,oH,'%0"0, 199.0656 199.0623 252
C,oHeD5%0, 196.0684 196.0684 3.2

CyoHs D;'°0,'%0 198.0719 198.0726 2.9

CyoHs D5'°0,'%0, 200.0768 200.0769 24.1

CyoHs D;'°00, 202.0804 202.0811 29.0

dienone intermediate. Although there is '®0,-enriched scopole-
tin, this is mainly due to the presence of a low percentage of
residual air (that is, of '°0,) trapped in the plant material. This
was confirmed by the presence of small amounts of both unla-
belled scopoletin (2.3%) and '0;-enriched scopoletin (1.8%,
Table 14). Feeding cassava roots with [D;]cinnamic acid under
0, resulted in the formation of a small amount of 'O,
[D;lscopoletin (9.9%), and there was a similar pattern of '®0-la-
belling superimposed on [Ds]scopoletin. Thus, as well as the
definitive [M+6]" peak for '®0,-scopoletin [M+H]™ (Figure 1A),
the corresponding [M+6]" peak for '0;-[Dslscopoletin
[M+Nal* (Figure 1B) is also observed with a sufficiently satis-

P / \ /O
1BOH 130H
Me18 o18

180H
scopoletin

180H

Me’IB
180 180H

spirodienone scopoletin

Scheme 7. Possible biosynthetic routes to scopoletin in cassava roots in the presence of '®0,.
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Figure 1. A) Mass spectrum of scopoletin [M+H] " after allowing PPD in 20%
'80,. B) Mass spectrum of scopoletin [M+Na] ™ after feeding with
[D,]cinnamic acid in 20% '®0,.

factorily high resolution (within 5 ppm) as to be unambiguous,
HR MS found 224.0630, C,,HsD;Na'®0'®0; requires 224.0630.

Conclusions

The accumulation of hydroxycoumarins in cassava roots during
PPD makes cassava a good model for studying the biosynthe-
sis of scopoletin and scopolin by using various stable isotopic
intermediates along the biosynthetic pathway. The major path-
way for the biosynthesis of scopoletin and scopolin in cassava
roots during PPD was shown to be via p-coumaric, caffeic and
then ferulic acids, which are o-hydroxylated, isomerised and
lactonised into scopoletin and then glucosylated into scopolin
(pathway 3, Scheme 5). Although we have no evidence for the
order of the o-hydroxylation and E-Z isomerisation steps, the
well-known facile closure of d-lactones makes lactonisation a
rapid step once the Z geometry is established in the presence
of a 2’-hydroxyl group. The biosynthesis of esculetin and escu-
lin is via 2",4-dihydroxycinnamic acid and then umbelliferone.
Methylation of esculetin to scopoletin occurs only to a small
extent.
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Experimental Section

Plant material: Root tubers of different cultivars (MCOL 22,
MNGA 19 and MNGA 2) were harvested from cassava plants grow-
ing in the tropical glass house at the University of Bath under the
following conditions: 22-28°C, relative humidity (R.H.; 40-80%)
and a light period of 14 h per day. The cultivar MCOL 22 shows
high susceptibility to PPD, MNGA 2 shows medium susceptibility,
MNGA 19 has not been determined according to the Centro Inter-
nacional de Agricultura Tropical (CIAT, Colombia).

General methods: Chemicals were obtained routinely from
Sigma-Aldrich, except (E)-2',3',4',5,6'-[Dslcinnamic acid, which was
obtained from CDN Isotopes (Pointe-Claire, Québec, Canada) and
H,"®0 95 atom% '®0 from CK GAS Products Ltd. (Hook, UK). The
HPLC instrument was a Jasco PU-980 pump, monitored at 360 nm
with a Jasco UV-975 detector, using 16% acetonitrile/84% aq.
formic acid (0.1%), flow rate 4 mLmin~' at 20°C. HPLC data were
recorded on a Goerz Metrawatt Servogor 120 recorder, HPLC col-
umns were purchased from Phenomenex Inc.: Phenomenex
Gemini 10 u C18 110A 250 % 10 mm with guard column Phenomen-
ex Gemini 5 C18 10x 10 mm. Samples were injected by using a
100 pL loop. HR ESI MS was carried out on a Bruker microTOF mass
spectrometer in the Department of Pharmacy and Pharmacology,
University of Bath or on a Micromass Quattro Il in the EPSRC
National Mass Spectrometry Service Centre, University of Wales,
Swansea. NMR spectra were obtained on a Varian Mercury Spec-
trometer at 400 MHz ('H) or 100 MHz ("3C) in CD,0D, all chemical
shifts are reported in parts per million (ppm) relative to internal
tetramethylsilane, and coupling constants (J) are absolute values in
Hz.

General feeding procedure: Cassava roots (typically 1kg) were
peeled, then cut into approximately 1 cm® cubes and divided into
groups (typically 100 g). One group was immediately crushed and
extracted with EtOH (fresh cassava extract) and another (control
group) was stored under controlled conditions (20°C, 80-90%
R.H.) until crushing and extraction. Where exogenous substrates
were introduced, this was by spraying a group with the substrate
(typically 30 mg dissolved in ag. 4% Na,CO; (3 mL) then adjusted
to pH 7.5 with 1 m HCl) with a simple hand-pumped aerosoliser. As
the highest amount of scopoletin and scopolin accumulation
occurs between days 3 and 4 (this is cultivar dependent®™), half the
group was crushed and macerated after three days (EtOH, 200 mL,
3 days), and the other half was crushed after 4 days and then ma-
cerated (EtOH, 200 mL, 2 days). The combined ethanolic extracts
were filtered. A second round of maceration (EtOH, 400 mL, 2 days)
was performed. The combined EtOH extracts, were filtered and
evaporated under reduced pressure at 35-40°C. The residue was
dissolved in MeOH (0.2 gmL™") and purified by HPLC. From repeat
injections (n=12, each of 100 ul) two peaks of retention time
7.1 min and 24.7 min (scopolin and scopoletin respectively, the
latter by comparison with a commercial authentic sample) were
detected, collected, concentrated, dissolved in MeOH and identi-
fied by HR ESI MS, in order to separate isotopes and to identify the
percentage of labelled scopoletin and scopolin in relation to the
unlabelled coumarins.

Synthesis of p-coumaric-2-">C acid, caffeic-2-'>C acid and ferulic-
2-"3C acid: p-Hydroxybenzaldehyde, 3,4-dihydroxybenzaldehyde or
vanillin (4-hydroxy-3-methoxybenzaldehyde) (1.2 mmol) and ma-
lonic-2-C acid (99 atom % '*C; 276 mg, 2.63 mmol) were dissolved
in pyridine (660 uL). Piperidine (13 pL, 130 nmol; 0.00011 equiv)
was added, the reaction was heated to 70°C (oil bath) for 24 h.
Water (7.5 mL) and then concentrated HCl (0.4 mL) were added
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dropwise until a precipitate appeared, which was collected and
recrystallised. The product purity was checked by TLC with n-
hexane/ethyl acetate/acetic acid (1:1:0.01, v/v/v).

p-Coumaric-2-">C acid: white crystals; m.p. 208-210°C (H,0; 61%
relative to p-hydroxybenzaldehyde); TLC: R=0.36; '"H NMR and
3C NMR data: see Tables 1 and 2; Cg'°*CH,0; requires 164.0434, HR
ESI MS gave m/z 164.0434 [M—H]".

Caffeic-2-"3C acid: yellowish-white crystals; m.p. 217-220°C (H,0;
64% relative to 3,4-dihydroxybenzaldehyde); TLC: R;=0.22;
"H NMR and "*C NMR data: see Tables 1 and 2; C;'*CH,0, requires
180.0383, HR ESI MS gave m/z 180.0381 [M—H]".

Ferulic-2-">C acid: white crystals; m.p. 168-171°C (H,0; 64% rela-
tive to vanillin); TLC: R=0.35; '"HNMR and "CNMR data: see
Tables 1 and 2; Cy"*CH,0O, requires 194.0540, HR ESI MS gave m/z
194.0538 [M—H] .

'®0 enrichment of umbelliferone and esculetin: Following the lit-
erature procedure,®*3? umbelliferone (20 mg, 0.124 mmol) or escu-
letin (20 mg, 0.112 mmol), H,'®0 (0.5 mL, 95 atom % '®0) and conc.
HCl (10 ub) in acetonitrile (1 mL) were maintained at 70°C in a
sealed tube for 3 h, 4 days, and 7 days. '®*O-enriched umbelliferone:
C4H,0,"0 requires 165.0432, HR ESI MS found 165.0430 [M+H]™,
C4H,0; requires 163.0390, found 163.0430 [M+4-H]". ®0O-enriched
esculetin: CoH,0,®0 requires 181.0381, HR MS found 181.0373
[M+H]* and CoH,0, requires 179.0339, found 179.0328 [M-+H]™ .
Percentage of '®0-enrichment of umbelliferone (% of m/z 165/163)
was 8% (after 3 h), 61% (after 4 days) and 82% (after 7 days). Per-
centage of '®O-enrichment of esculetin was 82% (after 7 days).

80 enrichment of (E)-cinnamic acid and ferulic acid: (£)-Cinnamic
acid (20 mg, 0.135 mmol) or ferulic acid (20 mg, 0.103 mmol), H,'®0
(0.5 mL, 95 atom % '®0) and conc. HCl (10 L) in acetonitrile (1 mL)
were maintained at 70°C in a sealed tube in for 3 h, 1 day, 2 days
and 4 days. '®0-enriched (E)-cinnamic acid after 4 days: C,H;0'%0
requires 151.0640, HR ESI MS found 151.0662 [M+H] " and CgH,'®0,
requires 153.0682, found 153.0687 [M+-H]". The percentage of '®0O-
enrichment of (E)-cinnamic acid after each period is listed in
Table 3. "®0-enriched (E)-ferulic acid after 4 days: C,H;,0, requires
195.0652, HR MS found 195.0661 [M+H]" 2%, C,H;,05'®0 requires
197.0694, found 197.0705 [M4+-H]"™ 20%, and C,,H,;0,'®0, requires
199.0737, found 199.0743 [M+H]" 78 %.

Feeding experiments with p-coumaric-2-"*C acid, caffeic-2-"*C
acid and ferulic-2-"*C acid: By using the general feeding proce-
dure, cassava roots (0.8 kg, cv MCOL 22) were peeled (0.64 kg) and
divided into four groups, one as a control (40 g, the roots left to
deteriorate for 3 and 4 days without feeding with any intermedi-
ates) and three equal groups (85 g), fed with p-coumaric-2-">C acid,
caffeic-2-"*C acid or ferulic-2-"3C acid (20 mg of each acid) dissolved
in agq. 4% Na,CO; (2 mL). A representative sample of the combined
EtOH extract (2 g) was then purified by HPLC. HR MS data of the
HPLC peaks at 7.1 and 24.7 min of scopolin and scopoletin are
listed in Tables 4 and 5.

Feeding experiments with ®O-labelled esculetin and umbellifer-
one and ferulic-2-*C acid: By using the general feeding proce-
dure, cassava roots (0.69 kg, cv MNGA 19) were peeled (0.49 kg)
and divided into three equal groups (85 g). One was fed with '*0-
carbonyl-labelled esculetin (20 mg), one with '®0-carbonyl-labelled
umbelliferone (20 mg), and the other with ferulic-2-"*C acid
(20 mq). Each sample was dissolved in DMSO (1 mL), then diluted
with water (1 mL). A representative sample of the combined EtOH
extract (2 g, except group 1: 0.7 g) was then purified by HPLC. HR
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MS data of the HPLC peaks at 7.1, 24.7 and 6.0 min for scopolin,
scopoletin and esculin, respectively, are listed in Tables 6, 7 and 8.

Competition feeding experiments between deuterium labelled
(E)-[D;]cinnamic acid and unlabelled intermediates: By using the
general feeding procedure, cassava roots (1.23 kg, cv MCOL 22)
were peeled (1 kg) and divided into four equal groups, the first
group was fed with (E)-[D;]cinnamic acid (30 mg) dissolved in aq.
4% Na,CO; (3 mL). The second, third and fourth groups were fed
with (E)-[D,Icinnamic acid (30 mg) dissolved in aq. 4% Na,CO,
(3 mL), then unlabelled caffeic, ferulic or (E)-2',4'-dihydroxycinnamic
acid (30 mg) prepared in the same way as the substrate. A repre-
sentative sample of the combined EtOH extract (4 g) was then pu-
rified by HPLC. HR MS data of the HPLC peaks at 7.1 and 24.7 min
of scopolin and scopoletin are listed in Tables 9 and 10.

Competition feeding experiments between deuterium-labelled
(E)-2',3',4',5',6'-[Ds]lcinnamic acid and unlabelled umbelliferone
and esculetin: By using the general feeding procedure, cassava
roots (0.68 kg, cv MCOL 22) were peeled (0.46 kg) and divided into
three equal groups (115 g), the first was fed with (E)-[Dslcinnamic
acid (20 mg) dissolved in DMSO (1 mL), then water (1 mL) was
added. The second group was fed with (E)-[Dslcinnamic acid
(20 mg) and umbelliferone (20 mg) dissolved in DMSO (1 mL), then
water (1 mL) was added. The third group was fed with (E)-
[Dslcinnamic acid (20 mg) and esculetin (20 mg) dissolved in DMSO
(1 mL), then water (1 mL) was added. A representative sample of
the combined EtOH extract (3.5 g) was then purified by HPLC. HR
MS data of the HPLC peaks at 7.1 (scopolin) and 24.7 min (scopole-
tin) are listed in Tables 11 and 12.

Feeding experiments with (E)-C'®0,-cinnamic acid and C'®0,-
ferulic acid: By using the general feeding procedure, cassava roots
(0.69 kg, cv MNGA 19) were peeled (0.49 kg). One group (85 g) was
fed with C'®0,-(F)-cinnamic acid (20 mg), and the other group
(65 g) was fed with C'®0,-ferulic acid (10 mg) dissolved in aqg. 4%
Na,CO; (2 mL). A representative sample of the combined EtOH
extract (2 g) was then purified by HPLC. From the feeding experi-
ments with C'80,-(E)-cinnamic acid, the HPLC peak at 7.1 mins (sco-
polin), C;¢H,s0, requires 355.1024, HR MS m/z found 355.1039
IMHHIT and C¢H,404'°0 requires 357.1066, found 357.1082
[M+H]". The percentage of labelled scopolin was 12%. The HPLC
peak at 24.7 min (scopoletin), naturally occurring scopoletin
Ci0HsO, requires 193.0495, HR MS m/z found 193.0494 [M+H] " and
C,oHs05'%0 requires 195.0538, found 195.0543 [M+H]*. The per-
centage of labelled scopoletin was 4.8 %.

From the feeding experiments with C'®0,-ferulic acid, the HPLC
peak at 24.7 min (scopoletin), naturally occurring scopoletin
CioHs0, requires 193.0495, HR MS m/z found 193.0489 [M+H] " and
C,oHs05'%0 requires 195.0538, found 195.0541 [M+H]*. The per-
centage of labelled scopoletin was 3.7 %.

Feeding experiments under an atmosphere of '®0,: Cassava
roots (0.38 kg, cv MNGA 2) were peeled (0.30 kg) and divided into
three equal groups (85 g), the first and second groups were both
fed with (E)-[D,Icinnamic acid (20 mg) dissolved in aq. 4% Na,CO,
(2 mL); no exogenous substrate was added to the third group. The
first and third groups were placed in a vacuum desiccator, which
was immediately evacuated by using a vacuubrand PC2001 VARIO
vacuum pump, with a vacuubrand cvc 2 pressure monitor, until a
final pressure of 10-20 mbar was reached, and was then back-
flushed with anhydrous nitrogen. This procedure was repeated
twice. After further evacuation, the desiccator was filled with anhy-
drous nitrogen to a pressure of only 800 mbar and then taken to
1000 mbar with '®0, to afford an atmosphere of approximately N,/
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80, 4:1 (v/v). The second group was allowed to deteriorate under
normal aerobic conditions. All three groups were allowed to deteri-
orate at 20°C for 5 days, and then all were extracted according to
the general procedure. A representative sample of the EtOH ex-
tract (2 g) was then purified by HPLC. HR MS data of the HPLC
peak at 24.7 min are listed in Table 13 for '®0,-scopoletin (fed
under '®0,, group3) and 14 for '80,-[D;lscopoletin (fed with
[D,lcinnamic acid under '®0,, group 1). The results from group 2
(fed with [D;]cinnamic acid under normal air) were as reported
above, and typical of the results in Table 10.
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Importance of Translation-Replication Balance for Efficient
Replication by the Self-Encoded Replicase

Norikazu Ichihashi,™ Tomoaki Matsuura,”® Hiroshi Kita,®™ Kazufumi Hosoda,™

Takeshi Sunami,” Koji Tsukada, and Tetsuya Yomo*®™

In all living systems, the genetic information is replicated by the
self-encoded replicase (Rep); this can be said to be a self-encod-
ing system. Recently, we constructed a self-encoding system in
liposomes as an atrtificial cell model, consisting of a reconstituted
translation system and an RNA encoding the catalytic subunit of
QP Rep and the RNA was replicated by the self-encoded Rep pro-
duced by the translation reaction. In this system, both the ribo-
some (Rib) and Rep bind to the same RNA for translation and
replication, respectively. Thus, there could be a dilemma: effective

Introduction

The assembly of an artificial cell is an attractive approach to
gain a deeper understanding of the essence of cellular systems
and their origins on Earth"' and will also provide unprece-
dented opportunities for biotechnology.” An advantage of
using the artificial cell is its defined and controllable compo-
nents, which enable the determination of operation principles
of cellular systems under controlled conditions. Several re-
searchers are engaged in attempts to assemble an artificial cell
by two complementary approaches: the bottom-up and top-
down approaches.” In the former, artificial cell models have
been constructed with chemically simple components, such as
fatty-acid membranes,"*® and ribozymes.”'? In the latter ap-
proach, artificial cells are being constructed from contempo-
rary proteins or phospholipids. Several enzymatic reactions
have been performed in liposomes or emulsions as artificial
cell models,"™'”" and plans for a minimal gene set sufficient for
self-replication have been presented.”'® Although the individ-
ual reactions are available in liposomes, the ability to coordi-
nate them into an integrated system is still lacking.”

In either approach, one of the major challenges is the con-
struction of a system for the replication of genetic information.
In the bottom-up approach, replication by ribozymes has im-
proved but is still limited."® In the top-down approach, gene
replication by proteins in liposomes has been performed by
externally added replication enzymes.">?” However, genetic in-
formation is replicated by the self-encoded replicase (Rep) in
all living systems, which we term a self-encoding system. Re-
cently, we constructed a self-encoding system in liposomes,
which consisted of a sense RNA (S) that encoded the {3 subunit
of RNA-dependent RNA polymerase of the Qf phage (Qf} Rep)
as the genetic information and a reconstituted translation
system, in which all components were purified individually
(Figure 1A).2" QB Rep is a heterotetramer composed of a f3 su-
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RNA replication requires high levels of Rep translation, but exces-
sive translation in turn inhibits replication. Herein, we actually
observed the competition between the Rib and Rep, and evaluat-
ed the effect for RNA replication by constructing a kinetic model
that quantitatively explained the behavior of the self-encoding
system. Both the experimental and theoretical results consistently
indicated that the balance between translation and replication is
critical for an efficient self-encoded system, and we determined
the optimum balance.

bunit and three host proteins: ribosomal protein S1 and elon-
gation factors Tu(EF-Tu) and Ts(EF-Ts). As all the host factors
are included in the reconstituted translation system, mature
QB Rep is generated by providing only the 8 subunit.?? Hence,
in this system, the 3 subunit of Qf Rep is first synthesized from
the sense RNA to form QP Rep, which then replicates the
sense RNA by synthesis of complementary antisense RNA.

In the self-encoding system, the sense RNA participates in
two reactions: translation of the Rep and replication of RNA. In
such cases, these two reactions must be coordinated for effi-
cient replication, because they can compete for the sense RNA,
as reported in RNA phage,”®*¥ where the ribosome (Rib) and
Rep compete for the same genomic RNA. Thus, there could be
a dilemma. More replication by self-encoded Rep would re-
quire higher levels of Rep expression, while excessive expres-
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Figure 1. A) Scheme of the self-encoding system. Sense RNA serves as the
genetic information. The catalytic subunit of RNA Rep is translated from
sense RNA and matured by association with the components included in
the reconstituted translation system. The matured Rep synthesizes the anti-
sense strand and then the sense strand to complete the replication reaction.
B) Scheme of the kinetic model. Ribosome (Rib) and replicase (Rep) bind
sense RNA (S). These binding processes are assumed to be in equilibrium.
The K& and K% are Michaelis constants, and k™ and k™ are the rate con-
stants for translation by the Rib and antisense strand (As) synthesis by Rep,
respectively. In this model, both As synthesis and translation from the Rep-
Rib-RNA complex are neglected. C) Schematic representation of the sense
strand RNAs. The sequence (ca. 1880 bases) of the (3 subunit of Q3 Rep was
embedded in MDV-1(4) RNA or MDV-1(—) RNA (ca. 220 bases). A U-rich 15-
mer sequence was added to MDV(—)B(+) to produce MDV(—)TR-(+), which
has a higher affinity for ribosomes.

sion triggered by binding of the Ribs, would inhibit replication.
In this study, we examined whether there is competition be-
tween the Rib and Rep in our self-encoding system, and if so,
what is the optimum Rib concentration for efficient replication.
The answers to these questions will contribute not only to the
construction of an artificial cell containing more efficient repli-
cation systems, but will also provide knowledge on how to
coordinate different reaction systems into an integrated self-
encoding system.

In the self-encoding system, we did, in fact, observe compe-
tition between the Rib and Rep for the sense RNA; increasing
the Rib concentration facilitated translation, but excessive Rib
levels inhibited replication, depending on the affinity of the
Rib for the sense RNA. To quantitatively evaluate the effect of
this competition on RNA synthesis, we constructed a kinetic
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model that considered the competition between the Rib and
the Rep for the sense RNA. The experimental results were
explained well by the model and independently determined
parameters. Furthermore, we established a strategy to estimate
the optimum Rib concentration for the efficient replication of
genetic information in an artificial cell.

Results

Kinetic model

We modified the previous kinetic model of QB Rep™?¥ (for de-

tails see the Supporting Information) to quantitatively describe
the reactions in the self-encoding system, which include trans-
lation, antisense strand (As) synthesis and the competition
between them (Figure 1B). We evaluated As synthesis as an
index of replication of the genetic information for conven-
ience. The As is a copy of the genetic information, and its effi-
cient synthesis is necessary for effective self-encoding replica-
tion. The kinetic model was composed of only one sense RNA,
ribosomes (Ribs) and replicase (Rep) produced by the Ribs. The
characteristic feature is the competition between the Rib and
Rep. The competition effect observed is the inhibition of trans-
lation and replication when both the Rib and Rep bind to the
same RNA (see below for details).

The Rib binds to the ribosome-binding sequence at the
5" end of the sense strand RNA (S). The Rep binds to the 3’ end
sequence—the start site of replication.””” Thus, both the Rib
and Rep bind to the same RNA to form a Rep-Rib—-RNA com-
plex (Rep-Rib-S), which we assumed was unable to produce
full-length As or the Rep subunit” The K and K are the
Michaelis constants, they indicate the affinity of the sense RNA
for the Rib and Rep, respectively; k™ is the rate constant for
As synthesis from the Rep-RNA complex (Rep-S), and k™ is
the rate constant for the translation of Rep from the Rib—RNA
complex (Rib-S). The synthesis rates of Rep (V") and As RNA
(V) were derived from this kinetic model based on the as-
sumptions described below (see Experimental Section for deri-
vations).

The total concentration of the sense strand RNA was as-
sumed to remain constant during the reaction because sense
strand synthesis was negligible over the experimental time-
scale.”” The concentration of single stranded sense RNA can
be reduced by double-stranded RNA formation with the As.
However, this was also negligible as the As was synthesized at
a concentration only one tenth that of the sense strand (Fig-
ures S5 and S6). The binding of the Rib and Rep to the sense
strand was assumed to occur substantially faster than the sub-
sequent polymerization steps, which is consistent with previ-
ous observations,?** and thus, binding was assumed to be at
equilibrium.

Parameter determination under noncompetitive conditions

According to the equations shown in the Experimental Section,
VR and V** are represented as functions of parameters that
can be determined experimentally. The parameters were deter-
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mined individually under conditions in which there was no
competition between the Rep and Rib. These conditions were
achieved experimentally by employing an excess of the sense
RNA relative to both the Rib and Rep. Under these conditions,
VR and V* are written as Michaelis—-Menten equations, which
eases the experimental determination of the kinetic parame-
ters (for details see Figures S1-S4). Thus, we determined the
parameters for translation by Ribs (K", k), for replication by
Rep (KEeP, kB), the active ratio of Rep (™) and the active

ratio of Rib (a®) independently under noncompetitive condi-
tions for all three sense RNA sequences used (Table 1). The

Table 1. Kinetic parameters of the self-encoding system.

Gk Kk
[nm] [min~"] [nm] [min~"]
MDV(+)p(+) 2349 0.25+0.03 330+£40 0.035 +0.025%
MDV(—)p(+) 12+5 0.25+0.02 210£20 0.01440.0004%
MDV(—)TR-B(+) 13+4 0.184+0.01 2243 0.044 £ 0.002

The active ratio of ribosomes (a™*) was estimated to be 0.17(40.02). The
active ratios of Qp replicase (a™*) were estimated to be 1.0(£0.1), 0.64-
(£0.09) and  1.1(£0.1)—0.0014(+0.0003) X [Rib]  for MDV(+)B(+),
MDV(—)B(+) and MDV(—)TR-B(+4), respectively. See Figures S3 and S4 for
details. [a] In the presence of RNA synthesis (Figure 3C), 1.5-fold values
were used.

parameters o and a""® are the fraction of Rep and Rib mole-
cules, respectively, that are enzymatically active. The three
sense RNA constructs are shown schematically in Figure 1C.
MDV(+)B(+) and MDV(—)B(+) carry the QP Rep B-subunit se-
quence on the plus and minus strand, respectively, of the
known, amplifiable RNA sequence, MDV-1.5% MDV(—)TR-B(4),
which carries a 15-mer U-rich sequence insertion at the 5’ end
of the ribosome-binding sequence of the [ subunit of
MDV(—)B(4), showed an increased affinity for the Rib (smaller
K¥) than did MDV(-)B(+). Note that MDV(—)TR-B(+) also
showed a difference in the active ratio of the translated repli-
case, o', which decreased when the Rib concentration was in-
creased; the ratios for the other RNAs were almost constant
(see the legends of Table 1 and Figure S4). Detailed procedures
for parameter determination are described in the
Supporting Information (Figures S1-S4).

Comparison of theoretical prediction to experi-
mental results under competitive conditions

rate /nm min™'

From the equations shown in the Experimental Sec-
tion and the parameters determined in the experi-
ments in the absence of competition, we were able
to predict the experimental results in the presence
of competition, where RNA concentration was lower
than the Rib concentration. In this case, the fraction
of RNA bound by both the Rib and Rep increased,
and thus the competition effect became significant.
In the following sections, we describe the measure-
ment of translation and As synthesis at a lower RNA
concentration (70 nm) together with the results of

@-subunit translation

ChemBioChem 2008, 9, 3023 -3028

the comparison with the prediction. If these two outcomes are
similar, then the results support the validity of the model. The
theoretical predictions of V*° and V** are relatively sensitive to
a™ and kB, respectively, but if these changes are within the

experimental error then no significant changes to the theoreti-
cal predictions are necessary.

