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Structure-Based Enzyme Engineering and Its
Impact on In Vitro Glycorandomization

Jon S. Thorson,*@ William A. Barton, Dirk Hoffmeister,? Christoph Albermann,

and Dimitar B. Nikolov*®!

1. Introduction

A recent estimate suggests that over half of the world’s drug
leads derive directly from the natural product pool, many of
which are glycosylated secondary metabolites (Scheme 1)."
Natural product sugar ligands have been shown to be critical
to DNA recognition (calicheamicin, 1), inhibition of DNA
processing (daunomycin, 2), RNA recognition (streptomycin, 3),
translation (erythromycin, 4), cell-wall synthesis (vancomycin, 5)
and membrane recognition (amphotericin, 6), and also target
specific proteins (staurosporine, 7) and/or protein complexes
(cardiac glycosides, e.g., digitoxin 8). The functional contribution
of carbohydrates to biologically active natural products has been
reviewed in a variety of outstanding compilations.?8 A clear
picture is emerging from the exciting work highlighted in these
reviews of how sugar ligands can mediate drug targeting,
biological activity, and pharmacology, which suggests that
altering glycosylation patterns on secondary metabolites has
high potential for the generation of novel therapeutics.

There are a number of routes for altering the glycosylation of
complex metabolites. 1) synthesis/semisynthesis relies upon the
total synthesis of analogues or synthetic modification of
intermediates usually produced by fermentation or hydrolysis
of the natural product itself. An advantage of this approach is
that the variants produced are only limited by the available
chemistry and synthetic expertise. However, a significant
disadvantage is the enormous structural complexity of many
glycosylated natural products (e.g., 1). In vivo methods for
altering glycosylation include 2) genetic engineering/combina-
torial biosynthesis and 3) bioconversion. The first of these
includes disruption of natural sugar ligand biosynthetic path-
ways (SLBPs) in a producing host to provide essentially shunt
metabolites and/or the heterologous expression of SLBP
components to present hybrid glycosylation patterns
(Scheme 2 A)."' The second relies upon the feeding of aglycons
or aglycon analogues to strains containing SLBPs (Sche-
me 2B)."* " A significant advantage of these routes is the
ability to access new compounds by fermentation. Yet the price
of in vivo methods may be twofold: first, SLBPs significantly bias
the available chemistry and clearly limit the extent of accessible
sugar variation in the final product;"™ second, in vivo ap-
proaches are likely to be limited by toxicity. For example, novel
variants with high antibacterial properties might kill the
producing bacterium long before the active variants can be
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observed. Thus, in the case of anti-infectives, in vivo methods
may actually favor the isolation of unwanted, biologically
inactive derivatives.

A final route for altering glycosylation is through biocatalysis
or in vitro chemoenzymatic strategies. This so-called in vitro
glycorandomization (IVG) approach takes advantage of combin-
ing the limitless flexibility of the chemical synthesis of unique
sugar precursors with the inherent or engineered substrate
promiscuity of enzymes to activate (nucleotidylyltransferases)
and attach (glycosyltransferases) these carbohydrates to various
natural product aglycons (Scheme 3).1 8 1620 Specifically for IVG,
natural and “unnatural” sugar-1-phosphate precursors are
chemically synthesized and attached to various aglycons by a
one-pot, two-enzyme (nucleotidylyltransferase/glycosyltransfer-
ase) process. This methodology is advantageous in that it
combines the strength of chemical synthesis with the ease of
regio- and stereospecific enzymatic coupling of sugars to
extremely complex aglycon structures. An early example of this
process as applied to the nonribosomal peptides,?’-?4 reveals
that the first glycosyltransferase in vancomycin biosynthesis
(GtfE) is capable of accepting many “unnatural” activated NDP-
sugars, and that the products of the first reaction are also
accepted by the second glycosyltransferase (GtfD) in the path-
way (Scheme 4).2% 24 Assuming that GtfD holds similar promis-
cuity toward the NDP-sugar; this suggests the potential for an
exponential library growth, that is, true combinatorial biocatal-
ysis. Furthermore, this methodology allows for the efficient
incorporation of sugars bearing “reactive handles” (e.qg.,
azides,” thiols,> ketones,” and aminooxy?® substituents)
that can then be specifically modified, in the context of a very
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Scheme 1. Representative examples of therapeutically relevant glycosylated secondary metabolites.

complex natural product architecture, to enhance the diversity
of the final glycorandomized natural product library.

A critical component to this approach includes the ability to
enhance the promiscuity of the two enzyme families essential to
the glycorandomization strategy, namely, nucleotidylytransfer-
ases and glycosyltransferases. One approach might be the
application of evolutionary methods in conjunction with a
screen or selection for enzymes with desired properties.’?’ 28
Given the nature of the reactions involved and the desire to
develop enzymes capable of accepting large libraries of
substrates, an evolutionary approach might prove challenging.
Alternatively, rational design based upon structure might also
provide mutants with the desired properties. This review
highlights the application of structure-based engineering to-
ward enhancing the promiscuity of these two enzyme families
essential to the glycorandomization strategy.

2. E,, A Model Nucleotidylyltransferase for
Glycorandomization

Out of the vast number of available nucleotidylyltransferases,
structure-based engineering work began with the uniquely

18 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

promiscuous rm/A-encoded a-p-glucopyranosyl phosphate thy-
midylyltransferase (E,) from Salmonella enterica LT2.% E, cata-
lyzes the conversion of a-b-glucopyranosyl phosphate (Glc-1-P)
and dTTP to dTDP-a-p-glucose (dTDP-Glc) and pyrophosphate
(PP,), through a single sequential displacement mechanism,!'®
and is unique among nucleotidylyltransferases in that it displays
unusual promiscuity toward both its nucleotide triphosphate
(NTP) and the sugar phosphate substrates.'® 7 201 Specifically, E,
was demonstrated to convert a wide array of derivatized o-p-
hexopyranosyl and a-p-pentopyranosyl phosphates to their
corresponding dTDP and UDP nucleotide sugars (Scheme 5A).
However, limitations, as a function of sterics, ring conformation,
and/or electrostatics, prohibit the use of E, in a true combina-
torial sense. Thus, a program was initiated to rationally engineer
E, variants capable of utilizing any sugar phosphate imaginable.
The implication of a set of such E, variants is the subsequent
ability to generate, in a simple one-pot reaction, diverse libraries
of NDP-sugars. These libraries, in conjunction with downstream
glycosyltransferases and further chemical modification, form the
basis for IVG.

www.chembiochem.org ChemBioChem 2004, 5, 1625
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Scheme 2. A) An example of the application of genetic engineering toward changing macrolide glycosylation. Disruption (as indicated by “A”) of genes leading to the
biosynthesis of dTDP-desosamine (9), a precursor to pikromycin (10)/methymycin (11) and related macrolides in Streptomyces (S.) venezuluae, leads to macrolides
bearing novel sugars. In addition, introduction of biosynthetic genes from other pathways (Adesl, calS13—which incorporates a sugar 4-aminotransferase from the
calicheamicin pathway in Micromonospora echinospora) can lead to further diversity in glycosylation. B) An example of the application of bioconversion toward
altering indolocarbazole glycosylation. In this example, the N-glycosyltransferase gene from rebeccamycin biosynthesis in S. aerocolonigenes was expressed in the
heterologous host S. lividans. Unnatural aglycons were then fed to the Ngt-S. lividans recombinant strain fermentation leading to the novel indolocarbazole analogues.

3. Three-Dimensional Structure of E,

Several recent X-ray crystallographic studies of E,'® and its
homologues in Pseudomonas aeruginosa (RmlA)B% and Escher-
ichia coli (G1p-TT)B" have elucidated the structures of these
enzymes and revealed that they function as symmetrical
tetramers (Figure 1A). The interactions between the subunits
are dominated by helix - helix packing of four large helices in the
center of the tetrameric assembly. The four active site pockets—

ChemBioChem 2004, 5, 16-25  www.chembiochem.org
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one on each monomer—are located close to, but not over-
lapping with, the subunit interfaces. The E, monomer is a two-
domain molecule. The domain containing the active site has
overall resemblance, including the location of the active site to
other nucleotide binding proteins containing the common o/
“Rossmann” fold. The second E, domain, which packs tightly to
the side of the active site domain, is involved in the intermo-
nomer interactions generating the E, tetramer. The closest E,
structural homologues include other nucleotidylyltransferases

19
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Figure 1. Structure of E,. A) structure of the E, tetramer (PDB ID: 1IIN);

B) Stereoview of the E, active site with bound substrate (reproduced with
permission from ref. [18]); C) Schematic representation of the E,—substrate
contacts (reproduced with permission from ref. [19]]).

and glycosyltransferases, such as the E.coli GImUB? and the
Bacillus subtilis SpsA.B3

The structural studies of E, and its homologues were
complemented by kinetic data to characterize their catalytic
mechanism, specifically supporting a sequential ordered Sy2-
type single-displacement mechanism and ruling out the alter-
native ping-pong double-displacement mechanism.['8 31 The
location of the Mg?** cofactor, which is strictly required for

20 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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enzyme activity, was also identified; this revealed that the metal
ion functions by electrostatic stabilization of the leaving group,
while also playing a structural role in folding the substrate-
binding region of E, around itself to fix the NTP at an optimal
position for the catalytic event.!'®!

4. Structure-Based Engineering of E, and New
Substrates Accepted by Mutants

Most importantly, the various reported enzyme - product and
enzyme - substrate crystal structures unraveled the precise
molecular details of substrate recognition and substrate specif-
icity of E, (Figure 1B), providing the information necessary for
the enzyme-engineering experiments required for the gener-
ation of E, variants as IVG components. Figure 1C summarizes
the observed contacts between the enzyme and substrate in the
active-site pocket. The sugar moiety sits on a hydrophobic bed
composed of leucine and isoleucine residues and is positioned
by its interaction with several side chains through hydrogen
bonding with the sugar hydroxyl groups. By using the structural
information as a guide, a systematic effort was initiated to alter
residues within the sugar-binding pocket that might hinder the
binding of the “unnatural” sugar phosphates that failed as
substrates of wild-type E,. Modeling such substrates into the
active site revealed that both steric and electrostatic constraints
preclude their binding. In addition to constraints imposed by
side-chain atoms, main-chain atoms also prevented access to
some sugars; this creates additional challenges to engineering
efforts.

C6 substitutions

The initial attempt at rational engineering of E, substrate
promiscuity included two “unnatural” sugar phosphates
(Scheme 5 B), acetamido-6-deoxy-a-p-glucopyranosyl phosphate
(12) and a-p-glucopyranuronic acid 1-(dihydrogen phosphate)
(13), which have bulky substitutions at the sugar C6 position and
are not accepted by the wild-type enzyme.'® Based upon the
determined E, structure, a W224H mutation was designed to
decrease steric constraints imposed at C6 of the substrate while
providing a partial positive charge to assist in binding of 13.
Functional analysis of this mutant revealed that it was indeed
capable of converting both of the targeted compounds. The
structural elucidation of W224H revealed an astonishing and
unexpected active site side-chain rearrangement that creates a
large gap surrounding C6, clearly consistent with its impressive
substrate promiscuity." As an illuminating example of the
unexpected in “rational” design, this case is one in which the
design expectations and the catalytic outcome are consistent
although the precise structural basis is distinct from the
predicted structural consequences of the given mutation.

C2/C3 substitutions

Another engineering challenge involved increasing the promis-
cuity of E, toward substrates with unique C2, C3, and C4
substitutions. One such substrate set, the o-p-hexose series,

www.chembiochem.org ChemBioChem 2004, 5, 1625
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Scheme 3. A) The standard route for secondary metabolite glycosylation in vivo. Generation of the fully functionalized activated NDP-sugar can require up to ten
distinct transformations by unique enzymes prior to the culminating glycosyltransferase (GlyT)-catalyzed attachment to the aglycon. B) Schematic for natural product in
vitro glycorandomization illustrating the great potential for enhanced diversity through the simplistic bypass of the many specific SLBP enzymes.

contains a number of representatives poorly utilized by the wild-
type enzyme.'”™ Modeling of failed substrates bearing a C2-
epimeric configuration of glucose (altrosyl- (14), talosyl- (15), and
idosyl-phosphate (16)) revealed that the main steric infringe-
ment upon “unnatural” substrate binding was imposed by the
Leu89 side chain. These studies also suggested that a Leu89 - Thr
substitution would relieve steric constraints while simultane-
ously supplying a potential hydrogen-bonding partner. Remark-
ably, the designed L89T mutant resulted in the production of six
new nucleotide sugars.'"? This is especially encouraging since
the enhanced promiscuity of L89T did not affect its natural-
substrate turnover rate. Furthermore, the conversion of 16,
which is predicted to adopt predominately the ,C' conformer,
suggests that L89T may accept substrates that adopt alternative
chair conformations; this adds to the potential utility of this
designed mutant. Structural elucidation of the L89T E, variant
revealed that the vy oxygen in Thr89 is approximately 4 A away
from the sugar C2 hydroxyl and that this gain of > 1 A (relative to
wild-type E,) may account for this mutant’s ability to accept the
C2 epimers of glucose. Furthermore, the L89T structure suggests
that, in addition to relieving C2 steric constraints, this mutation

ChemBioChem 2004, 5, 16-25  www.chembiochem.org

also alleviates infringements at C3 and C4 through an adjust-
ment or “slipping” of the sugar base in the enlarged active site
pocket. Such “slipping” could also explain its ability to accept
alternative chair conformations. Cumulatively, the success of this
designed mutation was exceptionally high in that three of the
four targeted compounds became successful substrates. In this
particular example, the design, anticipated result, and exper-
imental determinations were consistent and highlight the
potential of structure-based enzyme engineering.

In a similar fashion, modeling of the poorly utilized substrates
containing a C3-epimeric configuration of glucose (altrosyl- (14),
idosyl- (16), allosyl- (17), and gulosylphosphate (18)) revealed
that while main-chain atoms were preventing access, a Tyr177 -
Phe substitution (which supports the hexopyranoside ring in the
active site pocket) could potentially lower the position of the
sugar phosphates and provide the additional space needed by
the axial C3 and C2 hydroxyl groups in this epimeric series. Yet,
the Y177F mutant was relatively unsuccessful in that a twofold
enhancement of the conversion of 17 was the only observable
biocatalytic benefit. The Y177F mutant structure revealed that
while, as designed, there was adequate room for movement of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 21
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Scheme 4. Representative vancomycin analogues generated by IVG. The typical reaction catalyzed by GtfE is the attachment of a-o-Glc (as illustrated on the left). By
using IVG, Glc has been replaced by a number of “unnatural” and uniquely functionalized sugars presenting a library of novel “glycorandomized” vancomycin
analogues. Certain members of this library can be further elaborated through specific chemical modifications owing to the incorporation of sugars bearing “reactive

handles” (e.g., thiols, azides, amines, and ketones).

the sugar base lower into the binding pocket, it had actually
moved only very slightly.™ In this example, the structure-based
design and anticipated structural consequences were consistent,
yet the determined catalytic consequences were not predicted.

In addition to the C6 acetamido derivative
discussed in the previous section, attention
was also directed to 2-acetamido-2-deoxy-a.-
p-glucopyranosyl phosphate (19).'¥ A T201A
substitution was designed to decrease the
steric interference at the sugar positions C2
and/or C3 for compounds and, as expected,
was found to substantially increase the con-
version of 19. The structure of the T201A
mutant has yet to be determined.

5. Glycosyltransferase Structure
and Structure-Based Engineering

Although the structure-based engineering of
a glycosyltransferase has yet to be reported,
the past few years have seen encouraging
progress in this field, and the necessary
foundations have clearly been set for this
approach. A number of high-resolution glyco-
syltransferase structures have been reported

22 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

over the past decade and these structures have been reviewed in
a number of compilations.®* 3% The structure of GtfB (Fig-
ure 2A),59 which is a glycopeptide glucosyltransferase (GT)
decorating the 4-hydroxyphenylglycine of vancomycin’s ana-

GtiB

www.chembiochem.org

Figure 2. Structure of related glycosyltransferases A) GtfB (PDB ID: 1IIR); B) OtsA (PDB ID: 1GZS). The
N-terminal domain is in green, the C-terminal domain is in blue, the bound UDP and a-p-glucose-6-
phosphate substrates are in red/black.

ChemBioChem 2004, 5, 16 -25
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Scheme 5. A) “Unnatural” substrates of wild-type E,; B) “Unnatural” substrates of structure-based engineered E, variants which completely failed (or were very poor) as

substrates of the wild-type enzyme.

logue chloroeremomycin, and the related structure of OtsA
(Figure 2B) are particularly appealing for the biosynthetic

6. Current Progress in Glycosyltransferase
Engineering

chemist.?? The results illustrate that this first natural-product

GT structure follows the two-domain design now common to
these catalysts. Although attempts to cocrystallize the enzyme
with its UDP-Glc donor substrate failed, the interdomain gap
could be recognized as a plausible site to accommodate the
nucleotide sugar. From sequence homologies it is also reason-
able to suggest that the C-terminal domain of GTs harbors the
nucleotide-binding apparatus. The acceptor-binding site of GtfB
was proposed to reside within the N-terminal domain where a
hydrophobic patch was found. While these specific designations
have not been tested experimentally, the two-domain blueprint
opens up intriguing possibilities for hybrid transferases com-
posed of domains of different origins. Future work must explore
whether this approach is suitable to elegantly blend sugar donor
and acceptor selectivities of given parental enzymes, thus
expanding the possibilities of a glycosyltransfer by design.

ChemBioChem 2004, 5, 16 -25
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While structure-based engineering of glycosyltransferases is still
in the planning phase, designed glycosyltransferases based
upon sequence alignment strategies have recently been report-
ed. The biosynthetic route to the angucyclic glycosides urda-
mycin A and B is unique in that it features two highly
homologous glycosyltransferases (UrdGT1b and UrdGT1c, 90%
identical), which display different substrate selectivities for both
the nucleotide sugar donor and acceptor.?” In the biosynthesis
of urdamycin, UrdGT1c transfers t-rhodinose to an equatorial
3-OH group of the preceding p-sugar, closing an a-(1—3)
glycosidic bond, while UrdGT1b accounts for the attachment of
p-olivose through a -(1 —4) glycosidic bond to the axial 4-OH of
L-rhodinose (Scheme 6). The most significant sequence differ-
ences between UrdGT1b and UrdGTl1c are found in the
N-terminal section, particularly between positions 52 - 82 which

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 23
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Scheme 6. Schematic of urdamycin glycosyltransferase engineering.

are located within a hypervariable section among many natural
product GTs. In comparison to the GtfB structure, this region
corresponds to the region bridging 33 and 34 in the N-terminal
domain.

Recently, a set of elegant random mutagenic and domain-
swapping experiments revealed this hypervariable region to
dictate both donor and acceptor selectivity in UrdGT1b and
UrdGT1c and distinguished ten amino acids as vital for substrate
specificity.*® By randomizing these amino acids in a GT-gene
library, the parental enzyme selectivities could be fused. In
addition, a new breed of glycosyltransferase was generated in
this work which was capable of modifying a unique glycosylation
target site. Surprisingly, none of the ten key amino acids
identified was able to dictate selectivity independently but
instead multiple amino acid alterations within these ten were
required to produce the novel catalytic activities in comparison
to the wild-type. Future work is expected to focus on harnessing
the potential of this region to design multipurpose glycosyl-
transferases to support both IVG and in vivo engineering of
novel natural products.

7. Conclusions and Prospects

In the light of both pure and applied pharmaceutical sciences,
enzyme engineering has already greatly supported the develop-
ment and diversification of bioactive natural products. Research-
ers dealing with pure science appreciate the detailed insight into
enzymatic mechanisms underlying the biosynthesis of natural
products and their building blocks (e.g., modified and function-
alized sugars). At the applied end, these insights have led, in part,
to the IVG approach.

24 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Although IVG is a recent strat-
egy, its versatility has been im-
pressively demonstrated by a li-
brary of diversified vancomycins,
antibiotics of last resort against
multiresistant pathogens. Com-
pared to solely in vivo-based
strategies, IVG appears superior
in that it smartly integrates the
potential of traditional synthetic
chemistry and does not select
against the most potent metabo-
lites that might kill the microbial
host strain. Furthermore, it relies
on only a small set of enzymes,
thereby eliminating the need for
large, multienzymatic cascades.
IVG is also advantageous over
the pure synthetic approach ow-
ing to the complexity of many
natural product variants (e.g.,
nonribosomal peptides like van-
comycin).l4

Future work, including further
synthetic or enzymatic sugar
processing to feed the IVG proc-
ess in conjunction with investigations on glycosyltransferases,
promises to enhance the diversification of novel or known drug
leads.
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Synthesis of Tissues and Organs

loannis V. Yannas*!

Symbolism that describes the synthetic processes for chemical
compounds has been used to describe, in qualitative terms, the
synthesis of tissues and organs at the correct anatomical site. The
synthetic process is summarized in the reaction diagram, a
shorthand representation of the reactants, reactor, and products.
Analysis of a large number of independent protocols has led to
identification of the simplest synthetic pathways for two organs
that have been studied extensively: skin and peripheral nerves.
These apparently irreducible reaction diagrams for the two organs
are not only simple but surprisingly similar, a fact suggesting the

Introduction

The synthesis of tissues and organs is having an increasing
impact in the clinical setting, in assisting patients who have
irreversibly lost the use of an organ. Although conventional
approaches for organ replacement, such as transplantation,
autografting, and implantation of engineered prostheses, are
extensively used, the process by which a patient can regrow
(regenerate) a lost organ at the correct anatomical site is, in
principle, undoubtedly more attractive. A regenerated organ is a
genuine part of the anatomy and does not suffer from problems
of biological incompatibility; it even grows as a child host grows.
In spite of the fact that the syntheses achieved in this developing
field have so far been partial, the clinical benefit is remarkable.

One of the major problems in this field is a lack of under-
standing of the basic rules that govern such synthetic processes.
This has led to a proliferation of processes for the synthesis of
nearly identical tissues and organs. Careful inspection of the
lengthy, complicated protocols that are employed provides very
little insight into what is required and what is redundant. There is
an urgent need for generalization and simplification.

Even the most involved synthetic pathways that have led to
the synthesis of organic compounds pale in complexity com-
pared to those employed for the synthesis of biological organs.
This discrepancy makes one wonder about the value of chemical
symbolism in this biological context. After all, how can a cell be
represented simply as a reactant? How useful is it to represent an
anatomical site as a reactor? Can an absence of information
during the synthesis about the space- and time-dependent
concentration of several cytokines, admittedly critical reactants,
be neglected? And so on.

All these questions are justified. The answers hinge directly on
the objective that is pursued when the symbolism developed for

ChemBioChem 2004, 5, 26 -39 DOI: 10.1002/cbic.200300682

existence of general rules for the synthesis of other organs as well.
The only two reactants that are required are an active scaffold (a
macromolecular network synthesized as a highly porous analogue
of the extracellular matrix) and a seeding of epithelial cells of the
organ being synthesized. Scaffolds possessed biological (regener-
ative) activity provided that they were capable of blocking the
contraction process that leads to closure of the injured site. Such
activity requires that the density of ligands for binding of
contractile cells on the scaffold maintains a sufficiently high level
over the period of synthesis.

use in one science is used in another. Chemical symbolism is
used here almost exclusively in order to identify the simplest
(“irreducible”) synthetic pathway, the one in which each of the
reactants employed is necessary (required) to produce the
desired organ. Once identified, this pathway not only simplifies
immeasurably the experimental design but also immediately
sharpens the focus for hypotheses about the mechanism of the
synthetic process. Furthermore, comparison of the simplest
pathways for synthesis of two different organs, skin and
peripheral nerves, can be made quite directly and similarities
can be deduced.

In fact, a surprising result has been observed following this
analysis: In spite of dramatic differences in structure and
function between skin and peripheral nerves, the reactants that
are required to synthesize them, though not identical, are
anatomically similar. Can such a similarity suggest approaches to
the synthesis of other organs as well?

This article identifies the rules that lead to highly simplified
protocols for organ synthesis and describes certain implications
and uses of these rules. A brief mechanistic interpretation of the
empirical rules follows. A detailed analysis of the data that
support these rules, as well as of the mechanistic interpretation
of the data, has been presented."

[a] Prof. I.V. Yannas
Room 3-332, Department of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139 (USA)
Fax: (+1)617-253-5981
E-mail: yannas@mit.edu
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Symbolism for Reactants, Reactors, and
Products

We seek a method for a comparative analysis of protocols that
have been used by a large number of independent investigators,
mostly biologists, physicians, chemists, and engineers, to
synthesize tissues and organs. The objective of the analysis is
identification of the simplest conditions for a given synthesis.

How much information is required to describe a protocol in
sufficient detail to allow comparison of widely different ap-
proaches? These are biological processes in which cells synthe-
size tissues and organs while their activity is regulated by soluble
macromolecules (e.g., growth factors, symbolically referred to
here, for simplicity of presentation, as cytokines) and by
insoluble networks (scaffolds). The sheer amount of information
required appears, at first, to be unmanageably large. Recall,
however, that our objective in this analysis is not a description of
the absolute magnitudes that participate in a given reaction: It is
rather to analyze the qualitative differences among processes
used by investigators to synthesize a given tissue or organ.
Rather than trying to focus on how many cells per unit volume or
how many cytokine molecules per cell were used in a process
(information not readily available), we wish instead to report on
whether the cells used to synthesize a given tissue were, for
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use as a cell-seeded scaffold to regenerate skin (1981), and its
eventual approval by the US Food and Drug Administration (FDA)
for the treatment of burns patients and patients of plastic surgery
of the skin. This was the first tissue-engineered device approved by
the FDA (1996). Another scaffold from his group has induced
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including the book Tissue and Organ Regeneration in Adults
(Springer, New York, 2001), and has been granted 15 patents. He
was elected member of the Institute of Medicine of the National
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professional societies for his synthesis of a biologically active
scaffold, including the American Chemical Society, the Society for
Biomaterials, and the Society of Plastics Engineers. He was the
2002 Kroc Lecturer at M.I.T.
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example, fibroblasts or keratinocytes. We are attempting a
purely qualitative analysis of processes; this is as far as the
knowledge available to us today will let us go.

Tissue synthesis is carried out by cells that are regulated by
certain cytokines and by matrices with specific structures. The
reactants employed will, therefore, be classified into just three
categories: cells, cytokines, and matrices. A review of a large
number of protocols for tissue and organ synthesis published
during the past 25years has shown that investigators have
added suspensions of cells of different types, solutions of one or
more cytokines, and occasionally insoluble materials either into a
cell-culture flask (in vitro reactor) or into an anatomical site of a
living organism (in vivo reactor).

Specification of the cell type is obviously justified since, for
example, the fibroblasts from a given organ typically synthesize
quite different proteins to the epithelial cells of the same organ.
Although there is evidence that the number of times cultured
cells have been passaged prior to being introduced into the
reactor affects the identity and quantity of proteins that they
synthesize, there are few reports of the state of cell differ-
entiation in investigations that have led to synthesis of tissues
and organs. Information about passaging of cells used as
reactants will be omitted in this analysis. For further simplicity,
information about the composition of the culture medium used
in vitro will also be omitted. Chemically defined media,
constituted from chemical compounds at standardized concen-
trations, have been increasingly used in vitro for the synthesis of
skin tissues? or peripheral nerve tissues,® thereby minimizing
greatly the large differences in composition of media that were
occasionally observed in earlier studies.

Solutions of cytokines are specifically cited as reactants in our
analysis provided that they were introduced by the investigators
(exogenous cytokines). In contrast, explicit mention of cytokines
that are supplied by the tissue exudate that flows into the
wounded anatomical site following surgical preparation is
omitted. Such an omission is glaring, when one considers the
high concentration of several cytokines in the typical exudate
and the strong regulatory effect that certain cytokines have on
cells. The omission is justified on two counts. First, we currently
have little detailed information on the time- and space-depen-
dent concentration changes of the several cytokines that play
important roles during synthesis. We will refer to this information
as being descriptive of a “cytokine field”. Although the identity of
most cytokines that regulate cell behavior in many injured
anatomical sites has been established, the details of the
conversation among cells (cell - cell signaling), for which these
soluble regulators form the vocabulary, are largely unknown.
Second, it can be argued that, provided the wounded anatom-
ical sites prepared by two independent investigators have been
prepared by an identical surgical protocol, as stipulated
immediately below, the exudate flowing inside the wound
immediately after injury is identical, or nearly identical, in
composition as well (“uniform” across different investigators)
and so is the initial cytokine field. It follows that omission of the
cytokine field from a qualitative description of the synthetic
events that proceed at standardized wounded anatomical sites,
all of which are expected to have the same cytokine field, does
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not handicap the comparative analysis that we will generate.
This omission is referred to as the approximation of the “uniform
cytokine field”. The approximation currently appears to be not
much more serious than the frequent omission in the literature
of a specification of one of the standardized background
variables, for example, the standardized pH value or temper-
ature, from the protocol. Even so, however, the approximation is
expected to apply only during the initial conditions for the in
vivo process, that is, immediately after the injury has been
inflicted and before addition of any reactant. The approximation
obviously applies only to in vivo processes. Detailed justification
for omission of the cytokine field from the comparative
description of in vivo processes has appeared elsewhere.!"

Scaffolds that modulate cell function are nondiffusible
(insoluble) regulators that function by making specific connec-
tions with cells (cell - matrix signaling). The connection involves
a cell receptor (integrin) and an active site on the scaffold surface
(ligand); several such receptor-ligand binding events usually
take place simultaneously. Integrin-ligand interactions are
highly specific and, as will be seen below, can have a dramatic
effect on cell function related to synthetic events. Two examples
of such active scaffolds appear in Figure 1. A detailed phys-
icochemical description of the structural characteristics of
scaffolds that have regenerative activity has been presented
previously.™

The reactants described above are introduced into one of two
basic types of reactor (Figure?2). In an in vitro protocol all
reactants are introduced in the simplest biological reactor, a flask
(typically located inside an incubator) that contains cell-culture
medium. By contrast, an in vivo protocol takes place inside the
living anatomical site where the organ is being synthesized. A
suitable anatomical site is most simply prepared by a surgical
procedure in which a mass of an organ is excised; the reactants
are then implanted into that site. In studies with animals, the
procedures involved have been described in great detail. They
can be carried out readily by a skilled assistant.

Clearly, an in vivo reactor is much more complicated than its in
vitro counterpart. For this reason, the majority of efforts to
synthesize organs to date have focused on the simpler in vitro
procedures. Careful study of in vivo reactors is, however, justified
on the basis of two simple arguments. First, an organ that has
been synthesized in vitro must eventually be implanted inside
the anatomy of the host, that is, inside an in vivo reactor. Second,
synthesis of clinically functional organs, even those that are only
partially functional, has been demonstrated to date mostly with
the products of in vivo reactors.

We now focus briefly on the advances recently made that
simplify the interpretation of data obtained in such reactors. An
important simplification is introduced by considering only
processes that take place inside a small subset of standardized
in vivo reactors. Use of standardized reactors drastically limits the
variance in reactor conditions. The subset comprises special
wounds, referred to as anatomically well-defined defects." The
space of such a defect consists of an experimental volume, free
of tissues that do not regenerate spontaneously (nonregener-
ative tissues; see below); the volume is marked by unambiguous
anatomical boundaries and it is physically constrained to prevent

ChemBioChem 2004, 5, 26-39  www.chembiochem.org

“ - = A~

L B 'll-m'm
S0 ar e oy

Figure 1. Scanning electron microscopy images of two scaffolds that have
demonstrated high regenerative activity. The dermis regeneration template (top)
is used as a graft to cover deep and extensive skin wounds; the nerve regeneration
template (bottom) is used as filling for a nerve chamber in which the two nerve
stumps of a transected nerve are inserted. Both were synthesized as highly porous
graft copolymers of type | collagen and chondroitin 6-sulfate (a glycosamino-
glycan or GAG). The structural properties of these scaffolds that need to be
controlled within critical ranges are the chemical composition, the specific surface
(increases with pore volume fraction and decrease in average pore diameter), the
orientation of pore channel axes, and the degradation rate (decreases with the
cross-link density). Bar: 100 um. Courtesy of The Massachusetts Institute of
Technology (M.I.T.).

loss of exudate flow as well as to prevent entry of extraneous
tissues or bacteria. Distinction among the different tissue types
(epithelia, basement membrane, and stroma; see Figure 3) that
must be deleted in order to generate the space of an in vivo
reactor can be made on the basis of simple rules, described
below.

Only data from two types of in vivo reactors have been
considered below. We will consider in vivo reactors that have
been used extensively by a large variety of investigators to study
the two organs on which we will focus attention; they are the
dermis-free skin defect (full-thickness skin loss) and the fully
transected peripheral nerve (Figure 4). The protocols that have
been included for analysis in this article have been carefully
limited to the use of just these two reactors. Data from skin
wounds of partial thickness or from nerves that were partially
transected (for example, hemisectioned nerves) have been
deliberately omitted. It has been shown that synthetic results
obtained with surgical protocols that were only as different as
the partial-thickness and full-thickness skin wound cannot be
compared meaningfully to each other by using the information
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Figure 2. Schematic representation of experimental configurations for in vitro and in vivo
synthetic processes. Top: Skin. Bottom: Peripheral nerves. Reactants added by the investigator
(exogenous reactants) include cell suspensions, cytokines (soluble regulators), and scaffolds
(insoluble regulators). In a typical in vitro protocol reactants are first introduced into the culture
medium; after several days, the resulting organoid is implanted at the correct anatomical site. In
vivo protocols minimize the length of in vitro culture and typically proceed relatively directly to
implantation of reactants at the anatomical site. (Reproduced from ref. [1].)
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Figure 4. Standardized reactors for in vivo synthesis of skin
(above) and peripheral nerves (bottom). Data that lead to
identification of the simplest synthetic pathways in this article
derive exclusively from reports that were based on the use of just
these two reactors. The reactor for the synthesis of skin and its
tissue components is prepared by excision of the entire
epidermis, basement membrane, and dermis (full-thickness skin
wound). For studies on peripheral nerves, the reactor is prepared
by complete transection of the nerve. Transection is typically
followed by inserting the two nerve stumps inside a nerve
chamber (tube) that may optionally contain a filling. (Repro-
duced from ref. [1].)

that is currently available." Inclusion of data
obtained under conditions other than those shown
in Figure4 would have seriously confused the
analytical procedure.

Although it appears at first that consideration of
only data that have been obtained with a subset of
reactors may have handicapped our analysis, the
reverse is actually true. The substantial benefit we
reap is the ability to conduct a direct comparison
of the complex protocols used by independent
investigators. This approach automatically excludes
consideration of data that are not directly compa-
rable from one protocol to another.

Products of the synthetic process are organs or
simply their constituent tissues. A common classi-

fication of tissues in an organ divides them into members
of the “tissue triad”: Epithelial tissues are 100% cellular;
they comprise no extracellular matrix (ECM) and have no
blood vessels. The basement membrane comprises no
cells and is made up entirely of ECM. The stroma contains
cells, ECM, and blood vessels (Figure 3). As summarized in

dermis . . . .
: Table 1 for skin and peripheral nerves, adult epithelial
A tissue and the associated basement membrane are
perineurium e ' regenerative while the stroma is clearly nonregenerative.™
Skin Merve This classification is a very useful method for product

identification. (The same tissue classification was also

Figure 3. The tissue triad in skin and peripheral nerves. The basement membrane, avery ~ useful in the design of the anatomically well-defined
thin extracellular matrix (ECM), is flanked on one side by epithelia (epithelial tissue), a reactors shown in Figure 4)

cellular and nonvascular tissue that lacks ECM; on the other side is stroma, supporting
tissue comprising primarily ECM and blood vessels. In skin, epithelial tissue is the

There is a dearth of quantitative assays for the

epidermis and stroma is the dermis. In nerves, epithelial tissue is the myelin sheath and identification of products, especially assays that distin-
stroma is the endoneurial stroma (endoneurium). (Reproduced from ref. [1].) guish between normal stroma and scar tissue. Since
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REVIEWS

Table 1. Regeneratively similar tissues in skin and peripheral nerves (partial list).

Skin Peripheral nerves
Regenerative tissues epidermis, basement membrane myelin sheath, basement membrane
Nonregenerative tissues dermis endoneurial stroma

synthesis of the stroma occupies a central position in this field
(see also below), the development of assays for scar tissue and
for normal stroma is an essential step. A useful assay for the
identification of scar tissue and its distinction from normal
dermis is shown in Figure 5. Here, the light-scattering pattern

Histologic
Photagraphic slide

Figure 5. Quantitative distinction between scar tissue and physiological dermis
can be made by using laser light scattering from tissue sections. Top: The laser
beam passes through a histologic tissue section and is scattered. The scattering
pattern is viewed on the photographic plane and is characterized by the
scattering angle © and the azimuthal (or rotation) angle 3. The tissue section
(scar) was sampled from a plane that was perpendicular to the long axis of the
closed wound (full-thickness skin wound in guinea pigs that healed with scar
formation). The major direction of contraction of the scar was perpendicular to
the long axis of the closed defect. The data indicate that collagen fibers in scar
tissue were oriented along the direction of the principal contractile stress. Bottom:
Four areas of the tissue section were sampled by the light beam. The scattering
patterns (below the microscopy section) show that the collagen fibers in scar
tissue are oriented in the plane (quasilinear patterns inside left and right) while
fibers in normal dermis are quasirandomly oriented (elliptical patterns, outside
left and right). E = epidermis, D = dermis, S= scar tissue. (Adapted from ref. [5]).

from a conventional histologic slide is analyzed quantitatively to
evaluate an orientation function that describes the orientation of
collagen fibers in the tissue. The numerical value of that function
is used to distinguish between scar tissue (highly oriented
collagen fibers; linear scattering pattern) and dermis (quasi-
randomly oriented fibers; elliptical pattern).®

Shorthand notation is employed to describe product tissues
and organs; for example, in skin, the epidermis is abbreviated as
E, basement membrane is BM, rete ridges (undulations in the
dermal - epidermal junction characteristic of skin but not of scar
tissue) are RR, and the dermis is D. The anatomical connection
between two adjacent tissues is represented by a dot between
symbols for neighbors; for example, partially synthesized skin is
represented as E-BM-RR-D. All abbreviations, including those
used for tissues in peripheral nerves, are listed in a footnote of
Table 2.

Reaction Diagrams: Uses and Limitations

Information about the protocol used in a synthetic process is
concisely summarized in the reaction diagram, a qualitative
shorthand description of the reactants introduced in the reactor
and the products that resulted. All reactants explicitly referred to
in a reaction diagram are only those that have been added by
the investigators into the reactor (exogenous reactants); endog-
enous reactants, whether provided by the culture medium (in
vitro) or the flowing exudate (in vivo), are omitted. (Explicit
information on the reactor used is provided only with an in vivo
process and is designated by appropriate notation on top of the
arrow that shows the direction of the process.)

An example of a reaction diagram is shown below,® written in
longhand [Eq. (1)] and then in abbreviated form [Eq. (2)]:

keratinocytes + fibroblasts 4+ collagen  gel —epidermis  with
basement membrane attached (1)

KC+FB+COG —E-BM (2)

This reaction diagram informs us that keratinocytes (KC),
fibroblasts (FB), and a collagen gel (COG) were added to an in
vitro reactor, resulting in the synthesis of a fragment of an organ,
an epidermis with the associated basement membrane attached
to it (E-BM). This diagram is a shorthand version of detailed
protocols published independently by several teams of inves-
tigators over a 10-year period."'? (Although a protocol for the
synthesis of E-BM was published in each case, the major
objective of some of these investigations was not the synthesis
of E-BM.)

The reaction diagram shown above is an example; it does not
describe the simplest conditions required to synthesize the
organ fragment E-BM. However, inspection of several reaction
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diagrams from different investigators, all of whom synthesized
E-BM, can rapidly lead to identification of the irreducible
reaction diagram, that is, the process for synthesizing tissue that
requires the minimum number of reactants or that takes place
under simpler conditions (in vitro considered simpler than in
vivo). The simplest diagram for the synthesis of E-BM turns out
to be that shown in Equation (3):*

KC—E-BM (3)

We conclude that neither fibroblasts nor any scaffold gel were
required to achieve an in vitro synthesis of E-BM.

The simplest (irreducible) reaction diagram shows at a glance
the minimal requirements for a given synthesis. Clearly, such a
diagram is not immune to being replaced in future studies by an
even simpler diagram. It only answers the question: Based on
the available data, which reactants, added to which reactor, are
required (necessary) in order to synthesize the tissue or organ of
interest? In a field that is noted for its highly complex protocols,
often extending over a few pages, the economy introduced by
such a diagram is not to be slighted. Furthermore, once
identified, the simplest process cannot be neglected in future
studies of the mechanism of synthesis.

The limitations of this shorthand presentation are the result of
the approximations employed in setting up and interpreting the
reaction diagrams. One such approximation is the use of a single
name for a product, irrespective of its degree of maturation
(differentiation). This problem is dealt with by accepting as valid
the report of a synthetic event provided that the investigator has
identified the product by use of at least one recognized assay.
Clearly, this criterion is arbitrary. Since the identification of tissues
and organs is not yet as precise as that of a chemical compound
such as (say) nitrobenzene, there is an obvious opportunity for
some ambiguity. Another limitation is introduced by the
assumption that an individual tissue or organ fragment can be
synthesized in an “out-of-organ context”, that is, as a discrete,
stable entity such as E or E- BM, without making contact with the
tissues to which it is normally connected inside the organ. A
simplified view of an organ as a “linear assembly” of constituent
tissues, in which individual tissues exist outside the organ
setting, has been occasionally supported by independent
evidence.'"* ' Tissue synthesized in an out-of-organ context is
typically nonvascularized and is frequently unsupported meta-
bolically by the organism; eventually, such a tissue shows signs
of instability. However, eventual loss of stability does not affect
the identification of freshly synthesized tissues, just as the
inherent instability of a reactive intermediate or free radical in a
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chemical reaction does not invalidate methods for the identi-
fication of these transient species.

Further ambiguity is introduced by the omission of explicit
information on the cytokine field; this is the uniform cytokine
field approximation (see above). It is based on the assertion that
the cytokine field does not vary among investigators (or among
animals within the same protocol) provided that the anatomical
site of synthesis is maintained as fixed in the different protocols.
What is the evidence that this approximation holds true when
data from the nominally identical reactors have been obtained
with different species? This question cannot be answered today
because the available information on cytokine concentration
levels in different reactors is so limited. Finally, the reaction
diagram contains no stoichiometric information and is clearly
not a chemical equation. Also, like a chemical equation, it
contains no information on the kinetics of the synthetic process.

Simplest Reaction Pathways for Skin and
Peripheral Nerves

Detailed reaction diagrams describing several protocols from
different investigators who synthesized either skin or peripheral
nerves have been presented in detail elsewhere."! These
diagrams describe 33 protocols for the synthesis of tissue
components of skin (epidermis, basement membrane) and
partial skin itself, as well as 20 protocols for the synthesis of
peripheral nerve tissue components (myelin sheath, basement
membrane, endoneurium, perineurium) and the conducting
nerve trunk (20 additional protocols). In this article we omit
discussion of the synthesis of the perineurium; we also omit the
complete listing of the numerous protocols for skin and nerve
synthesis.!"" We describe below the outcome of this analysis.
The simplest synthetic pathways deduced from these proto-
cols are shown in Table 2. Synthesis of the epithelial tissue in skin
(epidermis, E) requires in vitro culturing of keratinocytes but no
other cell type, cytokine, or scaffold.? %17 A slightly different in
vitro protocol that also makes use of only keratinocytes has been
shown to yield epidermis with its associated basement mem-
brane, E-BM.['® However, synthesis of the dermis, D, requires in
vivo conditions with the use of an active scaffold such as the
dermis regeneration template (DRT), an insoluble analogue of
the extracellular matrix.l'®-2! | ikewise, synthesis of the skin organ
has not been observed in vitro; the in vivo protocol yields partial
skin, E-BM:RR-D, that is, skin with epidermis, basement
membrane, rete ridges, and a dermis with blood vessels, nerves
and mechanical strength but no appendages (hair, sweat

Table 2. Simplest synthetic pathways for epithelia, basement membrane, stroma and the partial organs, skin and peripheral nerves.

Epithelia (in vitro) BM (in vitro) Stroma (in vivo) Organ (in vivo)
skin KC —E KC —E-BM DRT—D KC -+ DRT —PS
nerve SC—MAX SC —MAX-BM tube —ED(?) SC + tube —nerve trunk

[a] Abbreviations for skin: KC = keratinocytes, E = epidermis, BM = basement membrane, E - BM = tissue comprising epidermis with BM attached; DRT = dermis
regeneration template, D = dermis, PS = partial skin (no appendages). Abbreviations for peripheral nerves: SC = Schwann cells, MAX = myelinated axon, MAX -
BM = myelinated axon with BM attached, tube = nerve chamber with regenerative activity, ED(?) = endoneurial stroma (partial evidence for synthesis), nerve
trunk = regenerated nerve that conducts electrical signals.
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glands). Partial skin synthesis in guinea pigs and swine requires
the use of DRT that has been seeded with keratinocytes.'®-2"? An
apparently complete in vivo synthesis of the basement mem-
brane region (dermal — epidermal junction) in swine by the use of
only the keratinocyte-seeded DRT has been documented; the
presence of rete ridges with capillary loops is evidence of the
lack of scar synthesis (Figure 6).24

The partial synthesis of skin discussed above takes place by
simultaneous, rather than sequential, synthesis of its tissue
components: All reactants are added at the same time.
Alternatively, the tissue components comprising the entire
organ can conceivably be synthesized sequentially in vivo, that
is, the dermis is first synthesized by using the DRT and this is
followed by spontaneous regeneration of the epithelia and
basement membrane on the presynthesized dermis." Although
this sequential synthetic route requires fewer exogenous
reactants (keratinocytes are supplied not by the investigator
but by the anatomical site) it leads to a greatly delayed synthesis
of skin,?® a result that is normally undesirable in a clinical

epidermis

~ | papillary f=tBeA
=1 dermis i ra \
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setting.?® However, it is an experimental alternative that can be
used to improve understanding of organ synthesis. In the clinical
setting where the use of exogenous cells, even when autolo-
gous, is complicated, an autoepidermal skin graft (removed from
an intact area of the patient) is used to seal off the dermis that
has been previously regenerated in the injured site simply by use
of DRT grafting.30-32

Synthesis of peripheral nerves requires protocols that depend
heavily on the use of Schwann cells and an active scaffold.
Schwann cells, the epithelial tissue component of peripheral
nerves,3 are the only reactant required to synthesize myelin-
ated axons (MAX) as well as complete nerve fibers comprising
myelinated axons with their associated basement membranes
(MAX - BM).B 3#37 With one exception,® synthesis of the endo-
neurial stroma does not appear to have been explicitly reported
(probably because the vast majority of investigators have
focused instead on assays for the synthesis of axons). However,
synthesis of a conducting nerve trunk, with indirect evidence of
the presence of some kind of endoneurial stroma, has been

B) =
5
* . 75 um
D)
150 pm

Figure 6. Evidence of a normal dermal -epidermal junction following synthesis of skin by grafting with keratinocyte-seeded DRT. A) Normal skin. Schematic
representation of vascular loops (plexus) interdigitated with undulations of dermal - epidermal junction (rete ridges). B) Regenerated skin. Vascular loops have been
synthesized in the rete ridges, they are identified by immunostaining with Factor VIl 35 days after grafting. Notice the similarity to the sketch of the normal plexus (A).
C) Skin regenerated as above. Hemidesmosomal junctions, connecting basal cells to dermal structures, have formed after 35 days, as shown by immunostaining for a3,
integrin, the cell receptor that binds to dermal ligands. D) Skin regenerated as above. Anchoring fibrils, connecting epidermal basal cells (most proximal epidermal cells)
to the dermal matrix, were labeled by immunostaining for type VIi collagen. These fibrils formed early in the synthesis, at 12 days, before the newly synthesized epidermis

had separated from the dermis. (Reproduced from ref. [24].)
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reported on a very large number of occasions.! Somewhat
unexpectedly, the tube (nerve chamber) that is universally
employed in protocols that lead to the synthesis of a conducting
nerve trunk has been shown to play much more than just the
physical role of guiding regeneration: There is now considerable
evidence that the physicochemical structure of the tube may, if
properly selected, have a profound regenerative activity of its
own, a biological activity independent of its often-cited role as a
“physical guide”. Such activity resides in the tube wall and is
separate from any activity potentially residing in the filling that is
occasionally placed inside the tube.!" 4041

The field of tissue and organ regeneration is still in an early
stage of development; the organs synthesized to date are not
fully physiological. Although the regenerated skin has nerves,
blood vessels, and mechanical strength, it lacks skin appendages
(hair and seat glands).['8-2> 30. 42 43 Peripheral nerves, synthesized
in the standard rat sciatic nerve model across a gap of 10 mm,
conduct electrical signals at about 75% of normal velocity;
however, the strength (amplitude) of the signals is only about
30% of the normal value.*® Even though medical devices
developed on the basis of these regenerated organs are in
relatively wide use (see below), the deficiencies provide
challenges for the future.

Kinetics of Organ Synthesis

The kinetics of skin synthesis are illustrated in Figure 7. We focus
first on the synthesis of the epidermis and the associated
basement membrane.?* 27! The reactants used in this synthesis
were the keratinocyte-seeded dermis regeneration template
(DRT). The epidermis is synthesized first and separates itself from
the newly synthesized dermis (in a process that resembles cell-
segregation phenomena observed in vitro; Figure 7). Keratino-
cytes are observed inside the scaffold as isolated cells by day 4.
By day 8, keratinocytes have started to condense into islands and
cords; a segmented basement membrane has been also formed.
Partial epidermal confluence occurs by day 12 and the basement
membrane is continuous by that time. Keratin cysts (of unclear
physiological significance) form by day 15 and are extruded out
of the preparation by day 19. Maturation of the epidermis
(keratinization) is virtually complete after 35 days.

Synthesis of the dermis generally takes longer than that of the
epidermis. By day4 the DRT is populated by cells, including
mononuclear cells, granulocytes, red blood cells, multinucleated
giant cells, and cells shaped as fibroblasts. Cell adhesion on the
DRT fibers is observed by day 8. Synthesis of blood vessels
(angiogenesis) and synthesis of stroma proceed by day 12 while,
simultaneously, the DRT is undergoing extensive degradation.
Random alignment of axes of fibroblasts is observed by day 15
and synthesis of the dermis is intensified by day 19. Rete ridges
are synthesized by day 35.123 24

A brief account of the kinetics of peripheral nerve regener-
ation inside a nerve chamber starts with the regeneration of
nerve fibers. This account will focus on data obtained with the
use of silicone tubes; the majority of kinetic data have been
observed with such tubes. By day 7, a fibrin cable forms inside
the nerve chamber; it is immersed in exudate and it connects the
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Figure 7. The kinetics of skin synthesis are illustrated by a series of cross-sectional
views of the dermal - epidermal junction at 7, 14, and 20 days after grafting. A
dermis-free defect (a standardized reactor) was grafted with the keratinocyte-
seeded DRT. In this study, a combination of in vitro and in vivo methodology was
utilized; prior to grafting, keratinocytes from the host (autologous) were cultured
for 14 days before seeding into the porous DRT. Epithelial islands and cords
surrounded by a discontinuous basement membrane (BM) formed by day 8; the
BM became continuous by day 12. Epithelial islands and cords eventually
condensed to form a fully confluent epidermis with a continuous basement
membrane by day 19. Blood vessels had appeared in the forming dermis after
12 days, synthesis of collagen fibers in a quasirandom array was observed by
day 19, and rete ridges were synthesized by day 35. Bar: 1 mm. (Reproduced from
ref. [27].)

two stumps across the gap. The cable comprises primarily
longitudinally oriented fibrin fibers; fibronectin is also present.
At day 14, surface blood vessels are observed on the surface of
the cable. Schwann cells and fibroblasts advance from both
stumps by day 14, clearly ahead of nonmyelinated axons. After
23 -25 days, the 10-mm gap is being traversed by nonmyelinat-
ing axons that elongate from the proximal stump. Myelinated
axons appear with a delay of 7-9 days.*? The thickness of the
myelin sheath is not uniform along the length of the gap; it is
thicker near the proximal end, a fact suggesting an ongoing
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axon maturation process. Myelination is well advanced near the
proximal end before any axons reach the distal side of the cable.
The total number of myelinated axons in the proximal nerve
stump rapidly increases to values above normal by day 100 and
remains approximately constant for several weeks thereafter.
The average diameter of a regenerated axon is clearly smaller
than normal; however, there is a steady increase in average axon
diameter that continues even at day 400.4°!

The kinetics of synthesis of the stroma depend strongly on the
identity of material used to construct the nerve chamber. When a
silicone tube is used, thick concentric layers of elongated cells
and connective tissue form around the circumference of the
early regenerate inside the silicone tube by day 14. Very little
connective tissue appears to form around the regenerate formed
inside a collagen tube. Use of immunostaining for a-actin shows
these elongated cells to be myofibroblasts (contractile fibro-
blasts).* Synthesis of endoneurial collagen fibrils is first
observed after 14 - 18 days. Cylindrical bundles of axons, smaller
than in a normal nerve trunk (minifacicles), form by day 16. By
day 21, blood vessels are observed along the entire length of the
regenerated nerve inside the chamber. Synthesis of the peri-
neurium is observed to proceed between day 16 and about
day 180. The average diameter of the axons increases continu-
ously, even as late as about day 400; concomitantly, the fraction
of cross-sectional area of the nerve trunk that is occupied by
nerve fibers also increases. Since the total cross-sectional area of
the nerve trunk does not increase during this process, these
changes suggest that extensive remodeling of the endoneurial
tissue is taking place, probably leading to degradation of
endoneurium and its replacement with remodeled tissue.””

Similarities between Synthetic Pathways for
Skin and Peripheral Nerves

Both in skin and peripheral nerves, the epithelial component of
the tissue triad for the organ (Figure 2) can be synthesized by
culturing only cells that constitute epithelial tissue. These cells
are keratinocytes and Schwann cells, respectively, for skin and
peripheral nerves (see above for classification). There is no
requirement for a cell of another type or for the presence of a
scaffold. The basement membrane can also be synthesized in the
same in vitro process without requirement for additional cell
types or a scaffold. The stroma (dermis) can be synthesized in
vivo following addition of a scaffold with appropriate regener-
ative activity. No dermal elements are required for the synthesis
of the epidermis with its associated basement membrane, nor
are any epithelial elements required for the synthesis of the
dermis. Likewise, in studies of peripheral nerve synthesis, the
myelin sheath with its basement membrane has been synthe-
sized in vitro, in the presence of Schwann cells and the absence
of elements of the endoneurial stroma. Furthermore, synthesis of
a nerve trunk that functions in a partly physiological manner, for
example, a trunk with the ability to conduct electrical signals,
almost certainly implies synthesis of an endoneurial stroma.
(Assays for identification of the latter have been largely absent in
the literature.) Synthesis of a nerve trunk requires the presence
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of a nerve chamber (tube) that, if appropriately structured,
functions as a scaffold of substantial regenerative activity.

It is remarkable that synthesis of neither skin nor peripheral
nerves requires exogenous stromal cells (for example, fibro-
blasts). Nor is there a requirement for exogenous cytokines or for
exogenous addition of cells that synthesize blood vessels
(endothelial cells). Yet, the new skin has blood vessels, nerves,
and mechanical strength; the new nerves also have blood
vessels and conduct electrical signals. In both cases, the
presence of physiological supporting (connective) tissue has
been shown in the regenerated organs. It is conceivable that the
synthesis would proceed to completion, with the synthesis of
appendages in the case of skin and a more robust signal strength
for synthesized nerves, if these components were included as
reactants in an appropriate manner. There is also some evidence
that addition of either of these as reactants may lead to
acceleration of the kinetics for skin synthesis. Currently, synthesis
of recognizable skin by using the required reactants, that is, the
keratinocyte-seeded DRT (Table 2), takes about 20 days (Fig-
ure 7).

Use of these rules has been deliberately made during
synthesis of the conjunctiva.*® The approach used was the
sequential synthesis of the conjunctival stroma and the asso-
ciated epithelia by using only an active scaffold (DRT), as
described above in the sequential synthesis of skin.

In summary, synthesis of the entire skin organ requires simply
the combined addition of the two reactants that are necessary
for the synthesis of the individual tissues of skin, that is,
keratinocytes, for synthesis of the epithelia with the associated
basement membrane, and the appropriate scaffold for synthesis
of the stroma. The summary rules for the synthesis of peripheral
nerves appear to be similar. Synthesis of a nerve fiber (myelin
sheath with associated basement membrane) requires simply
Schwann cells while synthesis of the nerve trunk (which most
probably comprises newly synthesized endoneurial stroma as
well) requires the presence of a tube acting as an active scaffold.
This is a remarkably simple protocol for synthesis of an organ.

Modular Synthesis

Consideration of Table2 shows that the entire skin organ,
without appendages, and the entire nerve organ can be
synthesized by using a protocol generated simply by “adding”
the reaction diagrams for the synthesis of the two major tissue
components. The data suggest that the whole (organ) can be
synthesized directly as the sum of its parts (tissues).

The relative simplicity of these protocols suggests that almost
the entire skin organ can hypothetically be synthesized in two
spatially adjacent but distinct modules, each module designed
to produce one of the tissue components. According to Table 2,
the epithelia with the basement membrane could be synthe-
sized in vitro while the stroma could be synthesized separately in
vivo. In this example, the synthesis of each tissue component
would take place independently of the other components in a
separate experimental volume. At a later time, the products from
each reactor would be brought into contact in order to
synthesize the critical “transition” tissues, such as the dermal -
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epidermal junction in skin, including anchoring fibrils and rete
ridges. The organ could then hypothetically be formed by
suitable binding of the epithelia to the stroma.

Such a process of sequential synthesis, referred to as “modular
organ synthesis”, could be designed as a potentially simpler
version of that in which all the reactants required to synthesize
every tissue component of the organ are simultaneously fed into
a single experimental volume, as currently practiced.

In Vitro or In Vivo Conditions for Synthesis?

It was concluded above, in discussions about both skin and
nerve synthesis, that the epithelia with the associated basement
membrane can be synthesized in vitro, while synthesis of the
stroma requires in vivo conditions. Which indispensable reac-
tants, apparently not available in vitro, are supplied in vivo? This
question can be answered, at least in part, simply by considering
the irreducible reaction diagrams that were selected in the
preceding section (Table 2). A detailed analysis of the data
appears elsewhere."

Consideration of the data shows that an exogenous supply of
fibroblasts is not required to synthesize any of the components
of skin or peripheral nerves. Since it is well known that fibroblasts
are critically involved in the synthesis of stroma,“® and since
stroma has been observed to have been synthesized, it follows
that the fibroblasts must be supplied endogenously. A similar
argument can be made about the absence of microvascular
endothelial cells from the irreducible diagrams; these cells are
responsible for angiogenesis.*”! Angiogenesis has been shown
to have occurred in the regenerated organs without exogenous
addition of endothelial cells.>-%1 We conclude, therefore, that
synthesis of the stroma requires in vivo conditions partly due to
the requirement for an endogenous supply of fibroblasts and
endothelial cells.

If this simple analysis was sufficient to explain the data,
synthesis of a vascularized dermis should be possible in vitro by
seeding the hypothetically required fibroblasts and endothelial
cells into an appropriate scaffold, such as the dermis regener-
ation template (DRT). Although studied independently, such an
in vitro protocol has not led to the synthesis of vascularized
stroma in vitro. Why? We recall that cell function depends both
on cytokines and insoluble regulators (an appropriate matrix). Of
these two classes of regulators, the appropriate cytokines, in the
form of the cytokine field that is set up following an injury (see
above), are clearly missing in vitro. Cytokines are present in the
exudate that flows into the defect (cytokine field) very early on;
they are also secreted by degranulating platelets and are further
synthesized by cells migrating into the defect. Since there is no
exudate nor platelets in a typical in vitro culture, the complex
cytokine field is certainly missing in studies conducted in vitro.

In conclusion, the available evidence suggests strongly that
the wound is a required supplier both of fibroblasts and
endothelial cells, as well as of a cytokine field, during the
synthesis of dermis. A similar conclusion is consistent with the
available data from the synthesis of peripheral nerves. It is well
known that cell function is regulated by cytokines during
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connective tissue synthesis (fibroplasia) and blood vessel
formation (angiogenesis).**# Clearly, fibroblasts, endothelial
cells, and the cytokine field are related intimately and their
functions cannot be considered separately. We conclude that it is
not the separate requirement for the cytokine field nor for
fibroblast or endothelial cell presence, but the specific regulation
of fibroblast and endothelial cell function by the cytokine field,
that must be primarily responsible for the uniqueness of the in
vivo environment in the synthesis of certain skin components.

It is tempting to hypothesize that in vitro synthetic ap-
proaches cannot match in vivo studies unless the investigator
duplicates in vitro the cytokine field that is spontaneously
established in vivo following injury. Since information is not
currently available about the cytokine field, this hypothetical in
vitro approach would appear to have no advantage over in vivo
synthesis. On the other hand, there is the occasional need to
replace an organ without functional interruption over a period
that does not exceed the time required to complete the surgical
implantation procedure. For example, in the dynamic anatomical
setting of a heart-valve replacement, implantation of a device
that is designed to synthesize the defective heart valve in vivo
but which requires several days to do so is not an attractive
option. Unfortunately, our current knowledge of the cytokine
field established following injury is not extensive. On balance,
therefore, the state of the art currently favors in vivo synthetic
routes.!

The Central Problem in Organ Synthesis

A detailed analysis of the irreversible response to injury in most
adult organs makes it clear that the synthetic barrier to
overcome during induced regeneration of most organs is the
synthesis of the nonregenerative tissue, the stroma. As shown
by instances of sequential synthesis, the epithelia and the
associated basement membrane are synthesized (regenerated)
spontaneously following injury provided that the stroma has
remained relatively intact (in minor injuries, such as a first-degree
burn) or has been previously regenerated with an active scaffold.
Another conclusion that emerges from the discussion above is
that synthesis of the stroma requires an appropriately structured
scaffold. It follows that the central problem in the synthesis of
most organs is stroma synthesis, a process that requires the
presence of an active scaffold. How does use of an active scaffold
reverse the results of injury? In this section we summarize the
mechanistic interpretation for this fundamental requirement. A
detailed analysis of the available data that support this
mechanism has been presented elsewhere.!"

Following severe trauma of an adult organ in which the
stroma has been severely injured, the wound closes by
contraction and scar synthesis. When the stroma has been
spared, the wound closes by spontaneous regeneration; con-
traction is not observed. A quantitative description of the
processes by which wound closure takes place in severe wounds
has suggested that contraction is the main engine for wound
closure and that scar formation is a derivative process that
depends critically on the presence of contraction. For example,
in injured skin, scar tissue appears to involve synthesis of
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connective tissue in the presence of plane stress; in injured
nerves, scar tissue (neuroma) is formed apparently in the
presence of circumferential stresses. Both in skin®® and in
nerves,* the stresses are generated by contractile cells
(myofibroblasts). When contraction was blocked by the use of
scaffolds in standardized skin wounds, even partially, scar
formation was apparently absent, a result that suggests a
requirement for the presence of a mechanical field in which
contractile cells synthesize the highly oriented connective tissue
(scar tissue). The apparently total inhibition of scar formation
following even partial blocking of contraction suggests the
secondary role of scar formation in the process of wound closure.

Certain analogues of the extracellular matrix, mostly graft
copolymers of typel collagen and a glycosaminoglycan (GAG)
such as chondroitin 6-sulfate (collagen-GAG copolymers),
prepared in the form of highly porous networks (scaffolds),
have shown a remarkable ability to inhibit contraction of
standardized wounds when implanted at the site of the wound
(Figure 1). The degree of inhibition of contraction has been
related very closely to the structural characteristics of these
copolymers. It has been shown that contraction is inhibited most
actively when the physicochemical composition, the average
pore diameter, and the degradation rate of the implant are
controlled within relatively narrow ranges. The critical ranges of
these structural variables are not identical in processes that lead
to the synthesis of skin?"! or peripheral nerve.®" Inhibition of
contraction by an active scaffold has been shown to depend on
successful completion of two processes: In the first, the active
scaffold down-regulates the inflammatory response at the site of
implantation, thereby reducing significantly the number of
contractile cells. In the second process, the contractile cells are
bound on to the extensive specific surface of the scaffold and
lose their ability to contract the wound in a “coherent” manner.

The significance of these phenomena becomes clear when it is
recalled that scaffolds that have inhibited contraction of severely
injured sites in skin and peripheral nerves have also induced
partial regeneration of the injured organ. Such regenerative
activity is remarkable because it has been rarely induced in
adults; for example, no such activity has been exhibited when
standardized wounds were treated with several types of
solutions of cytokines, with cell suspensions, or with a large
variety of scaffolds.!

A scaffold with regenerative activity in skin wounds (the
dermis regeneration template) has been approved by the FDA as
a device that is currently used to induce partial skin regeneration
in patients with massive burns or those who have lost a
significant mass of skin following reconstructive surgery. An
other scaffold (the nerve regeneration template) has induced
peripheral nerve regeneration across gaps of unprecedented
length; an early version has been approved by the FDA for
treatment of patients suffering from paralysis that resulted from
severe injury in peripheral nerves of arms, legs, or the face.

There is strong evidence that inhibition of contraction is
necessary but not sufficient to induce regeneration of the adult
organs that have been studied. For example, inhibition of
contraction following experimental treatment with steroids was
not accompanied by regeneration; neither was regeneration
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observed following a significant delay of contraction in animal
models of impaired healing, for example, mechanically splinted
wounds, infected wounds, or wounds in genetically diabetic or
obese animals." Scaffolds with regenerative activity (regener-
ation templates) appear to inhibit contraction without blocking
other processes involved in wound closure. Of these other
processes, the most important in the context of induced
regeneration is the synthesis of new physiological tissue.
Considering induced regeneration as the sequence of two major
steps, that is, blocking of contraction and synthesis of physio-
logical tissue, we arrive at a useful conclusion: The central
problem of organ synthesis in vivo is the identification of
reactants that can block contraction without interfering with the
synthesis of physiological tissues.

Regeneration templates have solved, at least in part, the
central problem in organ synthesis by inhibiting contraction
while inducing regeneration. The structural features that dis-
tinguish an active scaffold appear to be the identity of ligands for
binding contractile cells (depends on the chemical composition),
the ligand density (increases with specific surface, which is
inversely related to the average pore diameter of the scaffold),
and the duration of the implanted scaffold as an insoluble
network (decreases with degradation rate; depends on chemical
composition and network cross-link density). These properties
can be controlled to appropriate levels by well-known phys-
icochemical processes that have been described in detail.* >3
Control of scaffold structure is critical. For example, the skin-
regenerative activity of a series of collagen-GAG scaffolds
peaked when the average pore diameter was in the range 20—
120 um (Figure 8). In another example, the nerve-regenerative
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Figure 8. The contraction-blocking activity of a homologous series of scaffolds
based on collagen - GAG graft copolymers is maximized inside a narrow range of
the average pore diameter. Peak blocking activity has been shown when the pore
diameter lies between 20 and 120 um. (All other structural features, including
pore volume fraction, were held constant for members of the series.) The dermis
regeneration template (DRT) is located inside this critical range of the pore
diameter. In this assay, the degree of contraction-blocking increases (contraction
is delayed more) with an increase in the contraction half-life of the skin defect
(wound) in the guinea pig model. (Reproduced from ref. [21], with permission).
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Decreasing degradation rate of tube

Figure 9. The quality of peripheral nerve regeneration is maximized when the implanted nerve chamber (tube) degrades in vivo at a critical rate. Cross-sections of five
nerves that were regenerated by using porous type | collagen nerve chambers (tubes) with a degradation rate that decreased continuously from tube A to tube F.
Morphometric data from rat sciatic nerves’*¥ have shown that nerves C and D had a significantly higher quality of regeneration than other members of the series of

tubes. Bars: 25 um. Images courtesy of M.L.T.

activity of collagen tubes (nerve chambers) peaked when the
degradation rate of the implanted tube reached an intermediate
value corresponding to a half-life for degradation of about 2-3
weeks (Figure 9). These results collectively indicate the impor-
tant role that active scaffolds play in regeneration and the strong
dependence of such activity on relatively small changes in
scaffold structure.

The synthesis of scaffolds with regenerative activity by using
basic physicochemical processes suggests that chemical manip-
ulations that have been described in detail can continue to
revolutionize the field of regenerative medicine.
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Chemical Strategies for Activity-Based

Proteomics

Anna E. Speers and Benjamin F. Cravatt*[

The assignment of molecular and cellular functions to the
numerous protein products encoded by prokaryotic and eukaryotic
genomes presents a major challenge for the field of proteomics. To
address this problem, chemical approaches have been introduced

Introduction

The availability of complete genome sequences for numerous
prokaryotic and eukaryotic organisms has laid the groundwork
for understanding the molecular basis of life in its many forms.
However, the information content of genome sequences is
limited and alone cannot explain most complex physiological
and pathological processes, which are, in general, controlled by
protein and RNA molecules, the products of gene expression.
Thus, to convert the unprecedented flood of molecular informa-
tion supplied by genome sequencing efforts into a deeper
appreciation of cell and organismal biology, new strategies for
the systematic analysis of gene products are needed. Toward this
end, the field of proteomics seeks to develop and apply methods
for the global analysis of protein expression and protein
function.” 2 The most mature strategy for comparative proteo-
mics (the analysis of two or more proteomes to identify
differentially expressed proteins) is two-dimensional gel electro-
phoresis (2DE) coupled with protein staining and mass-spec-
trometry (MS) analysis for the separation, quantification, and
identification of proteins.®! The recent advent of fluorescent dyes
such as SYPRO reagents™ for protein detection has increased the
sensitivity and dynamic range of 2DE. However, 2DE-MS
methods suffer from an inherent lack of resolving power, and
therefore several important classes of proteins, including
membrane-associated and low-abundance proteins, are difficult
to analyze by this technique.?>7! Additionally, since 2DE-MS
methods measure changes in protein abundance, these ap-
proaches offer only an indirect estimate of dynamics in protein
activity and may fail to detect important post-translational
events that regulate protein function, such as protein - protein
or protein - small-molecule interactions.®

To address the limitations of 2DE-MS methods, several
complementary strategies for protein analysis have been
introduced, many of which implement chemical tools to aug-
ment the quantity and quality of information obtained in
comparative proteomic experiments.”'? Here, we review a
subset of these chemical proteomic approaches that aim to
develop and utilize active site-directed probes for the quantita-
tive analysis of enzyme activities, including membrane-associ-
ated and low-abundance proteins, in samples of high complexity.

ChemBioChem 2004, 5, 41-47 DOI: 10.1002/cbic.200300721

that utilize small-molecule probes to profile dynamics in enzyme
activity in complex proteomes. These strategies for activity-based
protein profiling enable both the discovery and functional analysis
of enzymes associated with human disease.

Activity-Based Protein Profiling (ABPP)—the
Design of Chemical Probes for Functional
Proteomics

As mentioned above, the activity of proteins is regulated by
myriad post-translational events in vivo. For example, proteases
and related enzymes are often produced by cells as inactive
precursors (zymogens) that must be processed to gain catalytic
power. Likewise, the functions of many enzymes, including
kinases, phosphatases, and proteases, are controlled by auto-
inhibitory domains and/or endogenous protein inhibitors.®
Such widespread post-translational regulation of proteins
indicates that, for much of the proteome, protein abundance
may not directly correlate with protein activity. Accord-
ingly, methods for activity-based protein profiling (ABPP)
may serve as a valuable complement to conventional
genomic and proteomic approaches, which are restricted to
recording variations in mRNA and protein abundance, respec-
tively.

In the appraisal of potential strategies for ABPP, it is important
to consider how the cell regulates protein activity. For enzymes,
most post-translational regulatory mechanisms share a common
feature: they perturb, either structurally or sterically, the active
sites of these proteins.®! Accordingly, it was hypothesized that
chemical probes capable of directly reporting on the integrity of
enzyme active sites in complex proteomes might serve as
effective activity-based profiling tools.”” ' These ABPP probes
were designed to contain at least two molecular elements: 1) a
reactive group (RG) for binding and covalently modifying the
active sites of many members of a given enzyme class or classes,
and 2) one or more reporter groups (tags), like biotin and/or a
fluorophore, for the rapid detection and isolation of probe-
labeled enzymes (Scheme 1). The RG elements were selected to
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ABPP Probe:

Scheme 1. General strategy for activity-based protein profiling (ABPP). Pro-
teomes are treated with chemical probes that label active enzymes, but not
enzymes inhibited by intra- or intermolecular regulators (orange) or those lacking
complementary binding sites (blue). (RG = reactive group, BG = binding group,
tag = biotin and/or fluorophore).

be of moderate reactivity (e.g., electrophilicity), thereby priming
them to preferentially modify enzyme active sites, which offer a
binding pocket enriched in nucleophilic residues important for
catalysis. Finally, a third element may also be introduced into
ABPP probes, a binding group (BG) that is intended to direct RGs
to different enzyme active sites in the proteome.

Initial strategies for ABPP focused on the design and
application of chemical probes that target specific classes of
enzymes. In these efforts, well-characterized affinity labels that
direct probe reactivity toward enzymes sharing a similar catalytic
mechanism and/or substrate selectivity were selected as RGs. For
example, the following proteomics probes have been developed
by using this directed version of ABPP: 1) biotinylated/fluoro-
phore-tagged fluorophosphonates (FPs) that target the serine
hydrolase superfamily,'" 2 2) biotinylated electrophilic ke-
tones!3 " and acrylates''® that target the caspase class of
cysteine proteases, and 3) biotinylated/fluorophore-tagged var-
iants of the epoxide natural product E64 that target the papain
class of cysteine proteases!'”'® (Scheme 2). In each of these
cases, the chemical probes have been shown to label their target
enzymes in an activity-based manner within complex pro-
teomes, distinguishing, for example, active enzymes from their
inactive zymogen!? or inhibitor-bound forms.l'" 121718 These
protein-labeling events can be visualized by separation of probe-
treated proteomes on 1D or 2D gels followed by detection by
avidin blotting or in-gel fluorescence scanning. A complemen-
tary array-based strategy for ABPP has also been introduced:
proteomes are treated with probe —nucleic acid conjugates, so
that the labeled proteins, in this case caspases, can be captured
and detected on glass slides bearing complementary oligonu-
cleotide sequences.l'! Advantages of this approach should
include increased throughput and miniaturization. However, it
remains unclear whether such an array-based strategy is suitable
for most ABPP probes, which typically label multiple enzymes in
a given proteome. FP probes, for example, would lead to a
fluorescent signal on a microarray spot that corresponds to a
complicated sum of several hydrolase activities. More recently,
directed strategies for ABPP have yielded probes for the
ubiquitin hydrolase subclass of cysteine hydrolases," tyrosine

42 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Probe structures ordered by the enzyme classes they target (Table 1).
phosphatases,? and glycosidases®?" (Scheme 2). However, only

in the first case have these probes been shown to detect their
target enzymes in complex proteomes.
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From these examples of directed approaches for ABPP, it may
be extrapolated that, for enzyme classes with known covalent
inhibitors, the design of activity-based proteomics probes is, at
least in concept, straightforward. However, covalent inhibitors
do not yet exist for the majority of proteins. Therefore, an
alternative strategy is needed to discover active site-directed
profiling reagents for proteins lacking cognate affinity labels.
With this goal in mind, a combinatorial or nondirected strategy
for ABPP has been introduced in which libraries of candidate
probes are synthesized and screened against complex pro-
teomes to identify “specific” protein-labeling events, which were
defined as those that occurred in native, but not in heat-
denatured proteomes.?? Heat-sensitive probe - protein reac-
tions were predicted to occur in structured, small-molecule-
binding sites that would often determine the biological activity
of the proteins, such as the active site of an enzyme or ligand-
binding pocket of a receptor. In contrast, proteins reacting with
probes in a heat-insensitive manner were considered nonspecific
targets, as these labeling events could occur with either native or
denatured proteins. This type of general screen to distinguish
specific from nonspecific labeling was deemed particularly
important for nondirected ABPP, which utilizes probes that lack
well-established selectivity for a given class of enzymes. Screen-
ing libraries of probes against individual proteomes also
provided a complementary method to detect specifically labeled
proteins, which were expected to react with a select number of
probes based on the structure of their respective binding groups
(BGs). Therefore, it should be possible to differentiate them from
nonspecific proteins that react indiscriminately with the probe
library.

To evaluate nondirected methods for ABPP, a modest-sized
library of sulfonate ester probes bearing different alkyl or aryl
BGs (Scheme 2) was generated and screened against a collection
of tissue and cell line proteomes.?>24 The sulfonate ester was
selected as the library’s RG based on a survey of the literature of
protein-modifying agents, which revealed that a large range of
enzyme classes, including proteases,®! kinases,?®! and phospha-
tases,?’! are susceptible to covalent inactivation by natural
products or synthetic inhibitors that possess carbon electro-
philes. Accordingly, it was hypothesized that ABPP probes
incorporating a carbon electrophile RG may prove capable of
profiling enzymes not only within, but also across mechanisti-
cally distinct classes. Consistent with this premise, several heat-
sensitive protein targets of the sulfonate library were identified
and found to represent members of at least nine different
enzyme classes (Table 1). Interestingly, each enzyme target
displayed a unique reactivity profile with the sulfonate probe
library; this indicated that the structure of the variable BG
strongly influenced probe - protein interactions. Several lines of
evidence supported the idea that the sulfonate probes labeled
the active sites of their enzyme targets. For example, the
addition of cofactors or substrates was found to inhibit the
labeling of several enzymes, while the reactivity of others was
either positively or negatively affected by known allosteric
regulators of catalytic activity.?>?* Notably, for aldehyde dehy-
drogenase-1 (ALDH-1) sulfonate probes were shown to act as
time-dependent inactivators of catalytic activity.??

ChemBioChem 2004, 5, 41-47 www.chembiochem.org

Table 1. Enzyme classes targeted by directed and nondirected probes

Directed Nondirected

serine hydrolase

cysteine protease

protein tyrosine phosphatase
glycosidase

aldehyde dehydrogenase

enoyl-CoA hydratase

epoxide hydrolase

glutathione S-transferase
3f-hydroxysteroid dehydrogenase
NAD/NADP-dependent oxidoreductase
phosphofructokinase

thiolase

transglutaminase

Collectively, these studies reveal that, through the use of both
directed and nondirected strategies, activity-based probes
compatible with whole proteome analysis can be generated
for numerous enzyme classes. In comparing directed and
nondirected approaches for ABPP, it is perhaps most interesting
to note the striking lack of overlap in enzyme targets profiled by
each method (Table 1). Indeed, none of the sulfonate-labeled
enzymes identified to date represent known targets of directed
ABPP probes. This finding suggests that the amount of “active-
site space” in the proteome accessible to chemical profiling is
still far from saturation.

ABPP Strategies for the In Vivo Analysis of
Enzyme Activities

Until recently, ABPP experiments have been conducted almost
exclusively with proteomic material prepared in vitro, for
example, cell and tissue homogenates. Since the physical
disruption of cells and tissues may alter the concentrations of
endogenous activators and inactivators of enzymes as well as
their respective subcellular distributions, in vitro proteomic
preparations can only, at best, approximate the functional state
of proteins in the living cell or organism. Accordingly, a need
existed to advance ABPP so that this strategy could be generally
applied in vivo. However, activity-based probes in the form
shown in Scheme 1 are quite large with a molecular weight of
about 700-1000Da; this limits their cellular uptake and
distribution in vivo. A major portion of the probe mass derives
from the reporter group (fluorophore, biotin, or both), which,
being a constant element of probe libraries, may unduly bias the
properties of these reagents in vivo. With these considerations in
mind, a “tag-free” version of ABPP was introduced in which the
reporter group could be attached to activity-based probes after
the covalent labeling of protein targets.”® Conjugation of the
reporter group to the probe following proteome labeling was
accomplished by engineering into these reagents a pair of
biologically inert coupling partners, the alkyne and azide, which
can react to form a stable triazole product by the Huisgen’s 1,3-
dipolar cycloaddition reaction (Scheme 3). Key to the success of
this strategy was the recent description by Sharpless and
colleagues®” of a Cu'-catalyzed, stepwise version of the azide -
alkyne cycloaddition reaction that can be carried out under mild
conditions to produce high yields of product in rapid reaction
times. The general biocompatibility of this click-chemistry
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reaction was demonstrated by Finn and colleagues,?® who
showed that azide-modified, purified virus particles could be
labeled with alkyne-coupled fluorescent dyes.

The suitability of the Cu'-catalyzed azide-alkyne cycloaddition
reaction for profiling enzyme activities in whole cell and tissue
extracts was demonstrated by comparing the proteome reac-
tivity profiles of an azide-derivatized (“tag-free”) phenylsulfonate
ester (PS-N;) probe to those generated with a standard rhod-
amine-conjugated variant of this probe.”?® The labeling profile of
the PS-N; probe was visualized by subsequent reaction of
treated proteomes with an alkyne-rhodamine reporter group
(Rh-alkyne) under click-chemistry conditions. Notably, for at least
three enzyme targets, glutathione S-transferase omega class
(GSTO1-1), enoyl CoA hydratase-1 (ECH-1), and ALDH-1, equiv-
alent signal intensities were observed with either the azide- or
rhodamine-coupled sulfonate ester probes; this indicated that
click chemistry-based strategies for ABPP could profile enzyme
activities in whole proteomes with a sensitivity that rivals
standard ABPP methods.

Once shown to be operational in vitro, click chemistry-based
ABPP was then evaluated for its ability to profile enzyme
activities in vivo by using two complementary model systems
(Scheme 3B,C).28 First, cells in culture expressing a known
sulfonate target GSTO 1-1 were treated with the PS-N; probe for
1 h, washed, and then homogenized prior to the treatment with
Rh-alkyne under click-chemistry reaction conditions. Gel analysis
revealed a strong fluorescent signal for GSTO 1-1, indicating that
the PS-N; probe labeled this enzyme in living cells (Scheme 3B).
Encouraged by these findings, the PS-N; probe was then
administered to living mice and, after 1 h, these animals were
sacrificed and their tissues removed, homogenized, and treated
with Rh-alkyne. Clear fluorescent signals coinciding with the

44 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mass of known enzyme targets of PS-N; probe, as for example
ECH-1, were observed in these samples (Scheme 3C). Collectively,
these results indicate that azide-alkyne cycloaddition chemistry
may form the basis for a general “tag-free” strategy to profile
enzyme activities in living cells and organisms.