Translation of Rep under competitive conditions

First, we measured the translation of the Rep 3 subunit in the
absence of RNA synthesis; this was achieved by omitting UTP
from the reaction mixture. In this experiment, Rep can bind to
the sense strand, but cannot synthesize As. Here, the competi-
tion effect can exist because both the Rib and Rep can bind to
the sense RNA, but the effect should be negligible because the
Rib is in excess compared to the Rep. With all three RNAs, the
time courses were linear until 60 min (Figure S5A), and the
slopes are plotted in Figure2 (o). For MDV(+)B(+) and
MDV(—)B(+), the translation rates increased linearly as the Rib
concentration increased. For MDV(—)TR-B(+), the translation
rate was almost saturated at a Rib concentration of 450 nwm.
Next, we measured the translation of the Rep f subunit in
the presence of RNA synthesis when UTP was included (UTP+),
and both translation and As synthesis by the translated Rep
occurred simultaneously. The time courses were also linear
until 60 min (Figure S5B), and the slopes are plotted in
Figure 2 for each sense RNA (2). The translation rates in the
presence of RNA synthesis (UTP+) were slightly higher than
that in the absence of RNA synthesis (UTP—) for MDV(+)B(+)
and MDV(—)B(+). A similar enhancement of translation was re-
ported previously, which was explained as the newly synthe-
sized sense RNA acting as an efficient template.*" The theoret-
ical predictions calculated from the equations and parameters
(black line) were similar to the experimental results in the
absence of RNA synthesis (UTP—) for all template RNAs. This
similarity is reasonable because the parameters used for the
prediction were determined in the absence of RNA synthesis.
Taken together, the experimental results were explained well
by our kinetic model and parameters in both the absence and
presence of RNA synthesis differed from predicted values by

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MDV(+)B(+) MDV(-)B(+) MDV(-)TR-B(+)
A
0.4 3/9
03 g,-:}f"’
0.2 /;j/ :
0.1 i
200 400 600 200 400 800 200 400 600

Ribosome /nm Ribosome /nm Ribosome /nm

Figure 2. Replicase (Rep) B-subunit translation rate. Experimentally, the level of translated
f subunit was measured at various Rib concentrations in the absence (UTP—, 0) or pres-
ence (UTP+, A) of RNA synthesis. The time-course curves (Figure S5) were subjected to
linear regression and the slopes were plotted for each sense RNA. The error bars indicate
standard errors. Theoretically, the translation rate was calculated from Equations (2) and
(4), and the parameters shown in Table 1 (black line). Theoretically calculated values +
standard deviation lines are also shown (gray lines; see the Supporting Information text
for details).
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less than twofold. The similarity of the experimental A) MDV{(+)B(+) MDV(-)B(+) MDV(-) TR-B(+)
results to the theoretical predictions was not surpris- 5, e
. o ) 2 Eos $ o 1 9 0
ing because the competition effect should be negli- i 0 o ¢ 5 @© :
gible for the translation reaction due to the excess é’ < 0.6 o
amount of Ribs relative to that of Rep. The enhanc- 2 : 04 0410 ™2@__ o 5
ing effect was included in our model by a 1.5-fold g s 02 i
increase in kiy? for MDV(+)B(+) and MDV(-)B(+) in % 200 400 600 %0 200 400 600 0 200 400 600
the next section. Ribosome /nm Ribosome /nm Ribosome /nm
. . .e < 0nm < 0nm
Antisense strand (As) synthesis under competitive B) S 75 413 75 nm
conditions g ¢ 150 nMm I e 150mm 4
T _|e30mm % 3hedoonw A
We measured As synthesis in the absence or pres- £ + 450 nm % 5[+ 450 nM _Q,r’
ence of translation. In the absence of translation, ¢ el G v ikl
serine and lysine, which are the second and third @ i :g
amino acid residues in the [} subunit, respectively, < I 0; s 0 55T
were omitted, and purified QP Rep (20 nm) was t/min ¢/min t/min
added, the a™® of which has been estimated to be a
R4l ) . " €)%t o012 0.03
20%.“” In this experiment, the competition effect E 0.06
should be observed as the Rib binds to the sense 009 o 002 (#
strand RNA. Because QP Rep is known to become "’;c:, 0.06 P 0.04
inactivated at the late phase of the reaction,” we ) 0.01 002 L
) €003 : ©
measured As synthesis only at the early phase, 2 @
during which the time course remained linear (up to § 0 200 400 600 D(g’ 200 400 600 0 200 400 600

9-12 min; Figure S6), and the slopes are plotted in
Figure 3A (0). The As synthesis rates decreased
slightly with increasing Rib concentration for
MDV(+)p(+) and MDV(-)p(+) and markedly for
MDV(—)TR-B(4). The theoretical predictions showed
a similar tendency (black line); this indicates that the
model was able to adequately explain the competi-
tion effect.

Next, we examined whether the model could ex-
plain the results in the presence of translation when
the As was synthesized by the de novo translated
Rep (Figure 3B). Because the Rep was translated lin-
early over time (Figure S5) and the antisense strands
were also synthesized linearly when Rep was added
(Figure S6), then As synthesis by the de novo trans-
lated Rep should be proportional to the time squared. There-
fore, we fitted the time-course data with Equation (1):

[As] = a™(t—t,)” + b (1)

where [As] is the total antisense strand concentration at time
t; a®™ is the experimentally measured coefficient of t
and represents the acceleration of As synthesis; t,,q is the lag
time for the appearance of active Rep caused by the period re-
quired for the Rep to be translated; and b is a constant repre-
senting the background signal. Curve fitting was performed
with a®® as a variable parameter for both the Rib and sense
RNA concentrations with t,, and b as common parameters for
all Rib concentrations and as a variable parameter for sense
RNAs (Figure 3B). As a result, t,,; was similar for all sense RNAs,
with values of 25, 2.6 and 3.1min for MDV(+)3(4),
MDV(—)B(+) and MDV(—)TR-B(+), respectively. Values of a®®
the coefficients of £, are plotted in Figure3C (o). For
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Ribosome /nm Ribosome /nm Ribosome /nm

Figure 3. Antisense strand (As) synthesis. The three columns show the results for
MDV(+)B(+), MDV(-)B(+) and MDV(—)TR-B(+
purified Rep. Experimentally, As synthesis by the purified Rep (20 nm; the active fraction
was approximately 20%) was measured at various Rib concentrations in the absence of
the amino acids, serine and lysine (i.e., without translational elongation). The time-course
curves (Figure S6) were subjected to linear regression, and the slopes were plotted for
each sense RNA (0). The error bars indicate standard errors. Theoretically, the As synthe-
sis rates were calculated from Equations (3), (5) and (6), with the parameters shown in
Table 1 (black line). Theoretically calculated values + standard deviation lines are also
shown (gray lines). B) Time-course curves of As synthesis by the de novo translated Rep.
The results were fitted to Equation (1), and the experimentally measured coefficients of
£ (a®®) are plotted (C). The insets show Rib concentrations. C) Coefficients of ?; the ex-
perimental results are plotted (o). The theoretical equivalents of a®®, '/,k"Px y x @ x
VfeP were calculated from the parameters shown in Table 1 (black line). Theoretically cal-
culated values + standard deviation lines are also shown (gray lines).

A) Antisense strand synthesis rates by

MDV(+)B(+) and MDV(-)B(+), a*® increased as the Rib con-
centration increased. In contrast, the Rib concentration de-
pendency of a®® showed a bell-shaped curve for MDV(—)TR-
B(4); this indicates that an excess of Ribs inhibited the replica-
tion reaction.

We investigated whether the experimental results could be
explained by the kinetic model with the competition effect. In
the model, a®® can be written as '/,k™Px y x a"® x V**° [Eq. (8)],
as shown in the Experimental Section, when all parameters
were already known (Table 1). The calculated a®® values (black
line) were close to the experimental data (o) for all sense RNAs
examined; this indicates that the kinetic model with the com-
petition effect sufficiently explained the experimental results of
these sense RNAs. For MDV(—)TR-3(+4), the calculated a®®
values formed a bell-shaped curve as did the experimental re-
sults. According to the model, the inhibition of As synthesis by
the Ribs for MDV(—)TR-(4) was mainly attributed to two fac-

tors: 1) the higher affinity of MDV(—)TR-B(+) for Ribs (smaller
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KR value), which increased the fraction of RNA capable of
binding to Ribs, resulted in a more severe competition effect,
and 2) decrease in the a™" when the Rib concentration was
increased (Table 1, legends). Note, that even if we assumed a
constant a®®?, the calculated a®® values for MDV(—)TR-B(+)
showed a bell-shaped curve (Figure S7).

Discussion

Herein, we demonstrated experimentally that in the self-en-
coding system, competition between the Rib and Rep for the
sense RNA occurred and significantly affected antisense strand
(As) synthesis. Although the self-encoding system has more
than 100 gene products,”" our kinetic model, which is charac-
terized by a few parameters, explained both the Rep (-subunit
translation rates and the As synthesis rates quantitatively (Fig-
ures 2 and 3). As shown in the bell-shaped curve (Figure 3C)
for MDV(—)TR-(4), more translation did not simply result in
more As synthesis in the self-encoding system because exces-
sive Rib concentration inhibited As synthesis due to the com-
petition effect. The As is the intermediate of RNA replication,
and therefore, this result demonstrated that the balance be-
tween translation and replication was critical for efficient repli-
cation by the self-encoded Rep. From the kinetic model we
were able to address the questions of the optimum Rib con-
centration for replication of RNA by the self-encoding Rep in
the presence of competition. The results indicated that the op-
timum active Rib concentration is equal to Kf\>, when half of
the RNAs are bound by Ribs and the other half are available
for Rep (see the Supporting Information for the derivation).
The K3 for MDV(-)TR-B(+) was 22nm (Table 1), and the
experimentally measured optimum Rib concentration was
150 nm (Figure 3 C). As the active Rib ratio was 0.17, the experi-
mentally measured concentration of optimum active Rib was
approximately 26 nm, which is close to the K& value.

Replication of RNAs by Qf Rep and the translation of some
enzymes from the RNAs were reported previously.®'¥ The
competition between the Rib and Rep has also been ob-
served.®?¥ |n these previous studies, translation of viral pro-
teins and RNA synthesis by a Rep were measured in crude ex-
tracts,®"¥ in which unknown components and concentrations
limited the quantitative analysis of the competition effect. In
addition, the translation of Rep and the replication by the self-
encoded enzyme did not occur simultaneously in these stud-
ies. Instead, the Rep was added externally, and thus, the effect
of the competition for the self-encoding systems has not been
evaluated. Herein, we used a pure, reconstituted, self-encoding
system as an experimental model, in which we could control
the concentration of all the components. Therefore, we were
able to determine the parameters experimentally and present
the kinetic model that explained the competition effect quanti-
tatively. This is an advantage of a reconstructed system like an
artificial cell.

Although the self-encoding system used here does not exist
in nature, the kinetic model and concepts obtained herein
would be applicable to other self-encoding systems, such as
RNA virus replication. Indeed, during QP phage infection, both
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the replication of the genome and translation of phage protein
occur simultaneously and can compete for the RNA
genome.”?™ The kinetic model we constructed would contrib-
ute to the quantitative understanding of RNA phage replica-
tion systems, one of the self-encoding systems. It is of interest
to examine whether the Kf,{b values of phage genome RNA are
optimized for replication at the cellular Rib concentration.

A number of researchers, including our group, are engaged
in attempts to assemble an artificial cell;">>*" however, sever-
al hurdles remain to be overcome. One of the difficulties lies in
coordinating several reactions without disturbing any one of
them.” Here, we examined the interaction of two reactions,
translation and replication, and found the optimum conditions
under which both processes work well. Although we used a
self-encoding system composed of RNA and proteins, any self-
encoding system should suffer from the same competition
effect as long as information molecules have dual roles, the
two roles are in competition and the two roles are played at
high frequency. The results obtained herein should contribute
to the construction of an artificial cell, including an efficient
system for the replication of genetic information.

Experimental Section

Reagents: The reconstituted in vitro translation system (PURE
system) was purchased from Post-Genome Institute (Tokyo, Japan).
Purified QP Rep was prepared as described previously.?**? The
standard reaction mixture was the same as that described previ-
ously except that it contained sense RNA template (70 nm) and
Ribs at the indicated concentrations.?" The mixtures were incubat-
ed at 37 °C. The template RNAs were prepared by in vitro transcrip-
tion from each plasmid.? Plasmid construction is described in the
Supporting Information.

Measurement of the antisense strand (As) and replicase (Rep) f3-
subunit concentrations: Antisense RNA concentration was mea-
sured by strand-specific quantitative real-time PCR as described
previously.”" Curve fitting was performed with KaleidaGraph (Syn-
ergy, Reading, PA, USA) or GraphPad (Prism, San Diego, CA, USA).
The translated Rep P subunit was quantified by [*°S]-methionine
incorporation (19 kBquL™'; Amersham, Bucks, UK), followed by
SDS-PAGE as described previously.?"

Equations [Eq. (2), (3), (4), (5) and (6)]: From the kinetic model
(Figure 1B) and the assumptions described in the text, the rates of
the synthesis of Rep and As RNA were derived as shown below (for
details, see the Supporting Information):

Vi = K. [Rib — S| @)

VA = kPP . [Rep — 9 (3)

cat

[Rib — ] = % (K& 4 [S,] + "™ [Riby]

— /(K - [5] + am [Rib,])? — 4[5 Ja[Rib])

[Rep — S| = a™*"[Rep,] - ¥ ()
__[Rep—5] 1
~ afer[R - Khe (R [Rib,]— [Rib—S]) (6)
afe[Rep] g+ 1 + )
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VP and V** are Rep translation and As synthesis rates, respectively;
a®P and o™ are the active ratios of Rep and Rib, respectively; [S],
[Rep,] and [Rib,] are the total concentrations of sense strand RNA,
Rep and Rib, respectively; and y is the ratio of Rep—RNA complex
(Rep-S) to total Rep (Rep,), which indicates the magnitude of the
competition effect. Increasing Rib concentration decreases v and
subsequently decreases V* because the equilibrium moves to the
Rib-bound form, which cannot be used for As synthesis, depending
on the affinity of the Rib for sense RNA (K%"). Note that the Rib can
inhibit replication by reducing the y value, whereas Rep does not
inhibit translation under these experimental conditions because of
the excess RNA in comparison to Rep.

As VP is constant over time, total Rep concentration is given as
follows [Eq. (7)]:

[Rep,] = V™ - t 7)

Since v and «**® are constant over time, total antisense strand con-
centration ([As]) is given by Equations (3), (5) and (7) as follows
(Eq. (8)I:

1
[ASt] — E . kRep y- aRep . VRep . t2

cat

(8)

As shown in Equation (8), the concentration of total antisense
strand (As) is proportional to 2 in our experiments because As
synthesis rate is proportional to the Rep concentration, which in-
creases linearly over time.
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Orientation of the Monomeric Porin OmpG in Planar Lipid

Bilayers
Min Chen, Qiu-Hong Li, and Hagan Bayley*™

Outer membrane protein G (OmpG) is a non-selective porin from
Escherichia coli. OmpG is a monomer, which makes it unusual
among porins, and suggests that it may be useful in biotech-
nology. In planar lipid bilayers, individual OmpG pores reconsti-
tuted by insertion from detergent exhibit pronounced asymmetry
in current-voltage relationships and voltage-dependent gating.
Here, this asymmetry is used to deduce the orientation of OmpG
in the bilayers. We introduced two cysteines into the extracellular
loops of OmpG. Cleavage of the disulfide bond formed by these
residues significantly increases spontaneous gating of the pore.
By adding DTT to one side of the bilayer or the other, we demon-
strated that pores showing a quiet trace at negative potentials

Introduction

The planar lipid bilayer (PLB) technique is a powerful and ver-
satile approach for investigating the functional properties of
transmembrane channels and pores. Over the last decade,
stochastic sensing, a potentially important means of single
molecule detection, has been developed, based primarily on
single-channel recording in PLBs.”® For stochastic detection,
the ionic current that passes through an individual protein
pore containing an engineered recognition site, is monitored
in the presence of analytes. By this means, information about
the identity of the analytes, as well as their concentrations, is
gathered.””

PLB recording has been used to characterize the functional
properties of a wide variety of proteins, including bacterial
outer membrane porins,*® mammalian plasma membrane ion
channels,”” mitochondrial proteins and toxins,™ as well as
engineered and synthetic channels and pores."? For those pro-
teins containing an extramembraneous domain as well as a
transmembrane domain, such as staphylococcal a-hemolysin
(aHL) and TolC,"*' direct insertion from solution into the lipid
bilayer is governed by the inability of the extramembraneous
domain to cross the bilayer and therefore is unidirectional."
By comparison, proteins with insubstantial extramembraneous
domains, such as porins and certain ion channels, can incorpo-
rate into the lipid bilayer in both orientations.!'®'®

Knowledge of the absolute orientation of a transmembrane
channel or pore is important for studying the mechanism of
gating, interactions with ligands and physiological function.®'®
Information on orientation is also important for drug screen-
ing.'"2% For example, drug delivery strategies depend on
whether a therapeutic agent exerts its function from the extra-
cellular or intracellular side of a membrane. In addition, when
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have a “trans” conformation (extracellular loops on the trans
side of the bilayer), while pores showing a quiet trace at positive
potentials have a “cis” conformation (extracellular loops on the
cis side). With this knowledge, we examined the binding of a cy-
clodextrin to OmpG. When the cyclodextrin was presented to the
extracellular face of the pore, transient multisite interactions
were observed. In contrast, when the cyclodextrin was presented
to the periplasmic face, a more stable single-site interaction oc-
curred. Because the cyclodextrin can act as a molecular adapter
by binding analytes, this information serves to advance the use
of OmpG as a biosensor.

aHL is used as a stochastic sensor, the direction from which
the analyte or the adapter molecule B-cyclodextrin (BCD)
enters the pore lumen affects the way in which the electrical
current is modulated.?"??

Outer membrane protein G (OmpG) is a monomeric porin
from Escherichia coli”>** It is a 14-stranded B-barrel, with long
loops at the extracellular end and short turns facing the peri-
plasm.”8! Because OmpG is a monomer, it is an attractive
alternative to the heptameric aHL pore for engineering as a
stochastic sensor” However, wild-type (WT) OmpG exhibits
spontaneous gating activity which would interfere with a
signal arising from analyte binding. Recently, a mutant form of
OmpG, qOmpG, was obtained by using mutagenesis guided
by molecular dynamics calculations to eliminate 95% of the
spontaneous gating.”® qOmpG equipped with a molecular
adapter, heptakis-(6-deoxy-6-amino)-p-cyclodextrin (am,3CD),
was used for the detection of adenosine 5'-diphosphate
(ADP).”? The determination of the absolute orientation of the
OmpG pore in planar lipid bilayers is necessary to advance its
development as a biosensor.

In previous work, we have shown that a disulfide bond lo-
cated in the extracellular loops of an OmpG mutant, OmpG S—
S, acts as a molecular switch and controls the gating behavior
of the pore (Figure 1);*% cleavage of the disulfide bond with

[a] Dr. M. Chen, Q.-H. Li, Prof. H. Bayley
Department of Chemistry, University of Oxford
12 Mansfield Road, Oxford OX1 3TA (UK)
Fax: (+44) 1865-275708
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Figure 1. Structure of OmpG G230C/D262C. The model of OmpG G230C/
D262C was created in Pymol based on the structure of OmpG in an open
conformation (PDB ID: 2IWV). Cys230 and Cys262 are highlighted as sticks
and balls. The large loops in yellow are located at the extracellular entrance
to the pore, while the short turns face the periplasm.

DTT increases the gating activity. In the present study, we used
this feature to determine the absolute orientation of OmpG in
a planar lipid bilayer. First, we established a rule to distinguish
the two different orientations of OmpG pores according to
their asymmetric responses to positive and negative applied
potentials. Second, by comparing the response of OmpG S-S
pores to DTT presented from either the cis or the trans side of
the lipid bilayer, we were able to determine the absolute orien-
tation of individual pores. With this knowledge, we investigat-
ed the interactions between the qOmpG pore and the molecu-
lar adapter am,$CD presented from either the extracellular or
periplasmic entrances.

Results and Discussion

Asymmetric gating patterns and conductance values of
wild-type OmpG

The properties of WT OmpG pores were studied by single-
channel current recording. In a planar bilayer, WT OmpG exhib-
its spontaneous gating at both positive and negative poten-
tials (Figure 2). The gating probability, Py, is defined as the
time a channel spends in closed or partially closed states divid-
ed by the total recording time. The records at positive and
negative potentials differ in their gating patterns, and in the
example shown (Figure 2) the traces from negative potentials
showed both more gating spikes and higher P, values
(Figure 2). Increases in the applied potential enhance the
asymmetry of the gating behavior (Figure 2). For a given pair
of positive and negative applied potentials, we define the
trace with lower Py, value as the quiet trace (Q-trace) and
the other trace as the noisy trace (N-trace). In the example
(Figure 2), the Q-trace occurs at all positive potentials except
for 425 mV, a potential below which OmpG pores exhibit very
weak asymmetry in their gating. However, Q-traces were seen
at negative potentials with other OmpG pores (Figure S1 in
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Figure 2. Single channel recordings from WT OmpG. Current traces (1 s)
from a typical WT OmpG pore at various applied potentials. The buffer was
10 mm Tris HCI, pH 8.5, 1 m KCl. The Py, values are the time a pore resides
in a closed (zero current) or partially closed state (current smaller than that
of the fully open state) divided by the total recording time. The pore exhib-
its an asymmetric gating pattern. As indicated by the P,  values, the
gating activity at a negative potential is higher than that at a positive one.
The differences between the two traces are enlarged at high potentials; the
positive currents become quieter, while the negative currents become noisi-
er.

the Supporting Information). In these cases, we surmise that
the OmpG protein inserted into the lipid bilayer in the oppo-
site direction to that displayed here (Figure 2). We name the
orientation of OmpG pores showing a Q-trace at positive po-
tential and a N-trace at negative potential Q*/N~; the opposite
orientation is Q" /N*. The ratio of Q7/N* to Q*/N™ pores was
6:4 (n=30), indicating that the insertion of OmpG pores into
planar lipid bilayers under our experimental condition (DPhPC
bilayer at an applied potential of 4200 mV) is bidirectional,
with little preference for either orientation.

In addition to the asymmetric gating pattern, the unitary
conductance values of the OmpG pore at positive and nega-
tive potentials also differ. The currents at negative potentials
are larger than those at positive potentials for a Q*/N~ pore
(Figure 2), with a more obvious difference at higher potentials
(Figure 2). For Q/N™ pores, the higher conductance values

ChemBioChem 2008, 9, 3029 - 3036
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occur at positive potentials (Figure S1). In other words, N-
traces always exhibit higher conductance values when com-
pared with the Q-trace at the opposite potential (Figure 4A).
Thus, the relative orientation (Q*/N~ or Q /N*) of a pore can
be confirmed by comparing the gating pattern with the uni-
tary conductance values at positive and negative potentials.

Asymmetric gating patterns and conductance values of
OmpG S-S and SH—SH

As previously demonstrated, the mutant OmpG S—S showed
less gating activity at 50 mV compared to WT OmpG. For ex-
ample, in a typical case, the Pg,,, values were 0.042 and 0.017
at —50 mV and +50 mV, respectively (Figure 3A).*" After the

A) S-S
250 ms

80,
lipA 407
o 1-50mv Fating =0.042 0 J+50mV Poaing=0.017
-200
} ¥
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Figure 3. Single channel recordings from OmpG S—S and SH—SH. Typical ex-
amples of Q-traces (1 s) for each mutant at various applied potentials in the
Q"/N™ orientation are displayed. Each chamber contained 10 mm Tris HCl,
pH 8.5, 1 M KCl in the absence (A) S—S) or presence (B) SH—SH) of 10 mm
DTT. To obtain SH—SH, OmpG S-S was incubated with 20 mm DTT for

30 min in 50 mm Tris HCI, pH 8.5, 0.004% DDM before addition to the cham-
ber. C) Comparison of the event amplitude histograms derived from the Q-
traces of S—S and SH—SH. The applied potentials were +50 mV (left) and
+125 mV (right). P: probability.
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disulfide bond was cleaved by DTT, the gating activity of the
mutant (now called OmpG SH—SH) increased (Figure 3B). The
reduced pore exhibits a gating pattern similar to WT OmpG.
The Pg,ng values of a typical OmpG SH—SH pore were 0.104
and 0.050 at —50 mV and +50 mV, respectively. Besides the dif-
ferences in the Py, values, the gating events of the Q-traces
in S—S and SH—SH differ significantly in the amplitudes of the
current blockades (Figure 3 C). The event amplitude histograms
reveal that the gating events of S-S are located in a lower
range than those of SH—SH. In S-S, the major peak appeared
at ~14 pA at +50 mV and ~25 pA at +125 mV. By contrast, in
SH—SH, the major peak appeared at ~28 pA at +50 mV and
~55 pA at +125 mV (Figure 3C).
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Figure 4. |-V curves of the Q- and N-traces of OmpG proteins. Current-volt-
age relationships of Q-traces (—) and N-traces (-----) are shown. The buffer
used was 10 mm Tris HCl, pH 8.5, 1 m KCI. The data represent the mean
values from three independent pores. The bars show the standard devia-
tions.
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Like WT OmpG, the N-traces
of mutants S—S and SH—SH were
associated with higher unitary
conductance values than those
of the Q-traces (Figures 4B, Q).
Also, increasing the applied volt-
age enhanced the asymmetry of
the pore gating. These data indi-
cate that the mutations did not
change the overall pattern of
asymmetrical behavior of the
OmpG pore.

Determination of the orienta-
tion of OmpG S-S by its re-
sponse to DTT added from
either the cis or trans side of
the bilayer

In all experiments, OmpG pro-
tein was added to the cis cham-
ber. The insertion of a single
OmpG pore can occur in two dif-
ferent ways: 1) The periplasmic
turns pass through the bilayer,
leaving the extracellular loops lo-
cated at the cis surface and the
protein in the “cis” orientation;
2) The extracellular loops pass
through the bilayer and end up
at the trans surface, with the
protein in the “trans” orientation
(Figure 5A). In the case of OmpG
S-S, the disulfide bond of the
cis orientation will be readily
cleaved by the addition of DTT
to the cis chamber. However, to
cleave the disulfide bond of the
trans orientation, cis DTT must
pass through the pore or the bi-
layer. This eventuality was ruled
out by adding DTT to one cham-
ber and H,0, to the other, be-
cause DTT that crossed the bilay-
er was destroyed in the oppos-
ing chamber.

H. Bayley et al.
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Figure 5. Location of the disulfide bond in the S—S pore. A) The orientation of the OmpG S-S pore. Left: the ori-
entation of OmpG S-S defined as cis. The extracellular aspect of the protein is located in the cis chamber. Right:
the trans orientation of OmpG S—S. The extracellular aspect of the protein is located in the trans chamber. (B, C,
D, E) the effect of DTT and H,0, on the gating behavior of the pores. Each chamber of the recording apparatus
was filled with 10 mm Tris HCl, pH 8.5, 1M KCl. OmpG S—S was added to the cis chamber which was grounded.
After a single S—S pore had inserted, the current was recorded at +50 mV for 5 min. The potential was switched
to 0 mV, and 2.0 m DTT (10 L) and 30% (v/v) H,0, (10 uL) were added to the chambers (1 mL/chamber) as indi-
cated. Both chambers were immediately stirred for 10 s and the potential was switched back to +50 mV or

—50 mV depending on which potential gave the Q-trace. Left: The Q-trace of the current recording (1's) of a
single S—S pore. The relative orientation of each pore (Q*/N~ or Q /N*) is indicated. Middle: current recording
(1 s) after the reagents were added to the pore shown to the left. The chambers to which the reagents were
added is indicated above the arrows. The P, values of the Q-trace before and after the reagents were added
are also shown. Right: the events amplitude histogram before and after the addition of reagents. Before: before
the reagents; After: after the reagents. P: probability.

The cleavage of the disulfide bond in OmpG S-S alters the
gating pattern (Figure 3). Taking advantage of this, the proxim-
ity of the disulfide bond in OmpG S-S to the bilayer surface
was examined by adding DTT or H,0, to the chambers, select-
ed as described below. Each pore was recorded for 5 min at
both positive and negative potentials to determine its relative
orientation (Q"/N~ or Q /N") before the addition of the re-
agents. After stirring the reagents in both chambers, the cur-
rent recording was started immediately at the voltage that ex-
hibited the Q-trace, because the difference in gating between
S—S and SH-SH is more obvious in the Q-traces (Figure 3).
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OmpG often closes at high potentials (> 100 mV);?*3? there-
fore, 50 mV were applied throughout the assay to avoid clo-
sure of the pore. For a typical Q"/N~ pore, the addition of DTT
to the cis chamber and H,0, to the trans chamber altered the
gating behavior of the pore; Py, increased from a value of
0.013 to 0.055. Moreover, the amplitudes of the gating events
shifted to a higher value (Figure 5B). The changes in Py, and
the events amplitude distribution indicate that DTT had
cleaved the disulfide bond and the S—S pore had converted to
a SH—SH pore. Importantly, this result also suggests that the di-
sulfide bond of the Q"/N~ pore was located in the cis chamber

ChemBioChem 2008, 9, 3029 - 3036
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in this experiment. For a different Q* /N~ pore, the addition of
DTT to the trans chamber caused only a slight increase in Pg,ng
(Figure 5C). In this case, the events amplitude distribution did
not change after the addition of the reagents, suggesting that
the disulfide bond remained intact (Figure 5C). Therefore, in
the case of the Q*/N™ pore, we deduce that the disulfide
bond is exposed in the cis chamber. By contrast, with Q /N
pores, the addition of DTT to the cis chamber had no effect
(Figure 5D), while DTT in the trans chamber changed the quiet
pore into a noisier pore with high-amplitude gating events
(Figure 5E). We deduce that the disulfide bond of the Q/N*
pores is exposed in the trans chamber. In summary, the extra-
cellular loops of Q*/N~ pores are located in the cis chamber,
and for Q /N* pores they are in the trans chamber.

Binding of am,CD to qOmpG from the extracellular and
periplasmic entrances

In stochastic sensing, molecular adapters can be used to pro-
vide binding sites for guest analytes. We have developed previ-
ously an OmpG pore engineered for reduced gating activity,
the “quiet” OmpG (QOmpG) pore, which is the OmpG S-S
mutant with an additional Asp215 deletion.” Since the asym-
metry in the gating pattern and unitary conductance values is
also preserved in this pore (Figure S2), the orientation of
qOmpG pores can be deduced according to the orientation
rule revealed earlier and then used to investigate the interac-
tion of an adapter with respect to the sidedness of addition.

First, we examined qOmpG exposed to am,$CD from the
periplasmic side (Figure 6A). As a typical example, here we
show a Q/N* pore (trans orientation). The current was record-
ed to display the background gating (Figure 6B, top). Am,3CD
was then added to the cis chamber. At a potential of —50 mV,
am,CD caused transient current blockades that were visible
on top of the gating events (Figure 6B, top). Event distribution
plots revealed that the am,fCD binding events comprise a
single population featuring an ~80% current block (Figure 6C,
top), suggesting that there is only one binding site for am,3CD
in the gOMpG pore. Dwell time histograms of the am,CD
events could be fitted with single exponential functions that
yielded a mean dwell time of 0.24+0.06 (n=3) ms. The back-
ground gating events are mostly located in a region of the
event distribution plot with a dwell time of <0.1 ms and a cur-
rent block of <40%. A more negative potential stimulates the
occurrence of the am,fCD binding events (the population
with 80% current block) (Figure 6D, left). Furthermore, the
mean dwell time of am,fCD in the qOmpG pore shows an
exponential increase with increasing voltage as expected (Fig-
ure 6E).BY

In separate experiments, we studied the binding of am,CD
to qOmMpG from the extracellular side. As an example, a Q*/N~
pore in the cis orientation is shown (Figure 6 A, bottom). After
recording the background gating, am,fCD was added to the
cis chamber and a potential of —50 mV was applied, which
produced numerous transient current blockades (Figure 6B,
bottom). Event distribution plots show that the new events are
of low amplitude (<50% block) and mostly scattered around
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the zone with short dwell times (< 0.1 ms; Figure 6C, bottom).
These events do not form a single defined population suggest-
ing that at moderate potentials qOmpG provides multiple
weak binding sites for am,CD entering through the extracel-
lular end of the pore. At high applied potentials (>75 mV), a
new population featuring a 95% current block becomes equal-
ly dominant (Figure 6D, right). The mean dwell time of this
population increases slowly with the applied potential (Fig-
ure 6 E). The population of events with the characteristic 80%
current block seen when am,CD binds from the periplasmic
side does not appear when am,BCD is presented to the extra-
cellular side of OmpG. This suggests that am,fCD delivered
from the periplasmic side of the qOmpG pore does not bind at
the same site as am,$CD delivered from the extracellular side.