Biological Applications of ABPP

Methods for ABPP have matured rapidly since their introduction
in the late 1990s, providing a new avenue for identifying novel
disease-associated enzymes (target discovery) and chemical
inhibitors thereof (inhibitor discovery). A select number of these
applications of ABPP are highlighted below.

Target discovery by ABPP

Several enzyme classes profiled by ABPP probes have been
implicated in cancer progression, including proteases," 3%
lipases,3 GSTs,3* 35 and ALDHs.B% Accordingly, the analysis of
human tumors and tumor models by ABPP may identify novel
enzyme activities that represent markers or targets for the
diagnosis and treatment of cancer. With this goal in mind,
Jessani and colleagues utilized ABPP to profile serine hydrolase
activities across a panel of human cancer cell lines.?”! A group of
secreted and membrane-associated enzyme activities was dis-
covered that could be used to classify cancer cells based on their
tumor of origin, like breast carcinoma or melanoma, and even to
identify potentially misclassified cancer lines. Notably, a distinct
set of serine hydrolase activities was found to be upregulated in
invasive cancer cells from several different tumor types. These
invasiveness-associated enzyme activities included established
markers of cancer progression, such as the protease uroki-
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nase,?" 34 and novel enzymes, like the membrane-associated
hydrolase KIAA1363. More recently, nondirected strategies for
ABPP have also identified several enzyme activities upregulated
in invasive breast-cancer cells, including GSTO 1-1,3 platelet-
type phosphofructokinase, and typell tissue transglutami-
nase.? Collectively, these findings demonstrate that ABPP
generates discrete enzyme-activity signatures that can depict
the higher-order properties of human cancer cells.

ABPP has also been applied to discover protease activities
involved in the life cycle of Plasmodium falciparum, the human
parasite that causes malaria. Greenbaum and colleaguesi®
utilized activity-based probes that target the papain class of
cysteine proteases to identify falcipan 1 as a protease that is
upregulated in the invasive merozoite stage of P. falciparum
growth. Interestingly, other proteases, like falcipan 2 and 3, were
not up regulated during this phase of the P. falciparum life cycle.
These findings indicate that falcipan 1 may play a unique and
important role in host cell invasion and thus may represent an
attractive target for antimalarial drugs. In support of this
hypothesis, the authors showed that falcipan 1 inhibitors were
able to significantly reduce parasite invasion of cultured human
erythrocytes. Notably, these inhibitors were discovered by
utilizing ABPP methods as described below.

Inhibitor discovery by ABPP

Because ABPP probes label the active sites of their enzyme
targets, these reagents can be used to screen for inhibi-
tors.'2 7718 |nhibitor discovery by ABPP offers several potential
advantages over conventional screening methods. First, en-
zymes can be tested within the confines of their native
proteomes, alleviating the need for recombinant expression
and purification. Second, probe labeling serves as a surrogate for
conventional substrate assays, thereby making novel enzymes
that lack known substrates amenable to analysis. Finally, because
ABPP tests inhibitors against many enzymes in parallel, the
potency and selectivity of these compounds can be concurrently
evaluated.

Initial methods for inhibitor screening by ABPP focused on the
discovery of irreversible enzyme inhibitors, wherein enzymes or
proteomes were first preincubated with a library of candidate
inhibitors and then treated with ABPP probes to identify
inhibitor-inactivated enzymes. Using these protocols, Green-
baum and colleagues®® developed selective covalent inhibitors
of the P. falciparum cysteine protease falcipan 1 and utilized
these reagents to define a role for this enzyme in parasite
invasion of erythrocytes. Importantly, these inhibitors were
identified by ABPP by using parasite extracts that expressed
native levels of falcipan 1, thereby circumventing previously
described difficulties with the recombinant expression and
purification of active forms of this protease.®

Although the identification of irreversible inhibitors by ABPP
has provided valuable research tools for certain classes of
enzymes like cysteine proteases, reversible inhibitors that lack
affinity labeling groups are, in general, more desirable as lead
therapeutic agents for the in vivo analysis of enzyme function. To
adapt ABPP for the discovery of reversible enzyme inhibitors, it
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was crucial to take into account the kinetics of probe - proteome
reactions. Indeed, reversible inhibitors will only affect probe
labeling for a restricted period of time, depending on the affinity
of the inhibitor and the rate of probe reactivity. To address this
concern, Leung and colleagues, who were interested in evaluat-
ing the selectivity of a panel of inhibitors of fatty acid amide
hydrolase (FAAH, an endocannabinoid-degrading enzyme),5%
established conditions under which the rates of FP labeling for
the majority of serine hydrolases in mouse tissue proteomes
could be monitored collectively.*® Under such kinetically con-
trolled conditions, the binding of competitive reversible inhib-
itors to enzymes was detected as a reduction in probe labeling
(i.e., a decrease in fluorescent signal intensity) (Figure 1) By

A. Irreversible inhibitor screening:

q!
Q (2= Q2= —_-
) | ‘—. — denature
@ Ir !evﬂls:hlre ABRP _C/
(:E inhibitor @ probe @_. Aﬁ_‘"-‘.

B. Reversible inhibitor screening

@H @ denature :E
(3o —

HWPrqlhlﬁ -‘G\BPP | ,

inhibitor (:g probe
Inhibitor sensitivity profile:

C. Competitive profiling data:

o\

—1

X

- 12234586 Inhibitors 12345686
A= —— A
Fl—s = = gp
@ )
Pl o v 55
el . = o g

Figure 1. Comparison of methods for A) irreversible and B) reversible inhibitor
screening by ABPP. C) Data from either method can be visualized by 1DE (left
cartoon, simplified view right cartoon) to distinguish specific inhibitors (inhibitor
1, 3, 6) from promiscuous agents (inhibitors 2 and 5).

varying the concentration of competitive inhibitors, ICs, values
for these agents were measured by ABPP and found to match
closely the K; values determined by standard substrate assays.
Hierarchical clustering analysis of the resulting data sets readily
distinguished FAAH-selective inhibitors from agents that
showed equal or greater activity toward other serine hydrolases.
Notably, none of these additional enzyme targets of the inhibitor
library shared any sequence homology with FAAH, highlighting
the value of proteome-wide screens like ABPP that can detect
unanticipated “off-target” activities of compounds in samples of
high complexity. The FAAH-selective inhibitors identified in this
study may represent attractive lead compounds for the develop-
ment of therapeutic agents for the treatment of pain and other
neurological disorders.*" 42

Conclusions and Future Challenges

The discipline of chemistry is perhaps uniquely suited to provide
powerful new tools and methods for the functional analysis of
the proteome. As has been highlighted in this review, chemical
approaches for activity-based protein profiling (ABPP) have, over

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 45





BIO

the past few years, enjoyed an intense phase of technical
innovation, in which these strategies have already advanced our
understanding of the role that enzymes play in complex
physiological and pathological processes. Looking forward,
researchers interested in broadening the scope and impact of
ABPP are faced with several conceptual and experimental
challenges. First, active site-directed chemical probes, which
constitute the fundamental currency of ABPP, have to date only
been developed for a modest portion of the proteome. The
successful generation of proteomics-compatible profiling re-
agents for additional enzyme (and protein) classes will probably
require the synthesis of more structurally diverse libraries of
candidate probes, which may be either directed or nondirected
in nature. Whether these probe libraries should also be scaled up
in terms of molecular complexity remains an interesting ques-
tion open for debate. Although probes of complex structure
should display enhanced affinity for particular enzymes, the
ability of these reagents to form productive interactions with
many enzymes in the proteome may prove more restricted than
for probes of simpler structure. Indeed, given that most of the
characterized ABPP probes display only micromolar or weaker
binding affinities for their respective targets,'> 8 22 the specifi-
cations for new probe design may mandate only moderate
binding affinity for protein targets coupled with tempered
reactivity. A similar idea has been put forth in the field of
fragment-based ligand discovery for drug design, where diverse
libraries of structurally simple compounds are preferred for initial
screens to identify lead ligands.**-*! Where these endeavors
differ, however, is in the degree of target specificity expected of
their respective chemical agents. While in drug design the target
promiscuity typically displayed by moderate-affinity leads must
be eradicated by iterative cycles of medicinal chemistry, broad
target selectivity is actually a preferred property of ABPP probes
as it enables these reagents to sample greater portions of
proteomic space.

In the development of new active site-directed proteomics
probes, it is also important to consider the fidelity with which
these reagents will report on changes in protein activity. For
certain probes, like the FPs, which react with conserved catalytic
residues in the active sites of their enzyme targets, probe
labeling has been shown to provide a precise readout of catalytic
activity."" "2 However, it is likely that other probes may be
discovered that modify enzyme active sites on noncatalytic
residues, akin to the manner in which microcystin labels a
noncatalytic cysteine residue in serine/threonine phosphatas-
es.?7l Although such active site-directed labeling events would
not be considered purely activity-based in a mechanistic sense,
from a biological perspective, if enzyme activity is regulated in
vivo by steric blockade of the active site, for example by
autoinhibitory domains or protein/small molecule binding
partners,’® then any probe that is sensitive to these molecular
interactions should effectively report on the functional state of
enzymes in complex proteomes. More generally, these issues
highlight the importance of understanding the molecular basis
for individual probe —enzyme reactions, especially those origi-
nating from nondirected ABPP efforts where the parameters that
dictate probe binding and labeling are not always obvious.
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Finally, as the proteome coverage of ABPP continues to grow,
it is becoming clear that this strategy would benefit from
improved methods for the qualitative and quantitative analysis
of probe-labeled samples. Currently, most probe-labeled pro-
teomes are analyzed by 1D or 2D electrophoresis, which exhibits
limited resolving power especially for large protein families with
members of similar molecular mass. Future efforts to merge
ABPP with gel-free proteomic platforms like liquid chromatog-
raphy —mass spectrometry (LC-MS),*?! may provide a comple-
mentary strategy for resolving large numbers of probe-labeled
enzyme activities. The enhanced resolution offered by gel-free
methods may permit the multiplexing of ABPP probes, such that
proteomes of limited quantity could be analyzed simultaneously
with a collection of probes. Adapting ABPP for direct LC-MS
analysis should also permit comparative quantitation of probe-
labeled proteomes by isotope-coded mass tagging.*” Still, it is
important to emphasize that, although such LC-MS platforms
will surely exhibit superior resolving power compared to 1D gel-
based methods for analyzing probe-labeled proteomes, the 1DE
approach does possess the advantage of exhibiting much higher
throughput (i.e., dozens of proteomes can be compared on a
single gel). Thus, the choice of whether to employ gel-based, gel-
free, or both strategies for the analysis of ABPP experiments will
probably depend on the scientific problem under examination,
with the former strategy being more suitable for the rapid
comparison of large numbers of proteomes and the latter
approach being superior for the in-depth analysis of a restricted
set of samples. In either case, continued efforts to advance both
the chemical and technical components of ABPP should foster
the development of an increasingly robust and sensitive plat-
form for the functional analysis of both the proteome and its
individual constituents.

Note added in proof: Since the submission of this manuscript,
a second chemical strategy for profiling enzyme activities in
living cells has been reported that utilizes the bio-orthogonal
Staudinger ligation: H. Ovaa, P. F. van Swieten, B. M. Kessler, M. A.
Leeuwenburgh, E. Fiebiger, A.M. van den Nieuwendijk, P.J.
Galardy, G. A. van der Marel, H. L. Ploegh, H. S. Overkleeft, Angew.
Chem. 2003, 115, 3754-3757; Angew. Chem. Int. Ed. 2003, 42,
3626 -3629.
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Intraribosomal Regulation of Expression and

Fate of Proteins

Hitoshi Nakatogawa and Koreaki [to*™

Our studies of SecM (secretion monitor) in E. coli have revealed
that some amino acid sequences can interact with ribosomal
interior components, particularly with gate components of the
exit tunnel, thereby interfering with their own translation
elongation. Such translation arrest can be regulated by inter-

1. Every Amino Acid Residue in a Protein
Experiences Time Inside the Ribosome

The protein life cycle comprises birth, maturation, travel,
interaction with other proteins, and death or degradation.
Although a polypeptide molecule is born by continuous chain
elongation at the peptidyl-transferase center (PTC) of the
ribosome, the site of this creation, the interface region between
the small and large subunits of the ribosome, is well partitioned
from the congested cytosol. Thus the new peptide sequence first
resides within the large subunit particle. It then has to move
through the intraribosomal pathway, (the exit tunnel)," as it
elongates, until it reaches the surface of the large subunit on the
opposite side of the PTC (Figure 1).

PTC

IRNA

L22 tip

L23
main exit

NH,

Figure 1. Intraribosomal pathways for nascent polypeptides. The large ribo-
somal subunit is outlined in gray, the small subunit is omitted. A nascent
polypeptide synthesized at the PTC moves through the exit tunnel to emerge from
the ribosome. Tips of L4 and L22 are located at the constricted gate of the tunnel.
L23 serves as a docking site for a chaperone or a targeting factor.

According to the atomic structure of the Haloarcula matris-
mortui ribosome, the exit tunnel is about 100 A long and its
diameter is some 10-20A2 It has been argued that the
dimension of the tunnel precludes tertiary-structure formation
of the nascent polypeptide. It is intriguing that the nascent
polypeptide segment does not even interact with tunnel wall

48 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  DOI: 10.1002/cbic.200300751

action of the N-terminal portion of the nascent polypeptide with
other cellular components outside the ribosome. These proper-
ties of nascent proteins can in turn provide regulatory mech-
anisms by which the expression of genetic information at
different levels is regulated.

components. Clearly, if it were otherwise the ribosome could
not function catalytically as the general translator of genetic
messages.

The PTC-tunnel cavity of the ribosome is essentially composed
of RNA. Nissen etal? have argued that the exit tunnel lacks
hydrophobic patches so as to minimize interaction with nascent
amino acid side chains. However, it was also observed that a
portion of the tunnel is significantly constricted. This part of the
tunnel is characterized as a place where the tips of two
r-proteins, L4 and L22, partially protrude into the cavity (Fig-
ure 1), whereas their opposite ends are exposed to the ribosomal
surface. What might be the benefit of such a structure for the exit
tunnel?

2. The Exit Tunnel May Have Biological
Functions

In the past, the biological significance of the ribosomal exit
tunnel was not extensively addressed, except for the action of
macrolide antibiotics, such as erythromycin, which interact with
this part of the ribosome to inhibit protein synthesis.® 4
Gavashvili et al.®! observed three additional conduit-like struc-
tures that branched from the main tunnel (Figure1) and
suggested the tempting possibility, that these structures are
used differentially by different gene products according to their
fate outside the ribosome. Tenson and Ehrenberg®® summarized
observations reported in the literature, suggesting that some
nascent polypeptide sequences inside the ribosome are subject
to elongation arrest, and that such an intraribosomal process is
used for expression regulation of proteins encoded by multi-
cistronic messenger RNA. Some intraribosomal sequences of
nascent peptides determine whether the protein is completed
with or without a SsrA tag at the C terminus.”? Our studies on E.
coli SecM, a secretion monitor protein, provide the best-

[a] Dr. H. Nakatogawa, Prof. K. Ito
Institute for Virus Research, Kyoto University
Kyoto 606-8507, Japan
Fax: (+81) 75-771-5699
E-mail: kito@virus.kyoto-u.ac.jp
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characterized case in which a nascent sequence interacts
with tunnel components as a means of gene expression regu-
lation. &9

3. SecM Contains an “Arrest Sequence”

Expression of secA, which encodes the protein-translocating
ATPase in E. coli, is controlled at the translation level by the
protein export proficiency of the cell. It is up-regulated in
response to a secretion defect."” An open reading frame X (now
called secM), located upstream of secA in the same transcription
unit, was known to be involved in the regulation of secA
expression.™ We characterized its product, SecM, and showed
that it is exported to the periplasm. However, it does not
function there as it is rapidly degraded by periplasmic proteases
such as Tsp.®! SecM is an unusual protein, which executes its
biological role only in the nascent state with its C-terminal region
still embedded in the ribosome.

In fact, our studies established that SecM translation under-
goes elongation arrest at Pro166, the fifth codon before the secM
termination point (Figure 2A), leading to accumulation of a
peptidyl-tRNA form of SecM,_;¢.* ¥ Detailed mutation studies
identified the sequence, FXXXXWIXXXXGIRAGP, which is re-
quired and sufficient to cause translation arrest during elonga-
tion.”) The arrest sequence works as an independent translation-
arresting element even if present in an unrelated sequence.

4. The Ribosome is Not a Universal Translator
Although SecM-elongation arrest is normally transient, and SecM

is released when the N-terminal region (already outside the

180 180 170
A) SecM: ---QAKFSTPVW ISQAQG IR A G PORLT-COOH
'

armrest point
B) C)
L4 I
y F
r L22 tip
b a1eg3 W AZ2058 RMNA

e wall

AT49-AT53 L2
PTC
usual protein

Figure 2. The SecM arrest sequence interacts with the exit tunnel to halt its own
elongation. A) Amino acid sequence of SecM carboxy terminal region (GIn147 - Thr170).
Translation of secM is subject to elongation arrest at Pro166 (arrowhead). Residues
highlighted by yellow circles are required with exact spacing for elongation arrest.

B) Ribosomal alterations that alleviate elongation arrest of SecM. The exit tunnel is viewed
from the PTC side with the cytosolic opening shown in black. Mutational alterations that
partially circumvent SecM elongation arrest are shown in orange (A2058 of 23S rRNA),

_..x
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SecM

ribosome) of the nascent chain interacts with the Sec protein
export machinery, '? it is prolonged in the absence of active
SecM export (see below).®! Therefore, E. coli ribosomes cannot
continue translation beyond the sequence FXXXXWIXXXXGIR-
AGP if it exists in a nonsecreted protein. Thus, the arrest
sequence is potentially dangerous. Indeed, overproduction of
signal sequence-defective SecM is extremely toxic, presumably
due to congestion of a large number of ribosomes. Fortunately,
no other E. coli proteins have exactly the same sequence.
Nevertheless, it has become clear that the E. coli ribosome
cannot translate any genetic message successfully and that
genomic sequences should have evolved to avoid sequences
that interact nonproductively with ribosomal components.

5. SecM Arrest Sequence Interacts with the Exit
Tunnel

We used a reporter LacZa gene with an N-terminally attached
SecM arrest sequence to isolate E. coli mutants in which
elongation arrest of the chimeric protein is partially decreased.
91 Strikingly, all characterized mutations contained an alteration
in either 23S rRNA or L22 protein residues located close to the
narrowest constriction of the exit tunnel (Figure2B). The
residues affected were A2058 in domainV, an A749-A753
interval in domain Il of 23S rRNA, and Gly91 and Ala93 of L22.

On the other hand, arrest-impairing mutations can occur in
any residue in the FXXXXWIXXXXGIRAGP sequence except the
Xs. From the spectra of arrest-suppressing amino acid alterations
either in L22 or in SecM, we have argued against simple tunnel
congestion being responsible for the arrest.”! The arrest seg-
ment may assume a specific configuration within the tunnel
such that it prevents further movement along the tunnel
or inhibits PTC reaction.

Recently, Berisio et al.’® determined the structure of a
complex formed between the large ribosomal subunit
and a macrolide antibiotic, troleandomycin (TAO). It was
shown that TAO binds to the RNA wall of the exit tunnel,
displacing the 3-hairpin region of L22 from the wall and
causing it to flip across the tunnel. On the basis of
alterations we identified as arrest-suppressing ribosomal
mutations, they proposed that the SecM arrest sequence
acts like TAO to halt its own passage through the narrow
gate of the tunnel, which is occluded by the L22 tip
(Figure 2C). This notion provides an interesting working
model for SecM action. It is tempting to speculate that
regulated flipping of the L22 f-hairpin might have
general roles in modulating nascent polypeptide move-
ment and peptide elongation.

6. SecM Monitors Its Own Membrane-
Translocation to Control Elongation
Arrest

yellow (A749-A753 interval of 23S rRNA) and green (Gly91 and Ala93 of L22). Reproduced

from ref. [9] with permission from Elsevier.) C) A working model for the arrest sequence
action, as proposed by Berisio et al.’! When the ribosome is translating a normal protein,
the tip of L22 interacts with the RNA wall of the tunnel (left). The SecM arrest segment,
however, displaces the L22 tip from the RNA wall, leading to its flipping across the tunnel

(right).
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As already mentioned, elongation arrest of SecM is
relieved when the N-terminal part of the nascent SecM is
engaged in translocation across the membrane (Fig-
ure 3B and C). One possibility that accounts for this
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arrest cancellation may be a “pulling” mechanism, in which the
force generated by the Sec translocation machinery dissociates
the arrest sequence of SecM from the wall/gate of the exit
tunnel. Alternatively, the ribosome -Sec machinery interaction
may allosterically induce a conformational change in the tunnel.

That an impaired signal sequence of SecM prolongs arrest in
wild-type host cells indicates that SecM monitors its own export,
rather than the cell’s general protein-export activity, per se.®
Of course, defects in Sec factors (other than SecB), or in SRP
(signal recognition particle) components, and addition of azide
(@ SecA inhibitor) also prolong arrest. SecB-independence and
SRP-dependence of SecM export are interesting, because these
factors are believed to be involved in targeting exported
proteins and membrane proteins in E. coli, respectively.'d
Together with the fact that the signal peptide of SecM is
unusually long,"™™ we speculate that SecM uses the targeting
system for membrane proteins. SecM may monitor both protein
export and integration activities of the cell.

These observations indicate that interacting properties of a
nascent chain outside the ribosome can affect intraribosomal
polypeptide - tunnel interaction and PTC reaction.
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proonged amest

J cytoplasmic membrans

Figure 3. Role of SecM in upregulation of SecA quantity and quality. A) secM (green) and secA (pink) are
cotranscribed into the secM -secA mRNA, in which the ribosome-binding site (SD) for secA translation (red) is
occluded within the stem-loop structure. A ribosome stalled at the arrest point in secM will expose the secA SD
(shown in E). B) Under normal conditions, the N-terminal part of nascent SecM is targeted to the Sec machinery
(dark green) by SRP. This cotranslational event also brings the secM-secA mRNA into the vicinity of the
membrane/Sec machinery. Thus, newly synthesized SecA (red) can readily adopt an active form. C) Elongation
arrest is cancelled by ongoing secretion, and translation terminates at the stop codon. D) The stem-loop is
reformed at the expense of SecA translation. This completes the normal cycle and the ground state is
regenerated. E) Under secretion-impaired conditions, SecM elongation arrest is prolonged, resulting in extended
exposure of the SD sequence and a higher secA translation initiation frequency. We believe that cotranslational
localization of the ribosome/mRNA to the membrane (not shown) is maintained under most variations of
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7. Translation Arrest of SecM
is Required in vivo for Both
Constitutive and Up-
Regulated Expression of
SecA

\ The secM-secA intergenic mRNA se-
' quence is known to form a stem-loop
structure, in which the SD (Shine - Dal-
garno) sequence for secA translation is
1 sequestered (Figure 3A)."® When a ri-
! bosome stalls at the Pro166 codon of
o secM, it does so while sterically disrupt-
ing the secondary mRNA structure,
consequently exposing the secA SD
sequence (Figure 3B and E). This is the
presumed mechanism by which SecM
elongation arrest acts to elevate the
frequency of secA translation. Further
experiments at our laboratory con-
firmed that an arrest-abolishing
Pro166 to Ala mutation decreases trans-
lation of secA by about 70-75% in a
cis-specific manner."”! This mutation is
lethal when introduced into the chro-
mosome unless excess SecA is provided
by a plasmid. These results indicate that
SecM elongation arrest is required to
provide the cell with enough SecA to
support viability, even if it is transient in
normal secretion-proficient cells (Fig-
ure 3B).

By using other viable and weaker
secM mutations, it was also demonstrated that normal elonga-
tion arrest is required for up-regulating SecA levels in response
to azide addition and low temperatures (Figure 3E).l'”!

I

8. Does Intraribosomal Peptide - Tunnel
Interaction Control the Extraribosomal Fate of a
Protein?

In the experimental analyses described above, we observed
some inconsistent relationships between cellular SecA abun-
dance and cellular activity of protein export. It became apparent
that SecA molecules produced from an engineered configura-
tion of the secA gene that lacks the upstream secM sequence
were less functional than those from the wild-type secM -secA
gene complex.'! We interpret this result to mean that cotransla-
tional targeting of SecM to the Sec translocation machinery
simultaneously brings the secM - secA mRNA into the vicinity of
the membrane/Sec machinery (Figure 3B). Transient elongation
arrest will ensure this mRNA localization and, hence, the
synthesis of SecA in the membrane/translocon-associated state
(Figure 3B). Since SecA seems to assume multiple conforma-
tions, 829 jts synthesis in the membrane-proximal location
might enable it to directly adopt an active form after biosyn-
thesis.
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These results suggest that SecM’s role is not only to ensure
enough SecA translation, but also to synthesize SecA in a
biologically active form. Can the concept of nascent chain-
tunnel interactions affecting the fate of a protein be generalized
or extended? Mutations of different SecM arrest sequence
residues give different degrees of arrest release kinetics;* this
points to the possibility that elongation speed can be modulated
by sequence features that pass through the tunnel. Localized
variation of the elongation speed might affect outside events
such as cotranslational folding, subunit association, or subcel-
lular targeting. Consistent with such a view, the exit region of the
ribosome surface appears to be surrounded by docking sites for
some folding catalysts (such as trigger factor) and targeting
factors (such as SRP) (Figure 1).2-2! |t would be even more
interesting if the existence of differentially used multiple exit
pathways in the ribosome could be corroborated.™

It was postulated that a nascent segment within the ribosome
that is destined to become a transmembrane segment transmits
a signal, presumably via the ribosome, to alter the gating
property of the associated translocon channel.26 271

Ribosomes should not be regarded as merely old-fashioned
robust protein-synthesis factories, but as dynamic devices fully
equipped with information technology (Figure 4). Indeed, ribo-
somes undergo dynamic structural changes during trans-
lation.”®! To define structural changes induced by specific
polypeptide sequences within the PTC-tunnel cavity of the
ribosome and correlate them with biological outputs promises
to be a challenging area of research.
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Gene Therapy Needs Robust Synthetic Nonviral
Platform Technologies

Andrew D. Miller*®

Gene therapy may be described as the use
of genes as medicines to treat disease, or
more precisely as the delivery of nucleic
acids by means of a vector to patients for
some therapeutic purpose. Gene therapy
has enormous promise but clinical trials
have failed to deliver™ The primary
reason is the inadequacy of the vectors
used. Researchers have driven for clinical
applications long before vector technolo-
gies have been adequately developed or
understood. Predictably, there has been a
significant decline in scientific and public
perceptions of gene therapy. This trend is
unhelpful but can be reversed by
a period of patient, logical, tech-
nical and scientific development
of new vector systems, prior to
any major second round of clin-
ical trial activity."

But which type of new vector
system would be most appropri-
ate to develop: viral or nonviral,
synthetic or physical? Opinions
may vary, but a balanced assess-
ment suggests that synthetic
nonviral vectors should be the
main vector systems of choice for

ing public alarm, particularly with the
toxic side effects of virus use, is also
strengthening these significant advantag-
es. So what is holding us back? Quite
simply, synthetic nonviral vector systems
do not appear to be stable enough in
biological fluids, neither are they suffi-
ciently reproducible or efficient enough at
mediating transfection (i.e., gene delivery
and expression).! There is a clear need for
technical breakthroughs.

The recent paper by Aoyama etal.¥!
may represent one such breakthrough.
While many synthetic nonviral vector

. . R = (CHg}yoCH;
routine gene therapy in the fu- o
. . =
ture. Synthetic nonviral vector ., _ I|_Ho, i

systems have many potential
advantages compared with viral
systems, including significantly
lower toxicity/immunogenicity 1b X
and potential for oncogenicity,
size-independent delivery of nu-
cleic acids (from oligonucleotides
to artificial chromosomes), sim-
pler quality control, and substan-
tially easier pharmaceutical and
regulatory requirements. Increas-
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systems have relied upon the central
use of cationic lipids or cationic polymers,
Aoyama et al. describe a novel class of
glycoconjugate amphiphiles (glycoclus-
ter amphiphiles) (Scheme 1). These form

micelle-like pentameric aggregates in sol-
ution known as glycocluster nanoparticles
(GNPs) (Scheme 1), whose size, shape and
dimensions resemble those of a viral
capsid protein. Glycocluster 1a was stud-
ied in detail and shown to complex and
condense plasmid DNA completely at
a host/base or host/phosphate ratio
(1a/P)=0.5 to form glycoviral particles
(@pprox. 50nm) with low negative
(< —10mV) to zero ¢ potentials (depend-
ing upon the exact 1a/P ratio) that appear
to contain only a single plasmid DNA
molecule per particle (Figure 1). Remark-

Scheme 1. Structures of glycocluster amphiphiles and schematic drawing to show formation of a pentameric
glycocluster nanoparticle (GNP) from glycocluster amphiphiles.?

ably, while these glycoviral particles con-
tain no cationic charges, they are still able
to mediate the transfection of HelLa, CHO,
Huh-7, HepG2 or COS cells in vitro (serum-
free or 10%-serum conditions) giving
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Figure 1. Electron microscopy of particles. a) Transmission electron microscopic (TEM) images of glycoviral particles formed in water from 1a and plasmid DNA in
a 1a/P ratio of 0.7, with uranyl acetate as a negative stainer.”’! b) Enlargment from (a). ¢) Cryoelectron microscopy image of liposome/mu/DNA (LMD) particles for

comparison.”!

acceptable levels of gene expression,
competitive with cationic liposome-medi-
ated gene delivery in vitro.

Recent research, our own included, has
amply demonstrated that attempts at
systematic improvements of synthetic
nonviral vector systems are destined to
be fruitless unless the most fundamental
problems associated with achieving re-
producible and scalable formulations,
resistance to aggregation, long term
storage and properly reproducible trans-
fection outcomes are convincingly solved
prior to future attempts at systematic
improvements.? By definition, any true
synthetic nonviral vector platform tech-
nology must embody solutions to all of
these fundamental problems. Such size-
defined, self-assembly virus-like nanopar-
ticles have been much sought after in the
field of synthetic nonviral vector systems,
not least because they can lay claim to
presenting solutions to the fundamental
problems above. Good recent examples
are the stabilised plasmid-lipid particle
(SPLP),# 3 and liposome/mu/DNA (LMD)
systems (Figure 1),/ 7 which comprise at
least some cationic lipids. Both are pri-
mary vehicles that have been constructed
from primary toolkits of well-defined
chemical components. Both have been
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shown to mediate transfection in high
serum conditions and even in vivo. Both
can now be developed in a sequential and
logical fashion for expanded use in vivo
by means of modular adaptations/mod-
ifications by using secondary toolkits of
chemical components, designed to en-
hance the transfection process and over-
come specific barriers to transfection.®
The glycoviral particles of Aoyama et al.
could well be another valuable synthetic
nonviral vector platform technology, val-
uable especially for being of neutral
charge and comprising novel classes of
defined chemical components. Evidently,
Aoyama et al. will need to provide further
evidence to demonstrate that glycoviral
particles may be formulated in a reprodu-
cible and scalable manner, be amenable
to long-term storage and give properly
reproducible  transfection  outcomes.
Moreover, assuming that this information
will be provided, then Aoyama et al. will
also need to demonstrate more than a
rudimentary biological efficacy for their
particles. Transfections in the presence of
high levels of serum in vitro and trans-
fections in vivo will surely be the acid test
for these exciting new particles. Never-
theless, the novelty and potential of this
research should not be underestimated,

www.chembiochem.org

and Aoyama et al. are to be congratulated
for breaking potentially impressive new
ground in the quest for the ideal, clinically
viable, synthetic nonviral vector system
for gene therapy.

Keywords: DNA - gene expression -
gene therapy - nucleic acids - platform
technologies
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The Activation of Fibroblast Growth Factors
(FGFs) by Glycosaminoglycans: Influence of the
Sulfation Pattern on the Biological Activity of

FGF-1

Jesus Angulo,® Rafael Ojeda,™ José-Luis de Paz,”? Ricardo Lucas,?
Pedro M. Nieto,”® Rosa M. Lozano,™ Mariano Redondo-Horcajo,*
Guillermo Giménez-Gallego,™ and Manuel Martin-Lomas*

Six synthetic heparin-like oligosaccharides have been used to
investigate the effect of the oligosaccharide sulfation pattern on
the stimulation of acidic fibroblast growth factor (FGF-1) induced
mitogenesis signaling and the biological significance of FGF-1
trans dimerization in the FGF-1 activation process. It has been
found that some molecules with a sulfation pattern that does not
contain the internal trisaccharide motif, which has been proposed
for high affinity for FGF-1, stimulate FGF-1 more efficiently than
those with the structure of the regular region of heparin. In contrast
to regular region oligosaccharides, in which the sulfate groups are

Introduction

The fibroblast growth factors (FGFs) constitute a family of more
than twenty signaling polypeptides that are involved in a variety
of biological processes including cell proliferation, differentia-
tion, and angiogenesis."! FGF-1 (acidic FGF) and FGFB2 (basic
FGF) are the prototypical members of this family. FGF biological
functions are triggered by binding of the polypeptide to specific
transmembrane tyrosine kinase receptors (FGFRs) at the cell
surface.’” Both FGFs and FGFRs belong to the class of heparin
binding proteins.>4 In vitro assays have shown that FGF-2-
induced mitogenesis is highly dependent on cell-surface hep-
aran sulfate glycosaminoglycans (HS-GAGs), which can be
replaced by soluble heparin when the cells are stripped of their
GAG coating.>7 Soluble heparin is also a near absolute require-
ment for FGF-1-driven mitogenesis. However, in this case,
heparin can be replaced by some nonphysiological compounds
of relatively low molecular mass.®® The minimal structural
requirements for GAGs to activate the different members of the
FGF family have not been unequivocally established. On the
other hand, it has been proposed that FGF dimerization is a key
process in the formation of the FGF:FGFR signaling complex
mediated by GAGs either free or bound to the cell surfacel® 1%
There is convincing evidence that, in the presence of GAGs, FGF-
1 and FGF-2 assembly occurs with different degrees of
oligomerization.""'2 Moreover, crystal structure data of binary
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distributed on both sides of their helical three-dimensional
structures, the molecules containing this particular sulfation
pattern display the sulfate groups only on one side of the helix.
These results and the fact that these oligosaccharides do not
promote FGF-1 dimerization according to sedimentation-equilibri-
um analysis, confirm the importance of negative-charge distribu-
tion in the activation process and strongly suggest that FGF
dimerization is not a general and absolute requirement for
biological activity.

GAG-FGF-1"3 and GAG-FGF-2" complexes and of ternary
FGF-1-GAG-FGFR"™ and FGF-2-GAG - FGFR"® complexes re-
veal different assemblages of FGF molecules, which may take
place in cis or trans about the GAG chain. These and other
biochemical and biophysical results'”-'' make it difficult to
ascertain the importance of FGF oligomerization in signaling.
The understanding of FGF activation in structural terms is
seriously hindered by the heterogeneity of the HS-GAG compo-
nent. HS-GAGs are a family of closely related linear polysacchar-
ides consisting of alternating units of p-glucosamine and an
uronic acid, p-glucuronic, or t-iduronic. The complex biosyn-
thesis of these GAGs results in sequences of unsulfated and
variously sulfated units distributed in different domains along
the polysaccharide chain.?” These chains present well-defined
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three-dimensional helical structures in terms of overall confor-
mation.?" The sequence, the charge distribution, and the
conformational flexibility of the internal L-iduronate residues in
these chains are believed to play a key role in the wide range of
specific interactions exhibited by these molecules®?* %! |t is
widely considered that these interactions are primarily electro-
static in nature with variable contributions of nonionic, hydro-
gen bonding, and hydrophobic interactions™ A recent report
has established that optimal van der Waals contact is also
important in influencing the specificity.?” The selectivity of the
process seems to essentially depend on the spatially defined
sulfate and carboxylate patterns, the shape, and the internal
flexibility of the polysaccharide chains?'-2%! Therefore, it should
be expected that specifically designed synthetic HS-GAG-type
oligosaccharides, with a defined three-dimensional orientation
of sulfate and carboxylate groups, may provide valuable
information on the mechanism of FGFR activation.

In this context, we now report new data on the influence of
the sulfation pattern along the GAG oligosaccharide chain on the
biological activity of the FGF system using synthetic oligosac-
charide sequences. We also have addressed the problem of FGF
dimerization using these synthetic molecules. The results
provide additional conclusive evidence of the importance of
the distribution of electrostatic potential along the oligosac-
charide backbone and strongly suggest that GAG-induced FGF-1
dimerization is not an absolute requirement for biological
activity.

Results and Discussion

We have previously reported the chemical synthesis of HS-GAG
oligosaccharides containing the monosaccharide sequence of
the major region of heparin with different size and sulfation
pattern.”>?1. We have now investigated the influence of the
different distribution of electronegative potential arising from
these different sulfation patterns on the capacity of these
oligosaccharides to regulate FGF-1-induced mitogenesis. Also,
using these synthetic molecules, we have addressed the
question of the significance of FGF-1 dimerization in the
biological process.

Four different types of previously synthesized?>-?”! HS-GAG-
like oligosaccharides have been used in this investigation
(Figure 1). Hexasaccharide 1 and octasaccharide 2 contain the
structural motif of the major region of heparin.?” Hexasacchar-
ides 3, 5 and 6 and octasaccharide 4 contain the same sequence
of monosaccharide units with different charge distribution. The
p-glucosamine a1 —4 L-iduronate repeating unit in the major
heparin sequence (GIcN - IdoA) was maintained in the four series
in order to conserve the main structural features of the glycan
chain in all compounds studied. Only the size and the sulfation
pattern have been varied in the different oligosaccharide
constructs for comparison purposes. The size of these molecules
was selected as the minimal chain length to be expected to
stimulate FGF-1-induced mitogenic activity that could be
obtained with a reasonable synthetic effort. It has been reported
that octasaccharides and longer GAG fragments bind and
activate FGFs, while controversial results have been published

56 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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on the stimulatory activity of hexasaccharides.” 2 The sulfation
pattern was designed in an attempt to obtain different
distributions of electrostatic potential, assuming that 1-6
would adopt a helix-like solution conformation as found for
HS-GAGs.?"" This was confirmed by NMR spectroscopy and
molecular dynamics simulations.?>?7 Compounds 1 and 2
display the negatively charged groups regularly distributed on
both sides of the helix. The sulfate groups in compounds 3 and 4
are oriented on only one side of the helical structure. The
negative charge on the other side of the helix in 3 and 4 is
greatly decreased with regard to 1 and 2, since only the
carboxylate groups on the A and E iduronate units in 3 and 4
would adopt this orientation. We reasoned that the ability of 3
and 4 to interact with FGF-1 to form a trans dimer similar to that
observed by X-ray crystallography!"* would be greatly decreased
as compared with 1 and 2. The total negative charge in
hexasaccharides 5 and 6 is similar to that in 3, but it appears
differently distributed on both sides of the helix. On the other
hand, compounds 1 and 2 contain internal IdoUA(2-OSO;)-
GIcNSO;(6-0S0,) — IdoUA(2-0S0;) trisaccharide motifs, which
have been reported for GAG fragments with high affinity for
FGF-1,2% while this motif is lacking in 3, 4, 5 and 6. Furthermore,
compounds 1-4 contain the 6-0SO; and the 2-OSO; groups
reported to be necessary for interaction with FGFRs to induce
mitogenicity,*® while the 6-0SO, groups are lacking in com-
pound 5, and the 2-OSO; groups are lacking in compound 6.

We have analyzed the influence of these sulfation patterns on
the electrostatic properties of hexasaccharides 1, 3, 5, and 6 by
mapping their electrostatic potential over their solvent acces-
sible surfaces. Preliminary data indicated that the calculated
electrostatic potential was strongly dependent on the values of
the torsional angles that control the orientation of the negatively
charged side groups. This strong dependence could obscure the
results to the point of making a reasonable interpretation
impossible. In order to overcome this difficulty, a careful
selection of the structures to be used in the calculations had
to be made. This was attempted by using several approaches
starting from data either for the free oligosaccharides or for the
FGF-bound counterparts, as reported in published X-ray studies.
A first set of structures was constructed from those reported for
natural heparin (PDBID:1hpn),5" manually modifying the posi-
tion of the sulfate groups for structures 3, 5 and 6. This set of
structures afforded interpretable results but presented signifi-
cant drawbacks. Having been constructed from a virtual
structure, this set of structures, although it may represent a
dynamic ensemble, did not necessarily constitute an energetic
minimum. A second set of structures was therefore created from
our previous molecular dynamics data in explicit water for 1, 3, 5,
and 6.2%33 An ensemble of representative structures was
created for each hexasaccharide by relaxing structures resulting
from the average along several molecular dynamics simulation
intervals. The energetically most favorable structure for each
molecule was used to generate the electrostatic surface.
However, this second set of structures was extremely sensitive
to the orientation of the sulfate groups, as the side chain
torsional angles showed a great dispersion along the represen-
tative structures and among the sulfation patterns. Then we
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Figure 1. Glycosaminoglycan-like synthetic oligosaccharides 1-6. Formulae and schematic representation, small and large circles indicate carboxylate and sulfate
groups, respectively, and filled and open circles indicate substitution on opposite sides.
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turned to the structure of the oligosaccharides in FGF - GAG
fragment complexes as a criterion for structure selection. A
heparin oligosaccharide fragment in a complex with FGF-1
(PDBID:1amx)"3! was chosen. This approach might be more
realistic than the above as it considered the structure in the
bound state as the prototype for selection. Only the 'C,
conformation of the L-iduronate units was taken into account,
as this is the only r-iduronate ring form that appears in the
crystal structure of the complex. Structures that were incompat-
ible with the helical geometry shown by the oligosaccharide
fragment in the complex!"® and with those determined for 1-6
by NMR and modeling datal?>-?” 32 were discarded. The positions
of the center of the sulfate groups in the structures with a helical
geometry were compared with those in the crystal, and the
structure that was closer with regard to rmsd value was finally
selected.

M. Martin-Lomas et al.

The results are summarized in Figure 2. It has been assumed
that the region that primarily interacts with FGF-1 involves a
cluster of sulfate groups contained in GlcN -1doA -GIcN trisac-
charide motifs. This is a widely accepted feature that has been
commonly used in most of the interaction models based on
X-ray crystallographic data.®® These interacting regions are
contained in trisaccharide substructures D, E, F and B, C, D, but
substructures D, E, F conserve most of the sulfate groups in the
different sulfation patterns of 1, 3, 5, and 6. Substructures D, E, F
have therefore been taken as the interacting region. For the four
different molecules, the electrostatic potential was quite similar
on these faces closer to the protein (Figure2 column B).
However, the potentials on the opposite faces show clear
differences between the structures with symmetrically (1, 5 and
6) and asymmetrically (3) distributed charge (Figure2, col-
umn C). On these opposite faces, compounds 5 and 6, with a

L I
Syt o

Figure 2. Representative structures for the hexasaccharides 1, 3, 5, and 6 compatible with the FGF1-heparin complex (column A); sulfate groups supposed to be in
contact with the protein are displayed as balls and sticks. Columns B and C: Connoly surfaces mapping the electrostatic potential for synthetic hexasaccharides. The
color scale is relative: blue and red represent the more and less negative potential regions, respectively.
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global charge closer to 3, present a distribution of electrostatic
potential similar to that of 1.

We have investigated the induction of the mitogenic activity
of FGF-1 by these synthetic molecules and the results are
summarized in Figures 3 and 4. We have previously reported
some results for compounds 1 and 212! As shown in Figure 3, the

12 /'/.
\A .
A
' 0.8 /
AA /
0.4 4
.é L
0.0 —T7,I{ T T L
011 10 100 1000

concentration / pg mL™

Figure 3. Effect of increasing concentrations of heparin (e), hexasaccharides 1
(m) and 3 (A), and octasaccharides 2 (¢) and 4 (V) on the mitogenic activity of
FGF1.

maximum activating activity of octasaccharide 2 was reached at
a concentration around 100 pgmL~", at which the maximum
activating effect of heparin was also observed. The half-
maximum activating concentration of 2 and heparin were also
equivalent (6- 10 pgmL~"), and only the maximal activation level
of 2 was somehow lower than that of heparin. For hexasacchar-
ide 1 much higher concentrations were needed to reach a
maximal activation level equivalent to those of 2 and heparin.
Figure 3 also shows the induction of the mitogenic activity of
FGF-1 by increasing concentrations of hexasaccharide 3 and
octasaccharide 4 in comparison with the results obtained for 1
and 2. The activating effect of hexasaccharide 3 and octasac-
charide 4 reached a maximum at approximately the same
concentration as heparin and octasaccharide 2, and the half-
maximum activating concentration of 3, 4, 2, and heparin were
equivalent. The maximal activation level for 3 and 4 was similar
to that of heparin and somehow higher that in the case of
octasaccharide 2. Figure 4 summarizes the results obtained for
the four hexasaccharides 1, 3, 5, and 6, here 5 and 6 did not show
appreciable activating effect.

These results show that the size of the GAG chain, which has a
dramatic influence at the hexasaccharide and octasaccharide
level when the sulfation pattern corresponds to that of the
regular region of heparin (compounds 1 and 2),?*! does not have
any remarkable effect when the sulfate groups are distributed as
in 3 and 4. These oligosaccharides activate FGF-1 almost as
effectively as low-molecular-weight heparin. The lower total
negative charge in 3 as compared with 1, differently distributed
and oriented mainly on one side of the helical structure, results
in completely different behavior. The importance of the sulfation
pattern is further demonstrated by comparison with the results
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Figure 4. Effect of increasing concentrations of heparin (e), hexasaccharides 1
(m), 3 (A), 5 (), and 6 (V) on the mitogenic activity of FGF1.

obtained for 5 and 6. Compounds 5 and 6 have the same size as
1 and 3, a symmetric charge distribution regularly displayed on
both sides of the helical structure, as in 1, and a global negative
charge that is lower than 1 and quite close to 3. The remarkable
differences observed for 1, 3, 5, and 6 clearly show that subtle
changes in the sulfation pattern may result in dramatic changes
in biological activity. As has already been mentioned, none of 3,
4, 5, or 6 contains the sulfation pattern that has been proposed
for high affinity for FGF-1, which is only present in 1 and 2.

These results constitute an experimental confirmation of the
influence of the size and the sulfation pattern of the HS-
oligosaccharide on the stimulation of FGF-1-induced mitogen-
esis signaling. The sulfation pattern determines the distribution
of electronegative potential along the oligosaccharide chain. It
could be speculated that, if the productive GAG - FGF interaction
is primarily electrostatic in nature, the behavior of hexasacchar-
ide 3 and the remarkable difference from that of 1, 5, and 6
indicate that a precise arrangement of the negative charges in
this oligosaccharide structure may be needed to induce FGF-1
activity. This precise arrangement, which may be present in
natural GAGs, would display an asymmetric distribution of
electronegative potential on both faces of the oligosaccharide
helical structure, as in hexasaccharide 3 and octasaccharide 4. It
could well be, however, that in the molecular recognition events
between naturally occurring GAGs and FGFs, interactions other
than electrostatic play a key role.?? Further investigation in this
regard is presently in progress.

Molecules (3 and 4) with a distribution of electronegative
potential mostly on one face of the helix and a relatively small
chain length as compared to naturally occurring GAGs do not
seem well suited to effectively participate in the formation of
either trans or cis FGF dimers. Effectively, equilibrium sedimen-
tation analysis of FGF-1 preparations in the presence of
activating concentrations of 3, 4, and heparin (Figure 5) shows
that, except in the last case, FGF-1 sedimentation profiles
correspond to that expected for a FGF-1 monomer. As shown in
the same figure, the profile adopted the characteristics of a FGF-
1 dimer in the case of heparin. Therefore, it seems obvious that,
in the assayed experimental conditions (concentrations at which
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Figure 5. Effect of heparin, hexasaccharide 3 and octasaccharide 4 on the sedimentation equilibrium of FGF-1. A) FGF1 without activators; B) FGF-1 in the presence of
100 ugmL~" of heparin ; C) FGF-1 in the presence of 100 ugmL~" hexasaccharide 3 ; D) FGF-1 in the presence of 100 ugmL~" of octasaccharide 4. Absorbance was

normalized to the minimum and maximum values of the plotted gradient.

the tested compounds elicit a nearly full FGF-1 mitogenic
activity), only natural heparin fragments posses the structural
requirements to cause FGF-1 to dimerize. In addition, results
summarized in Figures 3, 4, and 5, strongly suggest that FGF-1
dimerization previous to FGF-1 - FGFR binding is not an absolute
requirement for full FGF-1 mitogenic activity.

In conclusion, by using synthetic oligosaccharides with differ-
ent size and sulfation patterns (compounds 1-6), the elucida-
tion of the molecular basis of the FGF activation process has
been approached, avoiding the problems that arise from the
inherent heterogeneity of the natural GAG fragments currently
used in these studies. It has been confirmed that the previous
finding that octasaccharide is the minimum saccharide size to
stimulate FGF-1-induced mitogenesis signaling holds true for
oligosaccharides with the structure of the major sequence of the
regular region of heparin (compounds 1 and 2). However, it has
been found that for molecules with a specific arrangement of
sulfate groups (3 and 4) a hexasaccharide (3) can activate FGF-1
as effectively as the regular region octasaccharide 2. This specific
sequence, which involves alternate N-sulfo-b-glucosamine, L-
iduronate-2-sulfate, N-acetyl-o-glucosamine-6-sulfate, and -
iduronate units, does not contain the internal trisaccharide
motif that has been proposed for high affinity for FGF-1. It was
designed and synthesized in the search for structures with a
hindered capacity to participate in the formation of FGF-1 trans
dimers. Sedimentation-equilibrium analysis with FGF-1 and
these synthetic molecules strongly suggest that FGF-1 dimeriza-
tion is not an absolute requirement for biological activity.

Experimental Section

Molecular modeling: The solvent-accessible surfaces of compounds
1,3, 5, and 6 were calculated with Sybyl®% by using a probe radius of
1.4 A. The coulombic electrostatic potential at the Connolly surface
was calculated by using the atomic partial charges taken from PIM
carbohydrate-specific parameters for TRIPOS force field at http://
www.cermav.cnrs.fr/databank/pim/index.ntml.B> 3¢ The structures
used in the calculations of the electrostatic potential were obtained
as follows. The first set of structures was constructed with the

60 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reported heparin structure (PDBID:1hpn)B" 37 by manually modify-
ing the sulfation pattern. The second and the third sets were taken
from the ensemble of structures constructed from 2.0 ns molecular-
dynamics simulations in explicit solvent (TIP3P water) by using
periodic boundary conditions and the Particle Mesh Ewald (PME)
methodology for calculation of long-range electrostatic interac-
tions.B? The positions of the atoms were averaged every 100 ps (the
first 100 ps were discarded) and the structures obtained were relaxed
by using GLYCAM parameters and 1000 cycles of conjugate gradient
minimization. Further processing of these structures was made with
Sybyl4 data base functionality. For each compound, the most stable
structure among the ensemble was used to construct the second set
of structures. The third set was also taken from the same ensemble
by using the sulfate root mean square deviation with the crystallo-
graphic complex (PDBID:1amx)!"% 37 criteria.

Biological assays: Heparin-sepharose was obtained from Pharmacia,
nitrocellulose filters were from Millipore, culture plates were from
Costar, ITS+ culture supplement came from Collaborative Research
Inc., Na-heparin (average molecular weight 3 kDa) was obtained
from Sigma, L-glutamine, Ham =s F-12 medium, and Dulbecco=s
modified Eagle =s medium (DMEM) were from Flow. Distilled water
filtered through a Milli-Q (Millipore) water purified fitted with an
Organex column (Millipore) was used in all solutions.

Mitogenic activity was measured as previously described.*® Cells
were counted by measuring the total amount of crystal violet
retained by cell nuclei by differential absorption (620 —690 nm).138 39
For assaying the activation of FGF-1 by heparin and the synthetic
oligosaccharides 1 -6, a mitogenic unit of the protein (320 pgmL~")
was added to each well of the assay plate.® A 139 residue form of
FGF-1 was used.”! The protein was synthesized and purified as
previously reported with expression vector pMG47.5%

Short column (70 plL) sedimentation equilibrium experiments were
performed at 293 K and at 25000 rpm in a Beckman Optima XL-A
analytical ultracentrifuge equipped with absorbance optics, by using
an An-60Ti rotor and standard (12 mm optical path) six-channel
centerpieces of Epon charcoal. Absorbance scans were carried out at
236 nm until equilibrium was reached. High-speed sedimentation
was afterwards carried out for baseline determination. Analyzed
solutions were always FGF-1 (6 uvm) in phosphate solution (10 mm,
pH 7.2) with NaCl (80 mm). Whole-cell weight-average bouyant molar
masses (bM,,) were obtained by fitting the experimental data to the
equation for radial concentration distribution of an ideal solute at
sedimentation equilibrium with the program EQASSOC (BA). The
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bouyant mass values allowed a first-hand analysis of the sedimenta-
tion data of the different mixtures to be performed. Analyses to
determine whole-cell apparent weight-average molecular weights
(M,,.) are not straightforward in our case because the proteins and
ligand have different partial specific volumes: vbars for a FGF
(0.735cm3g™ ") and heparin (0.51 cm®g~").4% Analysis of the
sedimentation equilibrium data of the macromolecular mixtures
was done by assuming the linear approximation for the bouyant
masses (BK): bM,,; = ibM,, 5 4 jbM, 5, here ij refers to the complex AB;
and bM,,, and bM, are the bouyant masses of pure A and pure B,
respectively.
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Recognition of Planar and Nonplanar Ligands in
the Malachite Green - RNA Aptamer Complex

Jeremy Flinders, Steven C. DeFina,”® David M. Brackett,”? Chris Baugh,®!
Charles Wilson,'¥ and Thorsten Dieckmann*®!

Ribonucleic acids are an attractive drug target owing to their
central role in many pathological processes. Notwithstanding this
potential, RNA has only rarely been successfully targeted with novel
drugs. The difficulty of targeting RNA is at least in part due to the
unusual mode of binding found in most small-molecule - RNA
complexes: the ligand binding pocket of the RNA is largely
unstructured in the absence of ligand and forms a defined structure
only with the ligand acting as scaffold for folding. Moreover,
electrostatic interactions between RNA and ligand can also induce
significant changes in the ligand structure due to the polyanionic
nature of the RNA. Aptamers are ideal model systems to study these
kinds of interactions owing to their small size and the ease with
which they can be evolved to recognize a large variety of different
ligands. Here we present the solution structure of an RNA aptamer

Introduction

RNA plays a central role in many biological processes and thus
represents an attractive target for drug development. Despite
this potential, only a few drugs that target RNA are in use or
development.'! One of the main roadblocks on the way
towards rational structure-based design of ligands and drugs
that target RNA is the mode of recognition found in most
complexes between RNA and small molecules. Ligand recog-
nition and binding is achieved in a very different manner from
most proteins: the ligand acts as a scaffold for folding the RNA
into an intricate three-dimensional structure and becomes an
integral part of the structure. This mode of recognition has been
termed “ligand-induced folding” or “adaptive binding”®-® and
has been observed in most small-molecule-binding RNAs
characterized to date. For example, the structure of the ATP-
binding RNA aptamer illustrated that the ligand is recognized
through a network of hydrogen bonds and stacking interac-
tions.” '@ The binding pocket of the free RNA is very dynamic
and largely unfolded, and converts into a well-defined structure
only in the presence of ATP or AMP. In addition to the structural
changes in the RNA, it has recently been shown that the ligand
can also undergo significant changes with respect to its
conformation and charge distribution upon binding to RNA.I'!

Aptamers are RNA or DNA molecules which are selected in
vitro to bind ligand molecules with high specificity and
affinity.'> '3 A great variety of these sequences have been
identified to date (see refs.[14-16] for reviews) and several

62 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  DOI: 10.1002/cbic.200300701

that binds triphenyl dyes in complex with malachite green and
compare it with a previously determined crystal structure of a
complex formed with tetramethylrosamine. The structures illustrate
how the same RNA binding pocket can adapt to accommodate
both planar and nonplanar ligands. Binding studies with single-
and double-substitution mutant aptamers are used to correlate
three-dimensional structure with complex stability. The two RNA -
ligand complex structures allow a discussion of structural changes
that have been observed in the ligand in the context of the overall
complex structure. Base pairing and stacking interactions within
the RNA fold the phosphate backbone into a structure that results
in an asymmetric charge distribution within the binding pocket
that forces the ligand to adapt through a redistribution of the
positive partial charge.

structures have been determined by NMR spectroscopy or X-ray
crystallography.” 1% 17-26 Aptamers are of great interest because
they mimic recently discovered riboswitches that control gene
expression'?’-2% and are of use as molecular tools in several areas
of chemistry and medicine.*°-3 Furthermore, as a result of their
generally small size they are ideal model systems to study
complex formation, RNA folding, and structure by means of NMR
spectroscopy and crystallography. Many applications make use
of the adaptive binding and the resulting changes in structure
and dynamics of the RNA. For example, incorporation of an
aptamer sequence into a particular RNA sequence can enable
the molecule to recognize a specific protein® 37 or act as a
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ligand-dependent switch which can turn RNA function on and
off.38 3 Adaptive binding also allows many aptamers to
recognize derivatives of the original selection target. For
example, the ATP-binding aptamer can bind NAD™, 7-deazaade-
nosine, and 2'-O-methyl adenosine, albeit with reduced affin-
ities.' 4 The removal of a single hydrogen bond between ligand
and RNA in the ATP aptamer leads to K values that are reduced
by two orders of magnitude relative to the original complex.’” In
general, a derivative of the original target molecule can bind to
an aptamer with detectable affinity as long as the overall
structure of the binding pocket remains similar and most of the
stabilizing interactions between RNA and ligand are maintained.

In order to fully understand the molecular basis for folding
around a ligand and to allow the rational design of new RNA
ligands and drugs one needs to understand the energetic
contributions of the molecular interactions that determine
binding affinity and specificity. As a result of the polyanionic
nature of RNA, electrostatic interactions play an important role in
determining complex stability together with hydrogen bonds
and base stacking interactions. We have chosen the malachite
green (MG) binding aptamer as a model system to explore the
role of these interactions. The aptamer was selected in vitro
specifically to bind MG (Figure 1 A).4" The molecule also binds

2 D
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i CH3
| ! 17—
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Stem | | w35
pu— o .
CH3 i L3z 30
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3 NT P g 3 .“ "~
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Figure 1. Structures of malachite green (A), tetramethylrosamine (B), pyronin Y
(C) and schematic of the crystal structure base stacking and secondary structure
(D). The MG structure indicates the numbering scheme used for the protons. The
color scheme of the aptamer sequence used in D is applied throughout this
publication: yellow indicates the base quadruple, red and green mark the base
triples, cyan the G8—C28 base pair and purple the GNRA tetraloop. The base pair
adjacent to the tetraloop is shown in dark blue, the other stem base pairs are
colored grey.

related organic dyes, such as tetramethylrosamine (TMR, Fig-
ure 1B) and pyronin Y (PY, Figure 1C), with K; values in the 50—
200 nm range. Crystal violet (CV), which differs from MG by just
one additional N-dimethyl group, has no detectable binding to
the aptamer. The three-dimensional structure in complex with
TMR was determined by X-ray crystallography®?4 (Figure 1D). In
the presence of TMR, the RNA folds rapidly to form a complex
structure around the ligand with the dye stacked between a base
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quadruple (C7-G24-G29-A31) and a Watson -Crick base pair
(G8-C28). The binding pocket is closed on one side by the
aromatic rings of A9 and A30 which stack with each other and
the unmodified phenyl ring of TMR. The MG aptamer is unique
with respect to its mode of ligand recognition: the ligand and
RNA interact only through base stacking of the nucleic acid with
the aromatic rings of the dye and through electrostatic
interactions. This feature makes the aptamer an excellent model
system for studying the effects of stacking and electrostatic
interactions that are masked by hydrogen bond effects in most
systems. However, no crystals suitable for structure determina-
tion could be obtained for any complex but that with TMR. We
initiated solution NMR studies of the aptamer in complex with its
original selection target malachite green as a first step to
investigate how different ligands are recognized and to explore
potential differences between the structures in solution and the
crystal. The crystal structure of the TMR - RNA complex was used
to greatly streamline the NMR structure determination and limit
the number of specifically and fully labeled samples needed.
Herein we present the solution structure of the MG-RNA
complex, compare it with the X-ray crystal structure of the TMR -
RNA complex, and discuss the ability of the RNA to adapt to
binding of different ligands.

Results
Design and synthesis of aptamer sequences for NMR studies

Initial NMR studies were performed by using an aptamer, with a
sequence identical to the one used for X-ray studies (RNAT,
Figure 1D), and both MG and TMR dyes. Both complexes gave
well-resolved NOESY spectra in 100% D,0 and 90% H,0.
However, the spectra of the MG-RNA complex have sharper
lines under the NMR conditions used. The high symmetry of the
first stem in RNA1 meant that obtaining assignments in this
region was problematic; therefore, a second sequence was
designed (RNA2) in which the U3 - A36 base pair was changed to
a G-C pair and the GNRA tetraloop was replaced by a UUCG
tetraloop. This sequence was used to obtain structural informa-
tion about stem | and the stem | -ligand binding loop interface.

Determination of optimal solution conditions

Both sequences fold readily into monomeric hairpin structures
and form dye - RNA complexes upon addition of TMR or MG. A
varying degree of structural heterogeneity, as assessed by 1D
NMR spectroscopy in 90% H,0O, was observed depending on pH
and salt concentrations. A wide variety of conditions were tested
with samples containing 0.1 mm RNA and a twofold excess of dye
to find an optimal buffer system for structural studies. For both
complexes the best spectra were obtained in 10 mm potassium
phosphate buffer, 10 mm KCl at pH 5.8 over a temperature range
from 274-298 K. All NMR spectra used in this study were
acquired under these conditions for the free RNAs and their
complexes with MG and TMR.
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Comparison of NMR spectra of the TMR and MG complexes

In order to use information from the crystal structure in the
determination of the solution structure of the MG — RNA complex
it was necessary to establish that both complexes retain the
overall conformation that was observed in the crystal. For this
purpose NOESY spectra of the TMR-RNA complex were
analyzed along with information from the X-ray structure (PDB
ID 1F1T). The dye in this structure is intercalated between two
G- C base pairs, namely, G8-C28 and G29-C7; the latter is part of
the base quadruple. In addition to NOEs to these bases one
would expect short distances to protons in the bases of G24 and
A31. We assigned all protons that are part of the TMR spin
system by using 2D NMR spectra (DQF COSY, CITY-TOCSY, and
NOESY) acquired in 100% D,0. This process was straightforward
owing to the fact that there is little overlap between RNA and
dye signals. By using these assignments as a starting point, RNA
base protons in the vicinity of the dye were identified by using
NOESY spectra and classified by base type from 'H/™*C correla-
tion spectra. A comparison of the number and patterns of
observed NOEs with those expected based on the X-ray
structure clearly indicated that the overall stacking arrangement
remains the same in solution and the crystal (with the exception
of the A9/A30 stacking which seems to be absent in the TMR
complex in solution). Next we had to establish that the TMR and
the MG-RNA complexes were sufficiently similar. This was
achieved by using a qualitative comparison of NOESY spectra
from both complexes. Overlays of NOESY spectra acquired in
H,O and D,0 show many similarities in chemical shifts and NOE
patterns observed for nucleotides that have NOEs to the bound
ligand (data not shown). Based on these observations we
concluded that the binding pockets for the two dyes are similar
and thus the X-ray structure can provide useful information for
the assignment of the MG-RNA complex spectra.

Resonance assignments in MG - RNA complex

Resonance assignments were based on NMR spectra that were
acquired by using four samples: an unlabeled complex of MG
with RNA2, an unlabeled complex of MG and RNA1, a complex of
unlabeled RNA1 and *C-methyl-labeled MG,*? and a complex
containing uniformly '*C/"*N-labeled RNAT. Initially the stem
regions were assigned by using 2D NOESY spectra assisted by
'H/™3C and "H/™N correlation spectra following standard proce-
dures.**1 The characteristic NOESY patterns of the first G-C
base pair and the tetraloops were used as starting points. For the
assignment of nucleotides in the internal loop region we
adopted an “inside —out” approach: nucleotides in the vicinity
of the bound dye were identified by means of NOEs between
dye and RNA protons. Next, the spin systems (base protons, H1’,
and, where possible, H2') were completed by using 2D TOCSY
and COSY spectra and assigned by base type with the help of
heteronuclear correlation spectra. Tentative sequence specific
assignments were then obtained by comparing the pattern of
NOEs and the type of nucleotide with the X-ray structure of the
TMR - RNA complex. By using this approach resonances belong-
ing to five nucleotides in the binding pocket were unambigu-

64 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. Dieckmann et al.

ously assigned. With these positions as starting points the
remaining nucleotides were easily assigned by means of NOE
patterns. This approach provided complete assignments of base
protons (including imino and amino hydrogens involved in
hydrogen bonds), H1’, and H2'.

In order to confirm these results and to obtain a better defined
structure for the binding pocket we checked and expanded the
resonance assignments by using a more conventional approach.
Exchangeable proton resonances were assigned by using a 150-
ms mixing time 2D NOESY spectrum acquired in H,0/D,0 (9:1).
Resonance assignments were confirmed by using a 'H/"™N
HMQC spectrum, which allowed identification of base type
(guanine versus uracil) by means of the >N chemical shift and
through-bond correlations between exchangeable and nonex-
changeable base protons. We were able to unambiguously
assign all imino proton resonances in the molecule and many of
the amino resonances in the binding pocket. Nonexchangeable
proton resonances were assigned by using a combination of
homo- and heteronuclear experiments.** 4->% |n addition to the
abovementioned homonuclear 2D spectra a 3D NOESY-HMQC
experiment was used to analyze heavily overlapped regions.
Ribose 'H and 'C resonances were assigned by using a 3D
HCCH-COSY experiment!*® 552 and connected to the corre-
sponding base by through-bond HCN and HCNCH correla-
tions.>3-%¢1 By using this strategy we were able to expand the
assignments for the nucleotides in the binding pocket (6-11
and 22 -33) to about 89 % of the nonexchangeable protons.

Comparison of free and bound RNA

Changes observed in the NMR spectra of the RNA upon addition
of ligand indicate that the RNA adopts a new, more compact fold
in its ligand bound form. 1D "H NMR spectra acquired in H,O
show that several new imino proton signals appear upon
addition of MG. This indicates the formation of stable hydrogen
bonds in the ligand binding core of the molecule. Some existing
resonances adopt a narrower line shape. In addition, a greatly
increased number of NOEs can be observed and assigned in the
spectra of the complex (Figure2 and 3). In the ligand free
molecule there is evidence for only one of the base pairs in the
internal loop region/binding pocket, that is, the U11-A22 pair.
This pair, which in the complex becomes part of the first base
triple, is preformed. The formation of the base triples upon
addition of ligand can be seen in the spectra acquired in 90%
H,O. For example, the second base triple (C10-G23-A27) is
indicated by the shifted and split G23 amino signal and NOEs to
A27H2. These observations are consistent with ligand-induced
folding of the RNA aptamer in the presence of MG (adaptive
binding).

Structure calculations

The NMR spectra of the RNA1 - MG complex were used to extract
NOE information as a basis for the calculation of a solution
structure. Emphasis was placed on the internal loop region
(nucleotides 7 - 11 and 22 - 30) and the tetraloop. This resulted in
a total of 423 NOEs, 310 of which involved protons within the
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Figure 2. Imino proton regions of 2D NOESY spectra acquired in 90 % H,O before
(left) and after addition of MG (right); 1.0 mm RNA in 10 mm potassium phosphate
buffer, 10 mm KCl at pH 5.8. Water suppression was achieved by using the 17-echo
sequence. NOESY mixing time was 150 ms. Signals originating from bases in the
first stem are labeled in red and for the second stem in blue.
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U and C as reference. In addition to these distance restraints the
COSY spectra were used to sort the sugar pucker of the riboses
into three groups (N type, S type, and unrestrained). The dihedral
angle about the glycosidic bond was restrained to the syn or anti
range based on NOE information. These NMR-based restraints
were supplemented with hydrogen bond and weak planarity
restraints for Watson — Crick-type base pairs and dihedral-angle-
based restraints to model the A-form portions of the structure.
Based on the fact that a qualitative comparison of the NMR data
has shown that the overall fold of the MG complex resembles
that of the TMR complex determined by X-ray crystallography,
we decided to calculate the structure of the new complex by
“docking” the new ligand (MG) into a starting structure
generated by deleting TMR from the crystal structure and
placing MG at a random position at a distance of 20 A from the
RNA. These starting structures were then subjected to a standard
simulated annealing protocol.

The above strategy can potentially lead to a strong bias
towards the starting structure. To test if this was the case for our
system, a second set of structures was calculated. For the latter
set, a random extended structure was used as
starting structure and subjected to the same
calculation protocol as the original set. As
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observed structure is dominated by the NMR
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By using the approach described above a
set of 100 final structures was generated
(Table 1). All 100 structures converged to give
reasonable residual energies and were used in
the analysis below.
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Figure 3. Two sections of the 2D NOESY of a MG - RNA complex (1:1) acquired in D,0. The resonance
frequencies of protons from several key nucleotides and the bound ligand are labeled. The resonance of

MG A1 CH; is overlapped with a ribose H2' resonance.

internal loop region, 18 involved protons in the tetraloop, and 90
were intermolecular NOEs between RNA and MG (Figure 3).
These NOEs were converted into inter-proton distances by using
a semiquantitative scale with the H5 - H6 crosspeak intensities of
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Overall structure

The resulting family of 100 final structures is
well defined with an RMSD for all heavy atoms
of 1.09 A and of 0.93 A for the nucleotides in
the binding pocket (C6-U11, A22-G33, Fig-
ure 4). The structures show that the aptamer
folds into a stem-loop structure with the
internal loop nucleotides tightly packed to form a binding
pocket for the dye. The ligand is stacked between the G8-C28
base pair and the base quadruple formed by the C7-G29
Watson - Crick base pair together with G24 and A31. On the
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Table 1. NMR and refinement statistics for the family of final structures.

NMR-derived distance and dihedral angle restraints

Total Binding pocket
(7-11,

22-31, MG)
NOE constraints 423 310
Intranucleotide 148 119
Sequential 119 44
Medium to long-range 66 57
RNA -ligand 90 90
Dihedral angle
From J-coupling data 72 7
From A-form modeling 147 N/A
Total experimental restraints 495 317
NOE-derived restraints per residue 10.8 19.4

Structure statistics for the 100 final structures

NOE violations > 0.5 A per structure 0
Average residual NOE violation [A] 0.126
Dihedral violations > 10° per structure 0
Average dihedral angle violation [°] 4.69

Mean deviation from ideal covalent geometry
Bond lengths [A] 0.0049
Bond angles [°] 1.66
Impropers [] 1.391

Average pairwise RMSD [A] for all heavy atoms of the 100 final structures

All residues 1.09
Internal loop (6-11,22-33) 0.93
GNRA loop (14-19) 0.88
5 -
G1—C38

G2 =—C37

U3z —A36
Stem | Ad ——[135
C5—=G34
CE==G33 U32 449
Binding = g
Pocket A9 vap
R A27
G12—C21
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C14—G19
G15 ki
Al16 G1T
tetraloop

Figure 4. Base stacking and secondary structure of the MG - RNA complex (left)
and overview of the family of the 25 lowest energy final structures (right). Color-
coding according to Figure 1. The structures were fitted to the heavy atoms of
nucleotides 6 - 10 and 23 - 33 by using MOLMOL.®!

stem | side the base quadruple is stacked onto the C6-G33 pair,
and on the stem |l side the binding pocket is capped by two base
triples, C10-G23-A27 and U11:-A22- A26. Two nucleotides in the
base triples, A26 and A27, are also part of a U-turn motif that
includes U25 and C28. The turn stabilizes the binding pocket by
connecting three of its structural elements, the two base triples
and the G8-C28 base pair.
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Structural details and comparison to the crystal structure
The GAGA tetraloop

The GNRA-type tetraloop of the molecule adopts a non-native
fold in the X-ray structure as a result of crystal contacts (see
below). The four bases are arranged in a 2 -2 stack rather than
the 1-3 stacking arrangement commonly observed in solution
structures.”” 58 In all 100 final structures the tetraloop adopts the
standard fold originally observed in the solution structure of the
GAGA tetraloop from Jucker et al.5” (PDB ID 1ZIG) with the base
of A16 stacked on top of G17 (Figure5). The turn of the

Figure 5. Superposition of the GNRA tetraloop region (C14-G19) of the X-ray
structure (green, from 1F1T), the solution structure of an isolated GAGA tetraloop
(cyan, from 1ZIG), and the lowest energy structure calculated by using NMR
restraints (shown in red).

backbone is located between G15 and A16. This is in sharp
contrast to the X-ray structure in which the backbone turn
occurs between A16 and G17 and the base of A16 is rotated by
180° relative to its position in the solution structure (Figure 5).

The base quadruple

The quadruple formed by nucleotides C7, G24, G29, and A31
provides the base of the binding pocket and a stacking platform
for the dye. The quadruple can be seen as a combination of a
conventional adenosine minor groove triple (essentially identical
to the (G23-C10)-A27 triple described below) and a guanosine
major groove triple arranged around a common Watson — Crick
base pair between C7 and G29. A31 is hydrogen bonded to G29
through a 6-amino - N3 hydrogen bond and G24 to G29 through
2-amino - 06 and imino — N7 hydrogen bonds. The orientation of
the bases and the pattern of hydrogen bonds is very similar in
the X-ray structure of the RNA - TMR complex?? and the solution
structure presented here (Figure 6 A). However, the 5'-tail of G24
leads off into the opposite direction in the two structures
indicating a different arrangement of the top and bottom of the
binding pocket between the two structures. This difference is
related to the orientation of U25 discussed below.

The base triples

The two base triples form the top of the binding pocket and do
not interact directly with the bound ligand. Nucleotides C10,
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Figure 6. Detailed comparison of structural motifs in the X-ray structure of the
TMR - RNA complex (thick blue bonds) and the solution structure of the MG - RNA
complex (25 lowest energy structures, thin bonds, color-coded according to
Figure 1). The best fit of the base quadruple (A), the two base triples (B, C), and the
U-turn motif (D) are shown.

G23, and A27 form the inner minor groove (G- C) - A triple which
is stacked on top of the G8-C28 base pair. A27 is located in the
minor groove of stem Il and hydrogen bonds to the Watson -
Crick base pair formed by C10 and G23 through a 6-amino-N3
hydrogen bond (Figure 6C). The outer minor groove triple
consists of nucleotides U11, A22, and A26. U11 and A22 form a
Watson - Crick pair with A26 docked into the minor groove and
hydrogen bonded to U11 through a 6-amino-02 hydrogen
bond (Figure 6 B). Both base triples are essentially identical in the
two structures.

The U-turn motif

The nucleotides U25, A26, A27, and C28 form a tight turn that
includes a U-turn motif that closely resembles the one found
originally in the anticodon and T-loop of transfer RNA.5¥! The
phosphate backbone turns after U25. The bases following the
turn (A26, A27, C28) are stacked and have their Watson - Crick
faces positioned for participating in the base triples and the
C28-G8 base pair (Figure 6D). This structure stabilizes and
positions several integral parts of the aptamer architecture. A26
and A27 are part of the base triples, C28 is base paired to G8 and
stacks on top of the bound dye. The U-turn positions U25 so that
it effectively closes the side of the binding pocket and also
indirectly stabilizes G24 which stacks below the bound ligand by
positioning it such that it can participate in the base quadruple.
In both structures U25 is stacked against the N-methyl groups of
the Aring of the bound dye. However, in the solution structure
the position of U25 is not very well defined compared to other
parts of the internal loop. This is consistent with an increased
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mobility of the base in the complex as indicated by the
relaxation behavior. The T, measured for the C6 of U25 is by far
the longest in the molecule (36.1 ms versus an average of
25.0 ms for all C6 atoms in the molecule). Together these facts
indicate that in solution U25 is a flexible element within the RNA
structure. The nucleotide can act as a hinge that allows the
aptamer to adapt its structure to bind different dyes without
disrupting core stacking or hydrogen-bonding patterns within
the RNA (discussed below).

Stacking and orientation of the dye

The overall orientations of bound MG and TMR complexed with
the aptamer are very similar. Both are intercalated between the
G8-C28 base pair and the base quadruple (Figure7). The
stacking interactions with the base quadruple are nearly
identical in the two structures with the dye A ring located above
G24, the B ring stacked on top of the G29- C7 pair, and the Cring
located above G29 pointing towards A31. However, there are
significant differences in the orientation of the dyes with respect
to the G8-C28 base pair. TMR is stacked almost perfectly with the
A and Brings located under C28 and G8, respectively, whereas
MG has reduced stacking interactions between its B ring and G8.
This is indicated in the NOESY spectra by significant differences
in the NOE peak patterns. Whereas the B-methyl protons of TMR
show weak NOEs to the G8 ribose protons and strong NOEs to
the H8 of G8, this pattern is reversed in the NOESY spectra of the
MG -RNA complex. The reason for the observed differences are
the different shapes of the two dyes in combination with the
conformational changes detected in MG upon binding to the
RNA." The A and Brings in TMR are perfectly planar; however,
the two rings are rotated relative to each other by approximately
49° in free MG and by 57° in the RNA-bound form. The different
ligand structures make it impossible to accommodate favorable
stacking interactions for both dyes in the same structural
framework. This is compensated in the MG-RNA complex by a
rotation of the G8-C28 base pair relative to the base quadruple.
This movement is made possible by two flexible elements in the
RNA structure. U25 (discussed above) and A9 (see below) act as
hinge nucleotides to allow optimal positioning of the two parts
of the binding pocket to accommodate planar or nonplanar
ligands. The less favorable stacking interactions between dye
and RNA resulting for MG, specifically the loss of stacking
interactions on one side of the B ring, contribute to the reduced
stability of the MG-RNA complex (K, =800 nm versus 50 nm for
the TMR complex). The stacking arrangement in the MG-RNA
complex is also in agreement with the observation that the
B ring of MG rotates approximately 60° out of plane relative to
the A and Crings due to the conformational changes caused by
the RNA electrostatic field."”

Position of A9 and A30

In the crystal structure of the TMR-RNA complex, A9 and A30
are stacked on each other and A30 is stacked against the Cring
of TMR. This interaction connects both strands of the binding
pocket and leads to a very compact structure (Figure 7D). The
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Figure 7. Comparison of the stacking of MG (A, C) and TMR (B, D) in the aptamer
complexes in a top-down stereoview (A, B) and side view of the dye - RNA
complexes (C, D). The 25 lowest energy solution structures are shown. Color-
coding from Figure 1.

stacking of the dye C ring with A30 is also found in the MG-RNA
complex. NOE connectivities between the H2 of A30 and all
protons on the Cring of MG as well as H5 on the B ring place the
base in a similar position to that observed in the crystal structure.
The same pattern is observed in NOESY spectra of the TMR - RNA
complex. However, no NOEs that place A9 anywhere close to A30
were observed under any conditions in either the MG -RNA or
the TMR-RNA complex. In the solution structure the position of
A9 is not very well defined, but the base is found consistently
looped out of the binding pocket (Figure 7C). In fact, a test
calculation with artificial NOEs that would place A9 stacked on
top of A30 as seen in the crystal structure showed that this
arrangement is not consistent with the solution structure and
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results in NOE violations and increased energies of the final
structures (data not shown).

The differences between the two structures with respect to
the position of A9 are at least in part related to the different
environment, that is, crystal versus solution. In the X-ray
structure of the TMR-RNA complex, A30 and A9 from one
molecule form a continuous stack with the corresponding bases
from a second molecule in the unit cell (Figure 8, top). This

Figure 8. Crystal contacts in the TMR — RNA complex involving bases in the GNRA
tetraloop (bottom) and the A30, A9 stack (top). The different molecules in the unit
cell are shown in green, blue, and cyan.

interaction is similar to the intermolecular stacking that causes
the noncanonical structure of the GNRA tetraloop discussed
above, with A16 and G17 of one molecule stacking with U32
from a second molecule (Figure 8, bottom). In solution these
additional contacts are absent and the conformation observed in
the crystal becomes less stable. The inability of the MG-RNA
complex to engage in the favorable intermolecular stacking
arrangement of A9 and A30 might also contribute to the
difficulties in obtaining usable crystals for this aptamer complex.

RNA mutants and stability of the binding pocket

In order to explore how the different structural components
contribute to the overall stability of the complex, key nucleotides
in the binding pocket were mutated and the dissociation
constants of the TMR - RNA complexes were measured (Table 2).
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Table 2. Binding data for RNA mutants of the malachite green binding

aptamer in complex with TMR.

Wildtype Mutant Dissociation AAG [keal]®
constant (Kp)

U-turn

u25 C25 368 nm —1.18

u2s5 G25 1.9 um —2.15

u25 A25 ~5-6um —284

A9/A30 stack

A9 9 29 um —-241

A9 G9 64 nm —0.15

A9 U9 140 nm —0.61

A30 G30 1.6 um —2.05

A30 c30 500 nm —1.36

A30 u3o0 4.6 um —2.68

Base triple 1

A27 c27 4.01 um —2.60

A27 G27 ~6-7 um —293

A27 u27 ~7-8um —3.00

C10G23 G10C23 338 nm —-1.14

Base triple 2

A26 G26 ~8-9um —3.01

A26 u26 ~4-5um —2.72

A26 C26 6 um —248

UT1A22 A11U22 48 nm +0.024

Base quadruple

G24 C24 512 nm —1.38

A31 G31 7.2 um —2.95

A31 c31 1.2 um —1.88

A31 U31 1.95 um —-2.17

G8/C28 base pair

G8C28 C8G28 ~5-6um —2.83

[a] The difference between the free energies of binding of wildtype (K, =

50nm) and mutant RNA-TMR complexes was calculated as AAG=

RT(InKpwr — InKp mue) at 293 K.