Conclusions

We have shown that the gating behavior and conductance of
the OmpG pore are asymmetric with respect to the applied
potential. Further, the absolute orientation of individual pores
can be established from the sidedness of the response of an
extracellular disulfide bond to the reducing agent DTT. By
using these means, the connection between the electrical
asymmetry and the orientation of OmpG has been firmly es-
tablished. Based on this work, electrical measurements alone
can now be used to determine the orientation of the OmpG
pore.

The OmpG pore is inserted into planar bilayers by detergent
dilution, an approach we and others have used with several
proteins over many years.?*?3233 Correctly folded OmpG in n-
dodecyl B-p-maltoside (DDM) or n-octyl B-p-glucopyranoside
(OG) at above the critical micelle concentration is diluted into
the cis chamber of the bilayer apparatus. The subsequent in-
sertion is desirably inefficient; after all, the approach has been
developed for single-channel recording. Consequently, the
mechanism by which OmpG inserts into lipid bilayers after de-
tergent dilution remains unclear. Presumably, the protein re-
tains a ring of detergent that dissociates during insertion, be-
coming sufficiently diluted that the bilayer is not perturbed.
Considering the asymmetric structure of OmpG, it is surprising
that it inserts into the lipid bilayer with little preference for
a particular orientation. In particular, when the pore adopts
the trans orientation, the extracellular loops must penetrate
through the bilayer. Since the extracellular loops contain 21
negatively and four positively charged residues in total (Fig-
ure S3), such a process is energetically unfavourable. By con-
trast, insertion of the trimeric maltoporin was reported to be
largely unidirectional, with 95% of the pores inserting into the
lipid bilayer with their short turns first."® In the structure of
the trimeric maltoporin from E. coli (PDB ID: TMAL), three ex-
tracellular loops (L1, L3 and L5) from each monomer are folded
inside the barrel lumen, while the additional five loops are
exposed to the extracellular environment.?¥ These five loops
carry ~29 charges (~20 negative and ~9 positive). As a result,
a trimer has ~87 charged residues at the extracellular end of
the barrel. Thus, the difference in the distribution of orienta-
tions between maltoporin and OmpG may be due to the
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Figure 6. Interactions of qOmpG with am,$CD applied from the periplasmic or the extracellular side. A) Cartoon representation of am,$CD approaching the
qOmpG pore from the periplasmic side (top) or the extracellular side (bottom). B) Current recording of a single qOmpG pore in the trans (top) or cis (bottom)
orientation in the absence (background) and presence (+am,CD) of am,$CD. The buffer was 10 mm Tris HCl, pH 8.5, 1 m KCl. The applied potential was

—50 mV. Am,BCD was added to the cis chamber to a final concentration of 0.5 pm. Signals were processed at 10 kHz with a Bessel filter and acquired at a

sampling rate of 50 kHz. For display, the traces were filtered with a 2 kHz Gaussian filter. Top: periplasmic binding; bottom: extracellular binding. C) Event dis-
tribution plots corresponding to traces in (B). The distribution of gating events for 100 s of recording is plotted according to the event amplitudes and dwell
times. The density of events is indicated by the color code. D) Event distribution plots from traces in the presence of am,3CD at increasing applied potentials.
Because of the drastically increased number of events at high voltages, the color code was adjusted for the events arising from extracellular addition to opti-
mally reveal the distribution patterns. E) Effect of the applied potential on the mean dwell time. Dashed line: am,$CD binding from the periplasmic side. The
dwell time histograms for the 80%-blockade events at various applied potentials were fitted with single exponential functions and the mean dwell times
were derived. The mean dwell times were plotted against the applied potential and the plot fitted to a single exponential function. Solid line: am,3CD bind-
ing from the extracellular side. The dwell time histograms for the 95 %-blockade events were fitted with single exponential functions and the mean dwell
times derived. The bars indicate the standard deviations from three independent measurements. 7: dwell time.
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greater number of charged residues on the extracellular loops
of the trimer as compared to the monomer. Nevertheless,
questions remain concerning the means by which the charged
loops of OmpG penetrate spontaneously into the lipid bilayer.
Several molecule dynamics (MD) simulations provide some
clues about this issue. A coarse grain model of a hydrophobic
hollow tube with two hydrophilic termini was constructed as a
representation of a transmembrane pore.’*3® The simulations
show that the model pore can spontaneously insert into a 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayer.
Most interestingly, two lipid molecules from the leaflet on
which the pore docks form salt bridges with a hydrophilic end
of the pore and assist its crossing of the bilayer. Therefore, we
speculate that the lipids and/or ions from solution might be
involved in shielding the charges of the extracellular loops of
OmpG and thereby aid penetration through the bilayer.

In contrast with the present study, we have also found that
OmpG pores always insert with the short periplasmic turns first
into lipid bilayers formed between aqueous droplets in oil.>”
Further, this unidirectional insertion is independent of the
charge on the head-group of the bilayer.®” Therefore, we pro-
pose that the physical properties of the bilayer, for example,
bilayer elasticity, play a more important role than the chemical
constitution of the lipids in determining the direction of pro-
tein insertion. In bacterial cells, all outer membrane porins
reside with their long loops in an extracellular orientation. It re-
mains unclear whether in vivo such an insertion process occurs
spontaneously from the periplasmic compartment, or is under
the regulation of cellular chaperones.®”*®

We also examined the binding of a molecular adapter,
am,3CD, to qOmMpG and observed differences that depended
on whether the adapter binds from the periplasmic or the ex-
tracellular entrance to the pore. OmpG has a relatively wide
entrance at its periplasmic end, which opens up to more than
15 A in internal diameter.”” The tunnel through the lumen of
the pore narrows down to 8 A in diameter near the extracellu-
lar end. By comparison, the am,3CD ring has an outer diame-
ter of 15 A,®¥ which, taking into account the flexibility of the B
barrel structure, would allow it to enter the OmpG pore from
the periplasmic end. However, the depth to which the am,3CD
molecule can travel towards the extracellular end of the pore
is limited by steric hindrance. Therefore, under an applied po-
tential, am,BCD can either lodge within the pore or escape by
exiting back through the periplasmic entrance. The exponen-
tial increase in the dwell time of the blocking events with
increasing applied potential supports this hypothesis. By com-
parison, am,fCD presented from the extracellular side is not
able to enter the lumen. In this case, the transient associations
that are observed between am,CD and the qOmpG protein
are most likely mediated by electrostatic interactions between
the positively charged am,fCD and the highly negatively
charged gOmpG loops. Am,CD may bind either to one of the
loops or to several loops simultaneously, leading to events of
different amplitudes. Since am,3CD is not confined within the
pore lumen, it can readily dissociate back into the bulk solu-
tion, which might explain the relatively short dwell time and
low affinity when it is presented from the extracellular side.

ChemBioChem 2008, 9, 3029 - 3036
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For applications in stochastic sensing, it is important that
the dwell time of an adapter within the lumen of the sensor
pore is as long as possible and that there is enough current
remaining after the adapter binds for detection of an analyte
that in turn binds within the adapter" The information on
the interaction between the am,fCD and qOmpG serves to
advance the use of gOmpG as a biosensor. As demonstrated
above, the binding of am,fCD at either the extracellular or
periplasmic sides of gqOmpG modulates the ionic current flow-
ing through the pore. However, am,fCD presented from the
extracellular side cannot serve as a useful molecule adapter;
the binding interactions with qOmpG are either too short or
there is insufficient remaining current. By contrast, am,fCD
presented from the periplasmic side produces longer binding
events, and the remaining current is large enough to allow the
detection of the binding of a second molecule within the
cyclodextrin ring.”

Experimental Section

Mutagenesis, expression and purification of OmpG: The pT7-
OmpG plasmids used in this work were constructed previously™
and transformed into E. coli PC2889 cells [BL21(DE3)AlamB ompR].
Cells were grown in LB medium at 37°C until the ODg,, reached
1.0, when IPTG (0.5 mwm, final concentration) was added and the
cells cultured for a further 3 h before harvesting. Pellets from the
culture (0.5 L) were resuspended in Tris HCl buffer (30 mL, 50 mm,
pH 8.0) containing lysozyme (200 pgmL”) and EDTA (1 mm), and
incubated at room temperature for 30 min. DNase | (5pL,
2000 U L"), with MgCl, (2 mwm, final concentration), was added to
the mixture to decrease the viscosity. The lysate was centrifuged at
22300g for 30 min. The pellet containing OmpG was washed once
with buffer (30 mL, 50 mm, Tris HCl, pH 8.0, 1.5 m urea), dissolved
in denaturation buffer (50 mL, 50 mm Tris HCl, pH 8.0, 8 M urea)
and passed through a 0.22 um filter before FPLC separation.

Refolding of OmpG: The OmpG extract was loaded onto a Q-Se-
pharose column (10 mL) and eluted with a NaCl gradient (0 to
0.5 M) over 30 min in denaturation buffer. The purified OmpG was
refolded by dilution with refolding buffer (20 mm Tris HCl, pH 9.0,
3.25% n-octyl-B-p-glucopyranoside (OG)) until the final urea con-
centration reached 3.0m. In the case of the cysteine mutant, the
refolding buffer also contained DTT (10 mm) to prevent the forma-
tion of intermolecular disulfide bonds. The refolding solution was
incubated at 37°C over 48 h and the refolding efficiency was de-
termined by SDS-PAGE analysis.?%”

Formation of the disulfide bond: To form the disulfide bridge
within the OmpG cysteine mutant, DTT was removed from the re-
folded sample with a desalting column equilibrated with Tris HCI
buffer (50 mm, pH 8.0) containing DDM (n-dodecyl-3-p-maltoside)
(0.008%, w/v). Cu (o-phenanthroline), (prepared as a mixture of
CuSO, and o-phenanthroline in a ratio of 1:3.5, mol/mol) was
added to the protein solution to a final concentration of 1.3 mm.
After 5 min at room temperature, EDTA (5 mm, final concentration)
was added to stop the reaction. The sample was then applied to a
Centricon size-exclusion filter with a 10 kDa cut off (Fisher Scientif-
ic, UK) to remove the excess reagents and exchange the buffer for
Tris HCI (50 mm, pH 8.0) containing DDM (0.004 %, w/v).

Single channel recordings of OmpG: Planar lipid bilayer experi-
ments were performed in an apparatus partitioned into two cham-
bers with a 25 um-thick Teflon film. An aperture of approximately
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100 um diameter had been made near the center of the film with
an electric arc. Each chamber was filled with Tris HCl (10 mwm,
pH 8.5) and KCI (1 m). An Ag/AgCl electrode was immersed in each
chamber with the cis chamber grounded. A positive potential indi-
cates a higher potential in the trans chamber. 1,2-Diphytanoyl-sn-
glycerol-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL, USA)
dissolved in pentane (10% v/v) was deposited on the surface of
the buffer in both chambers and monolayers formed after the pen-
tane evaporated. The lipid bilayer was formed by raising the liquid
level up and down across the aperture, which had been pretreated
with a hexadecane/pentane (1:10 v/v) solution. OmpG protein (1 to
5uL of ~0.5mgmL™") was added to the cis chamber and then a
potential of +200 mV was applied to induce protein insertion.
After a single channel had inserted into the bilayer, the ionic cur-
rent was recorded at =50 mV, unless otherwise stated. The current
was amplified with an Axopatch 200B integrating patch clamp
amplifier (Axon Instruments, Foster City, CA, USA). Signals were fil-
tered with a Bessel filter at 2 kHz (unless otherwise stated) and
then acquired by a computer (sampling at 50 ps) after digitization
with a Digidata 1320 A/D board (Axon Instruments). Data were
analyzed with Clampex 10.0 software.
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Differential Inhibitory Activities and Stabilisation of DNA
Aptamers against the SARS Coronavirus Helicase

Ka To Shum and Julian A. Tanner*®

The helicase from severe acute respiratory syndrome coronavirus
(SARS-CoV) possesses NTPase, duplex RNA/DNA-unwinding and
RNA-capping activities that are essential for viral replication and
proliferation. Here, we have isolated DNA aptamers against the
SARS-CoV helicase from a combinatorial DNA library. These ap-
tamers show two distinct classes of secondary structure, G-quad-
ruplex and non-G-quadruplex, as shown by circular dichroism
and gel electrophoresis. All of the aptamers that were selected
stimulated ATPase activity of the SARS-CoV helicase with low-
nanomolar apparent K, values. Intriguingly, only the non-G-

Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV) is
the major eetiologic agent of an endemic atypical pneumonia.
Within a year, more than 8000 cases of SARS and at least 774
deaths were recorded worldwide due to the rapid transmission
of the virus by aerosols and by the high mortality rate that is
associated with infection.'™ The SARS-CoV genome was rapid-
ly sequenced after initial identification,”® and showed a close
relationship to the group 2 coronaviruses.” Although surveil-
lance and infection-control measures successfully contained
the spread of SARS in humans, SARS-CoV-like viruses have
been identified in bats as a natural reservoir of the virus.®
SARS-CoV is also able to infect cats and Himalayan palm
civets; this further warns of other possible routes for interspe-
cies transmission.” Currently, the mainstream treatment strat-
egies of SARS involve broad-spectrum antibiotics, antiviral
agents and immunomodulatory therapy, but few drugs are ef-
fective against the virus."” To improve therapeutic options, the
development of a wider variety of drugs and more effective
methods to combat SARS is important.

SARS-CoV has a single positive-stranded RNA genome of
~29.7 kb in length that encodes two large replicative polypro-
teins, ppla (486 kDa) and pplab (790 kDa). These precursor
polyproteins are processed into a range of structural and non-
structural proteins by viral cysteine proteases (PL2pro and
3CLpro)." The SARS-CoV helicase contains three major do-
mains: a putative N-terminal metal-binding domain (MBD), a
hinge domain and a NTPase/helicase domain. Because the
SARS-CoV helicase is absolutely necessary for subsequent viral
replication and proliferation, it is thought to be an attractive
target for new anti-SARS-CoV drugs. Indeed, viral helicases are
proven drug targets due to the success of helicase inhibitors in
animal models of herpes simplex virus (HSV) and in the treat-
ment of hepatitis C.l'>'
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quadruplex aptamers showed specific inhibition of helicase activi-
ties, whereas the G-quadruplex aptamers did not inhibit helicase
activities. The non-G-quadruplex aptamer with the strongest
inhibitory potency was modified at the 3'-end with biotin or in-
verted thymidine, and the modification increased its stability in
serum, particularly for the inverted thymidine modification. Struc-
tural diversity in selection coupled to post-selection stabilisation
has provided new insights into the aptamers that were selected
for a helicase target. These aptamers are being further developed
to inhibit SARS-CoV replication.

In previous work, we purified and biochemically character-
ised the SARS-CoV helicase, thereby demonstrating that the
enzyme belongs to superfamily 1.'¥ The enzyme unwinds
both RNA and DNA duplexes in a 5’ to 3’ polarity by using any
NTP or dNTP energy source and has RNA-capping enzymatic
activity."”” We also identified various small-molecule inhibitors
from compound libraries,"® including adamantine-derived ba-
nanins"” and bismuth-based compounds that target the
metal-binding domain.!"®'

Small-molecule inhibitors can have therapeutic impact, but
their action is confined to a small surface area of a target, and
thus single amino acid changes can lead to significantly re-
duced efficacy. We have observed the evolution of drug-resist-
ant strains during tests on SARS-CoV by using our small mole-
cules. Therefore, we employed an in vitro selection strategy,
namely, Systematic Evolution of Ligands by EXponential enrich-
ment (SELEX) to isolate DNA sequences that have a high affini-
ty for the SARS-CoV helicase.”®?" This approach was previously
reported for inhibition of HIV and SIV,,, reverse transcriptase,
and was used to overcome the resistance issue.”? Although
natural phosphodiester DNA or RNA aptamers are nuclease-
sensitive (and estimated to have a lifetime of a few minutes in
blood), they can be chemically modified for stabilisation post-
SELEX. In this study, we also protected the 3’-end of the apta-
mer by capping with inverted thymidine or biotin after SELEX.

By using SELEX, we isolated DNA aptamers that show two
distinct structures by circular dichroism and gel electrophore-
sis. Both stimulate ATPase activity with low apparent K, values,
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but only the non-G-quadruplex aptamers efficiently and specif-
ically inhibit the helicase-unwinding activity of the SARS-CoV
helicase. In comparison, G-quadruplex-based aptamers did not
inhibit helicase activities. One non-G-quadruplex aptamer was
then further modified by biotin or inverted-thymidine capping
and evaluated in terms of its inhibition and stability in serum.

Results

Selection of DNA aptamers binding to the SARS-CoV
helicase

Because the SARS-CoV helicase was overexpressed with a N-
terminal hexahistidine tag, we immobilised the protein on the
Ni-NTA magnetic beads (the solid support for affinity chroma-
tography) and screened for aptamers from a single-stranded
DNA library that contained N30 random core sequences
(Figure 1). This method presented a homogeneous population
to the aptamer pool and coupled the selection process to
facile affinity chromatography binding and elution steps; this
decreases the chance of selecting contaminants. To increase
the stringency of selection, excess amounts of polydeoxynu-
cleotide (dIdC) were added to the selection buffer to eliminate
nonspecifically bound aptamers. Aptamers that bind to the
magnetic beads but not the protein itself were eliminated
during counter-selection steps by using the magnetic beads
alone. Enrichment of a pool that specifically bound to the
SARS-CoV helicase was checked after the seventh and 15th
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Figure 1. DNA aptamer selection strategy. His-tagged SARS-CoV helicase was immobilised on Ni-NTA magnetic
beads. The library was incubated with the target beads for binding. Unbound oligonucleotides were washed
away, and the bound ones were eluted with the target by imidazole. The selected binders were amplified by PCR
by using biotinylated primers. ssDNA was subsequently purified from the PCR product, resulting in an enriched
DNA pool, which was used in the next SELEX round. After the last round, the selected aptamers were cloned, se-

quenced and characterised.
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rounds of selection, but little sequence enrichment was ob-
served. After 20 rounds of selection, the selected oligonucleo-
tides were subsequently amplified by PCR by using unmodified
primers to allow for cloning of the aptamer pool. As a result,
26 individual aptamer clones were sequenced, and it was
shown that most of the sequences were guanosine rich
(Figure 2). Because G-rich-characteristic sequences are likely to
fold into a G-quadruplex structure (Figure 3B), formation of
this structure by the aptamers was predicted by bioinformatic
analysis and classified into two main groups. In Figure 2A, 17
sequences were identified that were unlikely to form a G-quad-
ruplex structure and then further grouped by multiple-se-
quence alignment. In group A, aptamers NG1 and NG2 were
similar (with only a few base variations), and NG3 had a few
further differences. Among group B, high sequence homology
was observed at the 3’-end with a highly conserved sequence
(5'-GTTAGTGTGTT-3'). Aptamers in group C were apparently
orphan sequences that were not closely related to the other
groups. In contrast to non-G-quadruplex-forming aptamers,
the G-quadruplex-forming aptamers had less sequence homol-
ogy; this suggests that they might use a different mechanism
for binding (Figure 2B). However, a repeat pattern of
GG(N),GG, in which N is a deoxynucleotide and x is the
number of repeats, appeared; this pattern is likely to fold into
a G-quadruplex structure. Five aptamers (NG1, NG3, NG8, G5
and G8) including representatives of each group were further
characterised.

Secondary structural analysis
of selected DNA aptamers

The secondary structures of five
representative aptamers were
experimentally analysed by bio-

G e— . . .
Single-stranded DNA library physical methods. Circular di-
l chroism spectroscopy and gel

First SELEX round

Combinatorial library
N=30

electrophoresis were employed
to investigate whether the G-
A quadruplex  structure  was
formed. Putative non-G-quadru-
plex aptamers NG1, NG3 and
NG8 did not have guanine re-

ff\ K peats in their sequence, and
C} Q their CD spectra showed posi-
tive peaks at 280nm (Fig-

i} ure 3A). This spectrum is char-
acteristic of the canonical B-

form structure.”® However, pu-

|L<i;> & A tative G-quadruplex aptamers
< 2 : G5 and G8 have guanine-rich

Removal of unbound

! . characteristics, and their CD
oligonucleotides

spectra differed from typical B-
form CD spectra. Aptamer G5
formed a parallel G-quadruplex
structure that was typified by a
positive maximum peak near
265 nm and a negative peak at
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A) Putative non-G-quadruplex forming aptamers

. No. of Identical
Aptamer clone Core region of the aptamer sequences (5' to 3') nucleotide sequences
Group 1
NGl*  —m—mm GTGTGAGGGTGAG-ATGTGTGTGTATTTGTC————— 30 2
Ne2 e GTGTTTACGTGCC-ATATTTGTGTGGTGGTT———— 30 1
NG3* —mm———— AGGTGGGCATGATTGTGTGTTTGTGTCGGT—————— 30 2
Group 2
NG4 -ACCTGCTGTGTITGG-ATGT-—--GTTGGTGGCAGC———————— 30 1
NG5 -ATGTGGTGTGTTAGIGTGT-—--GTTCGTGGTT—————————— 29 2
NG  —m—m——— ATAGTTGGTIGTGTT---GGTACTGCATT————————— 25 1
NG7 --AATGTAGTATGGATGGATT---GTTAGTTCGTC———————-—— 30 1
NG8* -ATGTTGGTAGTTGGCTTGT----GTTCGTGTGTT——-——————— 30 1
NGO mmm—m—— TGTGTAGGATTG-——-————— TAGTGTGTTTGTGTGACT 30 1
NGio  —————— GAGGGTAGGACTGG-—--TCTAGTGTGTT-GTGTT--— 30 1
N1 === GATGTGTGGACTGTA----CTCAGCTGGTTGGTT——--—— 30 1
NG12 GCTCTGCTGTGTTGGATTG————— TATGCTGTCTT————————— 30 1
Group 3
NG13  mmmm———— ACGCTTACTTTATGTIGTITIGCCGGAT-———————— 27 1
NG14  mmm——— AGCGAGATTGTCACACGTGCTGAATACATC————— 30 1
B) Putative G-quadruplex forming aptamers
Aptamer clone Core region of the aptamer sequences (5' to 3') nu'::)eloc:ifde s?qel:\;c:;s
G1 --AACTTGGG-GTGGGTGTGTTGTGTACGGGC———— 29 1
G2 -—GGCTTGTG-GGTGGTATCTGTGEGTGTGTGCT——~ 30 1
G3 ————CGTGGGTGGTTGTGTCGEGGCGATGEGTT——~ 29 1
G4 ATGGCATGTGTTTGGCG-TGGATCGTGTGGC————— 30 1
G5* --AGCGGGCATATGETGGTGGETGGTATGGTC———— 30 1
G6 —AAGGGTGGA-AAGTTGGGGGEGTGTAGTGTTC-——— 30 1
L ATGCC-GCGTTGGGGAGTGGTGTTGGCTGGT 30 1
G8* —————— AATGGAGTATGGATGGATTGCTAGTTCGGC 30 1
G9 --GCTGGCCGGGATATGGTATGTTTGGCAGTT———— 30 1

Figure 2. Sequences of the aptamers that were isolated from the ssDNA pool after twenty rounds of selection against SARS-CoV helicase. Two groups of se-
quences were classified by the presence of G-quadruplex structure that was predicted by QGRS mapper. A) Multiple sequence alignment of non-G-quadruplex
aptamers by clustalW2. B) Multiple sequence alignment of G-quadruplex-forming aptamers. Guanine nucleotides that participated in formation of G-quadru-
plex structure were predicted by QGRS mapper and are in bold type-face and underlined.

240 nm.”¥ Aptamer G8 showed a signature of antiparallel G-
quadruplex structure that was characterised by a long-wave-
length positive maximum peak near 295 nm, similar to the
previously reported thrombin-binding aptamer (Figure 3A).”
Schematic depictions of parallel and antiparallel strand orienta-
tion of the G-quadruplex structures are shown in Figures 3C
and D respectively. Interestingly, no specific peaks at these
wavelengths were detected when the aptamers were incubat-
ed in the presence of sodium chloride buffer (Figures 3C and
D); this is consistent with previous reports that the G-quadru-
plex structure is more stable in the presence of potassium ions
than sodium ions.”® KCI was present during aptamer selection
so that the potassium-bound structures are those relevant to
binding to the SCV helicase.

As a second line of evidence, the topologies of these quad-
ruplex aptamers were investigated by comparing their mobili-
ties by polyacrylamide gel electrophoresis. The oligonucleo-
tides ran as single bands on denaturing polyacrylamide gels
that contained 8 m urea with mobilities that depended on their
denatured size (Figure 3E). By native polyacrylamide gel (Fig-
ure 3F), aptamers NG1, NG3 and NG8 and random sequence
migrated as a single band; this is consistent with a lack of G-
quadruplex structure by CD. The thrombin-binding aptamer

ChemBioChem 2008, 9, 3037 - 3045
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had a smaller molecular size and therefore migrated faster.
Aptamer G8 (putatively anti-parallel G-quadruplex and mono-
meric by CD) migrated as a single band by gel, whereas apta-
mer G5 (putatively parallel G-quadruplex and multimeric by
CD) migrated as two bands. The gel electrophoresis data,
which shows a slow-migrating multimeric band for G5, is con-
sistent with the previous CD data supporting a multimeric par-
allel G-quadruplex structure for G5.

Inhibition of SARS-CoV helicase enzymatic activity

We assayed the inhibitory activities of the aptamers against
the SARS-CoV helicase activities. We conducted a helicase
assay based on fluorescence resonance energy transfer (FRET)
between the partially labelled duplex DNA substrate with fluo-
rophore Cy3 and the quencher black hole quencher 2 (BHQ-2)
as previously described.”'® The principle behind this assay is
shown in Figure 4A. Because SARS-CoV helicase is able to
unwind both DNA and RNA duplexes that contain 5’ single-
stranded overhangs,"*' the DNA substrate contained a
single-stranded DNA region at their 5-ends. The SARS-CoV
helicase was then titrated with increasing concentrations of
the selected aptamers. The data were collected and fitted to a
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Figure 3. Secondary structure analysis of selected DNA aptamers. A) CD spectrometry was performed for the putative non-G-quadruplex aptamers NG1, NG3
and NG8 and putative G-quadruplex aptamers G5 and G8 in 10 mm Tris—HCl buffer pH 7.5 and 100 mm KCI buffer solution. The concentration of oligonucleo-
tides was 10 pm. B) G-quadruplex structure. Four guanine bases interact in a square planar configuration to form a G-quadruplex. Each base interacts with ad-
jacent bases through two hydrogen bonds by Hoogsteen-like hydrogen bonding. CD spectra of C) aptamer G5 and D) aptamer G8 measured in the presence
of either NaCl or KCI buffer solution. E) Mobility of the fluorescently labelled oligonucleotides in a 20% polyacrylamide gel containing 8 m urea. F) Mobility of
folded aptamers on 16 % native polyacrylamide gel supplemented with 50 mm KCI.
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Figure 4. Inhibition of SARS-CoV helicase partial duplex DNA unwinding ac-
tivity. A) Schematic showing the principles behind the FRET-based fluorimet-
ric assay of helicase activity. B) Unwinding was performed in the presence
of various concentrations of the five different aptamers and one random
sequence. C) Observation of helicase activity of E. coli DnaB in the absence
and presence of 1 um or 5 um aptamer NG1, NG3 and NG8. BSA (35 ug) was
added as a negative control. The FRET assay was used to observe helicase
activity by fluorescence over time. Points shown are an average of triplicate
experiments. Error bars represents the standard deviation of triplicate meas-
urements.

logistic equation (Figure 4B). All the selected aptamers showed
inhibition of the SARS-CoV helicase but differed in their 1Cs,
values. Non-G-quadruplex-forming aptamers NG1, NG3 and
NG8 were observed to inhibit duplex substrate unwinding
with 1C;, values of 87.7, 120.8 and 91.0 nm, respectively
(Table 1). However, G-quadruplex-forming aptamers G5 and G8
appeared to have little inhibitory activity.

ChemBioChem 2008, 9, 3037 - 3045
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Table 1. Summary of the apparent K,, and ICs, values determined by
ATPase and FRET assays.

Aptamer clone Apparent K, [nm]  1Cy, [nM]
Non-G-quadruplex aptamers

aptamer NG1 20.8 87.7
aptamer NG3 13.3 120.8
aptamer NG8 54 91.0
3-inverted thymidine aptamer NG8 26.8 175
3"-biotin aptamer NG8 58.2 55.8
G-quadruplex aptamers

aptamer G5 30.9 > 1000
aptamer G8 56.5 > 1000
Control sequences

unmodified random sequence 122 > 1000
3'-inverted thymidine random sequence > 1000 > 1000
3'-biotin random sequence > 1000 > 1000

Specificity of inhibitory SARS-CoV helicase binding
aptamers

To investigate whether the aptamers are general helicase in-
hibitors, aptamers NG1, NG3 and NG8 were subjected to heli-
case assays by using Escherichia coli DnaB helicase which also
has 5 to 3’ unwinding directionality. The cloning, expression
and purification of this protein were reported previously."” We
found that 1 pm of the aptamers did not inhibit E. coli DnaB in
our FRET-based assay (Figure 4C), whereas this concentration
of aptamers inhibited the SARS-CoV helicase by more than
90% (Figure 4B). A 5 um concentration of aptamer NG8 also
did not show a significant effect on DnaB nucleic acid unwind-
ing activity. Using bovine serum albumin (BSA) instead of heli-
case did not show the partial duplex DNA unwinding in this
experiment. These results suggest that the selected aptamers
do not act as general helicase inhibitors.

Effect of aptamers on SARS-CoV helicase ATPase activity

All helicases bind NTP and exhibit nucleic acid dependent, in-
trinsic NTPase activity that is necessary for energetically stable
duplex unwinding. We investigated the effect of the aptamers
on NTP hydrolysis by using a previously developed colorimetric
assay that was based on complexation of triphenylmethane
(TPM) dye malachite green and ammonium molybdate.'* """
Interestingly, none of the five selected aptamers inhibited
ATPase activity, but instead stimulated ATPase activity at an
even lower concentration than a random nucleic acid se-
quence (Figure 5). This might suggest that aptamers bind into
the normal nucleic acid binding site, and then “lock” the
enzyme in the conformation for high ATPase turnover. As is a
general feature for helicases, NTPase activity of the SARS-CoV
helicase is stimulated in the presence of nucleic acid.'"

A set of apparent K, values that were obtained from the half-
maximal stimulation of the ATPase assay was measured for the
strength of aptamer binding to the SARS-CoV helicase. The
ATPase activity of the enzyme displayed simple single-site be-
haviour in the presence of different aptamers (Figure 5). The ap-
parent half-stimulation values for the binding of aptamers NGT,
NG3, NG8, G5 and G8 were 20.8, 13.3, 5.4, 30.9 and 56.5 nwm, re-
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Figure 5. Determination of the apparent strength of binding of aptamers to
the SARS-CoV helicase by hydrolysis of ATP in the presence of varying con-
centrations of different aptamers. A colorimetric assay was used to measure
the amount of phosphate release due to ATP to ADP hydrolysis. Data were
shown after subtraction of basal ATPase phosphate release and the ATPase
activities in the presence of each aptamer were fitted to a simple Michaelis—
Menten model by using average values from three independent determina-
tions.

spectively, and were obtained from a simple Michaelis—Menten
fit to the ATPase data (Figure 5 and Table 1). The non-G-quadru-
plex aptamers (NG1, NG3 and NG8) bound more tightly than
the G-quadruplex-forming aptamers (G5 and G8). As the SARS-
CoV helicase is a nucleic acid binding protein, a random se-
quence was also shown to bind to the protein, but less tightly
(with an apparent K, value 122 nm, which is 22-fold weaker
binding affinity than observed for aptamer NG8).

Stability of modified aptamers in Foetal Bovine Serum (FBS)

Natural phosphodiester DNA or RNA ligands are susceptible to
degradation by nucleases, which makes them unsuitable for
therapeutic use. Capping the 3-end is one of the commonly
used approaches to block 3’ to 5" exonuclease attack. Therefore,
the stability of aptamer NG8 that was modified with 3'-biotin or
3-inverted thymidine was evaluated in DMEM that was supple-
mented with 5 and 10% heat-inactivated FBS (Figure 6). Under
both 5 and 10% serum conditions, unmodified aptamer NG8
was quickly digested by nuclease in serum (Figures 6C and F).
In contrast, the 3'-biotin and 3'-inverted thymidine aptamer NG8
was strongly resistant to nuclease attack in serum. In the case of
the 3’-inverted thymidine aptamer, the oligo remained intact for
up to 72 and 31 h in 5 and 10% FBS respectively (Figures 6A
and D). The 3'-inverted thymidine modification had a higher sta-
bility than the 3'-biotin modification, but both modifications
were significantly more stable than the unmodified aptamer.

Biochemical assays of modified aptamers

We examined whether modification of aptamer NG8 with
either 3'-inverted thymidine or 3’-biotin might have any effect
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Figure 6. Stability of 3’-inverted thymidine-, 3’-biotin-modified and unmodi-
fied NG8 in 5 and 10% FBS. Aptamer NG8 with various modifications was
mixed with 5 or 10% FBS and incubated at 37 °C. Aliquots of the reaction
mixture were taken at different time points and loaded into 20% denaturing
urea PAGE; A) 3"-inverted thymidine aptamer NG8; B) 3'-biotin aptamer NG8
and C) unmodified aptamer NG8 in 5% FBS; D) 3'-inverted thymidine apta-
mer NG8; E) 3'-biotin aptamer NG8 and F) unmodified aptamer NG8 in 10%
FBS.

on its inhibitory activities against the SCV helicase. In Fig-
ure 7 A, both modified aptamers inhibited the nucleic acid un-
winding activity of SCV helicase with slightly lower ICs, values
than unmodified ones (Table 1), whereas a modified random
sequence control showed no inhibition. Specificity analysis by
using E. coli DnaB revealed that the modified aptamers did not
show general helicase inhibition; this suggests that the modi-
fied aptamers retained their specificity (Figure 7B). In the
ATPase assay, the modified aptamers stimulated ATPase activity
in a similar fashion to the unmodified aptamers (Figure 7C and
Table 1). Our results suggest that the 3’-modification has little
impact on the inhibitory activity of aptamer NG8.

Discussion and Conclusions

We have shown the selection of DNA aptamers that bind to
SARS-CoV helicase by using Ni-NTA magnetic beads as an im-
mobilisation matrix by systematic evolution of ligands by ex-
ponential enrichment (SELEX) method. DNA aptamers were
structurally characterised and found to be either G-quadruplex
or non-G-quadruplex by circular dichroism and gel electropho-
resis. Five aptamers were further characterised, and all showed
high apparent binding affinity to the SARS-CoV helicase and
stimulated ATPase activity. This would suggest that the aptam-
ers bind to the nucleic acid binding sites, and lock them into a
high ATPase turnover conformation. However, the G-quadru-
plex aptamers were unable to inhibit helicase-unwinding activ-
ity; this suggests that the G-quadruplex structure is incapable
of locking the conformation.

Previously, RNA aptamers that were selected against the
HCV NS3 helicase domain that belongs to superfamily 2 with 3’
to 5 polarity, showed consensus stem-loop structures.” A hy-
pothetical schematic model was suggested in which it was
proposed that the aptamers acted as a decoy by competitively
binding to the nucleic acid binding domain and inhibiting the
translocation step due to the conserved stem-loop struc-
ture.”® Although the exact model mechanism of our SCV heli-
case aptamer remains to be extensively studied, the aptamers
NG1, NG3 and NG8 might perform in a similar way in that the
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Figure 7. Biochemical assays of modified aptamers NG8. A) Inhibition of
helicase activity of the SCV helicase in the presence of various concentra-
tions of the modified aptamers. B) Specificity of modified aptamers by using
E. coli DnaB. C) Effect of modified aptamers on the ATPase activity of SCV
helicase.
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helicase first binds to the 5’-overhangs of the DNA aptamers
and translocates in a 5’ to 3’ direction by using the ATP energy
source. When the enzyme meets the aptamer, the enzyme is
locked in a conformation; this explains the high ATPase turn-
over. ATPase activities of both SARS-CoV and HCV helicases
have been previously reported to be highly stimulated by oli-
gomeric nucleic acids; this illustrates why the aptamer actually
stimulates rather than inhibits ATP hydrolysis."*?”

Aptamers NG1, NG3 and NG8 were shown to be potent ap-
tamers with relatively high binding strength and inhibition. In-
terestingly, some aptamers (G5 and G8) were isolated from the
same library but revealed sequences that were typical of G-
quadruplex structure with guanine duplets that were separat-
ed by two or three deoxynucleotides (Figure 2), and the G-
quadruplex structure was confirmed by circular dichroism and
gel electrophoresis. Such sequences have been selected in pre-
vious aptamer studies, for example DNA aptamers against
thrombin, and RNA aptamers against prions,?®3" and are stabi-
lised by the potassium ions that were also present in our selec-
tion buffer.*¥ However, this is the first demonstration of
structural specificity in enzymatic inhibition by aptamers that
were derived from the same pool under similar conditions. Fur-
thermore, we stabilised one of the aptamers with 3’-inverted
thymidine and 3'-biotin modifications and showed that the
aptamer was still potent enough to inhibit the SCV helicase,
and in particular that the 3’-inverted thymidine modification
resulted in a significantly improved half life in serum.

RNA aptamers against the SARS-CoV helicase were recently
reported.* Stem-loop RNA aptamers were identified with an
IC;, for helicase inhibition of 1.2 nm, but no G-quadruplex fam-
ilies were reported. Similarly to our aptamers, these RNA ap-
tamers also only inhibited helicase activities and did not inhibit
ATPase activities; this suggests that this pattern of behaviour is
common to aptamers that were selected against helicase tar-
gets. The RNA aptamers do provide higher structural diversities
that help inhibit with a slightly stronger IC;, than DNA aptam-
ers against the same target. However, natural RNA is very sus-
ceptible to nuclease attack and is digested in less than 5 mi-
nutes in vivo; this makes RNA incompatible for many applica-
tions without stabilisation.

This work revealed differential activities against the SARS-
CoV helicase by G-quadruplex and non-G-quadruplex aptamers
that were isolated from the same library pool. The non-G-
quadruplex aptamers strongly and specifically inhibited heli-
case activities, but the G-quadruplex aptamers did not. Howev-
er, all of the selected aptamers stimulated ATPase activity
strongly. The strength of binding and ICs, values were in the
low-nanomolar range, which is comparable to other aptamers
that target nucleic acid binding proteins.”®*® The aptamer that
shows the best potency in the characterisation was modified
by 3’-end capping with inverted thymidine and biotin. The
modifications made the aptamer resistant to nuclease attack
and retained the aptamer’s potency. This study provides new
mechanistic insight into the structure and function relation-
ships of aptamers on a helicase target, and these aptamers will
be further investigated as a new approach for the inhibition of
SARS-CoV replication.
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Experimental Section

Oligonucleotides: Aptamers that were modified with biotin and
inverted thymidine at 3’-end were synthesised by Molecular infor-
matrix Laboratory Ltd (MiL, Hong Kong) and purified by HPLC,
unless otherwise specified. The same manufacturer was used to
synthesise all of the primers and aptamers that were applied in
this study. Thrombin-binding aptamer (TBA) and random sequence
were designed as controls respectively as follows: TBA, 5-GGT TGG
TGT GGT TGG-3'; Random sequence, 5-GAA GGC CGT TCT CAG
TGA ACA ACA AAA ACT-3'

Cloning, expression and purification of the SARS-CoV helicase
and magnetic bead preparation: The SARS-CoV helicase domain
(nsp13-pp1ab, accession number NP_828870, originally denoted as
nsp10) was cloned, expressed and purified as previously de-
scribed." Protein-bound Ni-NTA magnetic beads were prepared
by first equilibrating a 5% slurry (45 pL; ~13 pg protein binding ca-
pacity) of Ni-NTA magnetic beads (Qiagen, Hilden, Germany) into
buffer A (50 mm Tris-HCl pH 6.8, 150 mm KCl, 20 mm imidazole,
0.05% Tween-20, 0.1% Triton X-100). The equilibrated beads were
resuspended in buffer A (100 uL) and purified SARS-CoV helicase
(0.25mgmL~", 200 uL) was added and mixed by rotation for
20 min at 4°C. The excess SARS-CoV helicase in the supernatant
was washed away by buffer A, and the magnetic beads were then
further washed buffer A, (3x1 mL), concentrated to 0.25 pgulL™’
SARS-CoV helicase in buffer A and stored at 4°C.

In vitro selection: In vitro selection was performed immediately
after immobilisation of the SARS-CoV helicase to prevent protein
oxidation. The selection of SARS-CoV-helicase-binding aptamer
relied on magnetic separation with the helicase that was immobi-
lised on the Ni-NTA magnetic beads (Qiagen). The starting point of
the selection process was a random degenerate ssDNA oligonu-
cleotide library that was chemically synthesised and purified by
HPLC. This library, referred to as “SelexApt”, was composed of 30
random nucleotides that were flanked by sequences that were
suitable for amplification: 5'-CCG TAA TAC GAC TCA CTA TAG GGG
AGC TCG GTA CCG AAT TC-(N30)-AAG CTT TGC AGA GAG GAT CCT
T-3'. Primers that anneal to the 5- and 3’-sequences flanking the
degenerate region of SelexApt used during the selection and clon-
ing were: “SelexF”, 5-CCG TAA TAC GAC TCA CTA TAG GGG AGC
TCG GTA CCG AAT TC-3; “SelexR”, 5'-AAG GAT CCT CTC TGC AAA
GCT T-3; in non-biotinylated and 5’-biotinylated forms, respectively
(HPLC purified). Iterative rounds of aptamer selection and amplifi-
cation during the SELEX process were modified from the previous
protocol.®” In the first round of selection, one nanomole of “Selex-
Apt” was diluted in buffer A (100 L) in a PCR tube, heated to
90°C for 5 min and cooled at 4°C. The library was added to buf-
fer A (2 mL) that contained bovine serum albumin (BSA, 1 ugmL™),
didC (0.1 ugmL™") and bead-bound SARS-CoV Helicase (100 pmol).
The material was incubated with rotation for 30 min at 25°C. The
tubes were then applied to a magnet separator (Dynal, Oslo,
Norway) to remove unbound nucleic acids in the supernatant. The
protein and the beads were washed buffer A (10x 1mL) and
mixed by gentle inversion for each wash step. The helicase and
bound aptamers were eluted from the Ni-NTA magnetic beads
with buffer B (30 uL; 50 mm Tris-HCI pH 6.8, 150 mm KCl, 500 mm
imidazole, 0.02% Tween-20, 0.1% Triton) and transferred to PCR
tubes for amplification. PCR reactions in a 100 uL volume con-
tained Pfx polymerase (1.25 U; Invitrogen), primers “SelexF” and
biotinylated “SelexR” (1 um), dNTPs (0.1 mm), MgSO, (0.5 mm) and
enhancer solution (0.1x). Amplification conditions were 2 min at
95°C; 15 cycles of 30s at 95°C; 30 s at 54.8°C; 30 s at 68°C; 2 min
at 68°C. After each amplification step, the PCR product (90 uL) and

3044

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DNA Aptamers against SARS-CoV Helicase

NaCl (5m, 23 pL) were mixed with M-280 streptavidin magnetic
beads (1 mg; Dynal) for 10 min at room temperature, then washed
with buffer A (3x 1 mL). Single-stranded aptamers (non-biotinylat-
ed strand) were separated from the immobilised complementary
strand by using a 5 min incubation of fresh NaOH (100 mm, 50 pL).
The tubes were applied to a magnet separator and the ssDNA was
removed and diluted into buffer A (50 puL). The next round of selec-
tion was performed only when the concentration of the eluent
was higher than that of the last wash. We also checked an enrich-
ment of ssDNA that bound to SARS-CoV helicase that had been
immobilised on magnetic beads at rounds 7, 15 and 20.

Cloning, sequencing and classification: After round 20, the mate-
rial was amplified by PCR with SelexF and non-biotinylated SelexR
primers, and the products were purified with a PCR clean-up
system (Qiagen), cloned into pCR®-Blunt II-TOPO® vector (Invitro-
gen) and heat-shock transformed into E. coli DH100. competent
cells. Colonies were picked for each sample, and the plasmids were
purified by Qiaprep spin mini-prep (Qiagen). The plasmids were se-
quenced by using a M13 reverse primer in the Big-dye Terminator
kit. The presence of G-quadruplex structure in aptamers was pre-
dicted by quadruplex-forming G-rich sequences (QGRS) mapper.®®
Multiple sequence alignment was performed by ClustalWw2.5

Circular dichroism (CD) spectroscopy: Oligonucleotides (10 um),
were resuspended in Tris-HCl (10 mm, pH 7.5) buffer that contained
KCl (100 mm) or NaCl (100 mm). Samples were heated at 90°C for
5 min, followed by gradual cooling to room temperature. CD spectra
were collected on a JASCO J720 spectropolarimeter (JASCO, Tokyo,
Japan) at 320-200 nm, by using 4 scans at 100 nmmin~', 1s re-
sponse time, 1 nm bandwidth. Quartz cells with an optical path
length of 1 mm were used for the measurements.

Gel electrophoresis: Oligonucleotide samples were labelled with
fluorescein isothiocyanate (FITC) at the 3’-end and prepared in
sodium phosphate buffer (50 mm) supplemented with potassium
chloride (100 mm). The oligonucleotide concentration was 5 um.
Prior to performing the gel assay, the purity of the commercially
synthesised oligomers was checked by running them on 20% poly-
acrylamide gels that contained urea (8 M). For non-denaturing gel
assays, the samples (at 5 um strand concentration) were heated at
95°C for 5 min and incubated at 60°C for 15 h. 16% native poly-
acrylamide gel electrophoresis was performed in Tris/borate/EDTA
(TBE) buffer (1x) that was supplemented with KCI (50 mwm). Bands
in the gels were visualised under UV transillumination.

Assays of aptamer activities: Concentration and quality of chemi-
cally synthesised aptamers were accurately measured by A, and
15% urea polyacrylamide gel electrophoresis respectively. Appar-
ent K, values were obtained by determining the concentration
that gave half-maximal stimulation of ATPase activity. The ATPase
assay was performed by measuring the amount of phosphate re-
lease by using a colorimetric method that was based on complexa-
tion with malachite green and ammonium molybdate (AM/MG re-
agent) as we described previously."” The helicase assay was based
on FRET between the fluorophore Cy3 and black hole quencher 2
(BHQ-2) as we described previously, suitable for a 5 to 3’ heli-
case.l'”? Two oligomers were synthesised and purified by HPLC:
DT20Cy3 (5'<(DT20Cy3)TTT TTT TIT TTT TTT TTT TTC GAG CAC CGC
TGC GGC TGC ACC(Cy3)-3'), and Release BHQ-2 (5'-(BHQ2)GGT GCA
GCC GCA GCG GTG CTC G-3') (Proligo, Boulder, CO, USA). The two
oligomers were annealed by mixing a 1:1.2 ratio of DT20Cy3/Re-
leaseBHQ-2 at a concentration of 8.2 um (of DT20Cy3) in Tris-HCI
(10 mm, pH 8.5), heating to 90°C, then cooling slowly to 40°C over
1 h. The reaction was carried out in a 1 mL volume of DT20Cy3/Re-
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leaseBHQ-2 (5 nm), Release oligomer (10 nm, 5'-GGT GCA GCC GCA
GCG GTG CTC G-3), BSA (0.1 mgmL™"), SCV helicase (2 nm), MgCl,
(5 mm), KCI (100 mm) KCl and Tris-HCI (50 mm, pH 6.8) at 25 °C for
1 min. The reaction was initiated by the addition of ATP (0.5 mm).
The change in fluorescence (excitation 550 nm, emission 570 nm)
after 1 min was used to monitor the extent of unwinding of the
duplex. The E. coli DnaB FRET assay was carried out with DnaB
(10 ng) under the same conditions. Controls to determine the
specificity by using the E. coli DnaB helicase were performed as we
described previously."” Data were fitted by using Origin 6.0 (Micro-
cal Software, Northampton, USA).

Stability of modified oligonucleotides in foetal bovine serum
(FBS): Unmodified, 3’-biotin and 3’-inverted thymidine-modified
aptamer NG8 were incubated in 5% and 10% FBS at 37°C. Ali-
quots of the reaction were removed at different time intervals for
electrophoresis and reactions were stopped by adding formamide
gel loading buffer to each sample. All samples were then run in
20% urea PAGE in TBE buffer (1x) and visualised by staining with
SYBR Gold nucleic acid stain (Molecular Probes, Eugene, OR, USA).
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Photocontrollable Peptide-Based Switches Target the Anti-

Apoptotic Protein Bcl-x;

Sabine Kneissl,”” E. Joel Loveridge,” Christopher Williams,™ Matthew P. Crump,™ and

Rudolf K. Allemann*&

Photocontrol of Bcl-x, binding affinity has been achieved by
using short BH3 domain peptides for Bak,_g, and Bid,,_;;, alkylat-
ed with an azobenzene crosslinker through two cysteine residues
with different sequence spacings. The power to control the con-
formation of the crosslinker and hence peptide structure was
demonstrated by CD and UV/Vis spectroscopy. The binding affini-
ty of the alkylated peptides with Bcl-x, was determined in their
dark-adapted and irradiated states by fluorescence anisotropy
measurements, and use of different cysteine spacings allowed
either activation or deactivation of the binding activities of these
peptide-based switches by application of light pulses. Helix-stabi-
lized peptides exhibited high Bcl-x, binding affinity with dissoci-

ation constants of 4249, 21+1, and 55+4nm for Bak,i'”

Introduction

Physical interactions between proteins underpin all cellular
processes and provide opportunities for new research tools
and medicines. Despite the obvious importance of intracellular
protein—protein interactions, they have proven inherently diffi-
cult to target with small-molecule chemistry, due to the fact
that protein interfaces are extensive, shallow, and mainly hy-
drophobic, making them relatively uniform molecular land-
scapes with only limited opportunities for selective chemical
intervention. Protein surfaces have hence often been described
as “nondruggable”."™ The development of peptide-based re-
agents that mimic nature’s strategy for protein recognition
provides an alternative, nature-like strategy to target protein-
protein interactions selectively.”""”

The B-cell leukaemia-2 (Bcl-2) family of proteins constitutes a
critical control point for the regulation of programmed cell
death. Family members such as Bcl-x, and Bcl-2 inhibit apopto-
sis, are over-expressed in many cancer cells and are involved in
tumor initiation and progression as well as resistance to thera-
py."8'9 Other family members including Bak and Bid can act as
promoters of apoptosis.’®?" The sensitivity of cells to apoptot-
ic stimuli has been shown to depend on the fine balance be-
tween pro- and anti-apoptotic proteins, which is mediated by
their heterodimerization.”? Members of the Bcl-2 family are
characterized by the presence of up to four conserved Bcl-2
homology (BH) domains that contain oa-helical peptide seg-
ments. The solution structure of the complex of Bcl-x, with a
short 16 amino-acid peptide derived from the BH3 region of
Bak revealed that the Bak peptide forms an amphipathic helix,
which binds to a hydrophobic groove on the surface of Bcl-x,
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Bak,'y, and Bid,*t,., respectively (superscript numbers refer to
the spacing between cysteine residues), and up to 20-fold en-
hancements in dffinity in relation to their helix-destabilized
forms. Bak,}*7, Bak)'s, and Bid,, ™},  each displayed more than
200-fold selectivity for binding to Bcl-x, over Hdm2, which is tar-
geted by the N-terminal helix of the tumor suppressor p53. Struc-
tural studies by NMR spectroscopy demonstrated that the pep-
tides bind to the same cleft in Bcl-x, as the wild-type peptide
regardless of their structure. This work opens the possibility of
using such photocontrollable peptide-based switches to interfere
reversibly and specifically with biomacromolecular interactions to

study and modulate cellular function.

formed by the juxtaposition of Bak’s BH1, BH2, and BH3 do-
mains.”®! Peptides derived from BH3 domains bind to Bcl-x,
with high nanomolar to low micromolar affinities, and the a-
helicity of such peptides is known to be critical for high-affinity
binding.?¥

Inhibitors of the interaction of pro- and anti-apoptotic mem-
bers of the Bcl-2 family not only have significant potential as
therapeutics but should also facilitate the study and regulation
of the complex cellular processes leading to cell death or
tumor growth. Although several potent small-molecule and
peptide-based inhibitors of the Bcl-x/Bak interactions have
been developed recently,®”?3% none of these provides the
ability to program changes in discrete and critical intracellular
protein—protein interactions through external stimuli in a re-
versible manner.

We have previously described a strategy for using light to
control the DNA binding affinities and specificities of the tran-
scription factor MyoD and of HDH-3, which is a miniature pro-
tein derived from the homeobox protein engrailed.?** This
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approach relies on the introduction of an azobenzene cross-
linker through appropriately spaced cysteine residues. Photo-
isomerization of the crosslinker can be used to switch peptides
between the a-helical and random coil-like conformations®*?
(Figure 1) and has also been applied to control of the confor-
mation of B-hairpins.** Significant stabilization of the a-heli-
cal conformation was observed when the crosslinker was in
the cis configuration for peptides linked through cysteine resi-
dues in i, i+7 and i, i4+4 spacings, while the trans-configuration
was helix-stabilizing for i, i+11 spacing.®*>” Here we demon-
strate the versatility of such photocontrollable peptide-based
switches for the control of protein—protein interactions and
report highly potent and specific examples that target the
anti-apoptotic protein Bcl-x,.

Figure 1. A) Modification of a peptide with the azobenzene crosslinker to
form a photocontrollable peptide-based switch. B) Structural change upon
isomerization of the azobenzene crosslinker attached to a peptide in an

i, i+7 spacing. The same structural change is observed with the crosslinker
in an i, i+4 spacing, except that only one helical turn is stabilized. C) Struc-
tural change upon isomerization of the azobenzene crosslinker attached to
a peptide in an i, i+11 spacing.
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Results and Discussion

Design of photocontrollable peptides

Two Bak-based peptides—Bak,."7, and Bak,,"'y —based on the
structure of the Bcl-x/Bak,,g; complex®® were designed. Two
appropriately spaced residues on the solvent-exposed face of
the Bak,,_g; helix, opposite the residues involved in Bcl-x -bind-
ing,” were replaced with cysteines (Figure 2) to allow for the
introduction of the photo-activatable crosslinker 3,3'-bis(sulfo)-
4,4'-bis(chloroacetamido)azobenzene. The superscript numbers
in the peptide names indicate the spacings of the cysteine resi-
dues. GIn73 was changed to cysteine in Bak,; s, and to alanine
in Bak,/"7 . Asp84 was substituted by cysteine in Bak,."7 and
by alanine in Bak,;"s.. In addition, Ile80 was changed to alanine
in Bak,,"'s, to prevent possible steric clash with the crosslinker,
and lle81 was replaced with phenylalanine in both peptides
because of the higher hydrophobicity of phenylalanine, which
has been shown to increase the affinity of Bak;, g, for Bcl-x.”
Similarly, a peptide based on proapoptotic Bid was designed
to allow introduction of the azobenzene crosslinker for an
i, i+4 spacing of the cysteines to generate Bid,,'},,. Two me-
thionine residues were substituted with isoleucine because of
its higher stability towards oxidation. To produce the three
photocontrollable peptide-based switches, Bak)'s, Bak,.'7,
and Bid,/ '}, were alkylated with 3,3"-bis(sulfo)-4,4"-bis(chloro-

acetamido)azobenzene.

Absorption spectroscopy

UV/Vis spectroscopy was used to characterize the thermal iso-

merization of irradiated Bak,*7., Bak,5"', and Bid,,*7,,. The ab-
sorption spectrum of dark-adapted Bak,)'s, in which the azo-

benzene crosslinker is in the thermally stable trans-configura-
tion, was characterized by a strong maximum at 363 nm typi-
cal of the m—mt* transitions in amide-substituted trans-azoben-
zenes (Figure 3).9 Irradiation with 360 nm light led to the
disappearance of this maximum and the appearance of a new
maximum at 262 nm. Irradiated Bak,;'s, reverted to the dark-
adapted state in a nonphotochemical process characterized by
isosbestic points at 250, 317, and 434 nm with a half-life of
22 min at 15°C. This was similar to the half-life of FK-11, a pre-
viously reported peptide developed as a model system to test
helix stabilization by crosslinkers,®® but significantly shorter
than the 150 min observed for the thermal reversion from the
irradiated state of HDH-3, an 18-residue peptide derived from
the homeobox protein engrailed linked to the azobenzene
crosslinker in an i, i+11 configuration. The UV/Vis spectra of
dark-adapted and irradiated Bak,."7 were similar to those ob-
served for Bak,;'s. (Supporting Information), but the thermal
reversion from the irradiated states of Bak,!" and Bid,,"},, oc-
curred with significantly longer half-lives of 174 and 190 min at
15°C. Comparison of the reversion rates of Bak,,7 with those
measured for Photo-MyoD (z,,=193 min at 15°C)*" and a
synthetic peptide, designed for high helical propensity (z,,=

37 min at 18°C),%® in which the crosslinkers were also in i, i+7
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A) )

B)
i, i+11
spacing
spacing
C)

i i+4
spacing

Figure 2. A) Model of Bak,;"y, in complexation with Bcl-x,. The model was
generated from the structure of the complex with the wild-type Bak;,_g,
peptide.”” Helical wheel representations of B) Bak,,"7. and Bak,, ", and

Q) Bak,,*7,,. Dark gray: residues shown to result in > tenfold loss of binding
affinity for Bcl-x, upon individual substitution with alanine. Light gray: cys-
teine residues introduced to allow crosslinking. Light gray stripes: residues
replaced by an alanine unit to avoid steric clash with the azobenzene cross-
linker. Where two labels are given for a single residue, the left-hand label

refers to Bak,."7. and the right-hand label to Bak,;"s..

spacings, indicated that the rates of thermal reversion depend
on both sequence and cysteine spacing.