The Kp values for the mutant complexes and the change in the
free energy of binding (AAG) compared to the wildtype complex
indicate the relative importance of the various structural features
for the integrity of the binding pocket. For example, the U-turn
motif is very sensitive to mutations. Introduction of a purine in
the position of U25 leads to a 38-fold and a more than 100-fold
increase of K, for G and A, respectively. A cytosine is slightly
better tolerated with only a sevenfold increase of K indicating
that the size of the base in this position is a crucial factor.

The A9/A30 stack observed in the crystal structure does not
seem to be present in solution for both the TMR and the MG -
RNA complex. This would suggest that mutations of A9 (the
“outer” A) should have only a very minor effect on complex
stability because the base is highly mobile in solution and does
not seem to have any permanent interactions with other parts of
the binding pocket or the ligand. Indeed, A9 can be mutated to a
G or U with only a less than threefold increase of K. The very
large K; value for the A9/C9 exchange does not fit this pattern
and is most likely an artifact owing to formation of an alternative
structure that interferes with folding (i.e., an alternative base
pairing scheme). A30 substitutions are much less well tolerated
and lead to at least a tenfold increase of the complex
dissociation constant. Both base triples are crucial for complex
stability even though they do not interact directly with the
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ligand. Any substitution of the third strand adenines (A26 and
A27) results in an 80-fold or larger increase of the complex K;
values. In contrast, a flip of the central Watson - Crick base pairs
is fairly well tolerated with no change of K, for triple 2 and only a
6.8-fold increase for triple 1. This indicates that the main function
of the base triples is to position and stabilize the U-turn
nucleotides that shape the top of the binding pocket. The base
quadruple and the G8- C28 base pair form the stacking platforms
for the ligand and are very sensitive to mutations as would be
expected. The very large effect of the G8-C28 base pair flip
indicates that optimal stacking interactions between ligand and
RNA are crucial for complex stability. A comparison of stacking
interactions in the structures of the TMR and MG-RNA
complexes (Figure 7) and the corresponding complex dissocia-
tion constants allows one to qualitatively assess the magnitude
of the base-ligand stacking interactions. The nonplanar ar-
rangement of the rings in MG clearly reduces all favorable
stacking interactions somewhat. However, the single largest
change results from the complete loss of interactions between
ring B of MG and guanine 8. Together these changes in the
stacking are responsible for a 16-fold increase of the dissociation
constant of the MG complex relative to the TMR complex.

Ligand binding and charge distribution in the binding pocket

A comparison of binding data for several derivatives of MG
shows that the aptamer can accommodate a variety of
molecules in its binding pocket.? TMR has the lowest complex
dissociation constant of all tested dyes (K, =50 nm). Pyronin,
essentially a TMR molecule without the C-phenyl ring, binds with
a K, of 225 nm, and MG has an even lower affinity with a Kj, of
800 nm. Crystal violet (CV), an MG derivative with an additional N-
dimethyl group located in the para position on ring C, has a Kp
value larger than 1 mwm. This very high Kj value is surprising and
cannot easily be explained by disruption of stacking interactions
or steric clashes. Modeling studies based on the two complex
structures and free CV indicate that the ligand “should” fit into
the binding pocket. A closer look at the ligand and its electronic
structure point at a major role for electrostatic interactions in
ligand binding in this aptamer complex.*? In CV, the positive
charge is equally distributed across all three rings with partial
charges of approximately 4 0.33 for each ring. The electrostatics
of the binding pocket are largely determined by the position of
the RNA backbone phosphates. The highest density of close
phosphate groups is found in the vicinity of ring A followed
closely by ringC (Figure9). A likely reason for the greatly
reduced binding of CV is that CV cannot adapt its charge
distribution well enough to compensate for the asymmetry of
the binding pocket due to its highly delocalized (“diluted”)
charge.

Discussion

The mode of binding encountered in most small-molecule - RNA
complexes that have been characterized by NMR spectroscopy
or X-ray crystallography to date poses a challenge for rational,
structure-based drug or ligand design. The ligand-induced
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Figure 9. Stereoview of the malachite green binding aptamer. The RNA back-
bone is shown as a gray ribbon with the phosphate atoms displayed as red
spheres. MG is shown in thick bonds with a transparent van der Waals surface.
The coloring for MG indicates relative distribution of the positive charge (darker
blue corresponds to larger partial charge).

folding and structural changes of the RNA that are observed
during adaptive binding suggest that traditional docking
strategies will fail in many cases due to the difficulty of defining
the structure of the target “binding pocket”, that is, how the RNA
reacts to the presence of a different ligand. This situation is
further complicated by the structural changes in the ligand upon
complex formation.

The comparison of the X-ray structure of the TMR-RNA
complex with the solution structure of the MG-RNA complex
presented here provides a glimpse at how the binding pocket of
the aptamer can adapt to the structures of planar and nonplanar
ligands. Rotation of the base pairs above and below the ligand
can accommodate dye derivatives with nonplanar ring systems
without disrupting any crucial RNA structure elements. The
adaptability of the aptamer with respect to the different ligands
is largely facilitated by two flexible elements in the RNA
structure, A9 and U26. Moreover, the two structures allow a
discussion of structural changes that have been observed in the
ligand™ in the context of the overall complex structure. Base
pairing and stacking interactions within the RNA fold the
phosphate backbone into a structure that results in an
asymmetric charge distribution within the binding pocket that
forces the ligand to adapt through the redistribution of the
positive partial charge (Figure 9).

Experimental Section

RNA sample preparation: Samples of the malachite green binding
aptamer were prepared enzymatically from a synthetic DNA
template by using T7 RNA polymerase!®® and unlabeled or *C/"*N-
labeled NTPs!®" as previously described.”” 52 To reduce nontemplated
nucleotide addition at the 3’-end of the transcribed RNA, the DNA
templates were synthesized to have the last two (5') nucleotides
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replaced with their 2-methoxy analogues® (Oligos Etc. Inc., Wilson-
ville, OR). NMR samples for use in studying exchangeable protons
were prepared by dissolving the lyophilized RNA in a H,0/D,0 (9:1)
solution and adjusting to pH5.8 with NaOH (unless otherwise
stated). Samples used for studying nonexchangeable protons were
prepared by dissolving the RNA in 99.996% D,0 (Isotec). All NMR
samples were 500 L in standard 5-mm NMR tubes with final RNA
concentrations of 0.8-1.8 mm in 10 mm potassium phosphate buffer
(pH 5.8) and 10 mm KCI.

NMR spectroscopy: All spectra were collected on a Bruker DRX-600
spectrometer equipped with a HCN triple resonance, triple-axis PFG
probe. Solvent suppression for samples in H,0/D,0 (9:1) was
achieved by using 11-spin echo pulse sequences®” or WATERGATE. 6!
Quadrature detection for the indirect dimensions in multidimen-
sional experiments was achieved by using the States-TPPI method.!*¢!
2D NOESY spectra®” in H,0/D,0 (9:1) were acquired at 274K and
283 K with a mixing time of 150 ms. A 2D CITY-TOCSY®® with a
mixing time of 50 ms, a DQF-COSY,*® and NOESY spectra with
mixing times of 250, 200, and 50 ms in 100% D,O were measured at
298 K.

Heteronuclear experiments were acquired at 293K in 100% D,0,
with the exception of a 'H/"®’N HMQC and an HCCNH-TOCSY"
which were acquired in H,0/D,0 (9:1) at 274K. Broadband
decoupling for 3C and N during acquisition was achieved by using
the GARP" composite pulse sequence. 2D spectra acquired
included “N/'H and '3C/'H HSQC"2 "N/'H long-range HSQC73
spectra, and an HCNCH experiment.®® A 3D ™C/'H NOESY-
HMQC" (mixing time 200 ms) and a 3D HCCH - COSY"! were used
to resolve overlaps and assign ribose resonances. T, values were
determined by using an HSQC pulse sequence with added relaxation
delays as described previously.”® All spectra were processed by using
the XWIN-NMR 2.6 software package (Bruker Inc.) and analyzed by
using XEasy”” on a Silicon Graphics 02 workstation. 'H chemical
shifts were referenced to an external standard of DSS, and *C and
N chemical shifts were calculated indirectly as recommended by
Markley et al.’®

NOE distance and dihedral angle constraints: Nonexchangeable
inter-proton restraints were obtained from NOESY spectra of
samples in D,O acquired at 293 K with 250-, 200-, and 50-ms mixing
times as well as the three-dimensional 3C/"H NOESY-HMQC. NOE
distances involving exchangeable proton resonances were obtained
from a 2D NOESY in H,0/D,0 (9:1) at 274 K with a 150-ms mixing
time. NOE distances for nonexchangeable protons were obtained by
integrating crosspeak volumes and by using the R~° relationship
between intensity and distance. For calibration, we used the average
pyrimidine H5-H6 crosspeak volume as a standard reference of
2.4 A. An additional 0.8 A was added to each distance for the upper
bounds, while lower bounds were set equal to the sum of the
van der Waals radii. Dihedral angle restraints for the ribose sugar
puckers were obtained from analysis of DQF-COSY spectra.
Residues that gave H1'-H2' coupling constants larger than approx-
imately 9 Hz were restrained to an S-type range (v;=21+5° and
v,= — 36+ 5°). Residues with intermediate coupling constants (~4 -
7 Hz) were left unrestrained. The residues with small or absent H1' -
H2' crosspeaks were restrained to an N-type range (v, =—22+5°
and v,=36+5°).

Structure calculations: All structure calculations were done with
CNSv1.1.7% The two A-form-like stem regions were modeled as
A-form RNA by using artificial hydrogen bond and dihedral restraints
in combination with the NOE data. Hydrogen bond restraints (two
per hydrogen bond) were included for those Watson - Crick base
pairs that displayed slowly exchanging imino protons and NOEs
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indicative of base pairing. Structure calculations were started from a
model structure generated based on the crystal structure (PDB ID
1F1T) to which protons were added. The TMR ligand in this structure
was deleted and a minimized structure of MG was placed at a
distance of 20 A in a random orientation. These structures were then
subjected to a simulated annealing protocol for 20 ps at 1000 K with
1-fs time steps, followed by a cooling phase (20 ps of cooling from
1000K to 0K with 1-fs time steps). This was then followed by
2000 minimization steps. The NOE scale factor was set to 150 for all
parts of the calculations except in the minimization steps for which it
was set to 75. The 100 final structures were used for detailed analysis
by using the software packages MOLMOL® and WebLab Viewer Pro
(Molecular Simulations Inc.). Hydrogen bonds were analyzed with
MOLMOL by using criteria in which the angle between proton donor
and acceptor must be greater than 120° and the distance less than
25A.

Coordinates: Atomic coordinates for the 10 lowest energy structures
have been deposited in the RCSB Protein Data Bank (accession
number 1Q8N).

Measurement of binding affinities: Binding of the fluorophore TMR
to the aptamer was measured by monitoring changes in fluores-
cence intensity or anisotropy with a Perkin - EImer LS50B Lumines-
cence Spectrometer as described previously.?4
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Proline-Directed Random-Coil Chemical Shift
Values as a Tool for the NMR Assignment of the
Tau Phosphorylation Sites

Guy Lippens,*@ Jean-Michel Wieruszeski,'? Arnaud Leroy,® *! Caroline Smet,
Alain Sillen,?! Luc Buée,'? and Isabelle Landrieu®

NMR spectroscopy of the full-length neuronal Tau protein has
proved to be difficult due to the length of the protein and the
unfavorable amino acid composition. We show that the random-
coil chemical shift values and their dependence on the presence of

Introduction

The neuronal protein Tau in its aggregated state has long since
been a marker for Alzheimer’s disease.™ Its occurrence in paired
helical fragments is mostly associated with hyperphosphoryla-
tion, although it is not yet clear which phenomenon, phosphor-
ylation or aggregation, comes first.? Still, the aggregation of Tau
is remarkable as the protein itself is highly soluble despite its
apparent lack of structure. Structural studies on full-length Tau
are not as numerous as one might expect for a protein of this
physiological and medical importance, and no study of the
atomic detail has been reported thus far. The lack of stable
tertiary structure has hampered crystallization, and the sheer
length (441 amino acids for the longest isoform) and unfavorable
amino acid composition of the protein tend to preclude detailed
NMR studies.

Our interest in Tau stems from a report that it is a potential
substrate for the cell-cycle-linked prolyl cis/trans isomerase
Pin1.B! This latter protein, comprising two distinct domains
carrying the catalytic activity and a WW domain that typically
mediates protein —protein interactions, recognizes many epito-
pes that are generated during mitosis and interact with the
mitosis-specific MPM2 antibody.” As Tau in its hyperphosphory-
lated and aggregated form contains several epitopes for the
MPM2 antibody, the authors looked at the Pin1-Tau interaction
and found, amazingly, that a single site (phospho-Thr231/
Pro232) was essential and sufficient for interaction between
both partners.?!

The structural and functional roles of this interaction, however,
were not immediately clear. We showed that the interaction
between the Pin1 WW domain and a Tau peptide centered
around this very phospho-Thr231/Pro232 motif was mainly
limited to the dipeptide,® and the same limited recognition
motif was concluded from an X-ray crystal structure of the full-
length Pin1 protein in which the WW domain was complexed to
a peptide from the C-terminal domain of polymerase I.”! Very

a proline residue in the (i + 1) position can successfully be exploited
to assign all proline-directed phosphorylation sites. This is a first
step toward the study of the phosphorylation of Tau by NMR
spectroscopy.

recently, we identified the phospho-Thr212/Pro213 motif as a
second interaction motif, and there probably are other inter-
action sites between the 17 Thr/Pro or Ser/Pro proline-directed
phosphorylation sites.®

During those studies, we and others have looked at the
proline conformation, as it is related to the functional questions
that surround Pin1. Indeed, because Pin1 stimulates dephos-
phorylation of Tau and CDC25 by the PP2A phosphatase and this
phosphatase only recognizes the phospho-Thr/Pro motif in the
trans conformation,® it is tempting to conclude that Pin1
recognizes such a motif in the cis conformation, exerts its
catalytic activity by raising the speed of the conformational
transition, and thereby prepares a substrate for PP2A. However,
the role of the WW domain is less clear in this scenario because
both direct NMR spectroscopy observations® and modelling”!
showed that this latter domain cannot accommodate a Pro..
Still, for Pin1 acting as a conformational switch during the cell
cycle, it would be reassuring to find some substrate with a Pro
residue at least partly in the cis conformation. In the Thr212
peptide, we determined that none of the three proline residues
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in the peptide was predominantly in the cis conformation, with a
maximum of 12% for the Pro216/Thr217 peptide bond.®! The
conformational preference for the trans configuration is even
stronger in the Thr231 peptide and is independent of the
phosphorylation state of this latter residue.'® Since the protein
context could exert such a local conformational strain that our
conclusions derived from peptide studies cannot be extrapo-
lated to the protein, we have set out to study the full-length
protein by triple-resonance NMR spectroscopy. We report here
our first results in the assignment process, whereby the length
and unusual amino acid composition of Tau have forced us to
abandon the conventional assignment strategy. The main aim of
our work at this moment is to assign the potential phosphor-
ylation sites, although all other assignments will probably be
useful for future NMR studies directed at other aspects of the
intriguing biological role of Tau.

Results

The 1D proton spectrum of Tau immediately shows why NMR
studies on full-length Tau have not yet been successful. Indeed,
chemical dispersion is limited to a mere 0.8ppm, a fact
confirming immediately the macroscopic unfolded nature of
the protein (Figure 1). Moreover, if one looks at the amino acid
composition, where five amino acids make up half of the
sequence, the designation of “polymer” rather than protein
makes sense.

The situation is somewhat better when one considers the
nitrogen dispersion. Indeed, here we find a normal dispersion of
23 ppm, even though the core of the spectrum (120-126 ppm)
remains very crowded. Also in this spectrum, we can note the
narrow line width that allows us to record up to 128 complex
points in the nitrogen dimension. For a protein of over 50 kD,
this again indicates a great amount of local flexibility leading to
an effective lengthening of the nitrogen T, times.

Our initial efforts to assign the protein used the now-familiar
strategy of recording complementary triple-resonance experi-
ments and exploiting them in a pairwise fashion.' However,
whether we looked at the HNCA/HN(CO)CA, HNCO/HN(CA)CO,
or CBCANH/CBCA(CO)NH spectra, we found many lines with four
to eight residues confined to the same 'Hy/'°N cross-peak.
Considering that one wants to correlate the Co/Cf3/CO informa-
tion of a given residue to the same information for the residue
that precedes it on those spectra that use the carbonyl relay, the
limited success of this approach for the assignment of Tau is
obvious.

Still, because we had transformed the different 3D spectrain a
pseudo-1D mode, starting from a semiautomatic peak picking of
the high-resolution HSQC spectrum of Figure 1 (to yield 299
peaks), and had used a routine developed in house that allows
individual thresholds to be set by hand for each of the 299 3C
traces that result after the Fourier transformation in the third
dimension (B. Odaert, G. Lippens, unpublished results), the peak
picking in the third carbon dimension yielded a list of carbon
frequencies per correlation peak in the 'H/"™N HSQC spectrum.
By comparing the HNCA spectrum, which contains information
about Ca(i) and Ca(i — 1), with the HN(CO)CA spectrum, which
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Figure 1. a) 1D proton spectrum and b) 2D 'H,”>N HSQC spectrum of the
uniformly ">N-labeled Tau protein.

only contains the latter Ca(i— 1) information, we could distin-
guish the Ca(i) and Cali— 1) frequencies without ambiguity. A
similar procedure could be followed for the C[3(i) and CR(i — 1)
frequencies.

As stated above, the extreme spectral degeneration obviously
made these lists almost useless for the usual assignment
strategy. However, a simple histogram listing the occurrence of
each chemical shift value led to some interesting observations
(Figure 2). First, we noted that certain chemical shift values only
occurred as Ca(i) values, whereas they could not be found in the
list of the Ca(i — 1) values. Those carbon frequencies therefore
indicate residues that precede a Pro residue, as the lack of an
amide proton on the following residue and thus a correlation
peak in the initial "H/">N HSQC spectrum makes their observation
in the HN(CO)CA spectrum impossible. Moreover, we noted
equally a well-populated region of Ca peaks between 64—
63 ppm; these peaks are only present as Cal(i — 1) correlations
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Figure 2. a) Graph indicating the number of times a given 3C frequency is found
as a Ca(i) (blue) or Ca(i— 1) (red) value in the spectrum of the Tau protein. The
distinction was based on comparison of the HNCA and HN(CO)CA spectra.

b) Graph of the Cf3 chemical shift values, based on the CBCANH and CBCAcoNH
spectra. Those resonances that were assigned to a CS(i) position are in blue,
whereas those that correspond to a Cf3(i— 1) position are indicated in red.

and not as Cal(i) values. These are the Ca chemical shift values of
the proline residues themselves, and therefore the initial 'H/"N
correlation peaks that carry them have to originate from residues
that follow a proline residue. In conclusion, whereas the Pro
residues are rather a nuisance in the general assignment strategy
because they interrupt the connection chain, here they imme-
diately gave us a starting point for the assignment process. If one
further considers that there are 44 Pro residues in Tau, this
observation looks like a promising step for the assignment.
Another observation from the histogram (Figure 2) is that the
13C chemical shifts of the different residues are probably not very
far from their random-coil values.' Just considering the Gly
residues, for example, we see that the Ca chemical shifts are all
within 0.5 ppm of their averaged value of 45.33 ppm. For Ala, the
situation is barely better, with a similar spread of 0.5 ppm around
the averaged value of 18.79 ppm for the methyl C3 carbon atom.
Again, those that deviate from this rule are the resonances of
those residues that precede a Pro residue; for those, we expect a
sequence-dependent chemical shift of 2 ppm to the high field.''?
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This combined information about the direct neighborhood of
a Pro residue and the minimal deviation of random-coil chemical
shift values can be exploited in a simple graphical manner. We
retransformed all 3D spectra, this time as full 3D matrices, and
extracted selectively '3C planes according to the values suggest-
ed by the histogram. Rather than taking individual planes,
however, we opted for sums of those planes within +0.5 ppm of
the random-coil value, as suggested by the histograms (Fig-
ure 2). An example of this strategy is given for the Ala/Pro motifs.
There are five of them in Tau, and if our reasoning is correct, we
should be able to identify them directly from the extraction of
the carbon planes between 50-51 ppm in the HNCA spectrum,
with the planes between 17.8-18.4ppm in the CBCANH
spectrum as an independent control. The resulting planes
superimposed on the initial high-resolution 'H/"N HSQC
spectrum indeed show five peaks of major intensity (Figure 3).
The superposition of the slice between 17.8 - 18.4 ppm from the
CBCANH spectrum confirms that we have identified the Ala/Pro
motifs (Figure 4a).
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Figure 3. 2D 'H,”*N slice from 50-51 ppm extracted from the HNCA spectrum
(green) superposed on the original HSQC spectrum (red). At the top is the proton
projection of the green spectrum.
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Figure 4. a) 2D 'H,"N slice from 17.8 - 18.4 ppm extracted from the CBCANH spectrum (black) superposed on the original HSQC spectrum (red) and the slice from 50—
51 ppm from the HNCA spectrum (green). b) The slice from 44.5-45.5 ppm from the HN(CO)CA spectrum (blue) defines the unique (G)Ag,(P) Ala residue. c) The
superposition of the slice from 52.0-53.0 ppm from the CBCA(CO)NH spectrum (blue) defines the unique AA, ;P pattern. d) The slice from 69.5-70.5 ppm from the
CBCA(CO)NH spectrum (blue) defines the two (T)A(P) residues at positions 77 and 246 in the primary sequence of Tau.

Further information about those five Ala/Pro motifs can be
gained by considering that one is preceded by a Gly residue, one
by another Ala, one by a Pro, and two by Thr residues. Building
on the random-coil chemical shift values, the first can be
identified by the intersection of the former five peaks and the
planes from the HN(CO)CA spectrum between 45 - 46 ppm, that
contain all residues that follow a Gly (Figure4b). Similar
procedures can be applied for the Ala/Ala/Pro motif, where
superposition of the planes between 18.7-19.7 ppm on the
former mask leads to the unambiguous assignment of this peak
at 8.37 ppm for proton and 125.1 ppm for nitrogen (Figure 4c).
The Pro/Ala/Pro can be assigned on the basis that it belongs to
those residues that follow a Pro, characterized by a Ca(i—1)

76 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

chemical shift value around 63 ppm. Finally, the two Pro-
preceding Ala residues that follow a Thr can be assigned on
the basis of the characteristic Cf3 chemical shift value of the
latter, which is centered around 70 ppm (Figure 4d). However, a
sequence-specific assignment is not possible at this moment, as
our method does not allow us to go further than the i—1
position.

When we look at an enlargement of these superimposed
spectra (for example, Figure 4c), two reasons for the difficulties
experienced with the traditional list-based assignment programs
become clear. The first one is evidently the poor resolution in the
>N dimension of the 3D spectra. However, one should consider
that with a 500 us increment corresponding to the 2000 Hz

www.chembiochem.org ChemBioChem 2004, 5, 73-78





NMR Assignment of the Tau Phosphorylation Sites

window, one cannot get more than 47 points in the 22.9 ms
evolution time for the 'N—"3C antiphase magnetization to build
up. Increasing this delay would lead to a rapid loss of magnet-
ization, where both classical dipolar mechanisms and exchange
with water protons would constructively cooperate to kill the
magnetization. The second reason, however, is less evident for
well-behaved proteins but becomes crucial for such polymers as
Tau. Indeed, small differences in experimental conditions (due to
slight differences in duty cycle and/or homo- or heteronuclear
decoupling) lead to small shifts in the resonance peaks. This is
not a problem at all for well-separated peaks, where one can
immediately identify the same peak in the different spectra.
Whereas the same is true for Tau upon using the human eye as a
shape detector, a program will have more difficulty in recogniz-
ing which green and red peaks of Figure 4 c coincide.

We were especially interested in the assignment of the Thr/
and Ser/Pro motifs of Tau because of their definition as phospho-
epitopes, as the identification of these motifs is a first step
toward their conformational characterization. In the Ca histo-
gram (Figure 2 a), the Thr residues followed by a Pro are probably
represented by the blue peak centered around 59.8 ppm, which
is the random-coil value for a Thr followed by a Pro.l'2
Independent confirmation of the Thr identification comes again
from the superposition of the slice between 69-71 ppm of the
CBCANH spectrum, where we see that at least the three peaks
with ("H, N) chemical shift values of (8.30, 122.18), (8.18,
122.74), and (8.21, 123.90) ppm are most probably not Thr
residues (Figure 5). After closer inspection of the averaged
chemical shift tables,'? they could well be Val residues preced-
ing a Pro residue because their Ca frquency is close to that of the
Thr, whereas the Cf value is readily distinguishable. The
averaged >N chemical shift of 121 ppm for a Val residue rather
than the value of 115 ppm for Thr confirms this hypothesis.

Sequence-specific assignment of all ten Thr/Pro motifs proved
somewhat trickier then the Ala/Pro case that we detailed above,
because of their number (ten instead of five) and their lesser
spread in the spectrum. Still, Thr153 could readily be identified as
the peak at (8.27, 117.0) ppm, as it is the only Thr followed by a
Pro and preceded by an Ala residue. Similarly, the single (G)T(P)
Thr residue at position 205 can be assigned to (8.11, 115.6) ppm,
and the (P)T(P) Thr residue at position 217 can be assigned to
(8.39, 118.1) ppm. With the exception of the (K)T(P) and R(T)P
motifs, where we encounter the same ambiguity as for the
double (T)A(P) motif (see above), we list the assignment of all Thr
residues preceding a Pro in Table 1. Similarly, we assigned all Ser/
Pro motifs and list their chemical shift values in Table 2.

Whereas Table 1 demonstrates that the strategy based on the
random-coil chemical shift values, and more specifically on those
of Pro-preceding residues, can be succesfully used to assign a
majority of the residues that precede a proline, one should keep
in mind that the success is based on the validity of the initial
assumption that the protein can be considered as a contiguous
collection of randomly structured small peptides, and as such
may not be applicable to the assignment of any protein.
Conversely, the success that we have had with the assignment
(and that was confirmed by mapping of the assignment with
HSQC spectra on small peptides (C. Smet, A. Sillen, G. Lippens,
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Figure 5. Definition of the Thr residues followed by a Pro on the basis of their Ca
frequency centered around 59.8 ppm (green) and Cf3 frequency around 69.8 ppm
(black). The three green correlations at frequencies of 8.2 -8.3 ppm ('"H) and 122 -
124 ppm (°N) are Val residues.

Table 1. Assignment of the different Thr residues followed by a Pro in the Tau
sequence. Ambiguous assignments are grouped by the same number in the
last column, whereas a unique assignment is indicated by the letter U.

Sequence O("Hy) O(Ny) o("3Ca) o("3CP)

[ppm] [ppm] [ppm] [ppm]

(PLQ) 50 TP (TED) 8.35 119.0 59.9 69.7 u
(AKS) 69 TP (TAE) 8.27 118.7 59.9 69.9 u
(IGD) 111 TP (SLE) 8.34 118.6 60.0 69.8 U
(KIA) 153 TP (RGA) 8.27 117.0 60.0 69.9 U
(PAK) 175 TP (PAP) 8.27 118.4 59.8 69.9 1
(APK) 181 TP (PSS) 8.33 1185 59.9 69.7 1
(SPG) 205 TP (GSR) 8.11 115.6 59.8 69.7 U
(RSR) 212 TP (SLP) 8.33 118.4 60.0 69.8 2
(SLP) 217 TP (PTR) 8.39 118.1 60.0 69.9 U
(VVR) 231 TP (PKS) 8.36 119.2 59.9 69.6 2

unpublished results) does confirm the random-coil character of
the Tau protein.

Currently, we are studying the phosphorylation of Tau induced
by incubation of the protein with a cell extract of CDK5/p25
overexpressing neuroblastoma cells.'® The assignment of the
Thr/ and Ser/Pro motifs reported in this paper will be crucial in
validating the different phosphorylation sites of Tau and might
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Table 2. Assignment of the different Ser residues followed by a Pro in the Tau
sequence. Only the (K)S(P) is subject to ambiguity.
Sequence O('Hy) O("°N,) o("3Ca) o("3CP)

[ppm] [ppm] [ppm] [ppm]
(LKE) 46 SP (LQT) 8.50 118.8 56.3 63.4 U
(GYS) 199 SP (GSP) 8.36 119.0 56.5 63.4 U
(SPG) 202 SP (GTP) 8.19 116.9 56.6 63.3 U
(PPK) 235 SP (SSA) 8.50 118.9 56.3 63.4 1
(VYK) 396 SP (VVS) 8.32 117.0 56.3 63.9 1
(GDT) 404 SP (RHL) 8.38 120.0 57.0 63.2 U
(MVD) 422 SP (QLA) 8.21 117.0 56.6 63.4 U

equally allow the potentially sequential nature of the phosphor-
ylation of this protein to be detected for the first time.

Experimental Section

Expression of the recombinant Tau protein: A bacterial culture of
Tau44 - pET15b-transformed Escherichia coli BL21(DE3) (Invitrogen)
was grown at 37 °C. The Tau44 - pET15b encoded the longest human
Tau isoform (441 amino acid residues) under the control of a T7
promoter with a sequence encoding an N-terminal 6His tag
(sequence numbering in the text does not take into account this
6His tag). When the optical density at 600 nm reached a value
around 0.6, Tau production was induced by adding isopropyl-3-p-
thiogalactopyranoside (IPTG; 0.4 mwm), and the growth was continued
for 3 h before collecting the cells by centrifugation. In order to label
the Tau protein with "N and 3C stable isotopes, the culture was
grown in a M9 minimal medium, with ™NH,Cl (1 gL "and ™C
glucose (2 gL~"; Cambridge Isotopes, Cambridge, MA) as the sole
nitrogen and carbon sources.

Purification of the recombinant Tau protein: The cell pellet was
resuspended in the extraction buffer (300 mm NaCl, 0.25mm 1,4-
dithiothreitol (DTT), 1% Triton X100, 10 mm imidazole, 50 mm sodium
phosphate, pH 7.4) complemented with a protease inhibitor cocktail
(Complete, ethylenediaminetetraacetate (EDTA) free, Roche). The cell
lysis was performed by sonication after addition of lysozyme and
warming to 75°C for 15 min. The soluble extract was isolated by
centrifugation and loaded on a Hitrap affinity column charged with
Ni2* ions (Amersham Pharmacia) and equilibrated in 300 mm NaCl,
5mm imidazole, and 50 mm sodium phosphate (pH 8). Unbound
proteins were washed away by 300 mm NaCl, 20 mm imidazole, and
50 mm sodium phosphate (pH 8), and the protein of interest was
eluted by 300mm NaCl, 200 mm imidazole, and 50 mm sodium
phosphate (pH 7). The NMR spectroscopy sample was prepared by
buffer exchange against a deuterated 50 mm tris(hydroxymethyl)-
aminomethane (Tris) buffer containing 100 mm NaCl (pH 6.8). The
final NMR spectroscopy sample contained 200 um Tau protein, as
estimated by absorption measurements at 280 nm.

NMR spectroscopy: All NMR spectra were recorded at 20°C on a
600 MHz Bruker DMX spectrometer (Bruker, Karlsruhe, Germany)
equipped with a cryogenic triple-resonance probe head with actively
shielded z gradient. The spectra were recorded with the pulse

G. Lippens et al.

sequences as described in the literature." Spectral windows were
7800 Hz for proton and 2000 Hz for nitrogen, centered at 4.8 ppm
and 115.2 ppm, respectively, and sampled with 1000 and 47 complex
points. The 30.7 ppm Ca window in the HNCA and HN(CO)Ca spectra
was centered at 54.5 ppm and was sampled with 31 complex points.
Similarly, the 20 ppm CO window was centered at 175.4 ppm and
was sampled with 21 complex points. Finally, the 70.5 ppm
combined CB and Co window in the CBCANH and CBCAcoNH
spectra was centered at 40.2 ppm and was sampled with 72 complex
points. All spectra were processed in the SNARF program (F.
Van Hoesel, Groningen, The Netherlands), with 2000 complex points
in the proton dimension and 512 complex points in the indirect
nitrogen and carbon dimensions. Spectral referencing was done with
respect to DSS in the proton dimension and by using the indirect
referencing method!" for the nitrogen and carbon dimensions.
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A (4R)- or a (4S)-Fluoroproline Residue in Position
Xaa of the (Xaa-Yaa-Gly) Collagen Repeat
Severely Affects Triple-Helix Formation

Dirk Barth,?' Alexander G. Milbradt,® Christian Renner,™ and Luis Moroder*®

The triple-helical fold of collagen requires the presence of a glycine
residue at every third position in the peptide sequence and is
stabilized by proline and (4R)-4-hydroxyproline residues in posi-
tions Xaa and Yaa of the (Xaa-Yaa-Gly) triplets, respectively. Regular
down/up puckering of these Xaa/Yaa residues is possibly respon-
sible for the tight packing of the three peptide strands, which have
a polyproline-ll-like structure, into the supercoiled helix. (4R)-
Configured electronegative substituents such as a hydroxy group or
a fluorine substituent on the pyrrolidine ring of the residue in the
Yaa position favor the up pucker and thus significantly stabilize the
triple helix. A similar effect was expected from the corresponding
(4S)-isomers in the Xaa positions, but the opposite effect has been

Introduction

The collagen triple helix consists of three tightly packed,
supercoiled polyproline-ll-like chains whose sequences consist
of characteristic repetitive Xaa-Yaa-Gly triplets in which the
residues Xaa and Yaa are frequently proline and (2S,4R)-4-
hydroxyproline (Hyp), respectively.™ In vertebrates, enzymatic
hydroxylation of the proline residues in positions Yaa occurs
post-translationally in a position-dependent and stereoselective
manner and leads to a significant enhancement of the thermal
stability of collagen.’? Conversely, model collagen peptides
consisting of ten Hyp-Pro-Gly repeats and thus containing the
natural 4-hydroxyproline isomer as the Xaa residue do not self-
associate into a triple helix.®! Similarly, incorporation of (25,4S)-
hydroxyproline ((4S)-Hyp) into the Xaa or Yaa positions prevents
formation of the collagen structure even at low temperature.™

Various high-resolution crystal structures of model collagen
peptides have been reported.”! Nevertheless, the structural basis
of triple-helix stabilization by Hyp residues in the Yaa positions,
and of the destabilization caused by this residue in the Xaa
positions is still in dispute. Since water bridges are persistently
observed in crystals of (Pro-Hyp-Gly), triple helices, a major role
in the stabilization of collagen-type structures has been
attributed to the hydration shell involving the Hyp resi-
dues.?® b8 However, the entropic cost resulting from the
presence of bound water molecules argues against such a
structural model.>® 71 In fact, fast water exchange with unbound
water has been observed and the 'hopping’ hydration mecha-
nism suggested as a result means that hydration should only

ChemBioChem 2004, 5, 79 - 86

observed with (4S)-hydroxyproline, a result that has been spec-
ulatively attributed to steric effects. In this study, (4R)- and (4S)-
fluoroproline residues were introduced into the Xaa position and
potential steric effects were thus avoided. Contrary to expectations,
(4S)-fluoroproline prevents triple-helix formation, whereas (4R)-
fluoroproline stabilizes the polyPro Il conformation, but without
supercoiling of the three strands. The latter observation suggests
that folding of the single chains into a polyproline Il helix is not
directly associated with triple helix formation and that fine tuning
of van der Waals contacts, electrostatic interactions, and stereo-
electronic effects is required for optimal packing into a triple helix.

marginally contribute to the triple-helix stability.® This conclu-
sion is further supported by the finding that substitution of Hyp
residues in the Yaa positions in collagen peptides with (25,4R)-4-
fluoroproline ((4R)-FPro) residues greatly increases the thermal
stability of the triple helix, despite the low tendency of fluorine
substituents to form hydrogen bonds.” These findings led to an
alternative structural model based on the inductive effects
exerted by the 4-hydroxy group, which favor the trans con-
formation of the Pro-Hyp peptide bond, as required for the
onset of the triple-helical fold.”! However, neither the hydration
model nor the favoring of the trans conformation can account
for the adverse effects exerted on the triple-helix stability by Hyp
residues in position Xaa."!

A close inspection of the X-ray structures of collagen peptides
shows that the Pro or Hyp residues in the Yaa positions adopt an
'up’ conformation, that is, a y-exo pucker, and the Pro residues in
the Xaa positions adopt a ‘'down’ conformation, that is, a y-endo
pucker of the pyrrolidine ring (Figure 1).b % 51 Comparative
conformational studies performed on Pro, Hyp, (4R)-Fpro, and
(4S)-FPro model compounds clearly revealed that the electro-
negative substituents energetically facilitate the cis/trans iso-
merization of amino acyl - proline bonds and that the 4R isomers

[a] Dr. D. Barth, Dipl.-Biochem. A. G. Milbradt, Dr. C. Renner, Prof. L. Moroder
Max-Planck-Institut fiir Biochemie
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Figure 1. Puckering of the pyrrolidine rings of Ac-(4S)-FPro-OMe (left) and Ac-
(4R)-FPro-OMe (right) in the ‘down’ and ‘up’ conformations.

favor the y-exo pucker, while the 4S isomers favor the y-endo
pucker." Quantum chemical calculations revealed electronic
delocalization as the cause for the pucker preferences.l"! For
steric reasons, the trans peptide bond is favored by the y-exo
puckering, while in the y-endo-puckered state the energy
difference between the cis and trans peptide bond conforma-
tions is significantly reduced, which facilitates a higher popula-
tion of the cis conformation. Preference of the Hyp residue for
the y-exo pucker is also supported by conformational analysis of
poly(Hyp)'? and the X-ray structure of this amino acid.'?
Unsubstituted Pro prefers the y-endo pucker.'”

The results of these model studies account for the lower
stability of (Pro-Pro-Gly), triple helices compared to those with
the sequence (Pro-Hyp-Gly),? and for the strong destabilizing
effects of (4S)-Hyp and 4S-FPro when placed in position Yaa of
the triplets.* %4 Y These arguments suggest that 4S-Hyp should
favor the triple helix when placed in the Xaa position; however,
the opposite effect was observed experimentally.™ This fact was
explained by possible steric clashes of the 4-hydroxy group with
the proline ring of the adjacent chain.®! To exclude such steric
effects, we synthesized the model collagen peptides shown in
Figure 2. These peptides contain (4S)-FPro (peptide I) and (4R)-
FPro (peptide Il) in position Xaa of the collagen repeats, residues
with preferences for the y-endo and y-exo pucker, respectively.
The monomeric reference peptide Ill and the trimer IV, each of
which contains five (Pro-Hyp-Gly) repeats, were synthesized in a
previous study.'?

Ac-[(4S)-FPro-Hyp-Gly]s-Pro-Cys(StBu)-Cys(SBu)-(Gly);-NH; (I)
Ac-[(4R)-FPro-Hyp-Gly]s-Pro-Cys(S7Bu)-Cys(SBu)-(Gly);-NH, (II)
Ac-[Pro-Hyp-Gly]s-Pro-Cys(StBu)-Cys(StBu)-(Gly);-NH, (III)
[Ac-[Pro-Hyp-Gly]s-Pro-Cys-Cys-(Gly)s-NH; 13 (IV)

Figure 2. Sequence composition of the collagenous peptides with (4S)-FPro (1)
and (4R)-FPro (ll) residues in the Xaa position, and of the monomeric (lll) and
trimeric (IV) reference peptides, each with a Pro residue in position Xaa.

Results and Discussion
Synthesis of the model collagen peptides

At a concentration of 1T mm, the monomeric reference peptide Il
was found to self-associate into a triple helix characterized by a
melting temperature (T,,,) of 20.3°C in phosphate buffer (pH 7.2),
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and 19.1°C in water. The propensity of this peptide for self-
structuring at low temperature allows its oxidative assembly
(after deprotection of the cysteine thiol groups) into the
homotrimer IV, with a C-terminal type-lll-collagen cystine
knot."! To attempt to exploit such a cystine knot for cross-
linking the FPro-containing collagen peptides to form homo-
trimers, peptides | and Il were similarly C-terminally extended
with the typical bis-cysteinyl sequence of type Il collagen.