The extent of light-induced isomerization was determined
from the absorbance at 363 nm, by using the difference be-
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Figure 3. UV/Vis spectra of alkylated Bak,;'% at 5°C. Spectra were acquired

72-87
on a) the dark-adapted state, b) the irradiated state, and in 15-minute inter-

vals after irradiation (15, 30, 45, 60, 75, 90, 105 and 120 min).

tween the extinction coefficients for the cis- and trans-azoben-
zene crosslinkers;® 69%, 76 %, and 80% of the irradiated ma-
terial was found to be in the cis configuration for alkylated
Bak,'s, Bak,i'7 ., and Bid,, ', respectively. These values are
typically observed in the photoisomerization of azoben-
Zenes.[34'47]

CD spectroscopy indicated significant differences in the con-
formations of noncrosslinked Bak,;'s, and its alkylated dark-
adapted form (Figure 4). The unalkylated peptide displayed the
characteristic spectrum of a mostly unstructured peptide, with
a minimum at 203 nm and mean residue ellipticity at 222 nm
([O], 2,) of —4752 degcm®dmol ™' (Figure 4). For the trans-con-
figuration of the crosslinker, the CD spectrum revealed almost
complete helix formation with a [@] ,, value of
—30600 degcm?dmol™". This value is significantly higher than
had been observed previously for both HDH-3 and FK-11.5439
Interestingly, the mean residue ellipticity at 208 nm was higher
(—22250 degcm?dmol™), suggesting contributions to the CD
spectrum from the crosslinker as previously described by Flint
et al.?” Irradiation with 360 nm light led to a significant in-
crease in [0)], 5,, to —13458 degcm?®dmol ™, indicating a reduc-
tion in the amount of the peptide that adopts an a-helical
structure as would have been predicted on the basis of previ-
ous studies.®**% Even in this state, however, the amount of a-
helical character was approximately 449%, which is at least in
part due to the presence in the irradiated state of Bak.),s, of
approximately 31% of the trans-configured peptide (Figure 3).

In contrast, the CD spectra of alkylated Bak,.'7  (Figure 4)
and Bid,, ™", (Supporting Information) were only slightly differ-
ent in the dark-adapted and irradiated states. Both irradiated
and dark-adapted Bak,.'7  displayed only small amounts of
a-helicity,  with [6],,,, values of —8808 and
—6056 degcm?dmol ™", respectively. This is similar to the be-
havior previously reported for Photo-MyoD. In this case, DNA
binding affinity could be modulated through an azobenzene
linker introduced into the DNA recognition helix of MyoD by
way of two cysteines in an i, i+7 spacing. Irradiated Photo-
MyoD showed only a modest increase in a-helicity in relation
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Figure 4. CD spectra of A) Bak;y, and B) Bak,}"7. peptides at 5°C. a) Un-
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alkylated peptide, b) dark-adapted, c) irradiated, d) dark-adapted in 20%
TFE, and e) irradiated in 20% TFE.

to its dark-adapted and unalkylated forms.*’ However, upon
addition of the DNA target sequence, the full conformational
change was induced.® Addition of Bcl-x, to irradiated Bak, "7
and Bid,,",, may have a similar helix-inducing effect.

The dominant contribution from the elements of secondary
structure of Bcl-x, precluded us from studying this effect by
CD spectroscopy. Hence, to probe the tendency of the pep-
tides to adopt a-helical structures, 2,2,2-trifluoroethanol (TFE)
was used as a co-solvent. This led to the typical CD spectra of
predominantly a-helical peptides ([@],,,, values of —24100
and —17100degcm?dmol™" for irradiated Bak,:'?, and

72-87

Bid,, "7, respectively). Addition of TFE to solutions of either
dark-adapted Bak,."7 or Bid,, ", on the other hand, resulted

in only marginal reductions in mean residue ellipticity. These
observations suggest that although irradiation of Bak,."7. did
not lead to a predominantly a-helical peptide, it nevertheless
generated a form that upon addition of an a-helix-inducing
cosolvent was able to form the a-helical structure required for
tight binding to Bcl-x, while dark-adapted Bak,.'7  did not

have this potential.

Fluorescence polarization assays

Fluorescence anisotropy measurements™®’ were carried out to

determine the affinities of Bak/ 'y, Bak,.'7, and Bid,,"7,, for

Bcl-x, in their non-crosslinked, dark-adapted, and light-induced
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states. The addition of Bcl-x, to a solution of fluorescently la-
beled peptide resulted in a saturatable increase in the fluores-
cence anisotropy in each case (Figure 5). Titration curves were
fitted to the Langmuir isotherm @, ={1+ (Ky/[Bcl-x])"}"". For
all complexes, the best fits were obtained for 1:1 binding (n=
1), as was expected from previous results with the wild-type
peptide.#??7 These fits yielded the apparent dissociation
constants given in Table 1.

A)

0.0 & T T - |
0 500 1000 1500 2000
[Bekx, ]/ nm ——
-
02 %
»
0.0 T T - - -
0 200 400 600 800 1000
[Bclx]/nm ——
C)
1.0 . b

4000 6000 8000 10000 12000

[Belx, ]/ nm —

0 2000

Figure 5. Typical binding curves for: A) Bak,'*7 , B) Bak>"s, and C) Bak,, "

72-87" 72—-87" 91-111°
The black line in each case corresponds to the dark-adapted state, and the
gray line to the irradiated state.

The dissociation constant for the complex of Bcl-x, and dark-
adapted Bak/)y (K;=21+1nm) was ~16 times lower than
that observed with the corresponding unalkylated peptide
(Table 1). The K; value of 328+ 19 nm obtained for the unalky-
lated peptide is similar to values previously reported for wild-
type Bak;,_g,.>** The stability of the Bcl-x, complex of irradiat-
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Table 1. Dissociation constants of the complexes of Bcl-x, with Bak,."7,

Bak,;a, and Bid,,"},, in their parent (unalkylated), dark-adapted, and
irradiated forms at 15°C.

Ko [nm]
Peptide form Bak,."7, Bak,)"'s, Bid,, 7,
parent 134+16 328+19 117448
dark-adapted 825+157 2141 1275+139
irradiated 42+9 48+10 55+4

ed Bak,,"'s. was only decreased twofold relative to the complex
with dark-adapted Bak/;'s. This high stability is most likely
due to the incomplete cis- to trans-conversion of azoben-
zenes®@ and hence the presence of 31% tightly binding trans-
configured peptide in the irradiated state (vide supra).

In contrast, both Bak,."7  and Bid,,'},, showed significantly
different complex stabilities in their dark-adapted and irradiat-
ed forms. For these two peptides, the trans-configuration of
the crosslinker clearly prevented Bak,;",, (K,=825+157 nm)
and Bidy*!, (Kb=1275+139 nm) from forming high-affinity
complexes (Table 1). These values were significantly higher
than those measured for the unalkylated parent peptides of
Bak,;"7, and Bid,/"},, (Kb=134+16nm and 11748 nm, re-
spectively). After irradiation, the stabilities of the complexes
formed between Bcl-x_ and the irradiated forms of Bak,."7, and
Bid,, ', were increased approximately 20-fold, resulting in dis-
sociation constants of 4249 and 5544 nm for the two pep-
tides with the crosslinker in the helix-stabilizing cis configura-
tion.

Bak,;"s, Bak,.™, and Bid,, "7, in their helix-stabilized forms
bound to Bcl-x, with much higher affinities than the wild-type
peptides or helical peptide mimetics,?>?#%2%1 whereas the
stabilities of the complexes of these peptides rivaled those of
the best designed Bcl-x,-targeting miniature proteins reported
so far®®¥! However, unlike peptides in which the a-helical
conformation is stapled either through ruthenium-catalyzed
olefin metathesis of tethered amino acids"®*” or through their
introduction into a larger stable polypeptide fold, such as pan-
creatic polypeptide,” the activities of the photocontrollable
peptide-based switches described here can be switched be-
tween high and low Bcl-x_ affinity states with external light
pulses.

A key issue for the potential use of photocontrollable pep-
tide-based switches to regulate cellular events is whether they
demonstrate selectivity between different helix-binding pro-
teins. We therefore determined the abilities of alkylated
Bak,, s, Bak,."7, and Bid,, "}, to bind to Hdm2, a target of
the tumor suppressor p53.°” The stability of the complex be-
tween Hdm2 and p53 is the consequence of an a-helix of p53
binding to a deep cleft on the surface of Hdm2.5" However,
no binding activity for Hdm2 was detected here in fluores-
cence anisotropy measurements for dark-adapted and irradiat-
ed Bak,'y, Bak,'7, and Bak,/'f,, at concentrations up to
10 pm, indicating that the selectivity was more than 200-fold
in their helical state.
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Chemical shift perturbation measurements
To determine whether dark-adapted Bak,; s interacted with
the binding groove of Bcl-x,, 'H-""N heteronuclear single-quan-
tum correlation (HSQC) NMR spectra were measured for free
>N-labeled Bcl-x, and complexes with wild-type Bak;,s; and
dark-adapted Bak,;5.. For these studies, Bcl-x, 1-212 (A45-84),
which lacks the flexible loop between residues 45 and 84, was
used. Previous studies have shown that this truncated version
of Bcl-x, has the same anti-apoptotic and peptide binding
activities as Bcl-x, 1-212.2*%4 The HSQC spectra show compa-
rable chemical shift changes, indicating that the structural
changes of Bcl-x_ upon addition of dark-adapted Bak,,”s. are
very similar to those obtained with wild-type Baky, g,
(Figure 6). The resonances in the HSQC spectrum for the com-
plex of Bcl-x, with dark-adapted Bak,,s, were assigned from a
HSQC-TOCSY spectrum and by comparison with the published
assignments for the complex of Bcl-x, with a 25-residue pep-
tide corresponding to the BH3 helix of the proapoptotic pro-
tein Bad.*”

LN B L B B L B B B L B Y B R

SN/ppm

ON/ppm

Y

L130 10 ° 9 8 7 -

OH/ppm

Figure 6. 'H-"°N HSQC NMR spectra of free Bcl-x, 1-212 (A45-84, green) and
in complexation (red) with A) wild-type Bak;,_g;, and B) dark-adapted alkylat-
ed Bak,; !

72-87°

Complexation with dark-adapted Bak),s, led to chemical
shift changes in most residues of Bcl-x, (Supporting Informa-
tion). Residues F57, E58, F65, T69, S82, F91, D93, G94, W97,
F106, T132, and Y133 in particular showed strong changes in
their chemical shifts (shown in red in Figure 7). These residues
lie in the region of Bcl-x, that had previously been defined as
forming the binding cleft for Bak and Bad.”**” Many other resi-
dues showed medium chemical shift changes on binding to
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Figure 7. Surface representation of Bcl-x, showing residues that undergo

11 Minimum chemical

changes in NH chemical shift upon binding to Bak,, ..
shift changes were mapped onto the model of the Bcl-x,/Bak,;;, complex.
Red: @ > 0.4w,,,. Yellow: 0.4w . > @ >0.150,,,,. Green: @ < 0.15w .. The

modeled Bak,,"'s, peptide is shown as white sticks.

dark-adapted Bak,; "3, (shown in yellow in Figure 7). While resi-

dues Q71, L72, Q85, A102, and L154 were in the direct vicinity
of the binding cleft on Bcl-x, and hence further confirmed that
Bak,;s, bound to this region, several residues further away
from the binding cleft also showed medium chemical shift
changes, in agreement with a previous report in which such
long-range inductive effects had also been observed.”® These

data indicated strongly that dark-adapted Bak,;"i, and wild-

type Bak;,_g; target the same area on the surface of Bcl-x,.
Interestingly, the HSQC spectrum of Bcl-x, in complexation
with Bak,/*7 (Supporting Information) was almost identical to

that of the complex with Bak;'s.. In the dark-adapted state,

Bak,."7, adopts a largely disordered structure and binds Bcl-x,
weakly, whereas Bak,;'s, is predominantly helical and binds

Bcl-x, more strongly (vide supra). The strong similarities be-
tween the HSQC spectra of the two complexes therefore show
that isomerization of the crosslinker affects only the affinity of
the peptide for Bcl-x, rather than its preferred binding site.

Conclusions

In summary, a family of photocontrollable peptide-based
switches that target the anti-apoptotic protein Bcl-x, has been
developed, through the use of an azobenzene-derived photo-
activatable crosslinker to regulate the conformation of short
peptides based on the BH3 regions of the Bcl-x,-binding pro-
teins Bak™® and Bid.*” The binding mode was determined by
CD and NMR spectroscopy, which revealed that these peptides
bind to the same cleft of Bcl-x, that had been identified as the
target site of wild-type Bak and Bid. However, helix-stabilized
peptides showed significantly greater affinities for Bcl-x, than
the unalkylated and wild-type peptides, whereas the helix-de-
stabilized forms generally showed reduced affinity. The availa-
bility of such peptides should in the future provide the oppor-
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tunity to activate apoptotic process in cellular systems through
the application of external light pulses.

The technology described here has a high level of generic
character, because many other protein—protein interactions
depend on a-helices. In addition, it can be extended to control
the conformation of (3-strands. Applications in surface chemis-
try, imaging, particle physics, and medical diagnostics could
also be envisaged. The combined features of high affinity and
high specificity together with their stable peptide fold suggest
that these and similar peptides might be used to probe and
modulate specific protein function within the context of the
cellular proteome. While other peptide-based and small mole-
cule reagents have been developed to target specific protein—
protein interactions, our peptide-based switches are unique in
that their protein-binding activity can be controlled externally
by irradiation with light, opening the possibility of interfering
specifically with such interactions to study and modulate cellu-
lar function.

Experimental Section

Peptide synthesis and purification: All peptides were synthesized
by solid-phase peptide synthesis on a CEM peptide synthesizer
(Matthews, NC, USA), by standard 9-fluorenylmethoxycarbonyl
(Fmoc) group chemistry protocols. The C-termini were produced in
their amidated forms, and the N-terminal amines were acetylated
or labeled with carboxyfluorescein (FAM) for fluorescence anisotro-

py measurements. Wild-type Bak;,,s; and Bak7;fg7 were synthesized

on Rink amide resins. Bak,;"s, and Bak,/'?,, were synthesized on
Rink amide 4-methylbenzhydrylamine resins. For FAM-labeling, the
resin-bound peptide was incubated at room temperature with
FAM (50 mg), N-hydroxybenzotriazole (20 mg), and diisopropylcar-
bodiimide (26 uL) in DMF (1.5 mL) for 2 h prior to cleavage from
the resin with TFA. Crude peptides were dissolved in acetonitrile/
water (1:1) and purified by reversed-phase HPLC on a Phenomenex
Luna 10 um C18 100 A column (250x 10 mm; Torrance, CA, USA) at
a flow rate of 5mLmin~". A linear 0-60% acetonitrile gradient
was run over 60 min. Peptide concentrations were obtained from
absorbance at 210 nm (¢=20 mLmg~'cm™").*¥ Concentrations of
FAM-labeled peptides were determined at 494nm (e=
83000M 'cm™).BY

Peptide alkylations: The crosslinker 3,3"-bis(sulfo)-4,4"-bis(chloro-
acetamido)azobenzene was synthesized as described previously.®®
All reactions involving the crosslinker were performed in the dark.
The peptide (1 mg) was fully reduced prior to alkylation by incuba-
tion in Tris buffer (pH 8.3, 50 mm, 1 mL) containing tris(carboxy-
ethyl)phosphine (TCEP, 0.5 mm) at 4°C for 15 min. For Bak,,_s; pep-
tides, crosslinker solution (2 mm) in Tris buffer (pH 8.3, 50 mm) was
added to the reduced peptide in three 333 uL portions at 20 min
intervals. After 12 h the alkylated peptides were purified by re-
versed-phase HPLC as described above. The alkylation reaction for
Bak,, 7., was performed at 50°C with 2 h incubation after each ad-
dition of the azobenzene. The elevated temperature and increased
reaction time were required because under the conditions used for
the Bak peptides, bis-alkylation of Bak,,'7,, with two azobenzene
moieties was observed rather than crosslinking with a single azo-
benzene. This is likely to be due to the close proximity of the reac-
tive thiols, which disfavors intramolecular alkylation. By decreasing
the degree of peptide structure, elevated temperatures may in-
crease this distance and so favor intramolecular reaction. Purifica-
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tion was performed immediately afterwards as described for
Bak,,_g; peptides. Concentrations of alkylated peptides were calcu-
lated with an extinction coefficient at 363 nm of 24000m~'cm~".54

Photoisomerization: Dark-adapted peptide-based switches were
photoisomerized by irradiating the peptide solution (typically
100 pm) for 4 min with a 250 W metal halide UV light point source
(UV-P280, Panacol-Elosol, GmbH, Oberursel, Germany) coupled to
a 360 nm band-pass filter.

Purification of Bcl-x, and HAm2: A plasmid containing the cDNA
for Hdm2 residues 1-188 was obtained from David Lane (University
of Dundee, UK). A fragment encoding amino acids 1-125 was ex-
pressed in E. coli and purified as previously described.”™ A plasmid
encoding human Bcl-x, was obtained from Marion McFarlane (Uni-
versity of Leicester, UK). The gene encoding Bcl-x, was amplified by
PCR with use of the primers bcl-x, fwd; 5-GTA CGC ATA TGT CTC
AGA GCA ACC GGG AGC-3’' and bcl-x, rev; 5-CTA GTA GAT CTT
CAG CGT TCC TGG CCC TTT CG-3/, designed to introduce Ndel and
Bglll restriction sites (sequences underlined) flanking the gene and
to delete the C-terminal domain of the protein. The PCR product
was cloned into a PCR-Script vector using blunt end ligation. The
resulting plasmid was digested with the Ndel and Bglll restriction
enzymes, and the 639 bp fragment coding for amino acids 1-212
of Bcl-x, was introduced into the Ndel and BamHI digested pET19b
expression vector, which codes for a N-terminal His-tag. DNA se-
quencing confirmed the presence and correct sequence of the bcl-
x_ insert. This pET19b-bcl-x, (1-212) expression vector was trans-
formed into E. coli BL21(DE3) cells, which were grown at 37°C in
LB medium to an ODgy, of 0.5 and expression induced with isopro-
pyl B-p-galactopyranoside (IPTG, 0.4 mm). Six hours after IPTG addi-
tion the cells were harvested, resuspended in sodium phosphate
buffer (pH 7.5, 100 mMm) containing [-mercaptoethanol (100 mm),
and lyzed by sonication. Cell debris was removed by centrifugation
at 40000 g for 20 min, and the clarified lysate was dialyzed against
sodium phosphate buffer (pH 7.5, 100 mm) containing [-mercap-
toethanol (5 mm) to allow purification on a Ni-sepharose column.
After loading the protein solution, the column was washed with
sodium phosphate buffer (pH 7.5, 100 mm) containing NaCl
(500 mm), B-mercaptoethanol (5 mm), and imidazole (50 mm), and
bound Bcl-x, was eluted with the same buffer containing imidazole
(500 mwm). The purity of the resulting 26 kDa protein was analyzed
by SDS polyacrylamide gel electrophoresis (Supporting Informa-
tion) and the correct mass was verified by MALDI-TOF mass spec-
trometry (measured: 25922 Da; calculated: 25985 Da). The yield of
pure protein was 30 mgL™" of culture. For NMR experiments, trun-
cated-loop Bcl-x, was used because of its lower aggregation ten-
dency. A pET vector encoding residues 1-212 (A45-84) of Bcl-x,
with a C-terminal His-tag was transformed into E. coli BL21(DE3)
cells, which were grown at 37°C in M9 minimal medium contain-
ing ""NH,Cl. The protein was prepared as described for non-trun-
cated Bcl-x,.. MALDI-TOF mass spectrometry showed a peak at m/z
21428, in good agreement with the expected mass of 21567 Da
for the labeled protein.

UV/Vis spectroscopy: All spectra were recorded in potassium
phosphate buffer (pH 8.0, 5mm) at 5°C with a Shimadzu UV-
2401PC UV-Vis spectrometer in a 5 mm or 1 mm pathlength cuv-
ette. The concentration of Bak,,s, was 250 um. First-order kinetics
for the thermal cis- to trans-reversion were assumed, because the
rate of reversion should only depend on the concentration of cis-
peptide (cis-P). The corresponding integrated first-order rate law is
given in Equation (1):

[cis-P] = [cis-P], e (1)
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Since [cis-P] is directly proportional to the percentage of non-re-
verted irradiated peptide (%;.,q), the rate constant (k) for the ther-
mal relaxation process could be calculated from a plot of In%,.4(t)
versus t%,;,,q4(t) is defined in Equation (2):

%irrad (£) = 100 Asgy(£) / (AL~ AT2S) 2)

where A;q(t) is the measured absorbance at 363 nm at time t, and
A% and AT are the values for the absorbance immediately

before and after irradiation.

Circular dichroism spectroscopy: All spectra were recorded in po-
tassium phosphate buffer (pH 8.0, 5mm) in a 1 mm pathlength
cuvette at 5°C with an Applied Photophysics Chirascan spectrome-
ter. The peptide concentration was typically 100 um. Spectra were
also acquired in the presence of 2,2,2-trifluoroethanol (20 %), which
promotes helix formation.*® Mean residue ellipticities were calcu-
lated according to Equation (3):

(@], = ©/(10ncl) (3)

where @ is the measured ellipticity in mdeg, n is the number of
backbone amide bonds, ¢ is the concentration in M, and / is the
pathlength in cm. The percentage helical structure was calculated
from Equation (4):

% helicity = —100n [©], ,,,/40000 (n—4) (4)

where n is the number of amide bonds in the peptide.*®

Binding experiments using fluorescence anisotropy measure-
ments: Fluorescence anisotropy measurements were carried out
on a Perkin-Elmer LS55 luminescence spectrometer at 15°C (exci-
tation at 494 nm and emission at 525 nm; slit width 5 nm, integra-
tion time 5 s). All measurements were performed in a 1 mL fluores-
cence quartz cuvette with FAM-labeled peptide (10 nm). The assay
was performed in sodium phosphate buffer (pH 7.5, 100 mm) con-
taining NaCl (10 mm). Defined volumes of Bcl-x_ solution (4 pm or
40 um) were added to the FAM-labeled peptide, and the changes
in fluorescence anisotropy were measured. For experiments using
light-induced peptides the solution in the cuvette was re-irradiated
for 30 s every 5 min to keep the maximum amount of azobenzene
crosslinker in the cis form. The G factor (ratio of monochromator
sensitivity for horizontally and vertically polarized light) was calcu-
lated for each measurement by Equation (5)

G=1./l (5)

where I and I, are the intensities of the fluorescence emission in
planes parallel and perpendicular, respectively, to the excitation
plane. Values for fluorescence anisotropy (A) were then determined
from Equation (6)"*®

A= (=Gl /I, +2Gl,) (6)
The fraction of bound peptide (@) was derived by normalizing the
anisotropy data. The resultant @ values were fitted to the Lang-

muir equation [Eq. (7)] with use of the program Sigmaplot to
obtain Kj

D = {1+ (Ko/[Bclx])"} @)
All binding curves were acquired independently four times, and

the resulting K, values were averaged. Errors are standard errors of
the mean at 20.
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NMR experiments: All NMR experiments were performed in
sodium phosphate buffer (pH 7.3, 10 mm) containing f-mercapto-
ethanol (5 mm). "N-Labeled Bcl-x, was concentrated to 300 pm,
and D,0 (5%, v/v) was added. "H-""N HSQC spectra of free Bcl-x,
and its complexes with unlabeled wild-type Bak,,s; and dark-
adapted Bak,;'7. and Bak,,"'s, (1:1.1 protein to peptide ratio) were
acquired on a Varian INOVA 600 MHz NMR spectrometer. For the
complex with dark-adapted Bak,; s, a "H-">N HSQC-TOCSY spec-
trum was also acquired. Spectra were processed by use of
NMRPipe®” and analyzed by using the Analysis 1.0.15 software for
Linux.”® HSQC peaks for the complex with dark-adapted Bak,,s,
were assigned by comparison with the published assignments for
the Bcl-x,/Bad complex,”” and assignment of residue types were
verified by use of a three-dimensional ""N-edited HSQC-TOCSY
spectrum. When 'H-"N HSQC spectra of uncomplexed and com-
plexed Bcl-x, were compared, peak movements were calculated by
use of Eq. (8):

o = {(A(OH))*+(A(8N)/5)*}"/2 (8)

and were expressed as fractions of the maximum peak move-
ments. A significant change in chemical shift was defined as w >
0.4 @ -

i+11

Modeling of the complex of dark-adapted-Bak,, s, and Bcl-x:
The model was generated from the NMR structure of the complex
of Bcl-x, and wild-type Bak;, g, (PDB 1BXL)*® by use of the Molecu-
lar Operating Environment software for Linux. After the necessary
amino acid substitutions and incorporation of the crosslinker, the
forcefield MMFF94"' was used to minimize the energy of the pep-
tide and a 4.5 A region around it.
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Post-translational Modification in Microviridin Biosynthesis

Benjamin Philmus,” Guntram Christiansen,” Wesley Y. Yoshida,” and

Thomas K. Hemscheidt*®

Cyanobacteria are prolific producers of bioactive natural prod-
ucts that mostly belong to the nonribosomal peptide and poly-
ketide classes. We show here how a linear precursor peptide of
microviridin K, a new member of the microviridin class of pepti-
dase inhibitors, is processed to become the mature tricyclic pepti-
dase inhibitor. The microviridin (mvd) biosynthetic gene cluster of
P. agardhii comprises six genes encoding microviridin K, an appa-
rently unexpressed second microviridin, two RimK homologues,
an acetyltransferase, and an ABC transporter. We have over-ex-

Introduction

Products from the nonribosomal peptide synthetase (NRPS)
and the polyketide synthase (PKS) pathways dominate the sec-
ondary metabolism of the cyanobacteria.l" Planktothrix agard-
hii NIVA-CYA 126/8 (hereafter referred to as P. agardhii CYA126/
8) is no exception to this general rule, as the isolation of the
[Asp’]-microcystins-RR and -LR? the aeruginosides 126A and
126B,"! two new anabaenopeptins, and two new cyanopepto-
lins has shown.”

P. agardhii CYA126/8 is the first example of a cyanobacterium
with a reasonably complex secondary metabolism that is relia-
bly amenable to genetic manipulation.®>® This makes this
organism a potentially useful model with which to investigate
some of the unique aspects of the biosynthesis of cyanobacte-
rial secondary metabolites. As part of an investigation aimed at
the comprehensive analysis of small-molecule peptide natural
products in Planktothrix, their biosynthesis, and the interac-
tions between the various biosynthetic pathways involved, we
set out to establish the chemical structure of the microviridin-
type metabolite present in isolate CYA126/8 and to identify its
biosynthetic gene cluster. Through a combination of structure
determination, reverse genetics, and genomics we have identi-
fied the mvd gene cluster, which is responsible for microviridin
biosynthesis, in P. agardhii. We have also established the func-
tions of all but one of the proteins encoded by the mvd genes
through biochemical analysis in vitro.

Structurally, the microviridins are a family of N-acetylated tri-
and tetradecapeptides that are cross-linked through the w-car-
boxy groups of glutamate or aspartate residues in positions 2,
3 and 5, respectively. These form an amide bond to the e-
amino group of a conserved lysine in position 9 and ester
bonds to the hydroxy groups of the serine and threonine resi-
dues at positions 6 and 11, respectively. Such ester and amide
bonds through functional groups in the w-positions in amino
acids are common motifs in peptides and depsipeptides bio-
synthesized by the nonribosomal peptide synthetase (NRPS)

SR, WWILEY R
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pressed three enzymes of this pathway and have demonstrated
their biochemical function in vitro through chemical degradation
and mass spectrometry. We show that a prepeptide undergoes
post-translational modification through cross-linking by ester
and amide bond formation by the RimK homologues MvdD and
MvdC, respectively. In silico analysis of the mvd gene cluster sug-
gests the potential for widespread occurrence of microviridin-like
compounds in a broad range of bacteria.

route and could indeed be mistaken as hallmarks of this bio-
synthetic mechanism. Thus, unexpectedly, such crosslinks of
ribosomally produced peptides can be introduced through
post-translational modifications that are unprecedented, at
least in the cyanobacteria.

Microviridins have been reported to be potent inhibitors of
chymotrypsin and elastases in vitro and in vivo” and are
thought to constitute the principal component of the chemical
defense against Daphnia sp. in the natural habitats of the cya-
nobacteria.”’ To date they have been isolated and character-
ized only from the cyanobacteria: specifically the genera Micro-
cystis,® Planktothrix®® and Nostoc."” Our data suggest, howev-
er, that they might occur more widely than has been appreci-
ated in, for instance, the genus Anabaena, but possibly also in
the myxobacterium Sorangium cellulosum Soce56 and the
sphingobacterium Microscilla marina ATCC 23134 (Figure S1 in
the Supporting Information)

Results and Discussion

We report here how the combination of chemical analysis, in
the form of structure determination, and biological techniques,
such as reverse genetics and genomics, has led to the identifi-
cation of the mvd gene cluster, which encodes microviridin
biosynthesis, in P.agardhii. The function of this cluster was

[a] B. Philmus, W. Y. Yoshida, Prof. T. K. Hemscheidt
Department of Chemistry, University of Hawaii at Manoa
2545 McCarthy Mall, Honolulu, HI 96822 (USA)
Fax: (+ 1) 808-956-5908
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established with the aid of genetic tools and in vitro biochemi-
cal assays combined with chemical analysis and chemical deg-
radation. Genomic analysis revealed, unexpectedly for us, that
microviridin is a ribosomally encoded peptide rather than an
NRPS product. Ribosomally biosynthesized peptides had until
recently been known mainly from the lactobacilli"" and the en-
terobacteria,"? but not from cyanobacteria. However, the ribo-
somal origin of some oxazole-/thiazole-containing secondary
metabolites of cyanobacteria has become evident very recently
as the result of genomic analyses. At present there are eight
examples—all structurally related—of such natural products
arising through this biosynthetic mechanism in the cyanobac-
teria: the patellamides, patellins, and tenucyclamides (collec-
tively called the cyanobactins) of symbiotic Prochloron sp.,"*"
as well as trichamide from Trichodesmium erythraeum,"® and
the microcyclamides/aerucyclamides from Microcystis aerugino-
sa PCC 7806."7" These hexa- to octapeptides are biosynthe-
sized in a prepeptide in which they are contained in “cas-
settes”. The appropriate amino acids are then excised from the
prepeptide, cyclized head to tail, and oxidized after the oxazo-
line/thiazoline rings have been formed. All the gene clusters
described above have significant similarity to each other and
therefore a similar proposed mechanism of elaboration of the
natural products.

Our investigation shows that the microviridins constitute an-
other, structurally distinct group of cyanobacterial metabolites
elaborated by the ribosomal biosynthetic mechanism. This had
not been our working hypothesis when we began this work,
and it was only during the preparation of this manuscript that
we became aware of a reference in the secondary literature
suggesting a potential ribosomal origin on structural
grounds." Moreover, a MvdE homologue in Microcystis aerugi-
nosa PCC 7806 had been deposited in GenBank (accession
number AM778866.1) and been annotated as a microviridin-
type peptide during the Microcystis genome project. Lastly,
while a draft of this manuscript was under review, the origin of
microviridin in ribosomal biosynthesis was verified through
heterologous expression in E. coli*® Thus, while the structural
diversity of biologically active small molecules in the cyanobac-
teria has been noted for some time, our appreciation of the
complexity of their biosynthesis as exemplified by the parallel
use of the nonribosomal and the ribosomal pathways is still
developing.

The presence of a microviridin-like compound in the
CYA126/8 isolate of Planktothrix had been suggested in a pre-
vious MALDI-TOF-MS analysis of a cyanobacterial filament as
part of the studies of the microcystin biosynthetic pathway
(Figure 5 in ref. [5]). In that analysis a pseudomolecular ion
cluster had been evident between m/z 1770 and 1808, and
was interpreted to be the [M+H]" and [M+K]" adducts of a
peptide of mass 1769 Da. Microviridins (Table S1), the largest
known oligopeptides in the cyanobacteria, fall into that molec-
ular mass range and it therefore appeared reasonable to sur-
mise that this metabolite belonged to this group of com-
pounds. Analysis of an extract of the CYA126/8 isolate by LC-
HRESI-TOF-MS indicated the presence, among those of other
compounds, of a pseudomolecular ion [M+H]" at m/z
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1770.7060, which is in good agreement with the calculated
mass for the parent compound suggested by the MALDI-MS
analysis mentioned above. This compound was therefore tar-
geted for isolation from cell mass obtained through mass cul-
ture by standard natural products chemistry techniques. Inter-
pretation of 1D-TOCSY, gHSQC, gHMBC, and ROESY data
(Table S2) led to the assignment of structure 1 to the microviri-

din from this isolate. The amino acid sequence of 1 is identical
with that observed for another microviridin from a Planktothrix
isolate—microviridin D, which presumably is the methanolysis
product of microviridin K.

With the structure of 1 to hand, we turned to searching for
the gene cluster responsible for this peptide. Analysis of the
raw, as yet incompletely annotated genome sequence of
P. agardhii CYA126/8 revealed an insufficient number of ade-
nylation domains to explain the biosynthesis of 1 by a NRPS
pathway considering the number of known NRPS-derived me-
tabolites in this isolate. Furthermore, while most NRPS prod-
ucts contain nonproteinogenic amino acids, and/or hydroxy
acids, and/or amino acids of b configuration and/or N-meth-
ylated amino acids, such structural features are absent in 1.
These observations prompted us to consider a ribosomal
origin for microviridin K. In order to detect the putative micro-
viridin gene in P. agardhii we therefore constructed hypotheti-
cal gene fragments using all possible combinations of codons
for the seven N-terminal amino acids present in 1 as suggested
by the NMR data. Of the 256 combinations assembled in this
way, only one was discovered in the raw genome sequence
and this match was unique. Further analysis of the immediate
surrounding area revealed that, in addition to the codons for
the fourteen amino acids known from the NMR structure of 1,
an additional 102 bp encoding 34 amino acids of a presumable
leader sequence were present. It thus appeared that 1 is bio-
synthesized as a prepeptide, which we named mvdE, and re-
quires proteolytic processing as part of the post-translational
modification process. The amino acid sequence of MvdE is
shown in Figure 1. Downstream from mvdE a gene of 153 bp
(mvdF) encodes a second putative microviridin together with
its leader sequence for a total length of 50 amino acids. To
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A) mvdE mvdF
orf1 mvdA mvdB mvdC mvdD orf2

I
Equals 1000 bp

B) MSKNVKVSAPKAVPFFARFLAEQAVEANNSNSAP-
YGNTMKYPSDWEEY

Figure 1. A) Organization of microviridin biosynthetic gene cluster from
P. agardhii. Gray shaded genes are presumed to be outside the mvd gene
cluster. B) Amino acid sequence of MvdE. The amino acids destined to
become microviridin K are underlined.

date we have not found the corresponding microviridin in
extracts of P. agardhii. The sequence homologues of MvdE and
MvdF from available cyanobacterial genomes are shown in
Figure S2.

Further analysis of gene sequences upstream from these pu-
tative microviridin genes revealed the presence of two genes
of 975 (mvdC) and 993 bp (mvdD). These encode proteins of
monoisotopic mass 36840 Da and 37479 Da, respectively, with
homology to RimK proteins, a family of carboxylate-amine/
thiol ligases.”” Further upstream, mvdB (540 bp) encodes a
protein of 19598 Da, which is homologous to acetyltransferas-
es, whereas mvdA (1794 bp) encodes a 68712 Da protein with
high homology to ABC transporters. Immediately upstream
from the latter there is an open reading frame, orf1, with ho-
mology to apdE from the anabaenopeptilide gene cluster.”? At
the 3" end of the mvd cluster, downstream from mvdF, there is
orf2, which is homologous to apdf. The mvd genes thus
appear to be inserted into remnants of an anabaenopeptilide
or similar gene cluster. The homologies of Mvd proteins to
their nearest homologues in the NCBI database as identified
by BLAST search are shown in Table 1. The genes of the recent-
ly published microviridin cluster from M. aeruginosa NIES-
2982% are all among the top ten hits in the BLAST search, but
do not score higher than the entries given in Table 1. Addition-
al alignments are shown in Figures S3-S6.

T. Hemscheidt et al.

Inspection of the structure of 1 coupled with the homolo-
gies listed in Table 1 readily allowed us to formulate a hypoth-
esis as to the functions of MvdB-D in microviridin biosynthesis.
However, the same cannot be said for the apdE and apdF ho-
mologues. These two genes encode a protein containing an S-
adenosylmethionine (SAM) binding domain and a protein with
homology to short-chain dehydrogenases, respectively, of
undetermined function in anabaenopeptilide biosynthesis. At
present we do not consider these two genes to be part of the
mvd cluster for two reasons: firstly, apdE and apdF encode
activities involving SAM and oxidation/reduction, respectively,
that do not have any obvious function in microviridin biosyn-
thesis, and secondly, only one of the other putative microviri-
din gene clusters that we have identified from publicly accessi-
ble databases includes homologues of these two genes in the
immediate vicinity. If they were part of the cluster, then one
would expect them to show up in putative mvd gene clusters
with greater frequency. This is not the case.

The putative enzyme performing the proteolytic processing
of the 48-mer to the 14-mer is conspicuously absent from the
cluster and its surroundings in P. agardhii. The organization of
the mvd cluster from P agardhii CYA126/8 is depicted in
Figure 1. The sequence is deposited in GenBank under the
accession number EU438895.

In order to demonstrate that mvdE does indeed encode a
precursor to 1 and that the genes mvdB-D encode the en-
zymes performing some of the post-translational modifications,
we pursued a dual mutagenesis and biochemical characteriza-
tion strategy. We deleted mvdE and mvdF using our estab-
lished technique and replaced these with a chloramphenicol
acetyltransferase gene.”’ A deletion strategy was chosen be-
cause insertional inactivation constructs of mvdE and mvdF un-
derwent recombination in E. coli; this resulted in the deletion
of the insert. After transformation of P. agardhii and selection
with antibiotic in liquid medium, we obtained cultures defi-
cient in microviridin K production as demonstrated by HPLC
and LC-MS (Figure 2B). The biosynthesis of all other known

metabolites from this isolate was
unaffected in the mutant. Fur-

thermore, PCR analysis with use
of primers located outside the

Table 1. BLAST homologies of Mvd proteins with closest neighbors.

Protein  Size®  Proposed function Sequence similarity™ Identity/similarity

ORF1 265 putative methyltransferase ApdE 74%, 83 %
A. circinalis 90

MvdA 597 ABC transporter IPF_2484 73%, 87 %
M. aeruginosa PCC 7806

MvdB 179 acetyltransferase MAE_24080 62%, 76 %
M. aeruginosa NIES-843

MvdC 324 cyclization protein, amide bond forming Npun02001923 75%, 88%
N. punctiforme PCC 73102

MvdD 330 cyclization protein, ester bond forming Npun02001924 79%, 90 %
N. punctiforme PCC 73102

MvdE 48 microviridin K prepeptide MAE_24110 53%, 70%
M. aeruginosa NIES-843

MvdF 50 Microviridin 2 prepeptide IPF_3129 51%, 62%
M. aeruginosa PCC 7806

ORF2 245 short chain dehydrogenase ApdF 80%, 91 %
A. circinalis 90

[a] Amino acids; [b] protein, organism.
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homologous recombination area
confirmed that the resistance
gene had inserted into the
genome at the intended posi-
tion (Figure 2C).

We then heterologously over-
expressed MvdC and MvdD in
E. coli as Hiss-tagged fusion pro-
teins. Despite extensive optimi-
zation of conditions, the bulk of
the protein produced was found
in the insoluble fraction. None-
theless, sufficient pure, soluble
protein for the projected in vitro
work was obtained after Ni-
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agarose chromatography
ure S7).

The purified enzymes were as-
sayed for cyclization activity with
synthetic 48-mer prepeptide as
substrate. This peptide is identi-
cal in amino acid sequence to
MvdE and was prepared by
solid-phase peptide synthesis. In-
cubation of the two over-ex-
pressed MvdC and MvdD pro-
teins with peptide substrate
(10 ug) in the presence of ATP at
pH 8.0 resulted in time-depen-
dent conversion of the 48-mer
(IM4+3HP* m/z 1795.2007; Fig-
ure 3A, [M]" 5382.5784; calcd
5382.5753, 0.5 ppm error) into a
slightly less polar compound
with concomitant loss of 54
mass units, equivalent to the
loss of three water molecules
(IM43HP"; m/z 1777.1872, Fig-
ure 3B, [M]* 53285379; calcd
5328.5435, 1.0 ppm error). In
parallel incubations with the
same batches of substrate and
protein, no conversion was ob-
served in the presence of boiled
enzyme or in the absence of
either ATP or enzyme. Enzymatic
activity was observed only when
the 48-mer peptide was used as
the substrate, because no cycli-
zation was seen when a linear
peptide consisting of the C-ter-
minal 14 amino acids was used
as the substrate in parallel reac-
tions. When MvdC was added to
the reaction mixture lacking
MvdD, no conversion of the
starting material was observed.
However, when only MvdD was
incubated with MvdE under
standard conditions, conversion
of the starting material was ob-
served, although with concomi-
tant loss of only two water mol-

(Fig-

ecules (IM+3HPP; m/z
1783.2007, Figure 3C, M1+
5346.5784; calcd 5346.5541,

4.5 ppm error). This suggested
that most likely the two ester
bonds were formed first, fol-
lowed by the amide bond. To
support this interpretation, the
product of reaction of MvdD

ChemBioChem 2008, 9, 3066 - 3073
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Figure 2. LC-TOF-MS total ion current traces from extracts of P. agardhii. A) CYA 126/8-WT, and B) 126/8-AMV.
Compounds by peak: peak 1: anabaenopeptin 908; peak 2: [Asp®]-MC-RR; peak 3: anabaenopeptin 915 and
[Asp®]-MC-LR; peak 4: microviridin K (1); peak 5: dAc-microviridin K; peak 6: oxidized microviridin K; peak 7: micro-
viridin K+ MeOH; peak 8: microviridin K+H,0. C) PCR products showing the correct insertion of the chlorampheni-
col acetyltransferase gene during homologous recombination. Lane M: /Pstl marker; lane 1: PCR product ampli-
fied from 126/8-WT genomic DNA; lane 2: PCR product amplified from 126/8-AMV genomic DNA.
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Figure 3. TOF-MS spectra of synthetic MvdE when incubated with: A) no enzyme (IM+3HI**; m/z 1795.2007),

B) MvdC and MvdD (IM+3HP**; m/z 1777.1872), C) MvdD only (IM+3HI**, m/z 1783.2007), and D) MvdD followed
by addition of LiBH, in MeOH (room temperature, 15 min, [M4+3H]**; m/z 1785.8687); * denotes the [M4-3H]*"
monoisotopic ion peak.
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was quenched reductively (LiBH,/MeOH, room temperature,
0.25 h) under conditions that should leave amide bonds unaf-
fected. HRESI-TOF-MS analysis of the reduced reaction mixture
showed a shift of 8 Da (+4H +4H™) to higher mass as expect-
ed (IM+3HP"; m/z 1785.8687, Figure 3D [M]* 5354.5824;
calcd 5354.6173, 6.5 ppm error).

Attempted reductions with NaBH, in lieu of LiBH, under oth-
erwise identical conditions did not yield reduced products.
This result suggests that MvdD catalyzes ester formation rather
than a simple dehydration somewhere in the peptide chain,
resulting in dehydroalanine or dehydrobutyrate residues, be-
cause NaBH, readily reduces such N-acyl enamides.”? This rea-
soning is also supported by the stoichiometry observed. Re-
duction of a dehydroamino acid would require one hydride
and a proton per double bond and therefore a total of four hy-
drogens for the reduction of a
molecule from which MvdD had
cleaved off two equivalents of
water. The observed stoichiome- A)
try is eight hydrogens per mole-
cule, a requirement that is
uniquely met if two carbonyls
are reduced with concomitant
cleavage of a heterocycle.

The requirement for LiBH, as a

T. Hemscheidt et al.

the cyanogen bromide degradation products of the linear 48-
mer and of the reduced product of MvdD should show differ-
ences within the C-terminal nonapeptides. In the event, treat-
ment in parallel of a sample of the 48-mer prepeptide and of
the reduced product of MvdD with cyanogen bromide in aq
acetic acid (70%) for 3 h at room temperature, followed by LC-
HRESI-TOF-MS analysis, yielded the mass spectra shown in
Figure 4. The product of degradation of the uncyclized prepep-
tide shows the expected mass of [M+H]* m/z 1216.5213 for
the C-terminal nonapeptide (calcd 1216.5157, 4.6 ppm error;
Figure 4A). The mass of the nonapeptide obtained by degrada-
tion of the reduced MvdD product is lower by 28 mass units
(IM+H1*; m/z 1188.5558, calcd 1188.5499, 5.0 ppm error; Fig-
ure 4B), as expected (plus 4H™ minus two oxygens) relative to
that obtained from the 48-mer prepeptide. This shows conclu-

reducing agent strongly support- r T
ed the interpretation that two B)

ester bonds had been formed by *

the action of MvdD. However,

the location of the ester bonds

within the 48-mer did not follow

from this experiment. Since the

linear 48-mer peptide contains

multiple acidic amino acids and

multiple serine residues in the 1188
leader sequence, the putative 0
cross-links suggested by the re- *
duction experiment could be lo-
cated there rather than in the
portion of the peptide destined
to become 1. The reduction
product was therefore next sub-
jected to cyanogen bromide |

1193

1198

1203 1208 1213 1218

AAL S Al

degradation, which selectively
cleaves at the carboxy termini of D)
methionine residues. If the puta-
tive ester bonds in the 48-mer
are located at the positions sug-
gested by the structure of micro-
viridin K, then in the reduction
product the third amino acid

*

|

from the carboxy terminus 1725 1735
should be a 5-hydroxynorvaline
in lieu of a glutamic acid and

the fifth amino acid a homoser-

1745

1755 1765 1775
m/z

1785

Figure 4. TOF-MS spectra of A) CNBr digest of uncyclized synthetic MvdE (IM+H]"; m/z 1216.5213); B) CNBr digest

of bicyclic, reduced MvdE ([M+H]*; m/z 1188.5558); C) dAc-microviridin K incubated without enzyme ((M+H]";

ine in lieu of an aspartic acid.

Thus, comparison by LC-MS of  monoisotopic peak.

3070

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

m/z 1728.6866); D) dAc-microviridin K incubated with MvdB [M+H]*; m/z 1770.6987; * denotes the [M+H]"
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sively that the sites of the reductions are located within the
first nine C-terminal amino acids of the MvdD product.

We next investigated the mechanism by which the ester
bonds are introduced. We considered two potential mecha-
nisms: i) formation of an acyl-adenylate intermediate with con-
comitant release of pyrophosphate, or ii) formation of a car-
boxylate-phosphate mixed anhydride with release of ADP, fol-
lowed by release of phosphate upon esterification. In three
replicate experiments we incubated MvdE with MvdD until
complete conversion was reached as judged by LC-MS. The
released phosphate was determined by use of the Malachite
green assay. Aliquots of the reaction mixture were removed
and quenched by addition of a suspension of charcoal in
water. The solids were centrifuged, and the phosphate concen-
trations in the supernatants were determined. We found that
(0.727+£0.013) nmol of phosphate were released for every
0.372 nmol of MvdE cyclized. This suggests that MvdD forms
the mixed anhydride rather than the acyl-adenylate intermedi-
ate and agrees with the mechanism of another RimK homo-
logue, p-alanyl-p-alanine ligase.”” Given the close sequence
homology of MvdC and MvdD it is reasonable to propose that
MvdC will follow the same mechanism as MvdD, although this
was not rigorously established.

We next expressed MvdB as a Hiss-tagged protein in E. coli.
The protein was obtained in predominantly soluble form and
in exceptional yield after Ni-agarose chromatography. The bio-
chemical function as an acetyltransferase suggested during an-
notation was confirmed by in vitro experiments. During LC-MS
screening we had observed a compound with a mass spec-
trum that suggested that it was the fully cross-linked non-
acetylated form of microviridin K. Preparative isolation of this
material by HPLC yielded sufficient amounts to be used in a
biochemical assay. Incubation of MvdB protein (0.06 ug) with
desacetyl microviridin K (5 pug; [IM+H]* m/z 1728.6866; calcd
1728.7005, 8 ppm error; Figure 4C) in the presence of acetyl
coenzyme A (4 mm) at pH 7.4 for 1 h resulted in complete con-
version into a compound that was identical with microviridin K
by HPLC and ESI-TOF-HRMS (IM+H]™ m/z 1770.6987, calcd
1770.7111, 7.1 ppm error; Figure 4D).

BLASTP analysis of MvdC-D suggests that other cyanobacte-
ria might also possess microviridin biosynthetic gene clusters
(Figure 5). Analysis of sequences deposited in the NCBI data-
base suggests that in all but one cluster the protease required
to process the cross-linked premicroviridin to the mature com-
pound is missing from the immediate vicinity of the other mvd
genes, the exception being Nostoc sp. PCC 7120, in which it is
N-terminally fused to the ABC transporter. Three other species
in this analysis—Nodularia spumigena CCY 9414 and Nostoc
punctiforme PCC 73102, as well as Anabaena variabilis
ATCC 29413—are lacking both the protease as well as the ace-
tyltransferase from their clusters. Microviridin-type metabolites
have not been isolated from these organisms, but all known
microviridins bear acetyl groups at their N termini. It is there-
fore likely that the missing acetyltransferase is located else-
where in the genome rather than missing altogether. Lastly, in
M. aeruginosa NIES-843 the putative mvd cluster comprises the
same five genes as in P agardhii, including the acetyltransfer-
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Figure 5. Graphical representation of putative mvd biosynthetic clusters in
cyanobacterial genome databases obtained from the NCBI database by
using the BLAST homology search to MvdD. Block arrows represent open
reading frames (ORFs); the gene numbers of the ORFs are indicated in the
arrows; genes are not drawn to scale. Gene prefixes are as follows: N. spumi-
gena: N9414_XXXXX; N. punctiforme: Npun0200XXXX; A. variabilis: AvaXXXX;
Nostoc sp. PCC 7120: alIXXXX (transcribed to the left) or alrXXXX (transcribed
to the right); M. aeruginosa NIES-843: MAE_XXXX; M. aeruginosa PCC 7806:
IPF_XXXX; where XXXX is the gene number seen in the diagram above.

ase, which is missing in M. aeruginosa PCC 7806. In the latter
case it is interesting to note that the mvdE homologue (IPF_
3129) is orphaned on a unique contig when compared with
the MvdA, MvdC and MvdD homologues (Figure 5).

Recent work on the biosynthesis of microviridin in M. aerugi-
nosa through heterologous expression in E. coli suggested that
the protease that removes the leader peptide is integrated
into the ABC transporter.”” In our view this hypothesis is incor-
rect for several reasons. Firstly, the ABC transporter identified
in that work—MdnE—has the highest homology to ABC trans-
porters found in other putative mvd gene clusters as well as
others found in NRPS systems (NcpC, Nostoc sp. ATCC 53789,
76 % similarity; NosG, Nostoc sp. GSV224, 77 % similarity; McnF,
Microcystis sp. NIVA-CYA 172/5, 75% similarity). None of the
products of these NRPS systems are known to require process-
ing by a peptidase, and the associated ABC transporter is
therefore most unlikely to have an integrated peptidase. Sec-
ondly, the ABC transporter of the mvd cluster from Nostoc sp.
PCC 7120, which has the peptidase fused to the N terminus, is
unique in its length in relation to all other mvd ABC transport-
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ers analyzed (Figure S3), and the N-terminal 110 to 135 amino
acids align well with peptidases. As shown in Figure S3, MdnE
does not align well with this “long” transporter and is therefore
unlikely to contain a protease activity. Thirdly, we obtained
truncations similar to those observed by Ziemert et al.”” when
we attempted to express MvdE in E. coli as a SUMO fusion pro-
tein. Since in our case the bacterium had not been trans-
formed with the mvdA gene from P. agardhii, which encodes
the ABC transporter, the transporter cannot be responsible for
the observed proteolytic degradation of the sumoylated MvdE.
A broad specificity peptidase endogenous to E. coli is the more
likely candidate, which could also explain the range of prod-
ucts observed during heterologous expression.

Conclusions

We have established the ribosomal origin of the protease in-
hibitor microviridin K in Planktothrix agardhii CYA126/8 and
have biochemically demonstrated three of the four post-trans-
lational modifications required to convert the linear prepeptide
MvdE into microviridin K. On the basis of the experiments dis-
cussed in this manuscript we can summarize the sequence of
steps to microviridin K (Scheme 1). The requirement for the
cross-linking to precede cleavage by the peptidase stems from
the observation that a peptide lacking the leader sequence is
not a competent substrate for MvdD. MvdC can introduce the
amide bond only once the ester bonds have been formed. It
remains to be seen whether two ester bonds are required
before a cross-linked or partially cross-linked MvdE is a compe-
tent substrate for MvdC. The final step must be the acetylation

[ p -*vyoNTMK2YPSDW2E'E'Y

MvdB
Ac-CoA

Microviridin K (1)

Scheme 1. Sequence of steps in microviridin biosynthesis.
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as the tyrosine nitrogen of the substrate is liberated through
action of the peptidase that at this time remains elusive.

Experimental Section

General: NMR spectra were recorded by using a Varian Inova in-
strument at 500 MHz ('"H) and 125 MHz (**C) in a 3 mm probe
(either Shigemi tubes, Shigemi Inc., Allison Park, PA, USA, or stan-
dard tubes). Residual protiated solvent was used as chemical shift
standard. HRESI-TOF-MS spectra were recorded by using an Agi-
lent 6100 TOF instrument fitted with an Agilent 1100 solvent deliv-
ery system with standard operating parameters (350°C drying gas
temperature, 10 Lmin™' drying gas, 275.8 kPa nebulizer gas, frag-
menter 225V, skimmer 60V, OctRFV 250V, capillary 3000 V). The
spectra were analyzed with Analyst QS software v1.1 (Applied Bio-
systems). Optical rotations were recorded with a JASCO DIP-700
polarimeter.

Cyclization of MvdE: Reaction mixtures contained Tris (1 M, pH 8.0,
5 L), ATP (0.1m, 2.5 pL), MgCl, (0.1m, 5 pL), MvdC (1.2 mg mL~’,
2.5 ul), MvdD (1.2 mgmL™", 2.5 uL), KCl (0.5m, 5 uL), and prepep-
tide (1 mgmL™", 10 uL) in a final volume of 50 pL. The reaction was
incubated at 37°C without shaking for 16 h. An aliquot (15 pL) of
the reaction mixture was analyzed on an Eclipse XDB-C18 column
(5 um, 4.6 mmx150 mm, Agilent Technologies, Santa Clara, CA,
USA). The following linear gradient was used to separate the pre-
peptide from other reaction components: ag ACN (10%)+formic
acid (0.1%) to aq ACN (50%)+formic acid (0.1%) over 30 min at
0.7 mLmin™" flow rate. The prepeptide eluted at 19.6 min and the
tricyclic prepeptide at 20.5 min, while the 14-mer eluted at
16.5 min. Mass spectrometry was performed by ESI-TOF-MS.

Reduction of cyclized peptides: The reaction was set up analo-
gously to that above, except that MvdC was omitted from the re-
action mixture. LiBH, (4.5 mg) in methanol (250 pL) was
added to the reaction mixture (25 plL), which was stirred
for 15 min at room temperature. Glacial acetic acid (ap-
proximately 25 ul) was added to quench the excess
LiBH, and the mixture was concentrated to dryness
under a stream of nitrogen. The resulting solid was dis-
solved in doubly distilled H,O (30 pL) and 20 uL was ana-
lyzed by LC-MS as described above.

CNBr digest of the reduced product of MvdD: The resi-
due from a fully reduced and dried reaction mixture
(vide supra) was dissolved in aq acetic acid (70%,
100 uL), and a crystal of CNBr was added. The mixture
was incubated at 21°C for 3 h in the dark and was then
concentrated to dryness. The residue was dissolved in
MeOH (25 ul) and diluted with doubly distilled H,O
(25 pL), and 20 pL of the resulting mixture were analyzed
by ESI-TOF-MS as described above.

Malachite green assay: Cyclization of synthetic MvdE
was performed as described above. An aliquot (10 pL) of
the reaction mixture was combined with distilled H,O
(30 pb) and activated charcoal (2.5%, w/v; 15 pL) in dis-
tilled H,0. The charcoal was mixed and then centrifuged
in a tabletop centrifuge (14000 rpm, 5 min). A sample
(50 pub) was removed from each mixture and placed in
a well of a 96-well plate, Green reagent (Calbiochem,
Cat. No. KP8404, 100 uL) was added, and the system was
mixed thoroughly by gentle pipetting. The color was al-
lowed to develop until absorbance stopped increasing
(~45 min). The Aq,, was then determined with a Multis-

ChemBioChem 2008, 9, 3066 — 3073
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kan MCC/340 spectrophotometer (Thermolabsystems, Waltham,
MA, USA). The amount of phosphate released was determined
from a standard curve recorded concurrently.
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Tubulin Photoaffinity Labeling with Biotin-Tagged
Derivatives of Potent Diketopiperazine Antimicrotubule

Agents

Yuri Yamazaki,®®! Kyoko Kohno," Hiroyuki Yasui,” Yoshiaki Kiso,” Miki Akamatsu,®

Benjamin Nicholson,”™ Gordafaried Deyanat-Yazdi,"” Saskia Neuteboom,” Barbara Potts,'

G. Kenneth Lloyd,"” and Yoshio Hayashi*™ ®!

NPI-2358 (1) is a potent antimicrotubule agent that was devel-
oped from a natural diketopiperazine, phenylahistin, which is
currently in Phase | clinical trials as an anticancer drug. To under-
stand the precise recognition mechanism of tubulin by this
agent, we focused on its potent derivative, KPU-244 (2), which
has been modified with a photoreactive benzophenone structure,
and biotin-tagged KPU-244 derivatives (3 and 4), which were
designed and synthesized for tubulin photodffinity labeling. Intro-
duction of the biotin structure at the p’-position of the benzophe-
none ring in 2 exhibited reduced, but significant biological activi-
ties with tubulin binding, tubulin depolymerization and cytotoxic-
ity in comparison to the parent KPU-244. Therefore, tubulin pho-

Introduction

The introduction of antimicrotubule agents such as taxanes
and vinca alkaloids has revolutionized cancer treatment and
improved patient survival time.I"" However, tumors can become
resistant to these drugs after long-term clinical treatment.””
Hence, there is a significant need to develop novel antimicro-
tubule agents. We have focused on a natural diketopiperazine
(DKP), phenylahistin, (PLH, halimide) which exhibits colchicine-
like antimicrotubule activity,” and a highly potent cytotoxic
derivative NPI-2358 (1, ICs, of 15 nm against HT-29 cells), which
was developed from structure-activity relationship (SAR) stud-
ies. It was also recently shown that NPI-2358 functions as a
strong “vascular-disrupting agent” (VDA) and induces tumor-
selective vascular collapse. NPI-2358 is now in Phase | clinical
trials as a promising anticancer drug in the US.