The stereochemically homogeneous intermediate derivative
Z-(4S)-FPro-OH (1; Z, benzyloxycarbonyl) was readily obtained
through chiral inversion at C-4 by treatment of Z-Hyp-OH with
diethylaminosulfur trifluoride (DAST),!"® by analogy to other (45)-
FPro derivatives.'"” To synthesize Z-(4R)-FPro-OH (3), alkaline
hydrolysis of Z-Hyp(Tos)-OBzl (Tos, toluene-4-sulfonyl; Bzl, ben-
zyl)'® was used to generate Z-(4S)-Hyp-OBzl (2), which was
treated with DAST to produce the desired stereoisomer. The two
fluoroproline derivatives 1 and 3 were then employed for the
synthesis of the tripeptide synthons Fmoc-(4S)-FPro-Hyp(tBu)-
Gly-OH (5; Fmoc, 9-fluorenylmethoxycarbonyl) and Fmoc-(4R)-
FPro-Hyp(tBu)-Gly-OH (6), respectively, in solution by procedures
established previously for the parent peptide Fmoc-Pro-Hy-
p(tBu)-Gly-OH.'" These tripeptides were used in the chain
elongation of H-Pro-Cys(StBu)-Cys(StBu)-(Gly);-Rink-MBHA-resin
(MBHA, 4-methylbenzhydrylamine) by essentially the same
procedures as developed for the synthesis of the reference
peptide L1 As a result of the greatly reduced nucleophilicity of
N-terminal FPro residues in comparison to Pro residues multiple
couplings with Fmoc-(4S or 4R)-FPro-Hyp(tBu)-Gly-OH/TFFH/
DIPEA (1.8:1.8:3.6; DIPEA, diisopropylethylamine; TFFH, fluoro-
N,N,N',N'-tetramethylformamidinium hexafluorophosphate) and
prolonged reaction times (3 x 24 h and 1 x 48 h) were required
for quantitative acylation steps. To avoid the use of such large
excesses of these cost- and labor-intensive synthons, coupling
with bis-(trichloromethyl)carbonate (BTC) was attempted. How-
ever, crude products of insufficient quality were obtained.

Upon cleavage/deprotection with trifluoroacetic acid (TFA)/
(Et);SiH/H,0O (96:2:2) and purification by HPLC, the target
peptides I and Il were isolated in satisfactory yields as analytically
well-defined materials. Since self-association of these peptides
into triple-helical structures was detectable neither in water nor
in water/MeOH mixtures (see below), air oxidation of the thiol-
deprotected peptides to form the disulfide-cross-linked trimers
was expected to fail. Even oxidation in 1,2-propandiol containing
3% ethanolamine was unsuccessful, although these conditions
were successfully applied for oxidative trimerization of H-(Gly-
Pro-Thr),,-Gly-Pro-Cys-Cys-OH despite its low propensity to form
a triple helix.?? Mixtures of products were obtained from the
attempts to trimerize peptides | and Il. Monomers containing an
intramolecular disulfide bridge were the main components of
the mixture according to an LC-MS analysis.

Conformational properties of the model collagen peptides in
aqueous solution

The dichroic properties of peptides I, II, and Il in aqueous
solution at 4°C are listed in Table 1. Although the peptides were
pre-equilibrated at low temperature and at 1 mm concentration,
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after equilibration for 12 h at 4°C.

Table 1. CD parameters of the collagenous peptides at 1 mm concentration and 4°C in water (A) and in 1 mm AcOH/MeOH (2:8; B) as derived from spectra recorded

Collagen peptides Solvent Amin (6R) Amax (6) Rpnt! T. [°Cl
| A 200.7 (—21699) - - -

1l A 199.2 (—20996) 224.7 (669) 0.032 -

1] A 199.7 (—19987) 226 (952) 0.048 19.1

1 B 201.5 (—20473) - - -

] B 198.4 (—30849) 225.1 (1833) 0.059 -

n B 199.3 (—24275) 225.8 (2138) 0.088 30.4

helicity.?

[a] Rpn is defined as the absolute value of the ratio of the dichroic intensity of the positive band to that of the negative band and is considered an index of triple

which generally suffices for self-association of collagenous
peptides into homotrimers,?" the CD spectrum of peptide |
((4S)-FPro residue in the Xaa position) lacks a maximum at 223 -
226 nm and thus clearly does not have a triple-helical fold. The
blue-shifted positive maximum of the CD spectrum of peptide I,
((4R)-FPro in the Xaa position) suggests a polyproline Il
conformation rather than a triple helix, as determined by
comparison with the maximum of the reference peptide Ill. In
contrast to the cooperative thermal unfolding of the reference
peptide I, peptide Il shows a monotonous intensity decay at
225nm as is typically observed for peptides folded into the
polyproline Il conformation.??

The conclusions derived from the CD spectral properties are
fully supported by the NMR spectra of peptides | and Il, which
confirm the absence of hydrogen-bonded Gly amides and thus
of a triple-helical structure (Figure 3). Characteristic NOE cross
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peaks (trans: H,(Gly)-H;(FPro); cis: H,(Gly)-Hs(FPro)) also revealed
the presence of trans and cis Gly-(4S)-FPro bonds in peptide I,
which excludes a polyproline Il conformation for this model
peptide and points instead to a random coil conformation.
Conversely, the NMR spectra of peptide Il show an all-trans
conformation of the peptide bonds, which is consistent with a
polyproline I structure.

Further evidence for the existence of a polyproline-Il helical
conformation of peptide Il was derived from NMR diffusion
experiments. NMR-derived translational diffusion coefficients
depend on molecular size and structure?* 2 and have proven
useful for the determination of oligomerization states of
peptides,?d as well as in folding/unfolding studies of proteins.?4
Recently, the trimeric association and folding of a synthetic
collagen peptide into a triple helix was monitored in real time by
NMR diffusion measurements.? The homotrimeric collagen
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NH,
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Figure 3. Sections of the 1D NMR and 2D TOCSY spectra of the model collagen peptides I and Il. The typical resonances of the hydrogen-bonded Gly NH proton

observed for peptides folded into a triple helix are not detectable.
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peptide IV was used as a reference collagen triple helix of known
size. This peptide is identical in size to the self-associated trimer
of peptide Ill, except for the cystine residues that form a cystine
knot in IV but are protected as S-tert-butyl derivatives in lll. We
have shown previously that the cystine knot dramatically
increases the thermal stability of the triple helix in collagen
peptide V. Diffusion experiments were performed at 4 and
27°C (Table 2). The triple helix of IV is stable at these temper-
atures (T,,= 68 °C"). The diffusion constants of residual H,O in

Table 2. Translational diffusion constants [10-°m?s~"], as determined by
NMR diffusion experiments at 0.4 mm concentration in D,O solution.[

Temperature Peptide | Peptide Il Peptide IV H,0
4°C 0.85 0.8 0.5 8.3
27°C 2.1 1.8 1.2 18
27°C, calcd 2.1+0.21@ 1.7 1.3 -
structural model random coil polyproline Il triple helix

[a] Experimental errors were approximately 5%. Theoretical diffusion
constants are derived from hydrodynamic calculations based on structural
models (see the text for details). [b] 2.1 is the average over 100 structures
and 0.2 the corresponding standard deviation.

the samples served as an internal control and were the same for
all samples at a given temperature within experimental error.
Hydrodynamic modeling suggests that peptides | and Il are less
compact in the polyproline Il conformation (hydrodynamic
radius 14 A) than in the random coil state (hydrodynamic radius
1241 A, see the Materials and Methods section). The random
coil radius of 12 A agrees well with the value of 12.2 A obtained
with empirical formulae for unstructured peptides.?* > How-
ever, for both the polyproline Il and the triple-helical conforma-
tion, a larger hydrodynamic radius is obtained by hydrodynamic
modeling than expected for globular folds as a result of the
elongated shape of these helices. Experimentally, a larger
diffusion constant, and thus a smaller hydrodynamic radius, is
observed for peptide | than for peptide Il at 4 and at 27 °C, which
is consistent with a polyproline Il conformation of the (4R)-Fpro-
containing peptide Il. Diffusion experiments were performed at
two concentrations (0.4 and 2.0 mm for peptides | and Il and 0.2
and 0.7mm for peptide IV) to exclude the possibility of
aggregation. The experiment at 27 °C was repeated after cooling
to 4°C to allow detection of any possible changes in sample
aggregation state (such as slow aggregation, precipitation, fibril
formation). No concentration dependence or aging effects could
be detected. Theoretical diffusion constants were predicted for
all three peptides based on the following structural models: For
peptide IV, which is known to form a triple helix, an ideal triple-
helical conformation was used. For peptide I, an ensemble of
single-chain random-coil conformations was generated by
molecular modeling and the average of the whole ensemble is
reported in Table 2. Peptide Il was modeled in an ideal polypro-
line Il conformation for all five triplets. As is clear from the data in
Table 2, the experimental and predicted diffusion constants
agree very well. This result confirms the assumption that peptide
Il has the polyproline Il conformation. Furthermore, the ratio of
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the diffusion constant of the triple-helical peptide IV to that of
the unordered peptide | is 0.6 at both temperatures, which is in
perfect agreement with a previous study on the unfolding of a
collagen peptide.”

Conformational properties of the collagen model peptides in
alcoholic solution

Alcohols are known to stabilize the triple-helical conformation of
collagen peptides.””? A synthetic collagenous trimer cross-linked
C-terminally by a dilysine template and consisting of residues
606 - 618 of type Il collagen and the N-terminal extension (Hyp-
Pro-Gly)s (Hyp residue in the Xaa position) has been reported to
fold into a triple helix of high thermal stability (T,,=58.5°C)
under acidic conditions and at high MeOH concentration
(85%).”8 Under these conditions, even the triple helix of
reference peptide Il exhibits a significantly enhanced thermal
stability (Table 1), which confirms the beneficial effects of
alcohols. Conversely, a cooperative transition was not observed
for peptide Il (Figure 4), although its Rpn value under these
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Figure 4. Thermal denaturation of peptides Il (A) and Il (B) in 80% MeOH,
monitored by CD at 225 nm.

conditions is similar to that of peptide Il in water. For peptide I,
even a polyproline Il conformation is excluded by the absence of
a positive CD maximum at 223-226 nm (Table 1). The results
obtained for peptide Il contradict those reported above for the
trimeric construct, unless the high alcohol content stabilizes a
triple-helical structure in the portion of the construct consisting
of the native collagen type lll 606-618 sequence, but the
polyproline Il conformation is retained in the N-terminal (Hyp-
Pro-Gly)s extension.

The inability of peptide Il to fold into a triple helix even under
optimized experimental conditions fully agrees with the similar
behavior reported for (Hyp-Pro-Gly),*! and confirms the strong
effect of electronegative C-4 substituents on the Pro residue in
the Xaa position. Since the (4R)-FPro stereoisomer favors the up
conformation of the pyrrolidine ring, the experimental results
suggest a rather decisive contribution of the ring puckering to
the peptide folding. Although quantum mechanical calculations
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for down/up and up/up conformations in the Xaa/Yaa positions
of the triple helix revealed almost identical energies, optimal
packing of the three chains is obtained with the down/up
arrangement,!"" a fact fully consistent with the X-ray structur-
es.’" However, peptide | has (4S)-FPro in the Xaa and Hyp in the
Yaa position, which in combination should favor the ideal down/
up arrangement of the pyrrolidine rings, but the peptide is
unable to self-associate into a triple helix or even to assume a
polyproline Il conformation as a single chain. The expected and
experimentally observed higher population of cis Gly-(4S)-FPro
bonds is unlikely to be the decisive factor in the lack of triple
helix, but electrostatic effects could well play an important role.

In contrast to vertebrate collagens, which are stabilized by
Hyp residues in the Yaa position of the triplet repeat unit,”? the
cuticle collagen of the earthworm™” and (as confirmed in more
detail by sequence analysis) the cuticle collagen of the hydro-
thermal vent vestimentiferan Riftia pachyptila®® have most of
their Hyp residues in the Xaa position, while the Yaa position is
occupied by glycosylated Thr residues. Replacement of the Pro
residue in the Xaa position of (Gly-Pro-Thr(3-p-Gal)),, model
peptides by a Hyp residue led to increased thermal stability,*%
which suggests that the stability of proline-poor triple helices is
governed by different rules from those that apply to proline-rich
peptides.

Conclusion

The emerging picture of the stabilization of a collagen triple
helix involves a carefully balanced combination of several effects.
Favorable van der Waals contacts between proline rings in
adjacent chains and electrostatic interactions add to the well-
known hydrogen bonding network to create an optimally
packed triple helix. The corresponding backbone dihedral angles
are most compatible with the down/up pattern for the pucker in
the Xaa and Yaa positions. While the down pucker is the natural
preference for proline, up puckering can be stabilized by
electronegative (4R)-configured substituents through electronic
effects. In vivo, this stabilization is achieved by post-translational
enzymatic hydroxylation. In summary, the collagen triple helix is
a structural motif that is highly optimized by nature. Therefore,
rational modifications, for example, for creating new biomate-
rials, require a thorough understanding of all the effects
involved.

Abbreviations

Standard abbreviations are used as recommended by the I[UPAC-
IUB commission on biochemical nomenclature and the ACS Style
Guide. By convention, the abbreviation Hyp corresponds to the
most common naturally occurring hydroxyproline, that is,
(25,4R)-4-hydroxyproline. Since all C-4-substituted proline ana-
logues used and discussed herein are of the L-configuration, only
the chirality at C-4 is given.

ChemBioChem 2004, 5, 79-86 www.chembiochem.org

Addendum

During review of this article two reports appeared on the effect
of (4R)-FPro and (4S5)-FPro in the Xaa positions of (Xaa-Pro-Gly),"
and (Xaa-Pro-Gly),,#? model collagen peptides. In both cases, an
(4S)-FPro residue in the Xaa position was found to significantly
enhance the stability of the triple helix in a manner consistent
with structural arguments (see the Introduction). Conversely, in
our peptide, in which the (45)-Fpro residue at position Xaa is
combined with a Hyp residue in the Yaa position, a triple helix is
not formed. These results clearly show that contributions of
substituents at the pyrrolidine ring in the Xaa and Yaa positions
to the conformation of the peptide are not additive and confirm
our conclusion that a concerted interplay of various factors is
necessary for optimal packing of the collagen structure.

Experimental Section

Materials and methods: Reagents and solvents were of the highest
quality commercially available and were used without further
purification, except dimethylformamide (DMF), which was freshly
distilled over ninhydrin. Amino acid derivatives were purchased from
Fluka (Taufkirchen, Germany), TFFH and BTC from Aldrich (Taufkirch-
en, Germany), and the Fmoc-Gly-Rink-MBHA resin (linker: 4-[(R,S)-a-
amino-2',4’-dimethoxybenzyllphenoxyacetyl-norleucine-amidobenz-
hydryl) from Calbiochem - NovaBiochem (Laufelfingen, Switzerland).
Peptide synthesis was performed manually in a polypropylene
syringe fitted with a polyethylene disk. Precoated silica gel 60 TLC
plates were purchased from Merck AG (Darmstadt, Germany) and
compounds were visualized with chlorine/tolidine. Analytical re-
versed-phase (RP)-HPLC was performed with Waters equipment
(Eschborn, Germany), reversed-phase Nucleosil C18 columns (0.4 x
25 cm, 10 pm) from Macherey & Nagel (Duren, Germany), and linear
gradients of CH;CN/2% H,PO, (from 5:95 to 90:10 in 15 min) as
eluents at a flow rate of 1.5 mLmin~'. UV absorbance was monitored
at 210 nm. Preparative RP-HPLC was carried out with Abimed
equipment (Langenfeld, Germany) on reversed-phase Nucleosil C18
columns (2.1 x 25cm, 5um endcapped) by elution with a linear
gradient of 0.08% TFA in CH,CN and 0.1% TFA from 2:8 to 8:2 in
50 min. Elution profiles were monitored by UV absorbance at 210 nm.
ESI MS was carried out on a PE Sciex APl 165 instrument.

Peptide synthesis:

Z-(4S)-FPro-OH (1): DAST (9.3 mL; 71.2 mmol) was added to Z-Hyp-
OH (4.7 g; 178 mmol) in CH,Cl, at 0°C and the reaction mixture was
stirred for 5h at RT and poured onto ice. The solvents were
evaporated and the dark red residue was distributed between EtOAc
and 5% NaHCO;. The organic layer was extracted with 5% NaHCO,
and the combined aqueous extracts were acidified with 1m HCl and
again extracted with EtOAc. These organic extracts were dried
(MgS0O,) and evaporated to a solid residue. Yield: 3.4g (71.2%);
HPLC: t; = 9.5 min (> 95%); m.p.: 118°C; [a]3' = — 49 (c=0.1, MeOH)
[ref. [33]: —44 (c=1, MeOH) for the cyclohexylamine salt]; '"H NMR
(400 MHz, d,-MeOH, 27°C): 6 =7.40-7.25 (m, 5H, arom.), 5.32-5.15
(m, TH, FPro?, 2Jys =51 Hz), 5.17-5.10 (m, 2 H, benzyl CH,), 4.56 —4.49
(m, 1H, FPro%, 3.80-3.66 (m, 2H, FPro%, 2.58-239 (m, 2H,
FProf) ppm; HRMS (ESI): caled for C;3H,sNO,F: m/z=268.0980
[M+H]*; found: 268.0979.

Z-(4S)-Hyp-OBzl (2): Z-(4R)-Hyp(Tos)-OBzI"® (27.5 g; 54 mmol) was
stirred in dioxane (162 mL) and 1m NaOH (162 mL) at 80°C for 4 h.
The bulk of the solvent was evaporated and the residue distributed
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between EtOAc and 5% NaHCO,. The aqueous layer was extracted
with EtOAc and then acidified with 1m HCl to pH 2.5. The product
was extracted with EtOAc and the combined extracts were dried
(MgSO,) and evaporated. To remove contaminating TosOH, the crude
product was treated with triethylamine (7.5 mL; 53.5 mmol) and
benzyl bromide (6.43 mL; 53.5 mmol) in tetrahydrofuran (75 mL) at
0°C. After stirring overnight at RT, the bulk of the solvent was
removed and the residue dissolved in EtOAc. The solution was
washed with H,0O, 5% KHSO,, 5% NaHCO;, and brine, dried (MgSO,),
and evaporated to an oily residue. Yield: 15.45 g (80.4%); HPLC: t;=
11.60 min (>99%); [al3'=—54 (c=0.1, MeOH); '"HNMR (400 MHz,
d,-MeOH, 27°C): 6=7.38-7.22 (m, 10H, arom.), 5.18-5.00 (m, 4H,
benzyl), 4.47 (dd, TH Hyp®, 3J,,= 3.2, 9.2 Hz), 4.36 (m, 1H, Hyp?), 3.66,
3.42 (m, 2H, Hyp?), 2.39, 2.11 (m, 2H Hyp#) ppm; HRMS (ESI): calcd for
C,oH2NOs: m/z=356.1492 [M+H]*; found: 356.1495.

Z-(4R)-FPro-OH (3): DAST (4.1 mL; 30.8 mmol) was added to an ice-
cold solution of 2 (5.48 g; 15.4 mmol) in CH,Cl, and the mixture was
stirred at RT for 5 h then poured onto ice and diluted with dioxane
(100 mL) and 1m NaOH (30.8 mL; 30.8 mmol). After 5 h stirring, the
mixture was neutralized with 1m HCl and concentrated to a small
volume. The residue was distributed between EtOAc and 5%
NaHCO;. The aqueous layer was washed with EtOAc, acidified with
1m HCl, and extracted with EtOAc. The combined organic extracts
were dried (MgSO,) and evaporated to an oil. Yield: 4.1 g (96%);
HPLC: tg=8.7 min (>95%); [0]3'=—62 (c=0.1, MeOH) [ref. [33]:
—40 (c=1, MeOH) for the cyclohexylamine salt; '"H NMR (400 MHz,
d,-MeOH, 27°C): 6 =740 -725 (m, 5H, arom.), 5.25 (m, 1H, FPro?,
2 =51Hz), 518 - 5.8 (M, 2H, benzyl CH,), 443 (dd, TH, FPro®, 3/, =
9 Hz), 3.88, 3.63 (m, 2H, FPro°), 2.64, 2.18 (m, 2H, FPro”) ppm; HRMS
(ESI): caled for Cy5H,sNO,F: m/z = 268.0980 [M+H]*; found: 268.0978.

Z-(4S)-FPro-Hyp-Gly-OBzl (4): Z-(4S)-FPro-OH (1; 3.4g 12.67 mmol)
was converted into the N-hydroxysuccinimide ester by the standard
reaction with N-hydroxysuccinimide (HOSu; 2.19g; 19 mmol) and
N,N'-dicyclohexylcarbodiimide (3.92 g; 19 mmol) in EtOAc/dioxane
(1:2; 45 mL). Yield: 4.6 g (100%) oil.

H-Hyp-OH (2.49 g; 19 mmol) was dissolved in 40% Triton B in MeOH
(8.5 mL) and evaporated. The residue was taken up in DMF (50 mL)
and Z-(4S)-FPro-OSu (4.6 g; 12.67 mmol) was added. After 12 h at RT,
the solvent was evaporated and the residue distributed between
EtOAc and 5% NaHCO,. The aqueous layer was washed with EtOAc,
acidified to pH 1.5 with 1m HCl and extracted with EtOAc. The
combined organic layers were dried (MgSO,) and evaporated to an
oily residue. Yield: 1.8 g (37%); HPLC: t;="7.5 min (>85%); ESI MS:
calcd for CigH,;N,O6F : M, =380.38; found: m/z=381.0 [M+H]".

The dipeptide derivative Z-(4S)-FPro-Hyp-OH (1.8 g; 4.73 mmol) was
coupled with H-Gly-OBzl- TosOH (1.92 g, 5.58 mmol) in DMF (50 mL)
by treatment with N-[3-(dimethylamino)propyl]-N'-ethylcarbodiimi-
de-HCl (1g; 5.2mmol), 1-hydroxybenzotriazole (HOBt; 639 mg;
4.73 mmol), and DIPEA (9.46 mmol; 1.9 mL). After 12 h, the solvent
was evaporated and the residue dissolved in EtOAc and washed with
5% KHSO,, 5% NaHCO;, and brine. The solution was dried (MgSO,)
and evaporated to an oil. Yield: 1.3 g (52%); HPLC: t;=10.9 min
(>90%); ESI MS: calcd for C,;H;,N;0,F: M,=52755; found: m/z=
528.2 [M+H]*.

Fmoc-(4S)-FPro-Hyp(tBu)-Gly-OH (5): The tripeptide 4 (1.3g;
2.46 mmol) was treated with isobutene (25 mL) in CH,Cl, (25 mL) in
the presence of H,SO, (48 ul) for 7 days at RT. The solution was
cooled and neutralized with 5% NaHCO; (100 mL) and the excess
isobutene was evaporated. The organic layer was diluted with CH,Cl,
and washed with 5% NaHCO,. The solvent was removed and the
residue dissolved in EtOAc and washed with H,O. The solution was
dried (MgSO,) and evaporated to an oil. The crude product (1.45 g)
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was hydrogenated in MeOH/H,O (9:1; 120 mL) over Pd/C in the
presence of TosOH-H,O (0.49 g; 2.48 mmol). After 14 h, the catalyst
was filtered off and the solution evaporated to dryness. Fmoc-OSu
(0.88 g; 2.62 mmol) in dioxane (20 mL) was then added to a solution
of the resulting H-(4S)-FPro-Hyp(tBu)-Gly-OH-TosOH (1.2 g;
2.18 mmol) in H,0O/dioxane (2:1; 60 mL) containing NaHCO; (0.46 g;
5.45 mmol). After 12 h at RT, the reaction mixture was neutralized
with 1m HCl and evaporated to a small volume. The residue was
distributed between 5% NaHCO; and EtOAc. The aqueous layer was
acidified with 5% KHSO, and the product extracted with EtOAc. The
combined extracts were dried (MgSO,) and evaporated. The residue
was chromatographed on silica gel (5x17cm) by elution with
CH,Cl,/MeOH/HOAc (95:5:0.1) followed by CH,Cl,/MeOH/HOACc
(85:15:0.1). Fractions containing homogeneous product were
pooled and evaporated to a solid. Yield: 0.6 g (42.3% over three
steps); HPLC: t;=12.2min (>98%); R;=0.3 (CH,Cl,/MeOH/0.05%
HOACc, 95:5:0.1); m.p.: 168°C; [0]3' = —40 (c=0.1, MeOH); 'H NMR
(400 MHz, d,-MeOH, 27 °C): 6 =7.83-7.30 (m, 9H, Fmoc), 5.23 (m, 1H,
FPro}), 5.21 (m, 1H, FPro}), 4.65 (m, 1H, FPro¢), 459 (m, 2H, Hyp'“ +
Hyp'"), 449 (m, 2H, Hyp'®+ Hyp’?), 445 (m, 1H, FPro¢), 4.45-4.38
(m, 2H, Gly?), 3.79, 3.48 (m, 2H, Hyp’®), 3.74 (m, 2H, FPro%), 3.71, 3.18
(m, 2H, Hyp?), 2.57, 2.44 (m, 2H, FProf), 2.23, 2.09 (m, 2H, Hyp’), 2.23,
2.09 (m, 2H, Hyp’), 1.22-1.16 (s, 9H, tBu) ppm; the cis and trans
urethane bond species are denoted by subscripts to the proton
positions; HRMS (ESI): calcd for C3,H3,N;0,F: m/z=582.2610 [M+H]*;
found: 582.2617.

Fmoc-(4R)-FPro-Hyp(tBu)-Gly-OH (6): The tripeptide derivative was
prepared from Z-(4R)-FPro-OH (3) by procedures identical to those
described for 4 and 5. Yield: 0.93 g (11% over 6 steps); HPLC: t;=
12.8 min  (>90%); TLC: R;=0.3 (CH,Cl,/MeOH/0.05% HOAc,
95:5:0.1); m.p.: 104°C; [0]3*=-65 (c=0.1, MeOH); 'HNMR
(400 MHz, d,-MeOH, 27°C): 6=7.83-730 (m, 9H, Fmoc), 5.27 (m,
1H, FPro?), 4.67 (m, 1H, FPro%), 4.60 (m, 1H, Hyp%), 4.52 (m, 1H, Hyp?),
445 (m, 2H, Hyp'” + Hyp'%), 440-4.49 (m, 2H, Gly), 3.75, 3.35 (m,
2H, Hyp"), 3.84, 3.60 (m, 2H, Hyp®), 3.63 (m, 2H, FPro?), 2.68, 2.18 (m,
2H, FProf), 2.18-2.06 (m, 1H, Hyp’?), 2.12-2.22 (m, 2 H, Hyp#), 1.22 -
1.06 (s, 9H, tBu) ppm; HRMS (ESI): calcd for C;,H3;N;O,F: m/z=
582.2610 [M+H]"; found: 582.2620.

Ac-[(4S)-FPro-Hyp-Glyls-Pro-Cys(StBu)-Cys(StBu)-Gly-Gly-Gly-NH,  (I):
The syntheses were carried out on Fmoc-Gly-Rink-MBHA-resin
(106 mg; 0.4mmolg~") according to standard Fmoc chemistry
procedures. For chain elongations with Fmoc amino acids, double
couplings with Fmoc-Xaa-OH/HBTU/HOBt/DIPEA (1:1:1:2, 4 equiv;
HBTU, N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-meth-
yl-methanaminium hexafluorophosphate N-oxide) in DMF (2 x 1 h)
were applied, followed by washings with DMF (3 x 1 min), MeOH
(3 x 1 min), CH,Cl, (3 x 1 min), and MeOH (3 x 1 min). The first chain
elongation with Fmoc-(4S)-FPro-Hyp(tBu)-Gly-OH (5) was carried out
by a single coupling (2h) with Fmoc-(4S)-FPro-Hyp(tBu)-Gly-OH/
TFFH/DIPEA (1:1:2, 1.8 equiv) in DMF followed by washings with DMF
(3 x 1 min), acylation with (Boc),O (10 equiv) in DMF (20 min), and
additional washings with DMF (3 x 1 min), MeOH (3 x 1 min), CH,Cl,
(3 x 1 min), and MeOH (3 x 1 min). The subsequent couplings of the
tripeptide 5 with N-terminal FPro-peptides were performed by
treatment with Fmoc-(4S)-FPro-Hyp(tBu)-Gly-OH/TFFH/DIPEA (1:1:2,
1.8/0.8/0.8 equiv) for 3 h in DMF and in N-methylpyrrolidone/CH,Cl,
for the last two steps, followed by washings with DMF (3 x 1 min),
acetylation with (Boc),0 (10 equiv) in DMF (20 min), and washings
with DMF (3 x 1 min), MeOH (3 x 1 min), CH,Cl, (3 x 1 min), and
MeOH (3 x 1 min). Coupling efficiency was monitored by using the
Kaiser test,3* except for N-terminal proline residues, for which the
chloranil test® was used. Fmoc cleavage from Fmoc-Pro- or Fmoc-
FPro-peptidyl-resin was carried out by treatment with 2% piperidine
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and 2% 1,8-diazabicyclo[5.4.0]Jundec-7-ene in DMF (0°C, 1 x 60 sec,
1 x 30 sec) and washings with DMF (3 x 1 min), MeOH (3 x 1 min),
CH,Cl, (3 x 1 min), and MeOH (3 x 1 min). N-terminal acetylation of
the peptides on the resin was performed by treatment with Ac,0/
DIPEA (1:2, 4 equiv) in DMF (2 x 30 min) followed by washings with
DMF (3 x 1 min), MeOH (3 x 1 min), CH,Cl, (3 x 1 min), and MeOH
(3 x 1 min). For deprotection/cleavage, the peptidyl resin (462 mg)
was treated with TFA/Et;SiH/H,0 (96:2:2; 1 x 15 min, 2 x 40 min, and
1 x 60 min), filtered off, and washed with CH,Cl,. The combined
filtrates were concentrated and the crude product was precipitated
from trifluoroethanol with Et,0, collected by filtration, and lyophi-
lized from tBuOH/H,O (5:1). The crude product was purified by
preparative HPLC. Yield: 75 mg (83 %); HPLC: t;=9.2 min (>98%);
'H NMR (500 MHz, D,0, 4°C): 6 =5.33 (d, 5H, 5 x Fproy), 5.25 (d, 5H,
5 x Fpro?), 5.03 (m, 5H, 5 x Fpro¢), 4.86 (m, 5H, 5 x Fpro¢), 4.60 (m,
2H, 2 x Cys%), 4.53 (m, 10H, 5 x Hyp*?), 433 (m, 1H, Pro%), 4.12, 3.92
(m, 10H, 5 x Gly¢), 3.973.66 (m, 10H, 5 x Gly%), 4.16-3.86 (m, 6H,
3 x Gly9), 3.76 (m, 10H, 5 x Fpro?), 3.61 (m, 10H, 5 x Fpro?), 3.62 (m,
10H, 5 x Hyp?), 3.55 (m, 2H, Pro?), 3.11, 2.96 (m, 4H, 2 x Cys’), 2.56 -
2.31 (m, 10H, FProf), 2.63-2.48 (m, 10H, FProf), 2.29, 1.98 (m, 10H,
5 x Hyp#), 2.20, 1.91 (m, 4H, Pro#?), 1.24 (s, 18H, 2 x StBu) ppm; the
cis and trans urethane bond species are denoted by subscripts to the
proton positions; HRMS (ESI): calcd for Cg;H;50N,,0,S,Fs: m/z=
1068.4095 [M+2H]**; found: 1068.4092.

Ac-[(4R)-FPro-Hyp-Glyls-Pro-Cys(S5tBu)-Cys(StBu)-Gly-Gly-Gly-NH, (Il):
Peptide Il was synthesized and isolated as described for I, with Fmoc-
(4R)-FPro-Hyp(tBu)-Gly-OH (6) as a synthon. Yield: 54 mg (60.2%);
HPLC: t;=9.8 min (>90); '"H NMR (500 MHz, D,0, 4°C): 6 =5.45-
5.26 (m, 5H, 5 x FPro?), 4.85 (m, 5H, 5 x FPro“), 4.60 (m, 2H, 2 x Cys%),
4.54 (m, 10H, 5 x Hyp“?), 4.34 (m, 1H, Pro%), 4.27-3.81 (m, 16H, 8 x
Gly®), 3.94, 3.73 (m, 10H, 5 x FPro?), 3.85, 3.75 (m, 10H, 5 x Hyp?),
3.55 (m, 2H, Pro%), 3.13,2.98 (m, 4H, 2 x Cysf), 2.64, 1.94 (m, 10H, 5 x
FPro#), 2.29,2.01 (m, 10H, 5 x Hyp#), 2.24-1.83 (m, 4H, Pro#?), 1.24 (s,
18H, 2 x StBu) ppm; HRMS (ESI): calcd for Cg;H,2N»,0,,5,Fs: m/z=
1068.4095 [M+2H]?>*; found: 1068.4097.

CD measurements: The CD spectra were recorded on a Jasco J-715
spectropolarimeter equipped with a thermostated cell holder and
connected to a PC for signal averaging and processing. All spectra
were recorded in the 190 - 250-nm range in quartz cuvettes of 0.01-
cm optical path length. The average of 10 scans is reported and
expressed in terms of ellipticity units per mole peptide residues
([01g). The measurements were performed on peptide solutions pre-
equilibrated at 4°C for at least 12 h, at a concentration of 1 mm. The
concentrations were determined by weight and an estimated
peptide content of about 80%, in analogy to previously synthesized
collagenous peptides of similar sequence composition.'¥ The
thermal denaturation curves were recorded by following the change
in intensity of the circular dichroic signal at 225 nm with temperature
from 4 to 60 °C with a heating rate of 0.2°Cmin~" in quartz cuvettes
of 0.1-cm path length. T, values were derived from the original
transition curves by using the manufacture’s software.

NMR measurements: NMR spectra were recorded in 90% H,0/10%
D,O or 100% D,O at 4°C on a Bruker DRX 500 spectrometer
equipped with pulsed-field-gradient accessories, at a proton fre-
quency of 500.13 MHz. 2D TOCSY experiments with spin-lock periods
of 70 ms and the MLEV-17 sequence for isotropic mixing,2® and 2D
NOESY spectral®” with mixing times between 75 and 300 ms were
used for partial assignment according to the method of Wiithrich.3®
For peptide I, which contains the (4S)-FPro residue, two sets of
resonances were observed. The major set of signals could be
identified as the result of a trans configuration of the peptide bond
preceding the (45)-FPro residue by observation of the characteristic
H.(Gly)-Hs(FPro) NOE. The minor signals correspond to the cis
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peptide bond configuration, as evidenced by the characteristic
H,(Gly)-H,(FPro) NOE.

For 'H diffusion measurements, stimulated echo experiments with
bipolar gradients and diffusion times between 15 and 250 ms were
performed in a pseudo-2D fashion by changing the gradient
strength from 1 Gem™ to 40 Gecm™' in 10 increments. The gradient
strength was calibrated to a diffusion constant of 18 x 107 m?s~’
for H,0 in D,O at 27°C. Only well-resolved signals were used for
extracting diffusion constants from the monoexponential signal
decay. NMR diffusion experiments were performed with D,0O
solutions at 4 and 27°C at peptide concentrations of 0.4 mm for
peptides I and Il and 0.2 mm for peptide IV. The absence of significant
aggregation was confirmed at 27°C by diffusion experiments at a
higher concentration (2 mm for peptides | and Il and 0.7 mm for
peptide IV). The diffusion experiment at 27 °C was repeated after
measurements had been made at 4°C to exclude any change in
sample condition due to heating or cooling (such as slow
aggregation, precipitation, fibril formation).

Hydrodynamic calculations: Calculation of hydrodynamic radii and
the corresponding translational diffusion constants was performed
with the HYDROPRO 5a program®® by using a solvent viscosity of
0.0094 Poise and an effective atomic radius of 3.1 A. The choice of
the effective atomic radius was found to have little influence on the
results. Diffusion constants obtained in this way are directly propor-
tional to the solvent viscosity used. For calculation of the hydro-
dynamic parameter for the unfolded random coil state of (Pro-Hyp-
Gly), peptides, 100 random conformations were generated by an
unrestrained distance geometry protocol followed by a short
molecular dynamics refinement, as described in ref. [40]. The average
of all individual diffusion constants is reported with the standard
deviation for the whole ensemble.
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Fungal Aerobic Reductive Dechlorination of
Ethyl 2-Chloroacetoacetate by Saccharomyces
cerevisiae: Mechanism of a Novel Type of
Microbial Dehalogenation

Gerhard Jorg®? and Martin Bertau*™

Saccharomyces cerevisiae reduces the 3-keto ester ethyl 2-chloro-
dcetoacetate to the respective chiral cis- and trans-S-hydroxy
esters. In the course of chiral reduction, competing dehalogenation
of the xenobiotic substrate to ethyl acetoacetate occurs, in a
reaction mediated by cytosolic glutathione (GSH). Mechanistically,
the dechlorination is a novel type of glutathione-dependent
dehalogenation catalysed by an as yet unidentified glutathione-
dependent dehalogenase. The first step consists of a nucleophilic
replacement of the chloride substituent by glutathione. In the

Introduction

Unconventionally substituted 2-oxazolidinones of type 6 are
essential substructures in novel antibiotics against multidrug-
resistant Gram-positive bacteria,"3 in novel macrolide anti-
biotics,” *! in renin inhibitors®”! and in monoamine oxygenase
inhibitors.’® ® However, chiral 4,5-disubstituted 2-oxazolidinones
are difficult to prepare in high stereoisomeric excess,'> ' as a
result of which there is a growing demand for new synthetic
technologies.® 2

We investigated the microbial reduction of ethyl 2-chloroace-
toacetate with the purpose of producing the 4,5-bisfunctional-
ised chiral 2-oxazolidinone 6 from 1 (Scheme 1) according to a
novel protocol developed in our group.'

Scheme 1. Synthesis of the chiral, pharmacologically essential 2-oxazolidinone
subunit 6 by stereoselective microbial reduction of the 5-keto ester 1.

The required high stereopurity of -hydroxy ester 2 can only
be achieved by biocatalytic methods, with whole-cell biotrans-
formation with Saccharomyces cerevisiae furnishing the best
results. Competing reactions have been observed, however.
Hamdani etal.' first reported a substrate-concentration-

ChemBioChem 2004, 4, 87-92 DOI: 10.1002/cbic.200300760 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

subsequent enzyme-catalysed step, a second glutathione molecule
liberates the dehalogenation product by thiolytic attack at the
thioether bridge, resulting in a net transfer of two electrons to the
substrate and in the formation of glutathione disulfide (GSSG).
Being effective under aerobic conditions and catalysed by a fungus,
this reductive dechlorination of an aliphatic substrate is an
outstanding example of a novel, glutathione-mediated microbial
dehalogenation.

dependent competing dehalogenation (<40%) to give 5. The
reaction conditions were not further specified, however, and the
reaction has not been further investigated (Scheme 2).

0 (:)H QH
COEt ___ L (R)L.COEt + 2 (S).CO,Et
ne” % NG
Cl Cl Cl
1 2 3

- ‘o

(6]

Jvco B _CO,Et
H,C : HC(9"""

4 5

Scheme 2. Dehalogenation is the major pathway in the biotransformation of
ethyl 2-chloroacetoacetate (1) with Saccharomyces cerevisiae.

In follow-up experiments by Cabon et al., targeted towards
the synthesis of stereopure 2, even complete dehalogenation
was encountered. Again, the phenomenon was not further
investigated, but the authors discussed a mechanism that
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involved a radical NAD species.'>'"! In attempts to improve the
stereoselectivity of the microbial reduction by addition of ethyl
chloroacetate (7),"'® a significant decrease in dehalogenation (by
95 %) was observed.!'”

Reductive dehalogenations had also been encountered with
other halogenated f-keto esters,?% 2" but until now no mech-
anism has been presented that explains the observations
satisfactorily.

Our studies on the cytotoxicity of the substrate indicated that
the dehalogenation might be associated with glutathione (GSH)
as a consequence of xenobiotic stress, since substrate 1 has high
alkylating power.?2 23 This was the impetus to investigate a
potential participation of GSH and/or a glutathione S-transferase
(GST) in this reaction.

GST-catalysis is a common pathway in microbial dehalogena-
tions. To the best of our knowledge, however, it has been
described for bacteria, but not for fungi. Furthermore, with the
exception of few examples, such as dechlorinations mediated by
tetrachlorohydroquinone dehalogenase,?* 2°! bacterial dehalo-
genations mostly furnish the corresponding hydrolysis prod-
ucts.? In contrast, the unusual dehalogenation reported in this
contribution is reductive, proceeds aerobically and is catalysed by
a fungus. In this paper we present the mechanism of this novel
type of dehalogenation.

Results

In our experiments with S. cerevisiae, 48% dehalogenation of
substrate 1 was observed. The a-chloro carbinol 2 (51%) was
obtained with 92% ee and 21 % de. Addition of 7 to the culture
inhibited dehalogenation by 99%. In all cases it was shown that
chloride was in fact released from 1, and that 4 and 5 are not the
products of alternative pathways. The same applies for ethyl
chloroacetate (7). There were no chloride sources other than the
halo-organic substrates themselves. Quantitative dehalogena-
tion as reported by Cabon et al."” was not observed.

By time-resolved GC/MS studies it was shown experimentally
for the first time that the dehalogenation precedes the reduction
of the keto group. In accordance with earlier reports, it was
shown that the carbinolic species 2 and 3—and also their
enantiomers—are not substrates for the dechlorination reaction
(Scheme 2)."

There were no indications of any involvement of radical
species in the dehalogenation. When the biotransformation was
conducted in the presence of the free radical scavenger 1,3-
dinitrobenzene,'” there was no detectable effect on the extent
of dehalogenation. The same applied for experiments with cell
liquor, in which the dehalogenation reaction occurred irrespec-
tive of whether a radical scavenger was present.

There was no detectable participation of hydrolytic dehalo-
genation variants in any whole-cell experiments.”?”?® This also
applied to hydrolytic GSH-dependent variants as catalysed by,
for example, dichloromethane dehalogenase.?” Aerobiosis dis-
played no measurable effects on intracellular GSH levels, but a
1.4-fold increase in microbial dehalogenation.
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Dehalogenation is mediated by glutathione (GSH)

When GSH was added to a potassium phosphate-buffered
aqueous solution of 1 in vitro, dehalogenation occurred
spontaneously. The release of chloride was complete after
20 min, but no dehalogenation product 4 was found unless a 50-
fold excess of GSH had been added. Even then, 4 was detectable
only in trace amounts (< 0.19%).

When, for purposes of comparison, an in vitro experiment was
conducted in the presence of equine liver glutathione S-
transferase (EC 2.5.1.18, GST), chloride release proceeded 1.3
times faster than in the uncatalysed reaction (510 nmolmin~7),
but formation of 4 was not affected. Under physiological
conditions, where the intracellular substrate concentration
amounts to about 2 mmolL~", the uncatalysed liberation of
chloride from the chloro-organic substrate proceeded at a rate of
390 nmolmin~". This is 2.6 times faster than the rate of about
150 nmol min~" typically reported for aliphatic substrates (Fig-
ure 1).B%

510 nmol/min

. 0
c(CI')/mm 390 nmol/min

150 nmol/min

0.0 T T T T T T
0 20 40 60 80 100 120

t/s

Figure 1. Effects of enzyme catalysis on the release of inorganic chloride from the
chloro-organic substrate 1 (-A-: in vitro equine liver GST catalysis; -e-: abiotic;
——: literature value for chloroaliphatics).

For whole-cell dehalogenation experiments, intracellular GSH
concentration and GST activity were initially quantitated with
1-chloro-2,4-dinitrobenzene (CDNB) according to Habig's stan-
dard assay.*" Under the applied conditions, the cytosolic GSH
level was determined as 29 mmolL~", which is significantly
elevated in relation to the concentration of 1-11 mmolL™'
reported in the literature.®? Physiological GST activity was
determined as 330ulL~" cell liquor. Hence, the cells exhibit
considerable reducing power. GST has only a minor catalysing
effect on the release of chloride.

NMR, UV/VIS and LC/MS analyses of crude reaction mixtures
allowed the unambiguous identification of glutathione conju-
gate 8 (Figure 2) as the central intermediate in this microbial
dehalogenation. The ESI mass spectrum of this compound
exhibits a single peak at m/z=436, the [M+H]" peak of ethyl
2-glutathionylacetoacetate (8). From 'H NMR analysis it was
evident that a chemically uniform compound had been formed
that consisted of a glutathionyl substructure and an acetoacetic
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Figure 2. Mass spectrometric evidence of the formation of glutathione con-
jugate 8 from substrate 1.

acid ethyl ester moiety with substitution at C-2. The

3C NMR spectrum showed complete replacement of 1
the C—Cl resonance at 94.6 ppm by a C—S resonance at
80.6 ppm. Under ambient conditions, intermediate 8 is
stable for months both in the solid state and in
aqueous solution. There are no indications of a
reaction 8 —4 other than under enzyme catalysis in
vivo or in the presence of the 50-fold excess of GSH in
vitro mentioned above. GC/MS analytical identification
of ethyl 2-mercaptoacetoacetate and other sulfur-containing
fragments supported these findings.

As a 3-keto ester, conjugation product 8 exists in a tautomeric
equilibrium with its enol (9) which, due to interactions with the
glutathionyl moiety, establishes slowly within 16 h.

In a second step, conjugate 8 is transformed into 4,
accompanied by the formation of oxidised glutathione (GSSG).
While conjugate formation also proceeds very fast abiotically,
formation of dehalogenation product 4 apparently requires the
action of an enzyme. As can be seen from Figure 3, enzyme
catalysis keeps the concentration of intracellular 8 very low, due

1.0 Per
0.9- P

07] .

.lq ] - :
{260 nm) y
0.54 P

0.4/
0.34
0.24

01 4= T T T T T 1
0 100 200 300 400 500 600

ifs

_i i e I |
g A —k . «

Figure 3. Concentrations of 8 produced without catalysis () and with whole-
cell catalysis (A). Spectra were recorded at the maximum absorbance of the keto
group (e =260 nm).
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NAC-SH  HCI 0

to rapid transformation of the conjugate into 4, while the
conjugate remains unconverted in the absence of the biocata-
lyst.

The dehalogenating and deglutathionylating action of the
thiol group was demonstrated in vitro with N-acetylcysteine
(NAC) and 2-mercaptoethanol, each in 25-fold excess. In fact,
substrate 1 was consumed completely, and dehalogenation via
thioether intermediate 10 was accompanied by formation of
NAC disulfide and 2-mercaptoethanol disulfide, respectively
(Scheme 3).

When, on the other hand, the cells were thoroughly depleted
of GSH by addition of N-ethylmaleimide (NEM)B3 neither
dehalogenation of 1 nor deglutathionylation of 8 was observed;
this clearly shows the involvement of GSH in this microbial
reductive dehalogenation.

NAC-SH NAC-SS-NAC

o}
CO,Et JK/COZEf
H,C H,C
10 g 4
NAC

Scheme 3. Treatment of 1 with the glutathione equivalent N-acetylcysteine (NAC) furnishes
dehalogenation product 4 and oxidised NAC.

Inhibition studies

Ethyl chloroacetate (7) is reported to be a potent inhibitor of
halo reduction. Cabon et al. point out that after preincubation
with 15 mmol L~ 7 for 3 h, competing dechlorination is reduced
drastically, to a level of not more than 5%, while beforehand 5
had been the only observed reaction product.™ In our own
experiments with 15 mmolL~" 7, no dehalogenation product 5
was isolated. Although the inhibitory effect of 7 on the
dechlorination reaction was not found to be as great, the results
reflect a comparable trend. It is noteworthy that the same effect
was also observed after preincubation with the substrate 1 itself.

To elucidate the inhibitory action of 7, the compound was
incubated with GSH in vitro. We found that GSH-mediated
dechlorination of this species gave ethyl acetate (14), and that
the reaction proceeded via ethyl glutathionylacetate (12), but
130 times more slowly than that of $-keto ester 1. LC/MS analysis
of the crude reaction mixture confirmed the formation of ethyl
acetate (14) via thioether 12 and oxidised glutathione (GSSG)
(Scheme 4).

Neither yeast nor equine liver glutathione transferase
(EC2.5.1.18) was inhibited by 7 or 1, respectively. Instead,
incubation of the cells with 7 or 1 prior to addition of substrate
mostly depletes the cells of GSH, and after a 30 min incubation
period with 15mm 7, intracellular GSH had dropped from
29 mmolL~" to 0.3 mmolL"".

The dehalogenation phenomenon was found not to be
restricted to respiro-fermenting cells (48%). We were able to
show that this process is also active in anaerobically fermenting
yeast cells (34 %) as well as in resting cells (39%). Cell liquor also
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Scheme 4. The a-chloro ester 7 inhibits dehalogenation of 1 due to depletion of intracellular
glutathione, and the inhibitor itself is dehalogenated slowly by the same mechanism as for 1.

showed dehalogenating activity (35 %). These results emphasise
the pivotal role of GSH.

Discussion

Our investigations were aimed at elucidation of the mechanism
of the microbial reduction of 1 and the reason for the inhibitory
action of 7 towards the dehalogenation reaction.

Broad knowledge of anoxic dehalogenations exists, mostly as
bacterial, but also as fungal processes. None of these, however, is
suitable to explain our findings, especially since this reductive
dehalogenation is most effective under aerobic condi-
tions.!?* 34491 |n fact, mechanisms involving single-electron trans-
fer (SET), which would be well suited to explain our findings,
have been reported to work exclusively under anoxic condi-
tions.['>-17.47.481 Eyrthermore, involvement of these mechanisms
had been excluded by running the biotransformation in the
presence of the free radical scavenger 1,3-dinitrobenzene.

We have demonstrated that reductive dehalogenation of 1 is
attributable to the high alkylating power of the substrate, as a
consequence of which there is a fast reaction with the cell stress
protectant glutathione. Our in vitro and in vivo investigations
have for the first time allowed identification of the intermediate
thioether 8, formed by nucleophilic substitution of the chloro
substituent by GSH. Hence, the active role of GSH in the
dehalogenation of 1 is obvious.

Mechanistic model for the microbial dehalogenation.

Mechanistically, the microbial dehalogenation reaction is divided
into two steps, the first of which does not necessarily require
enzyme catalysis. In fact, the nucleophilic replacement of
chloride by GSH proceeds mainly abiotically and is so fast that
the 1.3-fold accelerating catalytic effect of a glutathione S-trans-
ferase (GST) is negligible. Chloride was liberated quantitatively
from equimolar mixtures of 1 and GSH within minutes. The
observed 1.3-fold rate enhancement for the glutathionylation of
1 with enzyme catalysis is still in good agreement with reported
values for aliphatic substrates, which range between 1.05 and
2.4%.% The rather minor acceleration effect of GST is typical for
aliphatic organohalogens and an expression of the broad
substrate specificities of GST, which is due to their action in
cellular detoxification processes. In contrast, aromatic substrates
are far more easily accessible to GST catalysis.?*!
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From our in vitro studies with GSH and GSH/

j\ GST we knew that no reductive dehalogena-
H,c” T“OEt tion occurred unless a 50-fold excess of GSH
14 was applied. Even then, dehalogenation prod-

uct 4 was detectable merely in trace amounts
(<0.1%), a clear indication of enzyme catalysis
being required for the second half-reaction.
Furthermore, as conjugate 8 is stable for
months, alternate pathways for the produc-
tion of 4 were excluded.

For the release of the dehalogenation
product from 8 the presence of an a-chloro-positioned enolis-
able carbonyl group emerged as a strict prerequisite for the
process to occur. After the reaction has been initiated by
nucleophilic attack of GSH at C-2, accompanied by release of
chloride, the intermediary thioether 8 is then attacked by a
second species GSH. At this point the enolisability of the ketone
becomes essential, as only an enolisable a-thioalkyl ketone
substructure, as in 8, would allow the attack of a second species
GSH, in the course of which two electrons are transferred to the
substrate. The negative charge is accepted by the carbonyl
oxygen, furnishing 11. Hence the enolisable a-thioalkyl ketone
substructure serves as an essential electron sink. The final
product of GSH-mediated thiolysis of the intermediary thioether
8 is 4. Under physiological conditions this process is strictly
enzyme-catalysed, by an as yet unidentified glutathione-de-
pendent enzyme (E), and consumes GSH in doubly stoichio-
metric amounts (Scheme 5).

step 1 H*
0 GSH  HCl o
COEt N T CO,Et
H,C ~ HC™
1 Ce 56 8 SG

[
H
3¢
H
step 2

_H
GSH  GSSG j’\/ 0
XN COEt —— J\/CO Et
dehalogenase H,C : H,C ?
catalysis! " 4

Scheme 5. Mechanism of glutathione-dependent fungal reductive dehalogena-
tion mediated by Saccharomyces cerevisiae.

Consequently, as there is no possibility to transfer two
electrons to the substrate in non-enolisable substrates—that
is, as an electron sink is missing—there is no option to form
GSSG. Hence, the only pathway for non-enolisable glutathionyl
thioethers to react is hydrolytically. This is exactly what is
observed in the majority of all aliphatic dehalogenations.

From the mechanism, the reason why reductive dehalogena-
tion must precede carbonyl reduction to 2 and 3 is now evident:
the p-halohydrins are not accessible to dechlorination, because
of the lack of enolisability. Next, as C-2 is less activated in the 3-
hydroxy esters 2 and 3 than in 3-keto ester 1, compounds 2 and
3 exhibit poor alkylating power, because of which physiological
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conditions are too mild for nucleophilic substitution of chloride
by GSH or water.

Inhibition studies

Experiments with ethyl chloroacetate (7) revealed the mode of
action of the dehalogenation inhibitor. Treatment of 7 with GSH
produces ethyl acetate (14) and glutathione disulfide (GSSG) via
conjugation product 12, leading to a substantial depletion of
GSH (99 %). Because of ester resonance, the subsequent reaction
of 12 with a second species GSH is by far less favoured, as a result
of which the reaction 7 —14 proceeds 130 times more slowly
than the conversion of 1 with GSH (Scheme 4).

The remaining dehalogenation activity is the result of the
action of free GSH formed in response to xenobiotic stress. For
whole-cell biotransformations it is therefore reasonable to
determine cytosolic GSH levels in the strain used, in accordance
with which the inhibitor should be applied in order to avoid
further cytotoxic effects.

Conclusion

We have shown that the halo reduction of 1 is mediated by
glutathione, which is the most universal agent involved in cell
stress response and cellular detoxification reactions. Reductive
dechlorination by respiro-fermenting, fermenting and also
resting S. cerevisiae can be fully understood by the action of a
novel, so far unidentified glutathione-dependent dehalogenase.

To the best of our knowledge, in this contribution we have
presented the first fungal aerobic reductive dehalogenation of
an aliphatic substrate according to a novel type of glutathione-
dependent mechanism.

Further studies will aim to isolate the glutathione-dependent
dehalogenase and to elucidate contributions of xenobiotic cell
stress responses to the phenomenon of dehalogenation. Next,
the investigation of potential stereoselectivities of dehalogena-
tions is a matter for subsequent studies.

This novel dehalogenation mechanism has great implications
for the metabolic fates of a-halo ketones in eukaryotic cells.

Experimental Section

General: Saccharomyces cerevisiae L13 was a product from the
Societé industrielle de levure FALA, Strasbourg, France. Ethyl
2-chloroacetoacetate (1) was purchased from Fluka, additives and
organic solvents were purchased from Acros. Equine liver gluta-
thione S-transferase was obtained from Sigma.

Product identity was confirmed by NMR spectroscopy. 'H and
13C NMR spectra were recorded in CDCl; and D,0 with a Bruker
DRX 500 spectrometer at 500 MHz. Chemical shifts are quoted in
ppm from internal TMS or TSP. Fermentations were performed in a
15 L Infors HT ISF200 fermenter. GC/MS analyses were carried out on
a Hewlett Packard GC 5890 series|l instrument equipped with a
Hewlett Packard 5965B infrared detector and a Hewlett Packard 5972
mass selective detector (El, 70 eV). HPLC analyses were done with a
LiChrospher® 100 RP-18 column on a Knauer Wellchrom system,
Electrospray LC/MS analyses were carried out on a Perseptive
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Biosystems Mariner Biospectrometry Workstation with LiChro-
spher® 100 RP-18 column. The absolute configurations of the
products were determined on a Carl Zeiss Jena polarimeter
Polamat A (c = 1.0, CHCl;) and by comparison of the obtained results
with reference data in ref.[19]. pH values were determined with a
Mettler Toledo pH 320 instrument. UV/VIS spectra were recorded on
an Amersham Pharmacia Biotech Ultrospec 3100 pro UV/visible
spectrophotometer. All reactions were monitored by GC by use of an
Analytik Jena Perichrom GC ST200 instrument.

Determination of extents of conversion: The conversions were
measured by use of a J&W Scientific DB-5 column (30 m, 0.25 mm i.d.)
at 50°C (isothermal). The pressure of N, gas was 80 kPa and the
temperatures of the injector and the detector were 210°C and
260°C, respectively. The keto-substrate 1 and products 2, ent-2, 3
and ent-3 were observed at retention times of 9.1 min, 9.4 min and
9.7 min, respectively. The % conversions were determined by use of
an integrator.

Chloride assays: Time-resolved liberation of chloride from the
chloro-organic substrate and chloride assays were conducted in
accordance with ref. [50].

GSH/GST assays: GSH/GST assays were conducted according to the
method of Habig et al.3"

Whole-cell biotransformation of 1: Biotransformations were run on
the 5 mL scale in a 15 mL Falcon tube. Conversion and yields were
determined by GC and HPLC. The corresponding reactions on the 5 L
scale in a 15 L fermenter gave identical results and isolated yields
were determined as stated below. In all experiments the starting
material was distilled directly before use in order to avoid potential
effects by impurities.

Saccharomyces cerevisiae (Baker's yeast, 80g dry weight) was
suspended in a solution of sucrose (250 g) in tap water (5.0L) in a
15L fermenter. The aerobic culture was incubated at 30°C and
stirred for 30 min. Saturation with oxygen was kept above 20 %. After
continuous addition of 1 (50 mL, 59.05 g, 356 mmol) was complete
(16 h), the suspension was stirred at 30°C for 4 h. The biotransfor-
mation was monitored by GC. The reaction mixture was centrifuged,
the yeast was washed with water, and the combined aqueous phase
was extracted with diethyl ether (3 x 1.0 L). The organic extracts were
dried over MgSO,, filtered, and concentrated in vacuo. Distillation of
the crude residue under reduced pressure yielded the carbinols 2
(18.62 g, 112 mmol, 31%), 3 (12.16 g, 73 mmol, 20%) and 5 (22.56 g,
171 mmol, 48 %) as colourless liquids.

In vitro experiments: The in vitro experiments were performed with
potassium phosphate buffered (pH6.5) solutions of 1 (15pL,
108 umol) in 1.5 mL Eppendorf tubes. The reaction mixtures were
shaken (500 rpm) at 30°C for 2 h and analysed by GC/MS and LC/MS.
Each experiment was paralleled by a blank experiment.

Ethyl 2-glutathionyl-acetoacetate (8): 'H NMR (500 MHz, D,0): 6 =
4.19 (q, OCH,CH,), 4.18 (m, H,NCH), 3.79 (m, SCH,), 3.25-2.70 (m,
2H'), 2.48 (m, CH’,), 2.33 (s, CH5), 2.31 (s, CHs), 2.09 (m, CH,), 1.20 (t,
OCH,CH,) ppm; 3C NMR (500 MHz, D,0): 6 =203.3 (C=0), 203.3
(G=0), 1773, 176.9, 176.1 (C'ONH,), 173.8 (C'ONH,), 171.2 (C'O,H),
169.1 (C'O,H), 169.1 (CO,Et), 94.6 (C—OH, enol), 80.6 (C-S), 63.6
(OCH,CH,), 62.4 (OCH,CH,, enol), 54.0 ,52.7, 52.6, 43.3, 32.6, 32.5, 31.3,
277,276 (CH,), 26.1 (CH,, enol), 13.2 (OCH,CH,) ppm; MS (ESI, 80 eV):
m/z (%): 436 (100) [M+H]*, 418 (25) [M —H,0]*.
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Unprecedented Diversity of Catalytic Domains in
the First Four Modules of the Putative Pederin

Polyketide Synthase

Jorn Piel,* Gaiping Wen,! Matthias Platzer, and Dequan Huil®

Polyketides of the pederin group are highly potent antitumor
compounds found in terrestrial beetles and marine sponges.
Pederin is used by beetles of the genera Paederus and Paederidus
as a chemical defense. We have recently identified a group of
putative pederin biosynthesis genes and localized them to the
genome of an as yet unculturable Pseudomonas sp. symbiont, the
likely true pederin producer. However, this polyketide synthase
cluster lacks several genes expected for pederin production. Here
we report an additional polyketide synthase encoded on a separate

Introduction

It has been proposed for many years that natural product
symbiosis, that is, the biosynthesis of secondary metabolites by
symbiotic organisms, plays an important role in the chemistry of
invertebrates.'"¥ Such suspected symbiont metabolites include
many promising drug candidates isolated from marine animals.
The existence of producing bacteria could be exploited to
overcome the supply problem that currently hampers animal-
derived drug development and production. However, our
current general inability to cultivate such symbionts represents
a serious technical challenge in pinpointing the true producer.
So far, the most compelling evidence for symbiotic producers
exists for the complex polyketide pederin (1), a highly potent
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anticancer agent. It is found in apparently all species of the rove
beetle genera Paederus and Paederidus,”’ whose females use
pederin to chemically defend their offspring against predators.!
Remarkably, closely related compounds have also been isolated
from several sponges during marine antitumor and antiviral
screening programs, for example, theopederin C (2) and onna-
mide A (3) from Theonella swinhoei.” Recently we have reported
the ped biosynthesis gene cluster encoding a hybrid typel

region of the symbiont genome. It contains at least three novel
catalytic domains that are predicted to be involved in pederin
chain initiation and the formation of an unusual exomethylene
bond. The region is bordered by mobility pseudogenes; this
suggests that gene transposition led to the disjointed cluster
organization. With this work, all putative pederin genes have been
identified. Their heterologous expression in a culturable bacterium
will provide important insights into how sustainable sources of
invertebrate-derived drug candidates can be created.

polyketide synthase (PKS)-nonribosomal peptide synthetase
system, whose architecture perfectly matches a large portion of
the pederin (1) structure.”? Although these genes were isolated
from the total DNA of Paederus fuscipes beetles, they belong to
the genome of an as yet unculturable symbiotic bacterium with
a very close relationship to Pseudomonas aeruginosa.’ ®
Bacterial type | PKSs are giant, modular enzymes harboring a
multitude of catalytic domains.” Each module typically consists
of at least a ketoacyl synthase (KS), an acyltransferase (AT), and
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an acyl carrier protein (ACP) domain, and attaches one polyke-
tide building block, usually a small malonyl-CoA derivative, to
the growing polyketide chain. During each of these elongation
steps, various optional additional domains present on the
module can introduce further structural modifications. The order
and domain architecture of modules on the PKS enzymes usually
strictly correspond to the order and structure of each polyketide
building block, a phenomenon known as the colinearity rule.
This rule can be used to predict whether an isolated PKS gene
cluster encodes the biosynthesis of a specific metabolite. It also
permits a rational design of novel polyketides by genetic
modification of the domain architecture.l'® ™

An analysis of the domain organization of the ped system
revealed a number of surprises. The AT domains, usually found
within each module, were instead encoded by separate genes.”!
Although this was the first reported example of monofunctional
ATs encoded by type | PKS clusters, a number of similar systems
have been discovered recently; this suggests that such enzymes
might be more widespread among bacteria.'>' In addition,
several partial gene clusters have been published, whose
modules lack ATs and that probably also belong to this
group.>” Work on the leinamycin biosynthesis gene cluster
revealed that these ATs acylate each module in trans,'? and we
have shown that such “trans-AT” PKSs are phylogenetically
distinct from regular “cis-AT” systems.'"® The second deviation
from the general PKS rules was that the genes encoding the first
elongation steps were not found within the ped cluster.
Unclustered genes of a bacterial PKS pathway are very rare: to
the best of our knowledge, the ansamitocin system is the only
other published example of a disconnected PKS.I' To isolate the
remaining pederin genes from the bacterial consortium of
P.fuscipes, we used a phylogeny-based PCR strategy that
specifically targets trans-AT PKS systems.!'® This approach led
to the isolation of additional PKS gene fragments from
metagenomic DNA of beetle bacteria. In this paper we present
evidence that one of these fragments belongs to the missing PKS
catalyzing the first three rounds of elongation.

Results and Discussion

Screening of a bacterial cosmid library for additional trans-AT
PKS genes

We have previously reported the PCR amplification from
metagenomic bacterial DNA of three PKS gene fragments
(PS1-PS3) that do not belong to the already sequenced ped
cluster.l" PCR products covering the KS domain of trans-AT PKSs
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can be distinguished from those of cis-AT systems by phyloge-
netic analysis.'"® Such an analysis placed the amplified product
designated as PS3 close to the cis-AT, and PS1 and PS2 into the
trans-AT group. Since the missing part of the ped PKS should
belong to the latter group, we intended to isolate the gene(s)
belonging to these PCR products. We therefore screened
2000 clones of a cosmid library prepared from DNA of P. fuscipes
bacteria with probes derived from PS1 and PS2. Unexpectedly,
restriction mapping of the positive clones revealed that the two
PCR products did not originate from the same genomic region
and apparently belonged to different secondary metabolites.
Partial sequencing of both regions identified the PS2 system as a
mixed peptide synthetase-PKS unrelated to the pederin (1)
structure (data not shown), while the domain arrangement of
the PS1 PKS was in very good agreement with the proposed
architecture. The cosmid pPS9D2 containing the entire PS1
region, as judged from sequencing of insert ends, was therefore
selected for further analysis.

Sequence analysis of the PS1 region

A map of the completely sequenced insert of cosmid pPS9D2 is
shown in Figure 1, and the deduced functions of the identified
open reading frames (ORFs) are listed in Table 1. As with the
previously sequenced ped region, several genes with remarkable
homology to Ps. aeruginosa ORFs were found in proximity to the
PKS; this indicates that the two systems are located on the same
genome. These homologues comprise a cluster involved in the
uptake of branched-chain amino acids, a putative heat-shock
gene, and a probable hemin receptor gene. In addition, the
cosmid harbors various pseudogenes, including 11 decayed IS-
like elements (IS =insert sequence). Framed by two of these ISs
is a small gene cluster highly similar to PKS systems. Its three
genes, designated ped!, pedJ, and pedK, do not contain frame-
shifts or stop codons and therefore seem to be intact.

An inspection of the domain arrangement of Pedl revealed
several unprecedented features among type | PKSs. Neverthe-
less, its unusual architecture clearly mirrors the structure of the
pederin (1) starter moiety. The deduced product of ped/
resembles a type | PKS consisting of four modules. By phyloge-
netic analysis of a PCR product covering a KS domain of this
gene, we had previously predicted that the PKS lacks AT
domains. In accordance with this, no homology to such domains
was found within Pedl. The first module lacks a KS domain and
should therefore catalyze chain initiation. However, instead of a
conventional AT, the module harbors an unusual N-terminal
domain of about 240 aa similar to proteins of the GCN5-related
N-acetyltransferase (GNAT) family?? and sequence patterns
diagnostic for this group (InterPro: IPR000182). The
[RQIXXGX[GA] motif involved in binding of the acetyl-CoA
substrate? was identified at aa 135-140 (QQYNLG). GNATs
catalyze the transfer of an acetyl group from acetyl-CoA to
various heteroatoms,?” which suggests that this domain primes
the loading module with acetate. GNAT domains as part of PKSs
have not been reported before.” " All published AT-less PKS
systems are loaded with a starter other than acetate. In these
cases, the absence of a GNAT domain, which usually accepts only
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Figure 1. Map of the genomic region belonging to the PCR product PS1 and proposed biosynthesis of pederin (1). Dotted boxes and arrows indicate degraded ORFs.
Pseudogenes in black are involved in horizontal gene transfer. Ped genes are marked in gray. GNAT, GCN5-related N-acetyltransferase domain; ACP, acyl carrier protein
domain; KS, ketosynthase domain; KR, ketoreductase domain; MT, methyltransferase domain; CR, crotonase domain; OXY, oxygenase; T, transposase; INT, phage

integrase. Numbered genes are highly similar to genes from Pseudomonas aeruginosa. The numbers refer to the PA number of the closest homologue. PedA - PedH are

encoded on a different part of the symbiont genome.”

acetyl-CoA as substrate, is therefore not surprising. The
sequencing of additional AT-less PKSs will reveal if the Pedl
GNAT domain is an exception or a common feature to acetate-
primed members of this group.

In the second module, signature motifs of a KS, a ketoreduc-
tase (KR), a methyltransferase (MT), and an ACP domain were
found, indicating that the corresponding polyketide extension
unit bears a methyl group in an a-position to a hydroxy function.
The KR domain contains a characteristic Asp residue at
position 1270, which has recently been shown to be conserved
in domains generating alcohols with b stereochemistry?? (B-type
alcohols, as defined in ref. [23]). This precisely corresponds to the
first extension unit of the pederin molecule, which bears a B-type
hydroxyl function adjacent to a methyl group. Cardani etal.
attempted to elucidate the biosynthesis of 1 by feeding
radioactively labeled precursors to P.fuscipes.?* They reported
the presence of 40 % activity of administered labeled propionate
in the N-acyl moiety constituting the western half of pederin (1).
This seemingly suggests that the first extension unit is derived
from methylmalonyl-CoA instead of malonyl-CoA and SAM-
dependent methylation by an MT domain. However, propionate
is catabolized in many bacteria®®! and insects®! to acetate by
several different routes and can then enter polyketide biosyn-
thesis. Since the radioactive label was located on the propionate
C2 position, it would be retained after chain shortening and be
incorporated into malonyl-CoA-derived moieties. The fact that
all known methyl groups generated by AT-less PKSs are attached
by MT domains!'> '3 '3 is consistent with this hypothesis.

The second extension unit bears a rare exomethylene group at
its C1 position. Carbon atoms that branch off such positions are
known from a number of other complex polyketides, for
example, myxovirescin (=TA),?”? mupirocin,'® and leinamycin.l'?
The PKS clusters of these compounds encode 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) synthase homologues
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that were proposed to catalyze the addition of acetyl- or
malonyl-CoA to a keto group, followed by decarboxylation,
dehydration, and/or reduction steps. We had initially expected a
similar enzyme in the biosynthesis of pederin (1), but such a
homologue is not among the genes on pPS9D2 and could
neither be detected in the symbiont DNA by hybridization with a
probe derived from the HMG-CoA synthase homologue mupH
nor by PCR with degenerate primers based on conserved motifs
(data not shown). Instead, two unprecedented domains were
found in the third module of PedI. In addition to a KS and an ACP
domain, two domains were identified that show homology to
enzymes of the crotonase (CR) superfamily. These enzymes
catalyze a wide range of diverse reactions all involving a
stabilized CoA thioester enolate intermediate.?® The CR domain
adjacent to the KS exhibits relatively low homology to known
enzymes (42 % similarity to the next homologue). A PSI-BLAST
search revealed that it is related to naphthoate synthases.” The
second CR domain is highly similar to discrete enzymes found in
trans-AT systems, such as Pksl (66 %) from Bacillus subtilis"> and
MupK from Pseudomonas fluorescens.'® These enzymes are
annotated as putative enoyl-CoA hydratases, but their exact
functions are presently unknown. If the colinearity rules apply,
this module could catalyze the attachment of the exomethylene
group, possibly by action of the two unusual CR domains.
Indeed, members of the CR superfamily perform reactions very
similar to those proposed for exomethylene group formation
(Scheme 1). Among the enzymes acting on C—C bonds, naph-
thoate synthase from menaquinone metabolism catalyzes a
Claisen condensation,”? and hydroxycinnamate lyase from
Ps. fluorescens is responsible for a retro-aldol reaction.?% Decar-
boxylation and dehydration steps are known from the E. coli
methylmalonyl-CoA decarboxylase and crotonase,?® respective-
ly. Moreover, homologues of the second CR domain are located
directly adjacent to HMG-CoA synthase-like genes in the mup
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Table 1. Genes and pseudogenes identified in the PST1 region.
Gene Putative Sequence similarity Similarity/ Amino  Accession
function (protein, origin) identity [%] acids number
(PilL) PilL2, Ps. aeruginosa 63/56 AY273869
(transposase) XAC2604, X. axonopodis pv. citri ca. 55/45 AE011901
(transposase) SCO5297, Streptomyces coelicolor 58/41 AL079356
ped| PKS 4882
pedl domains:  GNAT, GCN5-related histone acetyltransferase family BT0804, Bacteroides thetaiotaomicron — 46/23 AE016929
ACP NdaD, Nodularia spumigena 46/26 AY210783
KS PksP, Bacillus subtilis 59/43 799113
KR PedF, symbiont of P. fuscipes 54/36 AY059471
MT PksR, B. subtilis 74/56 799113
ACP PksM, B. subtilis 70/46 799113
KS PedF, symbiont of P. fuscipes 75/58 AY059471
CR, crotonase superfamily Pksl, B. subtilis 42/24 299112
CR, crotonase superfamily Pksl, B. subtilis 66/50 799112
ACP PksL, B. subtilis 51/34 714098
ACP PksL, B. subtilis 43/25 714098
KS PksL, B. subtilis 61/45 714098
unknown
KR PksL, B. subtilis 56/34 714098
ACP MmpD, Pseudomonas fluorescens 49/26 AF318063
pedJ monooxygenase luciferase family MupA, Ps. fluorescens 75/60 370 AF318063
pedK unknown 318
(transposase) Rv1150, Mycobacterium tuberculosis 51/31 NP 215666
hypothetical protein PP4615, Ps. putida 82/68 156 AE016791
phuH probable outer membrane hemin receptor PhuH, PA4710, Ps. aeruginosa 75/68 763 AE004885
(hypothetical protein) PA4708, Ps. aeruginosa 82/74 AE004884
(ABC transporter permease) PhuU, PA4707, Ps. aeruginosa 83/79 AE004884
(ABC transporter ATP-binding component) PhuV, PA4706, Ps. aeruginosa 75/71 AF055999
(transposase) 1S2000 TnpA, Ps. aeruginosa 62/58 AF133699
(integrase) ECS1090, Azotobacter sp. FA8 57/46 AJ496234
braC Leu/lle/Val/Thr/Ala-binding protein BraC, PA1074, Ps. aeruginosa 92/86 372 AE004539
braD branched-chain amino acid transporter permease protein BraD, PA1073, Ps. aeruginosa 97/94 307 AE004539
brae branched-chain amino acid transporter permease protein BraE, PA1072, Ps. aeruginosa 94/89 417 AE004539
braF branched-chain amino acid transporter ATP-binding protein  BraF, PA1071, Ps. aeruginosa 95/91 255 AE004539
braG branched-chain amino acid transporter ATP-binding protein  BraG, PA1070, Ps. aeruginosa 96/91 233 AE004539
ibpA heat-shock protein IbpA, PA3126, Ps. aeruginosa 94/89 149 AE004736
(transposase) OB1837, Oceanobacillus iheyensis 60/40 AP004599
(transposase) TnpA, Enterococcus faecium 70/50 AF403298
(transposase) OB1838, O. iheyensis 57/37 AP004599
(transposase) ISPs1 ORFB, Ps. syringae pv. tomato 87/77 AE016871
(transposase) ISPs1 ORFA, Ps. syringae pv. tomato 85/78 AE016871
[a] Entries in parentheses belong to pseudogenes.

and pksX clusters, suggesting that these genes participate in
methyl(ene) group formation. The first CR domain without close
homologues might substitute the HMG-CoA synthase, catalyzing
the aldol addition of acetyl- or malonyl-CoA (Scheme 1). The CR
related to Pksl and MupK could then be involved in the further
processing of the intermediate and perform the final decarbox-
ylation and/or dehydration steps. If the two CR domains are
indeed sufficient for exomethylene group formation, this
module could represent a valuable tool in engineered biosyn-
thesis that might dramatically increase the possible structural
range of recombinant polyketides. However, at present it cannot
be excluded that PedK or additional enzymes encoded else-
where on the symbiont genome participate in this reaction.
Module 4 represents the last module of this PKS and contains
a KS, a KR, and an ACP domain. The presence of this module was
unexpected, since the corresponding polyketide extension step
was initially assigned to the first module of PedF. However, the

926
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N-terminal KS domain of PedF lacks the conserved His residue
necessary for the decarboxylation of the extender unit.*" This
module should therefore be unable to perform a polyketide
elongation, which in fact necessitates an additional module on
Pedl. The same feature is known from the mup system, in which a
seemingly superfluous module lacking a decarboxylation motif
is located at the N-terminus of MmpA.'"® Thomas and co-workers
proposed that such modules could have a pseudo-loading
function and be involved in the proper channeling of polyketide
chains between two PKS proteins.!3! Alignment of the last Pedl
module with other PKSs (data not shown) revealed that the KS
and KR domains are separated by an unusually large region of
approximately 250 aa without convincing homology to known
sequences or patterns. Further functional studies are needed to
determine whether it represents a novel domain, perhaps
catalyzing the stereospecific intramolecular acetalization that
likely takes place at this point in the biosynthesis of pederin (1),
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Scheme 1. Reactions catalyzed by members of the crotonase family and hypothetical
pathway leading to the formation of the pederin exomethylene group. A) napthoate
synthase (MenB); B) 4-hydroxycinnamoyl-CoA hydratase/lyase (HCHL) from Ps. fluorescens
AN103 (last step of a two-step reaction); C) methylmalonyl-CoA decarboxylase (MMCD)
from E. coli; D) proposed pathway catalyzed by the Ped| CRs. Acetyl-CoA could be used

needs additional genes to be functional. These features
strongly suggest that PedlJK and the previously identi-
fied ped genes complement each other and jointly
encode pederin (1) biosynthesis. The current uncultur-
ability of the Paederus spp. symbiont prohibits standard
experiments to verify the function of ped genes, such as
knockout. Present studies in our laboratory therefore
aim at expressing the ped genes in a heterologous host.

Although the ped system is to the best of our
knowledge only the second example of PKS genes
distributed among two genomic regions,!"” the numer-
ous IS elements located on both ends of the two ped
regions readily explain the disjointed structure. Their
presence indicates that the entire PKS cluster was
originally acquired as a genomic island by horizontal
gene transfer. By a second IS-mediated rearrangement
process, the pedlJK region could then have transposed
to a different genome position. Ultimately, the region
would have been stabilized by decay of all adjacent
mobility genes. In free-living bacteria, frequent horizon-
tal gene transfer selects for the clustering of genes from
secondary metabolism.2¥ In contrast, gene exchange
would be a rare event in the Paederus spp. symbiont,
which has lived in a shielded environment for millions of
years. These conditions could have resulted in the
observed gene scattering.

The pederin system represents an ideal model to
understand the factors governing natural product
symbioses and how sustainable sources of drug candi-
dates from invertebrates can be created. In this work,

instead of malonyl-CoA in this route.

or whether it is only an unusually long spacer region between
the KS and the KR. The KR domain present in this module has no
structural counterpart in pederin (1). It could be an inactive
evolutionary remnant, similar to many other known PKS domains
with no apparent function.”? Alternatively, it could aid in the
acetalization by polarizing the carbonyl bond.

PedJ, encoded by a gene downstream of pedl, is highly similar
to several oxidoreductases of the bacterial luciferase type and
contains the characteristic Pfam pattern (PF00296). The two
closest database matches are MupA with unknown function!'?
and MtaG from the myxothiazol pathway.®? The latter enzyme
was proposed by Miuller and coworkers to catalyze the o-
hydroxylation of an amino acid residue. Mupirocin contains no
amino acid but features an a-hydroxylated polyketide extender
position. PedJ could therefore be responsible for the a-
hydroxylation of either the glycine residue or the third extension
unit. Adjacent to pedJ, the ORF pedK encoding a putative protein
of 318aa was identified. However, homology and pattern
analysis provided no insight into the possible function of this
gene.

In contrast to all other known PKS gene clusters, no domain or
gene was identified on the cosmid that would be involved in
release of the assembled chain from the PKS or in the transfer of
acyl-CoA units to the ACP domains. Therefore, this PKS evidently
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the availability of all gene candidates necessary for

pederin (1) biosynthesis now sets the stage for the

production of pederin-type antitumor compounds in a
culturable bacterium. In addition, the small repertoire of known
PKS domains has been expanded by at least three new members.
Their further study could significantly improve the versatility of
engineered biosynthesis and our understanding of polyketide
assembly.

Experimental Section

Isolation of bacteria from Paederus fuscipes: One hundred
P. fuscipes beetles collected at Aydin, Turkey were ground in liquid
nitrogen and resuspended in LB medium (5 mL). The mixture was
kept for 10 min on ice to let beetle residues settle. The supernatant
was centrifuged at 100 g for 10 min to sediment eukaryotic cells. The
supernatant was then passed through a 40-um nylon filter (Milli-
pore), and the bacteria were pelleted by centrifugation at 5000 g for
10 min. The purity of the bacterial fraction was checked by DAPI
staining and microscopic inspection.

Preparation and screening of a P.fuscipes symbiont genomic
library: Genomic DNA from P.fuscipes bacteria was prepared by
standard SDS lysis and used for the construction of a cosmid library
in the pWEB vector (Epicentre) according to the manufacturer’s
instructions. Two thousand clones were deposited in 96-well plate
format and transferred to Hybond N* membranes. Membranes were
screened by using a fluorescein-labeled probe prepared from a 1.5-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 97





BIO

kb fragment of the ped cluster and the ECL Direct Labeling and
Detection kit (Amersham Biosciences) according to the manufac-
turer's protocol, except that Church buffer was used during
prehybridization and hybridization. The probes were prepared from
PCR fragments corresponding to the KS domain as described
elsewhere.” '8 Hybridization was performed at 60°C, followed by
low-stringency washes for 2 x 7 min at 25°C and 2 x 15 min at 60 °C.

Sequence analysis of positive cosmids: Inserts of positive cosmids
were end-sequenced to gain information about the location of PKS
genes. The cosmid pPS9D2 with genes unrelated to PKSs at its
termini was chosen for complete sequencing. After shearing of the
DNA by using a Standard Nebulizer (Octurno), the fragment ends
were repaired with T4 DNA polymerase and Klenow fragment.
Fragments of 1-1.5kb were isolated by agarose electrophoresis,
cloned into the pUC18 vector, and end-sequenced by using the
BigDye Terminator Ready Mix (Applied Biosystems) and an ABI 3700
sequencer (Applied Biosystems). Sequence data were assembled by
using GAP4 software®® and analyzed by using the BLASTX, PSI-
BLAST, FramePlot, and InterProScan algorithms.