Although it is known that PLH recognizes the colchicine-
binding site on tubulin,*? the precise binding mode of NPI-
2358 and its microtubule depolymerization mechanism have
not been well investigated, and three-dimensional structure
studies have failed to favorably superimpose NPI-2358 with
colchicine by molecular modeling (Figure S1 in the Supporting
Information). In the SAR studies based on compound 1, a
more potent benzophenone derivative KPU-244 (2) with a cy-
totoxic activity of 3 nm (ICs,) against HT-29 human colon can-
cer cells was discovered. Because the benzophenone structure
is often used in protein photoaffinity labeling,” in the present
study, based on the structure of compound 2, we designed
and synthesized biotin-tagged derivatives 3 and 4 that can be

SR, WWILEY R
) InterScience®
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toaffinity labeling studies of biotin-derivatives 3 and 4 were per-
formed by using Western blotting analysis after photoirradiation
with 365 nm UV light. The results indicated that tubulin was co-
valently labeled by these biotin-tagged photoprobes. The labeling
of compound 4 was competitively inhibited by the addition of
diketopiperazine 1 or colchicine, and weakly inhibited by the ad-
dition of vinblastine. The results suggest that photoaffinity probe
4 specifically recognizes tubulin at the same binding site as anti-
cancer drug candidate 1, and this leads to the disruption of
microtubules. Probe 4 serves well as a useful chemical probe for
potent antimicrotubule diketopiperazines, much like phenylahis-
tin, and it also competes for the colchicine-binding site.

detected by an avidin—peroxidase system based on the avidin—
biotin catch principle! after photoaffinity labeling. Then, the
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biological activities of these probes were evaluated, and a
tubulin photoaffinity labeling study was performed. In the
design of compounds 3 and 4, a biotin tag was introduced to
the 4'-position of the benzophenone moiety of 2 through an
additional aminomethyl group, and these probes were success-
fully synthesized. These synthetic compounds exhibited signifi-
cant biological activities in binding to tubulin in a fluores-
cence-based binding assay. Hence, a tubulin photoaffinity la-
beling study was performed with compounds 3 and 4. The
results indicated that tubulin was covalently labeled by both
probes (Scheme 1).

SEess

S-(-)-Phenylahistin [(-)-PLH]

OCH,
Colchicine

NPI-2358 (KPU-2), 1

o) o)
s
’ N T,
yamaT ANH Nx/
HN_ NH
o) 0

KPU-244, 2

o<

KPU-244-B1 3
o HW\)OJ\ i
N_NH N/
o y o] o]
H N o
N s
H S J—NH
H
KPU-244-B2 4
o) o]
S H\/\/\)]\
He. N N
- )
HN?fNH s )
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Scheme 1. Structures of antimicrotubule diketopiperazines, colchicine and
designed biotin-tagged photoaffinity probes.

Results and Discussion
Synthesis of biotin-tagged KPU-244 derivatives 3 and 4

To prepare the biotin-conjugated KPU-244 derivatives 3 and 4,
we first synthesized 3-[N-Boc-4-aminomethylbenzoyllbenzalde-
hyde 10 from 3-cyanobenzoic acid 6 in four steps. After con-
verting compound 6 to the corresponding Weinreb amide (7)”!

ChemBioChem 2008, 9, 3074 - 3081
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the anion obtained by a bromo-lithium exchange reaction of
protected 4-N-Boc-aminomethylbromobenzene 8 (which was
prepared from 4-brombenzyl amine and Boc,0 in the presence
of Et;N) with nBuLi, was condensed with Weinreb amide 7.
The resultant crude product (9) was then purified by silica gel
column chromatography. The observed low yield of 9 was
probably due to predominant anion production at the amide
nitrogen in 8 and subsequent dianion formation by a hindered
bromo-lithium exchange reaction. The nitrile and carbonyl
groups of the resulting benzophenone derivative 9 were re-
duced with diisobutylaluminum hydride (DIBALH), then the re-
sulting benzhydryl alcohol was oxidized to the benzophenone
with Dess-Martin periodinane to give the desired aldehyde
10 (Scheme 2).

O e}
NC 9 one
SROY ERCAOY
N‘Boc N\Boc

Scheme 2. Synthesis of 3-[N-Boc-4-aminomethylbenzoyllbenzaldehyde 10:
a) MeONHMe-HClI, EDC-HCI, Et;N, DMF, RT, 99 %; b) nBuLi, 4-N-Boc-aminome-
thylbromobenzene 8, Et,O/THF, —78°C, 17 %; c) DIBALH, toluene, —78°C;
d) Dess—Martin periodinane, THF, RT, 86 % over two steps.

In the synthesis of 5-substituted oxazole-4-carboxaldehyde
14, we followed a synthetic protocol starting from isonitrile de-
rivative 11. The synthetic pathway is outlined in Scheme 1.
Briefly, ethyl isocyanoacetate and pivalic anhydride 12 were
condensed in the presence of 1,8-diazabicyclo[5.4.0]lundec-7-
ene (DBU). The resulting product was purified by silica gel
chromatography to afford oxazolecarboxylate 13, which was
reduced with LiAlH, to yield oxazolyl methanol. This was fol-
lowed by oxidation with MnO, to vyield aldehyde 14

(Scheme 3).
o o}
OEt
CN
/\ﬂ/ >H( \[H< A, Eto% b)) HJ\QOL
N=/ N=/
1 12 13 14

Scheme 3. Synthesis of tBu-oxazolealdehyde 14: a) DBU, THF, RT, 99 %;
b) LiAIH,, THF, —78°C, 57 %; c) MnO,, acetone, RT, 67 %.

To synthesize biotin-tagged derivatives 3 and 4 as photo-
affinity probes, oxazolecarboxaldehyde 14 was condensed to
N,N’-diacethylpiperazine-2,5-dione 15 in the presence of
cesium carbonate in degassed N,N-dimethylformamide (DMF)
under an argon atmosphere." The introduction of a second
aldehyde by a similar aldol reaction was performed between
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resultant mono-dehydro-DKP 16 and substituted benzophe-
none-carboxaldehyde 10 under the same reaction conditions
to give di-dehydro-DKP 17. After the tert-butyloxycarbonyl
(Boc) group in 17 was deprotected with 4m HCl in dioxane,
the obtained amine was coupled to b-biotin or long-chained
p-biotin derivative 18 by an EDC-HOAt method (EDC, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide; HOAt, 1-hydroxy-7-
azabenzotriazole) and the crude products were purified by
high performance liquid chromatography (HPLC) to afford 3
and 4. The purity of these compounds was more than 95% by
HPLC analysis (Scheme 4). Furthermore, compound 5 was syn-
thesized as a negative control for photoaffinity labeling from
benzoic acid in four steps using a similar route as outlined in
Scheme 1 (see also Scheme S1).

6 o
Ac. a) Ac
NJ\ + OHC - . "N

N =
5 0
kf( Ac N=/

= = o)
H(NH N=/
% o

15 14 16
(0]
b R c), d
_).B°°H ISP 2D o
Pz NH Nx/
[e] (0]
17

Scheme 4. Synthesis of biotin-tagged photoaffinity probes 3 and 4:

a) Cs,CO;, DMF, RT, 64 %; b) 10, Cs,CO;, DMF, RT, 32%; c) 4 M HCl-dioxane,
RT; d) p-biotin or p-biotinyl-aminohexanoyl-aminohexanoic acid 18, EDC-HCI,
HOAt, Et;N, DMF, RT, then HPLC purification, 16 % for compound 3 and 31%
for compound 4.

Biological activity of biotin-tagged derivatives 3 and 4

To evaluate whether synthetic biotin-tagged derivatives 3 and
4 can function as antimicrotubule agents as designed, we first
performed a binding assay to tubulin. Compounds 1-5 were
incubated with bovine tubulin in 2-(N-morpholino)ethanesul-
fonic acid (MES) buffer (pH 6.8) at 37°C and the change in in-
trinsic fluorescence that is derived from the tryptophan resi-
dues in tubulin was determined in comparison to other antimi-
crotubule DKPs or colchicine. Compounds 1-4 quenched this
intrinsic fluorescence in a concentration-dependent manner
(Figures 1A, and S4-S7). The dissociation constants (K,) of
compounds 3 and 4 with tubulin were calculated to be 7.95
and 7.19 um from these data, respectively (Figures 1B and
$6).'? Additionally, the binding of biotin derivative 5 to tubulin
was so weak that its dissociation constant could not be calcu-
lated (Figure S8). These results indicated that the binding affin-
ities of compounds 3 and 4 were lower than those of potent
parent antimicrotubule agent 2 and colchicine (Table 1 and
Figures S4-S7), this suggests that introduction of the biotin-
tag at the 4’-position of the benzophenone ring adversely af-
fected tubulin binding. However, a significant binding ability
still remained in both biotin-tagged derivatives for photoaffini-
ty labeling because their K; values were within the same order
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Figure 1. Binding assay based on fluorescence quenching: A) Effects of com-
pound 3 on tubulin fluorescence. B) Increase of tubulin-compound 3 bind-
ing complex. Tubulin (0.5 um) was incubated in the absence or presence of
compound 3 at 37°C for 1 h. After incubation, the samples were excited at
295 nm, and the emission at 300-450 nm was measured. K (the dissociation
constant) and n (the number of binding sites) of compound 3 were 7.95+
1.22 um and 1, respectively.

Table 1. Tubulin binding activity and cytotoxicity of compounds.

Compound Ky [um]® Cytotoxicity 1Cs, [NM]
HT-29 HuVEC

1 NPI-2358 1.46+0.15 149+3.8 45+13

2 KPU-244 0.42+0.11 39+13 n.d.

3 KPU-244-B1 7.95+1.22 9104380 130+20

4 KPU-244-B2 7.19+1.04 1100 £+ 344 354+£29

colchicine 3.32+0.31 16.2+3.0 n.d.

[a] Bovine tubulin concentration: 0.5 pMm.

of magnitude as the other compounds, and the binding con-
stants (1/K,) of compounds 3 and 4 were only about 2-3 times
less than that of colchicine. Additionally, compounds 3 and 4
exhibited mild but significant inhibition of tubulin polymeri-
zation at 10 um (Figures S2 and S3).

Compounds 3 and 4 exhibited low cytotoxicity against HT-
29 human colon cancer cell lines with ICs, values of 0.91 and
1.1 um and against HUVEC with ICg, values of 130 and 354 nwm,

ChemBioChem 2008, 9, 3074 - 3081
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respectively. Their higher molecular weights and greater hydro-
philicity might contribute to poorer cell uptake. By considering
all these findings, we concluded that 3 and 4 functionally act
as antimicrotubule agents.

Tubulin photoaffinity labeling using compounds 3 and 4

Having confirmed the tubulin-binding activity of compounds 3
and 4, bovine tubulin was photoirradiated at 365 nm in the ab-
sence or presence of these compounds on ice after incubation
at 37°C in MES buffer (pH 6.8). These samples were then ap-
plied to SDS-PAGE by using 7.5%T polyacrylamide gels and
transferred to nitrocellulose membrane," followed by enzy-
matic detection with an avidin-biotin system (ECL streptavi-
din-HRP conjugate, GE healthcare) with a luminol reagent as
the enzyme substrate. Nonspecific binding was not observed
in the non-photoirradiated sample (Figure 2A, lanes 1, 6, 11).

A) Compound 3 (2 pm)
CBB
1 2 3 4 5 _
_ a-tubulin
™~ p-tubulin
uv 0 10 20 30 50 (sec.)

Compound 4 (2 pm) Compound 5 (2 um)
6 7 8 9 10 11 12 13 14 15

uv 0 10 20 30 50 0 10 20 30 S50 (s)
B 1 2 3 4
Compound 1 [
0 2 10 100 (um) 0 10 100 200 (umM)

13 14 15 16

0 10 100 200 (um)
)

Figure 2. Photoaffinity labeling of tubulin: A) Photoaffinity labeling of tubu-
lin by compounds 3, 4, and 5 at different irradiation times. Tubulin (2 pm)
and compounds 3, 4, and 5 (2 um, 2% DMSO) were incubated at 37 °C for
30 min in MES buffer. Afterward, samples were irradiated by UV lamp

(365 nm, 200 W) for 0-50 s. Photolabeled samples were then resolved by
SDS-PAGE by using 7.5%T polyacrylamide gels. Gels were analyzed by Coo-
massie Brilliant Blue staining or Western blotting followed by enzymatic de-
tection system by using ECL streptavidin—-HRP conjugate. B) Photoaffinity
labeling of tubulin with compound 4 in the absence or presence of 1 (NPI-
2358), colchicine, vinblastine, or p-biotin. The photoaffinity labeling by
compound 4 and Western blotting analysis were performed as described

in Figure 2A.

However, in the photoirradiated samples, a significant irradia-
tion time-dependent labeling was observed (Figure 2A,
lanes 2-5, 7-10). On the other hand, in the case of the samples
that were photoirradiated in the presence of photoaffinity neg-
ative control 5, irradiation time-dependent labeling was weakly
detected (Figure 2 A, lanes 11-15).

Furthermore, to understand the specificity of photoaffinity
binding, a competitive photoaffinity labeling study on com-
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pound 4 was carried out in the absence or presence of com-
pound 1 (NPI-2358), colchicine, vinblastine, or p-biotin. Con-
centration-dependent inhibition of photoaffinity labeling was
observed in the presence of compound 1 (NPI-2358) and col-
chicine (Figure 2B, lanes 1-8), whereas no competitive inhibi-
tion was observed when bp-biotin was used as a negative con-
trol (Figure 2B, lanes 9-12). These results seem to be reasona-
ble, because, although the three-dimensional structures of an-
timicrotubule DKPs are different from that of colchicine, the
original phenylahistin [(—)-PLH] is known to recognize the col-
chicine-binding site by radio-binding assay.**’ However, the ob-
served weak competitive inhibition with vinblastine (Figure 2B,
lanes 13-16) also suggests more complicated interactions be-
tween compound 4 and tubulin. Although the different bind-
ing sites of colchicine and vinblastine on tubulin were recently
determined by X-ray structural analysis,"¥ some examples of
long-range effects of these ligands upon each other were also
reported."™ Therefore, some conformational changes of tubu-
lin that are caused by vinblastine binding might influence the
photoaffinity labeling of compound 4. These results also indi-
cate that NPI-2358 and its derivatives can recognize the same
binding site on tubulin as compound 4; this suggests that
compound 4 functions as a useful chemical probe for anti-
cancer drug candidate 1. Further analysis with photoaffinity
probes is now underway to understand the binding selectivity
to both a and B-tubulin and to determine the actual modified
amino acid residues that are affected by the photoaffinity
probes. These findings would form a basis for further studies
on the precise binding site of NPI-2358 and its microtubule
depolymerization mechanism.

Conclusions

We designed and synthesized biotin-tagged derivatives 3 and
4 based on a potent new antimicrotubule agent, KPU-244,
which is a photoreactive benzophenone derivative of clinical
candidate NPI-2358 and is a anticancer VDA. According to tu-
bulin polymerization and tubulin-binding assays based on fluo-
rescence quenching, we observed that derivatives 3 and 4 rec-
ognized tubulin and behaved as antimicrotubule agents. Fur-
thermore, our photoaffinity labeling study revealed an irradia-
tion time-dependent tubulin recognition by these compounds.
Also, this labeling by derivative 4 was competitively inhibited
by NPI-2358 or colchicine, and weakly by vinblastine. These re-
sults suggest that derivative 4 functions as a useful photoaffin-
ity probe with the same recognition site as the anticancer VDA
NPI-2358; this means that it is probably near the colchicine-
binding site on B-tubulin, which is located at the intradimer
space between a- and -tubulin. However, it is noteworthy
that the present results also suggest more complicated bind-
ing interactions with tubulin that involve the vinblastine
binding site. Further investigations with photoaffinity probe 4
would contribute to a better understanding of the microtubule
depolymerization mechanism of anticancer agent NPI-2358,
which is currently in a phase | clinical trial.
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Experimental Section

Reagents and solvents were purchased from Wako Pure Chemical
Ind., Ltd. (Osaka, Japan), Nakalai Tesque (Kyoto, Japan), and Aldrich
Chemical Co. Inc. (Milwaukee, WI, USA) and used without further
purification. Bovine brain tubulin was purchased from Cytoskele-
ton, Inc. (Denver, Colorado, USA). All other chemicals were of the
highest commercially available purity. Analytical thin-layer chroma-
tography (TLC) was performed on Merck silica gel 60F,s, precoated
plates. Preparative HPLC was performed by using a C18 reversed-
phase column (19x100 mm; SunFire™ Prep C18 OBD™ 5 um,
Waters, CA, USA) with binary solvent system: linear gradient of
CH,CN in 0.1% aq TFA at a flow rate of 15 mLmin~', detection at
UV 230 and 365 nm. The solvents that were used for HPLC were of
HPLC grade. All other chemicals were of analytical grade or better.
Melting points were measured on a Yanagimoto micro hot-stage
apparatus (Yanaco, Kyoto, Japan) and are uncorrected. Proton ('H)
and carbon ("*C) NMR spectra were recorded on either a JEOL
JNM-AL300 spectrometer (Tokyo, Japan) operating at 300 MHz for
proton and 75 MHz for carbon, or a Varian UNITY INOVA 400NB
spectrometer operating at 400 MHz for proton and 101 MHz for
carbon. Chemical shifts were recorded as 6 values in parts per mil-
lion (ppm) downfield from tetramethylsilane (TMS). Low- and high-
resolution mass spectra (El, Cl) were recorded on a JEOL JMS-
GCmate. Fast atom bombardment mass spectrometry (FAB-MS)
was performed on a JEOL JMS-SX102A spectrometer that was
equipped with the JMA-DA7000 data system. Elemental analyses
were done on a Perkin—-Elmer Series CHNS/O Analyser 2400.

3-Cyano-N-methoxy-N-methylbenzamide 7: N,O-dimethylhydrox-
ylamine  hydrochloride (3.48 g, 35.68 mmol), Et;N (5mL,
35.68 mmol) and 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide
hydrochloride (EDC-HCI, 6.52 g, 35.68 mmol) were added to a solu-
tion of 3-cyanobenzoic acid (5, 5.0 g, 33.98 mmol) in DMF (110 mL).
After the mixture was stirred for 3 h at room temperature, the sol-
vent was removed in vacuo, the residue was dissolved in EtOAc,
washed with 10% citric acid, 10% NaHCO,, and sat. NaCl, and
dried over Na,SO,. The solvent was then removed to give a color-
less oil. yield: 7.9 g (99%). "H NMR (300 MHz, CDCl;): §=3.39 (s,
3H), 3.54 (s, 3H), 7.54 (t, J=79Hz, 1H), 7.75 (d, J/=7.9Hz, 1H),
794 (d, J=79Hz, 1H), 801 ppm (m, 1H); *CNMR (75.5 MHz,
CDCly): 6=33.1, 61.2, 112.3, 118.1, 128.9, 131.9, 132.5, 133.8, 135.1,
167.2 ppm; HRMS (El): m/z: calcd for CyoH,oN,O,: 190.1742 [M]™;
found: 190.0742.

4-N-Boc-aminomethylbromobenzene 8: Di-tert-butyl dicarbonate
((Boc),O, 1.03g, 471 mmol) and triethylamine (Et;N, 0.94 mL,
6.74 mmol) were added to a solution of 4-bromobenzylamine
(1.0 g, 449 mmol) in acetonitrile (10 mL), and the mixture was
stirred for 1.5 h at room temperature. After the solvent was re-
moved in vacuo, the residue was dissolved in EtOAc, washed with
10% citric acid, 10% NaHCO; and sat. NaCl (1x), and dried over
Na,SO,. The solvent was then removed to give a solid, which was
recrystalized from diethyl ether/hexane (1:1) to give a white solid
of compound 8. Yield: 1.4g (99%); mp 86-88°C. 'HNMR
(300 MHz, CDCly): 6=1.49 (s, 9H), 4.26 (d, J=5.9 Hz, 2H), 4.84 (brs,
1H), 7.15 (d, J=8.3 Hz, 2H), 7.44 ppm (d, /=83 Hz, 2H); *C NMR
(75.5 MHz, CDCl;) 6 28.3, 44.0, 79.7, 121.1, 129.1, 131.6, 138.0,
155.8 ppm; HRMS (El): m/z: calcd for C;,H,sBr NO,: 285.0364 [M]*;
found: 285.0365.

tert-Butyl 4-(3-cyanobenzoyl)benzylcarbamate 9: A 1.58m solu-
tion of nBuLi solution in n-hexane (1.1 mL, 1.25 mmol) was added
dropwise to a solution of compound 8 (200 mg, 0.700 mmol) in an-
hydrous diethyl ether (2.3 mL) at 0°C under an argon atmosphere.
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After the mixture was stirred for 1 h at the same temperature, the
mixture was slowly added to a solution of compound 7 (139 mg,
0.735 mmol) in THF (2 mL) at —78°C under an argon atmosphere.
The cooling bath was removed and the mixture was stirred for
overnight at room temperature. The solution was poured into ice-
cold 1m HCl (18 mL), neutralized with a powder of NaHCO,, and
the organic phase was extracted with EtOAc, washed with brine,
and dried over Na,SO,. Then the solvent was removed under
reduced pressure, and the resulting brown oil was purified by silica
gel column chromatography (n-hexane /EtOAc, 3:1) to yield a
white solid. Yield: 388mg (17%); mp 130-133°C; 'H NMR
(300 MHz, CDCl,): 6=1.48 (s, 9H), 4.42 (d, J=6.1 Hz, 2H), 4.99 (brs,
1H), 743 (d, J=8.1Hz, 2H), 7.63 (t, J=79Hz, 1H), 7.75 (d, J=
8.1 Hz, 2H), 7.87 (d, J/=7.9 Hz, 1H), 8.05 (m, 1H), 8.02 ppm (brd,
J=79Hz, TH); *CNMR (75.5 MHz, CDCl;): 6=283, 442, 79.9,
112.8, 117.9, 127.3, 129.3, 1304, 133.3, 133.7, 135.2, 135.3, 138.6,
144.9, 1559, 193.9 ppm; HRMS (Cl): m/z: calcd for C,H,;N,O,
[M+H]*: 337.1552; found: 337.1549.

tert-Butyl 4-(3-formylbenzoyl)benzylcarbamate 10: A 1.01 ™ solu-
tion of DIBALH in toluene (0.343 mL, 0.346 mmol) was added drop-
wise to a solution of compound 9 (38.8 mg, 0.115 mmol) in anhy-
drous toluene at —76 °C under an argon atomosphere. The cooling
bath was then removed and the mixture was stirred for 3 h at 0°C.
The reaction was quenched by the addition of MeOH/AcOH (2:1),
diluted with EtOAc, and filtered to remove the produced AI(OH);.
After the resultant organic phase was washed with 5% NaHCO,
and brine, and dried over Na,SO,, the solvent was removed under
reduced pressure to obtain a white solid. To a solution of this solid
in THF (1.2 mL) was added Dess-Martin periodinane (63.92 mg,
0.151 mmol). After the mixture was stirred for 2 h at room temper-
ature, the reaction was quenched by the addition of MeOH (1 mL),
then diluted with EtOAc, washed with 10% NaHCO; and brine, and
dried over Na,SO,. Then the solvent was removed under reduced
pressure to yield a colorless oil; yield: 42mg (86%). 'H NMR
(300 MHz, CDCl,): 6=1.48 (s, 9H), 4.43 (d, J=6.0 Hz, 2H), 5.05 (brs,
1H), 7.43 (d, J=79Hz, 2H), 768 (t, J/=7.6Hz, 1H), 778 (d, J=
8.3 Hz, 2H), 8.03-8.13 (m, 2H), 8.26 (m, 1H), 10.09 ppm (s, 1H);
BCNMR (75.5 MHz, CDCly): 6=28.3, 44.3, 127.3, 127.9, 129.2, 130.4,
131.3, 131.6, 132.6, 133.0, 1354, 135.7, 136.3, 138.5, 141.6, 144.5,
191.4, 195.1 ppm; HRMS (El): m/z: calcd for C,H,,NO,: 339.1470
[M]*; found: 339.1473.

Ethyl 5-(tert-butyl)oxazole-4-carboxylate 13: According to the
report by Suzuki et al."® DBU (34.3 mL, 243 mmol) and pivalic an-
hydride (49.3 mL, 243 mmol) were added to a solution of ethyl iso-
cyanoacetate (259, 221 mmol) in THF (200 mL), and the mixture
was stirred overnight at room temperature. After the solvent was
removed by evaporation in vacuo, the residue was extracted with
EtOAc (200 mL), washed with 10% Na,CO;, 10% citric acid, and
saturated NaCl (3x), and dried over anhydrous Na,SO,. Then the
solvent was removed in vacuo. The residual oil was purified by
silica gel column chromatography by using hexane/EtOAc (20:1 to
4:1) to give an oil (66.4 g, 99%); '"H NMR (300 MHz CDCl,): 6 =1.41
(t, J=7.2Hz, 3H), 1.46 (s, 9H), 4.39 (q, J=7.2 Hz, 2H), 7.70 ppm (s,
1H); HRMS (El): m/z: calcd for C,oH,sNO;: 197.1052; found:
197.1050 [M]*.

5-(tert-Butyl)oxazole-4-carboxaldehyde  14: LiAlH, (3.84¢,
101 mmol) was added portionwise to a solution of ethyl 5-(tert-bu-
tyl)oxazole-4-carboxylate (13, 20 g, 101 mmol) in anhydrous THF
(250 mL) under an argon atmosphere at —60°C, and the bath tem-
perature was gradually increased up to —40°C with stirring for 2 h.
(If the temperature was higher than —40°C, the reduction of the
oxazole ring predominantly proceeded.) After the mixture was
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quenched with aq sat. NH,Cl (50 mL) at —60°C, EtOAc (250 mL)
was added, and the resulting precipitate was removed by Celite fil-
tration. The filtrate was washed with H,O, 10% citric acid and sat.
NaCl (3x), dried over anhydrous Na,SO, and concentrated in
vacuo to give an oil of the corresponding oxazole alcohol (10.6 g,
67 %). This oil was used in the next oxidation without further purifi-
cation. MnO, (27.7 g, 319 mmol) was added to a solution of oxa-
zole alcohol (9.9 g, 64 mmol) in acetone (200 mL), and the mixture
was stirred at room temperature overnight. After the mixture was
filtered to remove MnO,, the solvent was removed by evaporation
and the residual white powder was purified by silica gel column
chromatograpy by using CHCl; as an eluant to give an oil. Yield:
5549 (38% in two steps). 'H NMR (300 MHz, CDCl,): 6=1.47 (s,
9H), 7.77 (s, 1H), 10.10 ppm (s, 1H); HRMS (El): m/z: calcd for
CgH,,NO,: 153.0790 [M]*; found: 153.0794.

1-Acetyl-3-{(2)-1-[5-(tert-butyl)-4-oxazolylImethylidene}]-2.5-pi-
perazinedione 16: N,N'-Diacetyl-2,5-diketopiperazinedione (15,
2.1g, 10.6 mmol)® was added to a solution of 5-(tert-butyl)oxa-
zole-4-carboxaldehyde 14 (1.0 g, 7.1 mmol) in DMF (10 mL), and
the solution was repeatedly evacuated in a short time to remove
oxygen and then flushed with argon; Cs,CO; (3.9 g, 12.0 mmol)
was added, and the evacuation-flushing process was repeated
again. The resultant mixture was stirred for 6 h at 45°C. After the
solvent was removed by evaporation, the residue was purified by
column chromatography on silica by using CHCIl; as an eluant to
give a pale-yellow solid. Yield: 1.15g (56%); mp 145-147°C;
'H NMR (300 MHz, CDCl,): 0=1.45 (s, 9H), 2.65 (s, 3H), 4.48 (s, 2H),
7.09 (s, 1H), 7.83 (s, 1H), 11.22 ppm (brs, 1H); *C NMR (75.5 MHz,
CDCly) 6 27.3, 29.5, 33.6, 46.3, 105.6, 126.0, 128.7, 148.1, 159.8,
162.1, 172.6 ppm; HRMS (El): m/z: calcd for Ci4H;;N;0,4: 291.1219
M]T; found: 291.1217.

3-{(2)-1-[5-(tert-Butyl)-4-oxazolyl]methylidene}-6-{(Z)-3-[4-N-Boc-
aminomethylbenzoyl]benzylidene}-2.5-piperazinedione 17: Com-
pound 16 (397 mg, 1.2 mmol) was added to a solution of tert-butyl
4-(3-formylbenzoyl) benzylcarbamate (10, 324 mg, 1.1 mmol) in
DMF (10 mL), and the solution was repeatedly evacuated to
remove oxygen and flushed with argon. Cs,CO; (544 mg,
1.7 mmol) was added, and the evacuation-flushing process was re-
peated again. The resultant mixture was stirred overnight at room
temperature. After the solvent was removed by evaporation, the
residue was extracted with EtOAc, washed with 10% citric acid,
5% NaHCO; and brine, and dried over Na,SO,. Then the solvent
was removed under reduced pressure and the resultant residue
was purified by silica gel chromatography (CHCl;/MeOH, 30:1) to
yield a pale-yellow solid. Yield: 498 mg (78%); 'H NMR (300 MHz,
[DgIDMSO): 6=1.40 (s, 9H), 1.40 (s, 9H), 4.23 (d, J=6.4 Hz, 2H),
6.72 (s, TH), 6.86 (s, 1H), 7.39-7.45 (m, 2H), 7.50 (brt, J=6.4 Hz,
1H), 7.55-7.62 (m, 2H), 7.72-7.83 (m, 4H), 8.60 (s, 1H), 10.57 (brs,
1H), 11.11 ppm (brs, TH); *C NMR (75.5 MHz, [DJDMSO) 6 28.2,
29.1, 33.0, 43.2, 78.0, 100.7, 114.1, 126.8, 126.9, 127.1, 128.1, 128.8,
129.0, 130.0, 130.1, 133.2, 133.3, 135.3, 137.5, 1454, 150.1, 155.8,
156.2, 157.0, 157.9, 195.1 ppm; HRMS (El)) m/z: calcd for
CaH34N,Og: 570.2478 [M]T; found: 570.2489.

3-{(2)-1-[5-(tert-Butyl)-4-oxazolylImethylidene}-6-{(Z)-3-[4-N-bioti-
nylaminomethylbenzoyllbenzylidene}-2,5-piperazinedione (KPU-
244-B1) 3: For Boc-deprotecton, compound 17 (125 mg,
0.22 mmol) was dissolved in 4m HCl in dioxane (1.5 mL), and
stirred at room temperature for 1 h. After the solvent was removed
by evaporation, the residue was washed with Et,0 (3x). HOAt
(45 mg, 0.33 mmol), EDC-HCI (63 mg, 0.33 mmol), and Et;N (46 uL,
0.33 mmol) were added to a solution of this residue and b-biotin
(67 mg, 0.33 mmol) in DMF (7 mL), and the mixture was stirred at
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room temperature for 24 h. After the solvent was removed by
evaporation in vacuo, the residue was extracted with EtOAc,
washed with 10% citric acid, 5% NaHCO; and saturated NaCl, and
dried over anhydrous Na,SO,. Then the solvent was concentrated
in vacuo, and the resultant residue was purified by preparative
HPLC (with a linear gradient of 40-55% CH;CN in 0.1% aq TFA
over 30 min) to give a pale-yellow powder. Yield: 24.3 mg (16 %);
'H NMR (400 MHz, [DJDMS0): 6 =1.23-1.67 (m, 6H), 1.40 (s, 9H),
2.18 (t, J=7.4Hz, 2H), 2.57 (d, J=12.4Hz, 1H), 2.81 (dd, J=5.0,
12.4 Hz, 1H), 3.06-3.14 (m, 1H), 412 (dd, J=4.2, 7.5 Hz, 1H), 4.30
(dd, J/=4.8, 7.5 Hz, 1H), 4.37 (d, J=6.0 Hz, 2H), 6.25-6.48 (brs, 1H),
6.40 (brs, 1H), 6.72 (s, TH), 6.86 (s, TH), 7.43 (d, J/=8.1 Hz, 2H),
7.54-7.66 (m, 2H), 7.71-7.83 (m, 4H), 8.41 (t, J=6.3 Hz, 1H), 8.59 (s,
1H), 10.57 (s, 1H), 11.1 ppm (s, 1H); HRMS (FAB): m/z: calcd for
C37H4NgO6S: 697.2808 [M+H]"; found: 697.2800; elemental analy-
sis calcd (%) for Cs,H,NgO,S+2H,0-0.25CF,COOH: C 59.16, H 5.86, N
11.04; found: C 59.35, H 5.65, N 10.74.

p-Biotinylaminohexanoylaminohexanoic acid 18: This compound
was synthesized by a Fmoc-based solid-phase method on Wang
resin (1.1 mmolg™") by coupling with Fmoc-aminohexanoic acid
and p-biotin by using a conventional procedure."” After deprotec-
tion of the peptide resin with the TFA-thioanisole-m-cresol
system, the obtained crude product was purified by a reversed-
phase HPLC (with a linear gradient of 0-40% CH;CN in 0.1% aq
TFA over 30 min) to give a white powder of compound 18. Yield:
59mg (13% from the resin); 'H NMR (400 MHz, [DJDMSO): 6=
1.18-1.65 (m, 18H), 2.02 (t, J=6.8 Hz, 2H), 2.04 (t, J=7.2 Hz, 2H),
2.18 (t, J=7.6 Hz, 2H), 2.57 (d, J=6.0 Hz, 1H), 3.04 (t, /=6.8 Hz,
2H), 3.07-3.12 (m, 1H), 411-4.14 (m, 1H), 4.30 (dd, J=4.8, 7.6 Hz,
1H), 6.35 (brs, 1H), 6.42 (brs, 1H), 7.69-7.74 ppm (m, 2H); HRMS
(FAB): m/z: caled for Cy,H3;N,OS: 471.2641 [M+HIY; found:
471.2638.

3-{(2)-1-[5-(tert-Butyl)-4-oxazolylImethylidene}-6-{(Z)-3-[4-N-(p-bi-
otinylaminohexanoylaminohexanoyl) aminomethylbenzoyl] ben-
zylidene}-2.5-piperazinedione (KPU-244-B2) 4: According to the
procedure for the synthesis of compound 3, HOAt (11.5 mg,
0.084 mmol), EDC-HCI (16.2mg, 0.084 mmol), Et;N (20 uL,
0.084 mmol) were added to a solution of deprotected compound
17 (40 mg, 0.071 mmol, Boc-form) and compound 18 (40 mg,
0.084 mmol) in DMF (4 mL), and the mixture was stirred at room
temperature overnight. After the solvent was removed by evapora-
tion in vacuo, the residue was extracted with EtOAc, washed with
10% citric acid, 5% NaHCO;, and sat. NaCl, and dried over anhy-
drous Na,SO,. Then the solvent was concentrated in vacuo and the
obtained residue was purified by preparative HPLC (with a linear
gradient of 35-55% CH5CN in 0.1% aq TFA over 40 min) to give a
pale-yellow powder; vyield: 20mg (31%). 'HNMR (400 MHz,
[DgIDMSO): 6 =1.13-1.65 (m, 18H), 1.40 (s, 9H), 2.02 (t, J=7.2 Hz,
2H), 2.03 (t, J=72Hz, 2H), 2.16 (t, J=7.2Hz, 2H), 257 (d, J=
12.5 Hz, 1H), 2.81 (dd, J=5.1, 12.5 Hz, 1H), 3.00 (q, /=6.0 Hz, 4H),
3.06-3.11 (m, 1H), 4.10-4.14 (m, 1H), 4.28-4.31 (m, 1H), 4.37 (d, J=
5.5 Hz, 2H), 6.23-6.44 (brs, 1H), 6.42 (brs, 1H), 6.72 (s, 1H), 6.86 (s,
1H), 7.43 (d, J=8.0 Hz, 2H), 7.55-7.68 (m, 2H), 7.70-7.83 (m, 6H),
8.42 (t, J=6.0 Hz, 1H), 8.61 (s, TH), 10.59 (s, TH), 11.12 ppm (s, TH);
HRMS (FAB): m/z: calcd for C,oHg3NgOgS: 923.4490 [M+H]"; found
923.4493.

Tubulin binding assays based on the fluorescence quenching:
Tubulin (800 pL, 0.5 um) in MES buffer (0.1 M MES, 0.5 mm MgCl,,
1 mm EGTA, 1 mm GTP, pH 6.8) was incubated with different con-
centrations of the test compounds (0-20 pm, 1% DMSO) at 37°C
for 1 h. After incubation, the fluorescence of each solution was
measured (excitation at 295 nm, emission at 300-450 nm) by using
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an FP-750 spectrofluorometer (JASCO, Tokyo, Japan). The fluores-
cence of all samples were corrected for inner filter effects. The con-
centrations of tubulin-compound complex were estimated from
the decreased fluorescence intensity at 335 nm, and the dissocia-
tion constant between tubulin and compounds were calculated by
using the following binding equations (1), (2) of the Langmuir
model.

AFL = 0C, )
Co = 0.5[(Ce+n P+ Ky)—{(Cc—n P.—K4)* + 4Ky C}'?] (2)

AFL: the decreased fluorescence intensity of tubulin (arbitrary
unit/cm), C,: the concentration of tubulin-compound complex
(um), 6: the molar fluorescence intensity of tubulin (arbitrary unit/
umcm™), C.: the total concentration of compounds (um), P: the
total concentration of tubulin (um), n: the number of binding sites
for compounds with tubulin, Ky: the dissociation constant of com-
pounds with tubulin (um).

Tubulin polymerization assay: Polymerization of tubulin was
monitored by an increase in turbidity at 37°C. Microtubule associ-
ated protein (MAP)-rich tubulin (2 mgmL™") was mixed with com-
pounds 3, 4, 5 (10 um, 1% DMSO), or NPI-2358 (5 pum, 1% DMSO)
on ice in PIPES buffer (80 mm PIPES, 2 mm MgCl,, 0.5 mm EGTA,
1 mm GTP, 5% glycerol, pH 6.9) that had been incubated on ice for
10 min. Then, the samples were incubated at 37 °C to initiate poly-
merization by a temperature shift. Turbidity was measured with
a thermocontrolled spectrophotometer (model 680XR microplate
reader™, BIO-RAD Laboratories, CA, USA) at 340 nm every 30 s for
15 min.

In vitro cytotoxicity assay: The cytotoxicity assays were performed
essentially as described previously."” Briefly, human colon adeno-
carcinoma (HT-29) cells and human umbilical vein endothelial cells
(HUVEC) were plated in 96-well flat-bottomed plates and allowed
to attach for 24 h at 37°C. Serially diluted compounds were added
in triplicate to cells at final concentrations that ranged from 2 pm
to 20 um. Cells were treated with a final concentration of 0.25%
(v/v); DMSO served as the vehicle control. Cell viability was as-
sessed 48 h later by measuring the reduction of resazurin with a
fluorimeter (Perkin-Elmer, Torrance, California, USA). The ICs, values
(the drug concentration at which 50% of the maximal observed cy-
totoxicity is established) were calculated in Prism (GraphPad, San
Diego, California, USA) or XLFit 3.0 (ID Business Solutions, Emery-
ville, California, USA) by using a sigmoidal dose-response model.

Photoaffinity labeling: A solution of compounds 3 or 4 in DMSO
(final concentration; 2 um) was added to a tubulin solution (2 um)
in MES buffer (0.1m MES, 0.5 mm MgCl,, 1 mm EGTA, 1 mm GTP,
2% DMSO, pH 6.8), and the solution was incubated at 37°C for
30 min, followed by UV irradiation at 365 nm at a distance of
10cm on ice for appropriate time by using a UV irradiator
(model L2859-01; Hamamatsu Photonics, Hamamatsu, Japan).

SDS-PAGE, Western blotting: Photolabeled tubulin was separated
by SDS-PAGE in 7.5%T polyacrylamide gels and transferred to
nitrocellulose membrane. The membrane was incubated with a
blocking solution containing 5% (w/v) skim milk in PBS-T buffer
(137 mm NaCl, 8.10 mm Na,HPO,, 2.68 mm KCl, 1.47 mm KH,PO,,
0.1% Tween 20, pH 7.4) at room temperature for 1 h and washed
with PBS-T (1x20 min and 2x 10 min). For the detection of photo-
labeled proteins, the membrane was incubated with streptavidin-
horseradish peroxidase conjugate (GE Healthcare) for 1 h at room
temperature, and washed again with PBS-T as the same manner
mentioned above. The membrane was treated with ECL Western
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Blotting detection reagents (GE Healthcare), and the emission was
detected by using an imaging system (LAS-1000plus, FUJIFILM).

Competitive assay with NPI-2358, colchicine, vinblastine and b-
biotin: Tubulin (2 um) was preincubated with a different concen-
trations of NPI-2358, colchicine, vinblastine or b-biotin in MES
buffer for 30 min at room temperature, followed by addition of
compound 4 (2 um in DMSO). After incubation at 37°C for 30 min,
samples were UV irradiated at 365 nm at a distance of 10 cm on
ice for 25 s, and separated by SDS-PAGE. Photolabeled tubulin was
detected by streptavidin-HRP/ECL system.
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Felix Hausch*® and Christian F. W. Becker*™ ¢

The tremendous progress made in the
use of molecular biological techniques
over the past several decades has been
the main driving force in expanding our
knowledge of biology at the molecular
level. This development has pushed clas-
sical approaches, such as those based on
synthetic chemistry, somewhat into the
background. There has even been a ten-
dency to regard contributions from this
area as being dispensable. This attitude
has dramatically changed again, with the
emergence of the field termed “Chemical
Biology”. It is now widely appreciated
that synthetic chemistry in combination
with modern biological methods and
computational chemistry can make
unique contributions to the outstanding
problems in fundamental biological and
medically oriented research.

Many facets of this truly interdiscipli-
nary field were discussed during a sym-
posium on Chemical Biology, held from
October 8th to 11th 2008 at the Europe-
an Molecular Biology Laboratory (EMBL)
in Heidelberg (Germany). The organizers,
Maja Kohn, Joe Lewis and Carsten Schulz
from EMBL, put together a program of
more than 40 presentations by eminent
speakers covering many aspects of
chemical biology, including tools for
molecular imaging, computational ap-
proaches, screening methods, molecular
engineering, and novel synthetic meth-
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ods. 250 scientists attended the symposi-
um to learn about these methods and
approaches being applied to solve bio-
logical problems.

The still growing importance of chemi-
cal biology was also reflected by the
number of journals now dedicated to
this field such as this journal, Nature
Chemical Biology, Chemistry & Biology,
ACS Chemical Biology, and new additions
such as the Journal of Chemical Biology.
Representatives of these journals were
present in Heidelberg to hear more
about recent highlights and to see
where the field is heading in the future.

Since chemical biology thrives on con-
tributions from two classical fields,
chemistry and biology, being applied to
biological questions, it has become a
new central discipline in many chemistry
and biology departments.

Computational approaches have al-
ready aided researchers in drug develop-
ment for several years and should
become even more powerful tools for
identifying lead structures and for the
design of new drugs in the future. Re-
sults from in silico experiments are good
starting points for the development of
focused compound libraries and for
identifying new drug targets. The sym-
posium was opened by Malcolm Walkin-
shaw from the University of Edinburgh,
UK, describing a computational ap-
proach to identify and test small mole-
cules against antiparasitic drug targets.
This area is not well covered by large
pharmaceutical companies. Computa-
tional approaches based on data base
mining as well as on virtual docking
have led to promising starting points for
combinatorial synthetic chemistry aimed
at cyclophilin A mimetics and for target-
ing cyclin analogues in protozoan para-
sites.! Gabriele Cruciani (University of
Perugia, Italy) complemented this ap-
proach with methods to analyze and
compare proteins and ligands in silico.
He wused molecular interaction fields

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(MIFs) to identify potential binding sites
for small molecule features. These sites
can subsequently be used by the FLAP
(Fingerprint for Ligands and Proteins)
software to virtually screen pharmaco-
phores that could fit into these “protein
pockets”.”?

The difficulties encountered when
trying to identify new lead compounds
in the pharmaceutical industry and new
ways to chart chemical and biological
space according to target families were
described by Karl-Heinz  Baringhaus
(Sanofi-Aventis  Deutschland  GmbH).
Substructure and similarity searching in
combination with virtual screening in
target-family-related compound libraries
have led to the identification of ion-
channel modulators. In order to apply
such techniques in an academic setting,
scientists have to rely on publicly avail-
able compound records and related biol-
ogy data. Bernd Wendt from EMBL de-
scribed an approach to identify com-
pounds related to a specific lead struc-
ture in the public data base PubChem.
Even though this data base covers more
than 19 million compound records, the
much smaller number of relevant biolog-
ical data sets has limited this approach
until now.

Many potential drug candidates fail
during clinical development due to in-
adequate pharmacokinetic properties or
off-target side effects. Igor Tetko (Helm-
holtz Zentrum Minchen, Germany) sug-
gested improvements in how to predict
in silico ADME properties or toxicity of
these compounds.

The ability to tackle complex ques-
tions related to changes in protein locali-
zation in connection with dynamic post-
translational modifications was impres-
sively demonstrated by Herbert Wald-
mann from the Max Planck Institute of
Molecular Physiology (Dortmund, Germa-
ny). He described an approach based on
the semisynthesis of lipidated Ras pro-
teins in combination with live-cell imag-
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ing methods that led to an understand-
ing of how S-palmitoylation and depal-
mitoylation of Ras control its localization
on cell membranes® The option to
chemically modify lipid modifications of
different Ras isoforms allowed the inhibi-
tion of depalmitoylation, for example, by
the use of thioether instead of thioester
linkages, and eventually led to the iden-
tification of an enzyme that could be
responsible for Ras (de-)palmitoylation,
acyl protein thioesterase 1. This protein
is now under investigation as a potential
drug target that could be used to regu-
late the important oncogene Ras, which
has so far eluded most drug-develop-
ment efforts.

Tom Muir from the Rockefeller Univer-
sity (New York, USA) surprised the audi-
ence by talking about his work on
quorum sensing in staphylococci and
not his efforts to synthesize post-transla-
tionally modified histone proteins, as
previously announced. This process is
mediated by small cyclic autoinducing
peptides (AIPs) that contain a thiolac-
tone structure. Chemical synthesis of dif-
ferent AIPs allowed their interaction with
their cognate AgrC receptors (I-1V) to be
studied and provided information about
the amino acids in the receptor that de-
termine receptor specificity. Further stud-
ies with genetically engineered receptors
provided new insights into receptor ac-
tivation and cross reactivities of AlPs.!
These findings nicely demonstrated how
chemical biology can be used to under-
stand bacterial warfare as well as to gain
information that can be of therapeutic
value when used to control the virulence
of staphylococci.

Chemical modifications of biomacro-
molecules allow control over biologically
important interactions. Oliver Seitz
(Humboldt University, Berlin, Germany)
made the case for using chimeric (bio-)
molecules to control protein-protein
and protein—nucleic acid interactions. He
presented an approach to control SH2
binding to a peptide-PNA chimera by
hybridization-dependent  switching of
peptide conformation®™ and new tools
for chemical protein synthesis by using
native chemical ligation.

Thomas Carell (LMU Minchen, Germa-
ny) has been interested in DNA repair
for quite some time, and he described
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chemistry to introduce lesions into DNA
as well as new insights into the mecha-
nism of how glycosylases specifically rec-
ognize such lesions. His latest results
include structural and mechanistic infor-
mation on a DNA (6-4) photolyase. The
following talk by Michal Hocek (AS CR,
Prague, Czech Republic) also dealt with
functionalizing nucleic acids by using a
cross-coupling reaction to obtain amino-
phenyl- and nitrophenyl-labeled nucleo-
side triphosphates and their subsequent
incorporation into DNA by a polymerase
reaction.” Such nucleobase modifica-
tions can be used as electrochemical
labels in DNA hybridization and sequenc-
ing. ElImar Weinhold (RWTH Aachen, Ger-
many) presented new aspects of an en-
zymatic approach for sequence-specific
DNA labeling. This approach is based on
chemically modified variants of the co-
factor S-adenosylmethionine (SAM) that
can be utilized to transfer either small
reporter groups or the entire cofactor,
including base modifications, onto DNA
molecules.”

Recognition of carbohydrates by pro-
teins represents another example of
highly specific recognition between dif-
ferent classes of biomacromolecules.
Peter Seeberger (ETH Zirich, Switzer-
land) presented in his talk fast, automat-
ed synthesis approaches and applica-
tions of complex carbohydrates specific
to certain parasites that cause devastat-
ing diseases such as malaria. Glycosyl-
phosphatidylinositol (GPI) structures on
surfaces of the parasite Plasmodium falci-
parum play a crucial role during the in-
fection of red blood cells, and a vacci-
nation strategy that raises antibodies
against these GPIs could impart protec-
tion against infection.” The develop-
ment of glycan microarrays was also de-
scribed as a potential diagnostic tool.”
Such glycoarrays were also a topic of
Chi-Huey Wong's (Academia Sinica,
Taipei, Taiwan) talk, who used them for
high-throughput analysis of protein-
glycan interactions."” His talk was a tour
de force, showing the audience many of
the successful strategies for glycoprotein
synthesis carried out in his laboratory
and their application in diagnosis and
drug development. In order to improve
our understanding of glycosyltransferas-
es and to set up new screening systems
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for inhibitors of this class of enzymes,
Gerd Wagner (University of East Anglia,
Norwich, UK) presented the synthesis
and initial applications of novel sugar
nucleotides. His versatile synthesis allows
quick access to nucleobase-modified
UDP and GDP sugars that can provide a
strong fluorescence signal in glycosyl-
transferase assays.!""

Hagan Bayley (Oxford University, UK)
showed how “soft” micromachines can
be constructed based on the ability of
small water droplets covered with a lipid
monolayer to form networks in a hydro-
carbon environment."? The connection
between these droplets is formed by a
lipid bilayer that can also be functional-
ized by incorporation of proteins. Engi-
neered variants of a-hemolysin, the pre-
ferred membrane pore in Bayley's labora-
tory, were used to build droplet net-
works that can respond to light or act as
an electrical circuit.

High-throughput screening and its
success, or lack thereof, is always a
matter of debate between scientists in
academia and industry. During this meet-
ing, one session was devoted to prob-
lems and challenges related to this ap-
proach, with special emphasis on screen-
ing facilities set up either by academic
institutions alone or in collaboration
with industry. Facilities from Hamburg,
Germany (European Screening Port),
Cambridge, USA (Broad Institute of Har-
vard and MIT), Sutton, UK (Institute of
Cancer Research) and Dundee, UK (Uni-
versity of Dundee) presented their ap-
proaches to high-throughput screening
and how scientists can take advantage
of these facilities. These presentations
were complimented by two contribu-
tions from industry presenting new
assay technologies (Roger Bosse, Perkin—
Elmer LAS Inc.) and drug discovery strat-
egies (Dirk Eberhard, Cellzome, Germa-
ny). Heino Prinz (Max Planck Institute of
Molecular Physiology, Dortmund, Germa-
ny) suggested a biochemical explanation
and mathematical analysis of screening
hits with apparent nonstoichiometric
binding, a phenomenon commonly ob-
served in HTS campaigns.'™

Tobias Meyer from Stanford University
(USA) described approaches to under-
standing the flow of information in cells
by using tools for in vivo imaging in

ChemBioChem 2008, 9, 3083 — 3086
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combination with chemical perturbations
and RNA interference. He covered a
wide area of different cell functions,
such as control of cell migration, oscilla-
tion in concentration of signaling mole-
cules such as calcium, and how small
polybasic protein domains can recruit
proteins to membranes. These data
should eventually lead to the very heart
of systems biology: a quantitative model
of the cellular control systems.™ In
order to achieve this goal, scientists
need to shed light on many signaling
pathways in cells and require a highly
variable tool box to do so. Kai Johnsson
from the Ecole Polytechnique Fédérale
de Lausanne, Switzerland, develops such
tools in his laboratories. In his talk, he fo-
cused on combining well-established cal-
cium-sensitive dyes with his O6-benzyl-
guanine derivatives for labeling proteins
containing a SNAP tag and on multipro-
tein labeling using the newly developed
CLIP tag.™ Gerard Marriott (University of
Wisconsin, Madison, USA) uses and de-
velops optical switches to observe low
abundant proteins in cells and animals.
He described the development of a new
imaging approach termed optical lock-in
detection (OLID) that provides impres-
sive results even in the presence of high
background signals."®

Yasuteru Urano from the University of
Tokyo, Japan, described how synthetic
modifications of fluorophores can be
used to make them responsive to
changes in the concentrations of ana-
lytes such as oxygen, nitric oxide and
glutathione or in pH. He further present-
ed examples for the detection of the
level of these molecules inside living
cells."”

Several talks dealt with the chemical
biology of phosphoinositides, which are
lipid-anchored secondary messengers at
the heart of many signaling pathways.
Tamas Balla from the NIH (Bethesda,
USA) presented tools to detect these
molecules inside cells as well as an ele-
gant way to control their cellular levels
by chemically induced protein—protein
dimerization."® An even more versatile
way to manipulate phosphoinositides
was developed by Carsten Schultz by
establishing synthetic access to mem-
brane-permeable phosphoinositide pro-
drugs. Using these tools he “bypassed”
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receptor tyrosine kinase-induced PIP;
production and could show that, for the
EGF receptor (which normally signals
through this pathway), PIP; generation is
sufficient for internalization without the
need for receptor activation. This theme
was completed by Barry Potter (Univer-
sity of Bath, UK), who presented synthet-
ic strategies for potent analogues of the
downstream secondary messenger IP;.
The power of molecular labeling was
further demonstrated by Carsten Hoff-
mann (University of Wirzburg, Germany)
who accomplished the double labeling
of the a2A-adrenergic receptor; this al-
lowed the detection of conformational
changes of this GPCR upon activation by
FRET."® Adriano Henriques (ITQB, Portu-
gal) discussed structural data for the
bacterial enzyme  transglutaminase.
These findings can help to develop this
enzyme into a tool for site-specific pro-
tein modification. Scott Stenson (Janelia
Farm Research Campus, USA) presented
the protein engineering of a ligand-acti-
vated ion channel that would only re-
spond to synthetic ligands. If expressed
in a cell- or tissue-specific manner, for
example, in transgenic mice, this ap-
proach could allow an unprecedented
chemical control of neuronal activity.
Glenn Prestwich (University of Utah,
USA) turned the attention of the audi-
ence to the extracellular processes that
are required, for example, for wound
healing. By chemical crosslinking of hya-
luronan-based hydrogels, special proper-
ties of the normal extracellular matrix
can be mimicked; this substantially facili-
tates tissue regeneration.These materials
are now in development as medical de-
vices for humans and animals.*”
Henning Mootz (Technische Universitat
Dortmund, Germany) introduced im-
provements in split-intein technology
using the Ssp DnaB and Mxe GyrA in-
teins and their application for introduc-
ing a prelabeled cystein-based tag into
proteins. Mechanistic studies of the
DnaB artificial split intein system have
shed more light on side reactions during
splicing.?" Luc Brunsfeld from the Tech-
nical University Eindhoven (The Nether-
lands) exploited the intein technology to
site-specifically introduce phosphorylat-
ed residues into the ligand binding
domain of the estrogen receptor (ER).

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Using these semisynthetic ER variants he
could show that phosphorylation modu-
lates cofactor binding.

Temporal control is of paramount im-
portance in understanding the dynamics
of living systems. Among the best meth-
ods for achieving such control are pho-
toreleasable reagents (“caged” com-
pounds) that can be activated on the mi-
crosecond timescale. Maurice Goeldner
from the University of Strasbourg
(France) introduced the audience to this
concept and presented novel photo-
cleavable chemical groups that are ame-
nable to two-photon photolysis.”?

In the evening session, Vern Schramm
from the Albert Einstein College (Bronx,
USA) took the audience on an exciting
journey into biochemical catalysis. Using
a set of isotope-labeled nucleotide ana-
logues, he determined a set of kinetic-
isotope-effect constants for the rate-
determining step of the enzyme purine
nucleoside phosphorylase. From this he
was able to construct a model for the
transition state of the catalyzed reac-
tion® and to design transition-state
mimics with low picomolar affinities for
this clinically relevant enzyme.

Gregory Verdine (Harvard University,
USA) addressed a pressing unmet phar-
macological problem, the inhibition of
protein—protein interactions. He present-
ed the stabilization of a-helical peptides
by olefin metathesis-mediated crosslink-
ing of side chains.” These analogues
have a more stable active conformation,
are more resistant to proteolytic degra-
dation and—most importantly—have
been shown to penetrate cell mem-
branes. It would be interesting to eluci-
date the underlying mechanism for this
remarkable property and to explore how
general it is for this type of peptide
modifications.

On the final day, Michael Famulok
(LIMES Institute, Bonn, Germany) pre-
sented the use of aptamers to screen for
small-molecule protein binders that
would have been difficult to identify by
traditional means. He applied this ap-
proach to cytohesins, which are mem-
bers of the guanine-exchange factor
family and for which no small-molecule
probes had been available before. He
continued by using the identified ligands
for a thorough biological characteriza-
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tion of cytohesins.”™ He showed that
these proteins are involved in insulin sig-
naling and that cytohesin inhibition can
mimic a longevity phenotype that re-
sembles a calorie-restriction paradigm.
Athanassios Giannis from the University
of Leipzig, Germany, presented the total
synthesis of the steroid derivative cy-
clopamine, which causes a developmen-
tal defect leading to vertebrates (sheep,
cows, fish) with only one eye. Renato
Bauer outlined the diversity-oriented
synthetic program at the Memorial
Sloan—Kettering Cancer Center (New
York, USA), focusing on the rapid transi-
tion-metal-catalyzed generation of poly-
cyclic scaffolds starting from stereo-
chemically defined enynes.

Proteome-wide knowledge is essential
for the understanding of biological sys-
tems. As a pioneer in this field, Benjamin
Cravatt (Scripps Institute, La Jolla, USA)
introduced the audience to the activity-
based protein-profiling approach that
takes advantage of the unique reactivity
of a certain subset of proteins. This was
exemplified—with numerous biological
applications—for the large family of
hydrolases. Cravatt further presented an
electrophoresis—LC-MS-coupled  proce-
dure for proteome-wide analysis of pro-
teolysis events.”® Genome-wide profiling
was also the topic of Andres Jaschke
(University of Heidelberg, Germany), who
presented photoreactive capture probes
with the aim of identifying novel RNA-
small molecule interactions. Kirti Sharma
(Max Planck Institute of Biochemistry,
Munich, Germany) pursued a combined
affinity  purification-MS  analysis  ap-
proach for the profiling of the kinase
proteome and extended this to a mass
spectroscopy-based  quantification  of
kinase inhibitor affinities.

George Reid (EMBL, Heidelberg, Ger-
many) reported on the fast, cyclic nature
of gene transcription at estrogen-recep-
tor-responsive promoters. Importantly,
he showed recent data indicating that

3086

www.chembiochem.org

these rapid changes in transcriptional
activity correlate with the presence of
chromatin-modifying enzymes and with
the CpG methylation status of the pro-
moter region. These results indicate that
the epigenetic mark of CpG methylation
might be much more dynamic than pre-
viously thought.?”

The EMBL Conference on Chemical
Biology 2008 has impressively demon-
strated how the successful collaboration
and mutual understanding of the chemi-
cal and biological communities can lead
to very exciting science. Several creative
chemical projects that were inspired by
biological processes were introduced as
well as many examples of biological
progress that would have been unattain-
able without the integration of tailor-
made chemical approaches. In this con-
ference, the organizers succeeded in get-
ting together many of Europe’s leading
figures as well as several key internation-
al representatives in the field of chemical
biology. The science that was presented
during the three days of the conferences
can be regarded as one of the highest
quality compilations that can be found
in this field. It definitely whets the appe-
tite and curiosity for the next EMBL Con-
ference on Chemical Biology scheduled
for September 2010.
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