The nucleotide sequence has been deposited at GenBank under
accession number AY426537.
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Solution- and Crystal-Phase Covalent Modifica-
tion of Lysozyme by a Purpose-Designed
Organoruthenium Complex. A MALDI-TOF MS
Study of its Metal Binding Sites

Michele Salmain,*®? Bertrand Caro,™ Francoise Le Guen-Robin,®

Jean-Claude Blais,'© and Gérard Jaouen®

Study of the reaction between the transition organometallic
complex 4-ruthenocenyl 2,6-dimethylpyrylium tetrafluoroborate
and the enzyme hen egg white lysozyme (HEWL) in solution and
by diffusion in crystals was performed by use of a combination of
spectroscopic and chromatographic methods. Conjugation involv-
ing the lysine residues of lysozyme appeared to occur readily,
yielding very stable ruthenocenyl! pyridinium adducts with average
degrees of incorporation ranging from 0.2 to 1.8 metal complexes
per protein molecule, depending on reaction conditions. Matrix-
assisted laser desorption ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS) revealed that the protein conjugates were in

Introduction

One of the main hurdles to overcome in the course of X-ray
structural analysis of proteins is the so-called “phase problem”:
the phasing of X-ray diffraction data. Several well known
approaches for addressing this issue are currently available,™ 2
in particular molecular replacement and multiple isomorphous
replacement (MIR) methods. The latter method remains pre-
dominant for the resolution of de novo structures.®! The MIR
approach requires the preparation of at least two heavy atom
derivatives: that is, protein crystals in which heavy elements are
covalently or non-covalently bound at well defined positions
within the crystal lattice, and collection of their X-ray diffraction
data together with the native crystals® To be useful for
structural determination, these heavy atom derivatives should
firstly be isomorphous with the native crystals: that is, no
alteration of the packing and no change of the unit cell
dimensions should occur after binding. Secondly, the number of
heavy atom binding sites should be low (ideally close to one) to
facilitate the determination of their position on difference
Patterson maps. Finally, the fractional increase in intensity of
the diffracted beams caused by the binding of the heavy atom(s)
should be much higher than the error margin of the measured
intensities. Crick and Magdoff have shown that the fractional
change in intensity Al can be expressed as:

Ne Z:

— X — (@)
P P

Al = V2x

fact mixtures of unmodified, mono-, di- and sometimes tripyridi-
nium adducts. In combination with reversed-phased HPLC, we were
able to show that six different monoruthenocenyl pyridinium
adducts were formed in solution. This result was confirmed by
trypsin digestion of a ruthenocenyl pyridinium conjugate and
MALDI-TOF MS analysis of the peptide mixture, which showed that
lysines 1, 13, 33, 96, 97 and 116 were involved in the reaction with
the pyrylium complex, lysines 13, 33 and 116 being the major
binding sites. In the tetragonal crystal state, no binding of the
ruthenium complex was shown to occur at lysine 116, owing to
steric hindrance at this particular position.

with N¢ the number of atoms with atomic number Z¢ in a unit cell
containing N, protein atoms with a mean atomic number Z.%
The ideal situation occurs when one heavy atom is bound to
every protein at the same site in the crystal. If this is not the case
(occupancy < 1), Zz has to be reduced in proportion to the
number of protein molecules having a heavy atom associated
with them. For all these reasons, while a wide range of reagents
is available to the crystallographer,® finding the most useful one
is generally tedious, mostly because their reactivity is not
predictable.”? This is why improvements in heavy element
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phasing are actively sought after, with particular interest in the
development of new heavy atom derivatives.®'®

In the last few years, we have been undertaking the design of
organo-complexes of heavy transition metals targeted towards
protein amino groups, to produce covalently bound heavy atom
derivatives.'”21 Most importantly, transition organometallic
complexes of the pyrylium ion series appeared particularly well
suited to the introduction of a transition metal into protein
crystals in a side chain selective manner, owing to their solubility
in water, wide pH range of reactivity, slow hydrolysis rate and
ease of spectroscopic detection of the conjugation.?> 2! For
example, two organometallic pyrylium ions bearing an arene
chromium tricarbonyl moiety were recently used to introduce
chromium atoms into crystals of the enzyme hen egg white
lysozyme (HEWL) without loss of crystal isomorphism.™ This
protein is well suited to test new heavy atom reagents as it is
commercially available at 95 % purity, possesses a relatively small
number of potential reaction sites and is readily crystallized
under a large variety of conditions and crystal lattices.?¥

However, chromium is not heavy enough to be of any real
utility for protein X-ray structural analysis. For example, when the
equation of Crick and Magdoff is applied to the relatively small
protein HEWL hypothetically derivatized with one chromium
atom per protein molecule with an occupancy of one, the
calculated increase in intensity would only be 15%. Moreover,
the previously synthesized 4-([n¢>-cyclopentadienyl)tricarbonylr-
henium]) 2,6-diphenylpyrylium salt is insoluble in water. We
have therefore designed a new, water-soluble pyrylium salt
bearing two methyl substituents and the transition metal
ruthenium in the form of a ruthenocenyl moiety. Here we report
studies of the reaction between this complex and HEWL, carried
out both in solution and by diffusion in crystals. We show that
MALDI-TOF MS coupled with RP-HPLC showed unambiguously
that chemical modification of the enzyme occurred under both
sets of conditions and that ruthenocenyl pyridinium conjugates
were formed. The degree of incorporation of ruthenocenyl
groups into HEWL was also evaluated and, in combination with
trypsin digestion, the preferential binding sites were deter-
mined.

Results

Preparation of the lysozyme conjugates and spectroscopic
characterization

Known amounts of HEWL and ruthenocenyl pyrylium salt 1 were
combined in a buffer solution at controlled pH (around neutral-
ity) and compounds were allowed to react at room temperature
for between 17 hours and 9 days. Reaction conditions were as
close as possible to those applied to protein crystals. The
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unbound organometallic complex was eliminated by gel filtra-
tion chromatography. The resulting deep yellow protein sample
was then analysed by UV/Vis spectrometry. A typical spectrum of
the protein conjugate is shown in Figure 1, together with the
spectra of lysozyme and of 4-ruthenocenyl N-butyl-2,6-dime-
thylpyridinium tetrafluoroborate (2) prepared by treatment of 1

—e— conjugate
—8— pyridinium
280 —o— lysozyme
0,84
T 0,64
A
0,4
0,24
0

T T T T T T NG
240 280 320 360 400 440 480

Figure 1. Superimposition of the UV/Vis spectra of lysozyme, compound 2 and a
conjugate resulting from the reaction of 1 with HEWL.

with n-butylamine. The lysozyme displayed an absorption
maximum at 280 nm, typical of its aromatic amino acids,
whereas the protein conjugate displayed one extra maximum
at 399+ 2 nm and a shoulder at 312 + 2 nm. These two features
were also present in the absorption spectrum of 2, indicating
that a pyridinium conjugate was most probably formed by
reaction of lysozyme with 1. These two relatively low-energy
bands are characteristic of conjugated ferrocenyl and rutheno-
cenyl complexes with potent (hetero)cyclic acceptors such as
tropylium,”! benzopyrylium and pyridinium® cations. These
organometallic chromophores have received a great deal of
attention thanks to their NLO properties. From literature
precedent,?¥ the higher-energy band for 2 was assigned to
the - mt* (metal to ligand) transition, and the lower one to the
MLCT transition. From this set of spectra, the average number of
ruthenocenyl pyridinium groups per protein molecule, also
called the coupling ratio (CR), was determined. Results for four
different samples are reported in Table 1.

These samples were subjected to MALDI-TOF MS analysis,
together with the unmodified protein. The corresponding mass
spectra, restricted to the region of singly charged species, are
shown in Figure 2. HEWL displayed one major peak at m/z
14314+ 5, in agreement with the mass calculated from the
published primary sequence of hen egg white lysozyme.?” In
addition, minor peaks were observed at m/z 14479 and 14532;
these may be assigned to lysozyme adducts with impurities and/
or matrix-related species. Other peaks in the m/z 7000 spectral
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Table 1. Characterization of HEWL-ruthenocene conjugates. Comparison of UV/Vis, HPLC and MALDI-TOF MS data.”

Sample Conditions of reaction Average CR® Relative amount Relative abundance
of unmodified of the peak at
proteinl [%] m/z=14314 [%]

1 [HEWL] = [1] =500 pm, KH,PO, 25 mm, NaCl 0.8m pH 6.8, 17 h, RT 0.2 83 7743

2 [HEWL] =[1] =500 um, HEPES 0.1m, pH 7.5, 9d, RT 0.7 44 56+3

3 [HEWL] = [1] =500 pm, KH,PO, 50 mm pH 6.8, 7 d, RT 0.9 33 5043

4 [HEWL] = 500 pw, [1] = 1000 pm, KH,PO, 50 mm pH 6.8, 7 d, RT 18 15 40+2

[a] See corresponding mass spectra in Figure 2. [b] Coupling ratio, CR= (38000 x A,40)/(3950 X A,5, — 7800 x A4y). [c] Calculated from RP-HPLC data.
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Figure 2. MALDI-TOF mass spectrum of a) HEWL, b) sample #1, c) sample #2,
d) sample #4. Matrix: 3,5-dimethoxy-4-hydroxycinnamic acid (SA).

region were also present in the mass spectrum, corresponding to
doubly charged species (results not shown). The mass spectrum
of all the lysozyme conjugates (i.e., resulting from the gel
filtration of the reaction mixtures) displayed a series of well
defined peaks, one at m/z 14314 + 5 together with one, two or
three extra peaks separated from each other by 320+ 2 u. This
incremental mass increase corresponded to the successive
conversion of one, two or three primary amines of HEWL into
one, two or three 4-ruthenocenyl 2,6-dimethylpyridinium
groups. The resulting increase in charge was compensated for
by removal of protons from other parts of the molecule, so that
the singly charged species were observed each time. Such
processes involving proton loss are often observed during
MALDI-TOF mass analysis of species cationized by doubly (or
triply) charged cations.”® 2! No other peaks in this m/z range
were observed (except for the minor adducts described above),
indicating that reaction between lysozyme and 1 solely provided
pyridinium conjugates. The relative intensity of the monoconju-
gate, diconjugate and triconjugate singly charged mass peaks
appeared to increase with time, whereas the relative intensity of
the unmodified protein peak seemed to decrease (Table 1).
However, the MS results do not allow evaluation of the coupling
ratio since the ion yields of the different species can differ.

Reversed-phase HPLC of lysozyme conjugates

The HEWL conjugates were further analysed by RP-HPLC. A
typical chromatogram (sample #2) is shown in Figure 3a. On the
analytical scale, each of the chromatograms displayed one major
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Figure 3. RP-HPLC of a) sample #2; b) sample #3. The column was Viydac 214 TP
(5 um, 4.6 x 150 mm). Linear gradient of CH;CN/0.1% TFA in water/0.1% TFA as
indicated on the graph. Flow rate 1 mLmin~'. Peak detection at 280 and 315 nm.

peak at ca. 12 min, readily identified as corresponding to the
unmodified protein. In addition, several other poorly resolved
peaks appeared after 13 min, corresponding to more hydro-
phobic proteic species. As these species also absorbed at 315
and 400 nm (unlike the native protein, which only absorbs up to
300 nm; see spectrum in Figure 1), they were readily identified as
HEWL-ruthenocenyl pyridinium adducts. The number and rela-
tive amount of these adducts appeared to depend on the
reaction conditions. For example, the relative amount of
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unmodified lysozyme in the mixtures was roughly evaluated
from the relative 12 min retention time peak area, and data are
reported in Table 1. On the whole, these mixtures of adducts
seemed to be more heterogeneous than those resulting from
the reaction of (4-benzene chromium tricarbonyl) pyrylium
ions!™ or metallo-carbene complexes.!” This might indicate that
a greater number of protein sites were involved in the reaction
with 1. Moreover, under the same elution conditions, the
ruthenocenyl pyridinium adduct species were less well sepa-
rated than the metallo-aminocarbene conjugate species, pri-
marily because the positive charge of the amine-bearing residue
after reaction is conserved in the first case whereas the
aminocarbene residue is neutral, and therefore more hydro-
phobic.

Reversed-phase HPLC was further performed on a semi-
preparative scale on sample #3 (Figure3b) with use of a
shallower gradient slope. Fractions N and A-G were collected
separately and analysed by MALDI-TOF MS (Table 2, Figure 4). As

Table 2. Characterization of HEWL-ruthenocene adducts fractioned by re-
versed-phase HPLC (sample #3). Calculation of the number of ruthenocenyl
groups EC bound per protein from HPLC peak areas and analysis of the
fractions by MALDI-TOF MS.

Chromatographic fraction
(retention time)

Asgo/Asis EC Singly charged mass

peaks observed at m/z

N (17 min) - 0 14314
A (21.1 min) 2.85 1.1 14634
B (22.8 min) 2.9 1.1 14634
C (25 min) 2.95 1.1 14634, 14954
D (26.6 min) 1.96 1.8 14634, 14954
E (30.7 min) 236 14 14634, 14954
F (32.1 min) 1.97 1.8 14954
G (33.7 min) 2.27 15 14954
100 3 =
& 2 ‘;’ 0
¥ I 8 N
[s\)
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<
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Figure 4. MALDI-TOF mass spectrum of a) sample #3, b) fraction A, c) fraction D,
d) fraction F. Matrix: SA.

expected, fraction N gave a molecular ion at m/z=14314,
corresponding to the molecular mass of lysozyme. Fractions A, B,
C and G each gave a molecular ion at m/z=14634 (M+320 u),
corresponding to a singly charged monoruthenocenyl pyridi-
nium adduct; fractions D and E each gave two molecular ions at
m/z=14634 and 14954 (M+640 u), corresponding to a mixture
of singly charged mono- and diruthenocenyl pyridinium ad-
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ducts, and finally species F gave a single peak at m/z=14954,
corresponding to a diruthenocenyl pyridinium adduct. Inciden-
tally, the presence of these single peaks indicates that the
ruthenocenyl pyridinium group bound to lysozyme was not
labile under the conditions of MALDI-TOF MS analysis. Thus at
least six different monoconjugated proteins (two major and four
minor adducts) and four different diconjugated species were
identified in sample #3 fractionated by RP-HPLC. However, the
elution conditions did not allow a complete separation of all the
species formed by the reaction of 1 with HEWL. A much
shallower gradient slope permitted full resolution of all the
species (result not shown).

On the other hand, the extent of conjugation (EC) of each of
the reversed-phase HPLC fractions was evaluated from the ratio
of the peak areas at 280 and 315 nm by application of the
following equation:

gHEWL 4 o2 A
EC — ( 280 : 280) v (ﬂ) @)
€315 Asgo

From the calculations (Table2) it appeared that the EC of
fractions A, B, C, E and F was in agreement with the mass
spectrometric determinations, while results differed for frac-
tions D (diruthenocenyl adduct for the EC calculation) and G
(mixture of mono- and diruthenocenyl adducts for the EC
calculation). We note, however, that the EC calculation was
based on complete peaks, while only the part of the HPLC peaks
depicted by the shaded boxes in Figure3B was actually
collected.

On the whole, it appears that the fractions separated on the
reversed-phase column contained either the unmodified protein
or some ruthenocenyl pyridinium adducts. With use of a
relatively shallow gradient slope, at least four of these fractions
appeared to contain pure species while the others evidently
contained mixtures of protein adducts.

Digestion of lysozyme conjugates by trypsin

The enzyme hen egg white lysozyme is a single peptide chain of
129 amino acids including seven primary amines, six of these
being the e-amino groups of the lysine residues (Lys1, Lys13,
Lys33, Lys96, Lys97 and Lys116) and one being the a-amino
group of the N-terminal residue. To determine which of these
functional groups were involved in the reaction of lysozyme with
1, the protein conjugate sample #2 was subjected to proteolysis
by trypsin after reduction of the disulfide bridges and carbox-
ymethylation of the resulting cysteines with iodoacetic acid.
The mixture of peptides was analysed by MALDI-TOF MS
(Figure 5, Table 3). The peptide mass map resulting from the
tryptic proteolysis of sample #2 contained a total of 24 peaks,
corresponding to singly charged peptide species as reflected by
the isotopic cluster. Eight of them were assigned to the expected
tryptic peptides generated by cleavage of the peptide bond at
the C-terminal side of the unmodified basic residues and gave a
sequence coverage of 77%. Measured masses fitted well with
the masses calculated from the peptide sequence. The detection
of peptide (115-125) indicated that the bond between Lys116
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Figure 5. MALDI-TOF mass spectrum of the mixture of peptides resulting from

the tryptic proteolysis of a) sample #2, b) HEWL crystal soaked in 1 (0.75 mm) in

HEPES buffer (0.1 m pH 7.5 containing 0.8 m NaCl) for 3 months. Matrix: a-cyano-
4-hydroxycinnamic acid (HCCA).

also observed, resulting in the formation of peptides (1-3)Ru,
(13-20)Ru, (22-34)Ru and (7-108)Ru, which were clearly
identified on the tryptic map. The three other ruthenium-
containing peptides could not be identified from their measured
molecular masses.

As peptides (6-14)Ru, (22-45)Ru, (97-112)Ru and (115-
125)Ru each included a single lysine residue, they were
unequivocally assigned to labelling at lysines 13, 33, 97 and
116, respectively. No tryptic cleavage of the peptide bond after
these lysines occurred, as generally observed when the e-amino
group of lysine residues is chemically modified.B% Peptide (74 -
97)Ru contained Lys96 and Lys97, but as we have just seen that
the presence of a ruthenocenyl pyridinium entity on the lysine
side chain inhibited the hydrolysis of the adjacent peptide bond,
it was unambiguously assigned to labelling at Lys96. Finally,
peptide (1-5)Ru corresponded to labelling at Lys1, but MALDI-

TOF MS alone did not allow us to

distinguish between labelling at

Table 3. Tryptic digestion of lysozyme (crystal) and lysozyme ruthenocenyl pyridinium conjugates (sample #2 and the a-amino group or at the &-
crystal soalfe.d for 3 r?qonths)‘ MALDI-TOF MS analysis of the pepflde mixtures. m/z correspond to mono-isotopic values amino group of this residue. An
for unmodified peptides and average values for modified peptides.! R .
Edman sequencing experiment
In solution In the crystal state Calcd Peptide Labelling site performed on this purified pep-
untreated soaked tide should in principle resolve
m/z+0.2 m/z+0.2 m/z+0.2 m/z£0.2 this uncertainty. Interestingly,
606.4 606.3 606.3 606.36 (1-5) while neither peptide (6-13)
874.4 874.3 874.41 (15-21) id b
) 1326.6 @ 1326.6 22-33) nor peptide (6-14) were ob-
14286 14285 14285 1428.64 (34-45) served on the peptide mass
1627.8 1627.6 1627.6 1627.78 (32-45)@ map of lysozyme, the corre-
1753.7 1753.6 1753.6 1753.83 (46-61) sponding labelled peptide (6-
994.4 994.3 994.2 994.38 (62 -68)k! R | | b d d
2511.1 2511 251113 (74-96)! 14)Ru was clearly observed an
1675.7 1675.6 1675.6 1675.80 (98-112) was in fact one of the most
1334.6 13345 1334.5 1334.65 (115-125)bd intense peaks of the spectrum.
1045.6 1045.4 1045.3 1045.54 (117-125) From these data we can first
926.4 926.3 926.11 (1-5)Ru Lys1 lud h I th ibl
7135 713 712.9 (1-3)Ru™ Lys1 conclude that all the possible
1370.6 13706 1370.63 (6-14)Ru® Lys13 binding sites of lysozyme (i.e.,
754.1 753.94 (12-14)Ru® Lys13 the six lysine residues) were in-
fa) . . .
13226 13224 132247 (13-20)Ru™ Lys13 volved in the reaction with com-
1793.6 1794 (22 -34)Rulab! Lys33 | . luti | h d
3057 3057 3057.32 (22- 45)Ru®! Lys33 plex 1 in solution. In other words,
1611.7 1611.8 1611.82 (97 - 108)Ru®® Lys97 no reaction selectivity of 1 to-
2960 2960.2 2960.37 (74-97)Ru Lys96 wards one particular lysine resi-
21243 21244 212443 (97-112)Ru Lys97 due of HEWL was observed. Sec-
1654.7 1654.9 (115-125)Ru® Lys116 . .
ondly, no binding site was fully
[a] Chymotryptic cleavage. [b] Carboxymethylated. [c] Partial tryptic cleavage. [d] Masked by the (13 -20)Ru peak. modified, in agreement with the
[e] See corresponding mass spectra in Figure 5. oo
presence of some unmodified

protein in the conjugate sample,
as shown both by MALDI-TOF MS

and Gly117 was only partially hydrolysed. The other 13 peaks
corresponded to peptides carrying one ruthenium atom as seen
by their characteristic isotopic cluster (see inset in Figure 5). Most
of the peaks were readily assigned to ruthenocenyl pyridinium
containing peptidic fragments by first subtracting 320 (that is,
the molecular mass of the ruthenocenyl dimethylpyridinium
group) from the measured value. Peptides (1-5)Ru, (6 - 14)Ru,
(22-45)Ru, (74-97)Ru, (97-112)Ru and (115-125)Ru bearing
one ruthenocenyl pyridinium group were identified on the
tryptic mass map and corresponded to tryptic cleavages.
Chymotryptic cleavages after several aromatic residues were

ChemBioChem 2004, 5, 99-109  www.chembiochem.org
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(Figure 2) and by RP-HPLC (Table 1). Finally, it was not possible to
determine the preferential sites of reaction from the absolute
intensities of the mass peaks of the ruthenocenyl peptides, as
there is no direct relationship between peak intensity and
proportion of the related peptide in the mixture, possibly due to
different ion yields.

The mixture of tryptic peptides resulting from the proteolysis
of sample #3 (which was very close in composition to sample #2)
was analysed by RP-HPLC (detection set to 225 and 400 nm,
Figure 6). The reversed-phase chromatogram of the tryptic
peptide mixture recorded at 225 nm displayed several peaks
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Figure 6. RP-HPLC of the mixture of peptides resulting from the tryptic
proteolysis of sample #3. The column was Macherey Nagel C18 HD (5 um, 3 x
250 mm). Linear gradient of CH;CN/0.1% TFA in water/0.1% TFA as indicated on
the graph. Flow rate 0.5 mLmin~'". Peak detection at 225 (a) and 400 nm (b).

between 18 and 45 min retention time, corresponding to the set
of peptides resulting from proteolysis. When the HPLC effluents
were monitored at 400 nm (where only the ruthenocenyl
pyridinium chromophore absorbs), the chromatogram displayed
a total of seven major peaks between 36 and 45 min retention
time that either coeluted with the most hydrophobic peptides or
later. Three of them were intense (at 39.9, 41.0 and 44.2 min) and
the other four (36.6, 38.8, 42.1 and 43.8 min) were weaker. If one
chromatographic peak corresponds to a single peptide, this
might indicate that there are three major and four minor
ruthenocenyl-labelled products, which would correspond to
three major sites of reaction and four minor sites.

To examine this hypothesis, the peaks absorbing at 400 nm
were collected separately and six of them were analysed by
MALDI-TOF MS (Table 4, Figure 7). The 39.9, 41.0 and 44.2 min
retention-time peaks were unequivocally assigned to the
ruthenocenyl pyridinium peptides (6-14)Ru + (97 -112)Ru,
(115-125)Ru and (22-45)Ru, respectively, corresponding to
labelling at Lys13, Lys97, Lys116 and Lys33. The 36.6 and 43.8 min
retention time peaks were seen to correspond to mixtures of two
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Table 4. MALDI-TOF MS analysis of tryptic peptides fractionated by
RP-HPLC.[
Retention time [min] m/z+0.2 Peptide Labelling site
36.6 13223 (13-20)Ru®! Lys13
1370.6 (6-14)Ru Lys13
38.8 926.0 (1-5)Ru Lys1
39.9 1370.6 (6-14)Ru Lys13
2124.2 (weak) (97-112)Ru Lys97
41.0 1654.8 (115-125)Ru Lys116
43.8 712.8 (1-3)Ru® Lys1
2960 (74-97)Ru Lys96
44.2 3056.9 (22-45)Ru Lys33
[a]l m/z correspond to average values. See corresponding mass spectra in
Figure 7. [b] Chymotryptic cleavage

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ruthenocenyl peptides corresponding to labelling at Lys13, Lys1
and Lys96. Curiously, ruthenocenyl pyridinium peptide (6 - 14)Ru
was detected in two different and well separated fractions. In the
course of our previous work on tungsten pentacarbonyl amino-
carbene conjugates of lysozyme, similar behaviour was observed
for peptide (6 — 14)W.I') No satisfactory explanation was found to
explain this unusual behaviour. Finally, the 38.8 min retention
time peak was assigned to peptide (1-5)Ru; that is, labelling at
Lys1.

Overall, eight of the thirteen labelled peptides initially
detected in the mixture were identified in the RP-HPLC fractions.
The major chromatographic peak at 400 nm (retention time:
39.9 min) contained the two ruthenocenyl pyridinium peptides
(6-14)Ru and (97 - 112)Ru. The intensity of the mass peak of the
latter being much weaker than that of the former both for the
mixture of tryptic peptides and for the RP-HPLC fraction, we
expect that the major species eluting at 39.9 min is peptide (6 -
14)Ru containing the ruthenocenyl pyridinium group at Lys13.
Eventually, lysines 13, 33 and 116 appeared as major sites of
reaction whereas lysines 1, 96 and 97 were minor sites of reaction
in solution.

Crystal soaking experiments

Lysozyme crystals were grown by the classical hanging drop
method, by use of 0.8m NaCl as precipitant in acetate buffer
(pH 4.5). Under these conditions, large, tetragonal crystals grew
within one week. Some of these crystals were transferred into a
drop of potassium phosphate (pH6.8) or HEPES (pH 7.5)
containing 0.8m NaCl. After equilibration, a drop of a solution
of 1in the same buffer was added to the crystals, which were left
to soak for between 1 day and 3 months over the same reservoir
solution. Crystals were removed from the drop and some were
rinsed by transferring them several times into a fresh drop of
reservoir solution. All the crystals (rinsed and not rinsed) were
pale to deep yellow after this step. Once dissolved, the crystals
were analysed by MALDI-TOF MS. The resulting mass spectra
(not shown) had the same quality as those obtained from the
protein labelled in solution shown in Figure 2. The spectrum of
the slightly yellow HEWL crystal soaked for one day was identical
to those of the untreated crystal and the protein in solution
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Figure 7. MALDI-TOF mass spectra of RP-HPLC fractions resulting from the tryptic proteolysis of sample #3. a) t;=

36.6 min, b) t,=41 min, c) ty=44.2 min. Matrix: HCCA.

(peak at m/z=14314). After seven days, a peak corresponding to
the monoruthenocenyl pyridinium conjugate appeared (ac-
counting for 26 % of the mixture). After 30 days, the intensity of
this peak increased to 37% of the mixture and a second peak
corresponding to the diruthenocenyl pyridinium conjugate
appeared (11%). Finally, the crystal soaked for three months
was not fully soluble in water and the soluble part was shown to
contain some monoruthenocenyl pyridinium adducts (42 %)
together with diruthenocenyl pyridinium adducts (25%) and
triruthenocenyl pyridinium adducts (7 %) within the experimen-
tal error of measurement. These values are only indicative and
cannot be related to the relative amount of each species in the
conjugates, as previously mentioned.

Thus treatment of lysozyme with 1 proceeded in the crystal
state as in solution, leading solely to ruthenocenyl pyridinium
species. The reaction appeared to proceed more slowly,
probably because the reagent needs to diffuse in the water
channels in order to reach the reactive amino groups of the
protein. Back-diffusion of the excess reagent by soaking crystals
in the reservoir solution caused no change whatsoever in the
spectrum of the crystal. This means that MALDI-TOF MS is a very
powerful method to monitor the chemical modification of the
protein crystal even in the presence of a high concentration of
precipitant and heavy metal reagent, as previously observed.’!
It is also a very sensitive method (amount of compound
measured approximately 0.7 nmol).

The last step of this study was to determine which were the
protein sites that carried the ruthenocenyl pyridinium group in
one of the treated crystals. After partial dissolution in water, the
lysozyme crystal soaked for three months was subjected to
tryptic proteolysis (after reduction of the disulfide bridges and
carboxymethylation of the resulting cysteines by a simplified
procedure) and the mixture of peptides was directly analysed by
MALDI-TOF MS (Figure 5, Table 3). For comparison, the same
procedure was applied to an untreated crystal. The peptide mass
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3000 Three other peaks were identi-
fied with peptides generated by
chymotryptic proteolysis, and
the three remaining other peaks
were unidentified. Most notice-
ably, peptide (115-125)Ru was
missing in the peptide mass
map, indicating that no reaction occurred with lysine 116 in
the crystal state (reaction did occur in solution; see above).
Conversely, Lys1, Lys13, Lys33, Lys97 and Lys96 were involved in
the reaction with 1 in the crystal state. Again, the presence of all
the unlabelled peptides indicates that none of these positions
was fully modified. The order of mass peak intensities for the
ruthenium-containing tryptic peptides was as follows: (1-
5)Ru > (6 - 14)Ru=(22-45)Ru > (74-97)Ru > (97 - 112)Ru.  As-
suming an identical response (detection efficiency) for the
solution and crystal experiments, we may infer that position Lys1
was modified to a greater extent in the crystal phase than in
solution. However it should be borne in mind that the ionization
yields of all the peptides (unlabelled and labelled) may differ
substantially; therefore the intensity of the mass peaks is not
related to the relative amount of each peptide in the mixture.

3500

Discussion

Pyrylium ions are heterocyclic aromatic compounds with a
marked electrophilic character at the a and y positions of the
ring. The conversion of substituted pyrylium salts into pyridi-
nium salts in the presence of primary amines is a well known
reaction and its mechanism long established.®? Furthermore,
the extension of this reaction to proteins is well documented in
the literature®®*-3% and was shown to proceed similarly.*® We
have previously shown by UV/Vis spectroscopy that pyrylium
ions carrying a cyclopentadienyl manganese (rhenium) tricar-
bonyl group at the para position were able to react with the
protein bovine serum albumin (BSA) to form protein pyridinium
conjugates.?? More recently, two (4-benzenechromium tricar-
bonyl) 2,6-dimethylpyrylium derivatives were also shown to
yield pyridinium adducts of BSA in solution® and of HEWL in
solution and by diffusion in crystals' as evidenced by IR
spectroscopy.
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IR spectroscopy not being available in this case because of the
absence of a metal carbonyl probe,?” MALDI-TOF mass spec-
trometry proved to be the best method to show the formation of
ruthenocenyl pyridinium adducts of HEWL both in solution and
by diffusion of 1 in single crystals. Indeed, this method has been
successfully applied to measure the degree of derivatization of
hapten-carrier protein conjugates®-% and fluorescein-labelled
proteins*" 42 and to determine the preferential binding sites.
Mass spectrometry either in the ESI or the MALDI-TOF mode can
considerably improve the screening process for identification of
the suitable heavy atom reagents®" and conditions for their
introduction into protein crystals.** “1 MALDI-TOF MS nonethe-
less appears better suited to the analysis of protein crystals,
because this method is highly tolerant of additives used in
protein crystallization in comparison with ESI-MS.*!

The formation of mono-, di- and even trisubstituted adducts in
solution and in the crystal phase, together with the presence of
some unmodified protein, was readily evidenced by MALDI-TOF
MS. However, the relative amount of unmodified protein in the
protein conjugates cannot be calculated from the relative
intensity of the corresponding mass peak, due to possible
different ionization yields of the various species.

Six different monosubstituted adducts, together with four
different disubstituted adducts, were identified by mass spec-
troscopic analysis and differential UV/Vis spectroscopy, after RP-
HPLC fractionating of a lysozyme conjugate prepared in solution.
This finding may be explained in terms of the reaction of six
amino groups of HEWL and fits well with the seven potential
binding sites (six lysines and the a-amino group of the
N-terminal residue).

The large heterogeneity of the protein conjugates was
confirmed by tryptic digestion coupled with mass spectrometric
analysis. This experiment enabled us to show that all the lysine
residues of HEWL were indeed involved in the reaction with 1 in
solution. Separation of the labelled tryptic peptides by HPLC was
necessary in order to identify that the preferential binding sites
for 1 in solution were lysines 13, 33 and 116. Examination of the
X-ray tetragonal crystal structure of lysozyme suggested that the
areas of the seven amino groups of lysozyme exposed to solvent
ranged from 5A2 (Lysl, Na) to 40A? (Lys33; Table5).*®
Calculation of the surface accessibility of the lysozyme amino
groups from high-resolution X-ray data (PDB file 193L) by use of
the CSU software™”! confirmed that, except for the N-terminal
amine, they were all almost identically accessible to solvent and
reagents. The e-amino groups of lysines 13, 33 and 116 appeared
to be involved in hydrogen bonds with the carbonyl of Leu129,
the d-carbonyl of Asn37 and the J-carbonyl of Asn106,
respectively. In any case, the residues of HEWL exposed to
solvent are known to be highly mobile in solution.8! Compar-
ison with literature reports indicated that acetylation of HEWL
with acetic anhydride occurred preferentially at Lys97 and
Lys33,>5% which also display the highest area exposed to
solvent (see Table 5). Acylation of HEWL with activated ester
derivatives of estrone glucoronide®" and pregnanediol glucor-
onidel? also occurred at Lys33, Lys97 together with Lys116.
Interestingly, the hydrophobic amine-targeted reagents
(CO)sW=(OMe)Me!" and dinitrofluorobenzenet? were also
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Table 5. Environments of the amino groups of HEWL.

Amino group Area % accessibility™ Residues in contact!

exposed to

solvent [A?]
Lys1, Na 5 15.4 H-bond with OG1 Thr40
Lys1, Ne 24 61.5 H-bond with OE Glu7
Lys13 16 57 H-bond with O Leu129
Lys33 40 62 H-bond with OD1 Asn37
Lys96 21 44 H-bond with O His15
Lys97 36 48 -
Lys116 20 53 H-bond with OD1 Asn106

H-bond with O Asn113

[a] Taken from ref.[46]. [b] Calculated by use of the CSU software.*”
[c] Protein data bank file 193 L.pdb. [d] Symmetrically related molecule.

shown to react preferentially with Lys13, Lys33 and Lys116. This
indicates that the accessibility of the individual amine functions
is not the sole parameter that governs their reactivity. Indeed,
the accessibility values have been shown to depend on the
crystal form taken to calculate them.”® The pK, value of the
amino groups of lysozyme may play a role, but this hypothesis is
difficult to confirm in the absence of comparative experiments
run at different pH values. The pyrylium-pyridinium conversion
operates by a multi-step mechanism, involving successive base-
and acid-catalysed reactions, thus complicating the study of pH
effect on the reaction.’? From the literature results reported
above, it appears that the preferential binding sites depend on
the reagent. Thus, preferential reaction with lysines 13 and 33
might be explained by a favourable micro-environment around
these two residues. On looking carefully at the X-ray structure of
the protein, it appears that these two lysines (together with
Lys116) are surrounded by hydrophobic amino acids: that is,
Leu129, Ala10 and lle124 for Lys13 and Phe34, Phe38 and Trp123
for Lys33. This might explain why the relatively hydrophobic
compound 1 and also the metallo-carbene (CO);W=(OMe)Me
and dinitrofluorobenzene showed a preferential reactivity for
these residues.

Markedly different behaviour was noted when the reaction
proceeded by diffusion in crystals, as no labelling was shown to
occur at lysine 116. Indeed, examination of this particular residue
in the crystal state showed an intramolecular hydrogen bond
between its &-NH, group and the d-carbonyl of Asn106, as
mentioned above, together with an intermolecular hydrogen
bond with the a-carbonyl of Asn113 of a symmetrically related
protein molecule (see Figure 8). All the other lysine residues are
more distant from neighbouring protein molecules (> 6 A), thus
located in the water channels. Reaction of 1 at this particular
position in the tetragonal crystal state should then be sterically
disfavoured.

In conclusion, MALDI-TOF MS has been shown to be a rapid
and sensitive method to provide crucial semiquantitative
information on the heavy metal derivatives of HEWL prepared
by reaction of the novel reagent (4-ruthenocenyl) 2,6-dimethyl-
pyrylium tetrafluoroborate in solution and by diffusion in
crystals. We were able not only to evaluate the degree of
incorporation of ruthenium and the nature of the bond between
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Figure 8. X-ray tetragonal crystal structure of HEWL (PDB file 193L.pdb; two
symmetrically related molecules) and an enlargement of the region of Lys116
showing the hydrogen bond network linking the e-NH, group of Lys116 to the -
carbonyl group of Asn106 and the carbonyl group of Asn113. Drawings generated
by use of Swiss-PDB viewer and WebLab ViewerlLite.

the protein and the metal, but also to determine which residues
provided the most favourable binding sites in solution and in the
tetragonal crystal state, by combination with trypsin proteolysis.
Moreover, the chemical properties of the ruthenocenyl pyrylium
ion—that is, solubility, stability towards hydrolysis, ease of
detection—make it an almost ideal reagent for the side chain
specific heavy atom labelling of proteins. Assessment of the real
usefulness of the ruthenocenyl pyrylium complex as a heavy
atom reagent for phasing X-ray diffraction data is the next step
to attempt.

Experimental Section

Materials: Hen egg white lysozyme (crystallized three times), TPCK-
treated trypsin and dithiotreitol (DTT) were purchased from Sigma
and were used without any further purification. The synthesis of
4-ruthenocenyl 2,6-dimethylpyrylium tetrafluoroborate (1) and
4-ruthenocenyl N-butyl-2,6-dimethylpyridinium tetrafluoroborate
(2) will be described in a future paper. Buffers were prepared from
double distilled grade water. Reversed-phase high performance
liquid chromatography was performed on a System Gold (Beckman
Coulter) machine consisting of a model 126 pump and a model 167
diode-array UV/Vis detector. UV/Vis spectra were recorded on an UV/
mc? spectrometer (Safas).

Methods

Reaction of HEWL with 1 in solution: An aqueous solution of 1 (1 or
2mm, 0.5mL) was combined with an aqueous solution of HEWL
(1 mm, 0.5mL) buffered either with potassium phosphate (0.05m,
pH 6.8) or with HEPES (0.1 m, pH 7.5). Mixtures were left to stand in the
dark at room temperature (21 £ 2°C) from 17 h to 9 days. They were
then passed through a dextran gel desalting column (bed volume =
5mL, Pierce Chemicals) with water as eluent. The first 3 mL were
collected and one part of the solution was freeze-dried on a
Speedvac concentrator (Savant) to provide the samples for MALDI-
TOF MS. The remaining part was kept at 4 °C for further analysis. The
average number of ruthenocenyl pyridinium groups bound per
protein CR was evaluated as follows. Firstly, concentration of
ruthenocenyl pyridinium groups [2] was determined spectro-
photometrically at 400 or 315nm (g3, =3950m'cm™, &3;5=
14500m~'cm™"). The concentration of lysozyme [HEWL] was
determined  spectrophotometrically by  assuming
38000m~'ecm~"4 after subtraction of the contribution of the

HEWL _
€280 =
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organometallic group at this wavelength (e2;, =7800m~'cm™"). CR
was obtained by dividing [2] by [HEWL].

Crystal soaking experiments: HEWL crystals were grown in hanging
drops, initially produced from solutions of HEWL (50 mgmL~", 4 uL)
in water and of the reservoir solution (0.8m NaCl in 50 mm sodium
acetate buffered to pH 4.5, 4 pL) at room temperature (21 £ 2°C).5%
Large, tetragonal crystals grew within one week. Some of these were
transferred into drops of potassium phosphate (0.025m, pH 6.8, 4 uL)
or HEPES buffer (0.1m, pH 7.5 containing 1m NaCl) and were left to
equilibrate for 15 min. A solution of 1 in the same buffer (1.5 mm;
4 ul) was added to the drop. Soaking proceeded from one day to
three months at room temperature. Occasionally, soaked crystals
were transferred into a drop of reservoir solution to remove any
unbound organometallic material by back-soaking.®

Proteolysis of protein samples with trypsin: The ruthenocenyl
pyridinium lysozyme conjugate prepared in solution was proteo-
lysed according to the Canfield procedure.?”) Briefly, the lysozyme
conjugate (570 pg, 40 nmol) dissolved in Tris-HCI buffer (0.1m, pH 8
containing 1 mm EDTA and 6m guanidine) was treated with DTT
(10 mm) for 2 h at 25°C and then with iodoacetic acid (50 mw) for 1 h
at 25°Cin the dark. The reduced and carboxymethylated protein was
dialysed in NH,HCO; (50 mm, pH 8, 1 L) and the resulting suspension
was treated with trypsin (1:50 w/w) for 4 h at 37 °C. The solution was
freeze-dried on a Speedvac concentrator (Savant). The lysozyme
crystals were proteolysed according to a procedure adapted from
previously published work>”! Crystals were dissolved in water
(80 pL). A solution of DTT in water (0.1m, 10 uL) was added to the
resulting solutions (containing 80 to 100 pug of protein). Mixtures
were incubated for 30 min at 56°C. Cysteines were blocked by
addition of iodoacetic acid (0.2m, 10 ul) in water and incubation at
room temperature for 30 min in the dark. The pH of the medium was
adjusted to 8 by addition of NH,HCO, (0.5m, 10 pL). Proteolysis was
performed by addition of a solution of trypsin in the proportion 1:20
(w/w) with incubation for 4 h at 37 °C. The reaction was stopped by
addition of HCl (1m 2 pL) and the samples were freeze-dried in a
Speedvac concentrator (Savant).

Reversed-phase HPLC of lysozyme conjugates: Lysozyme conjugates
(20 pL or 200 pL at the semipreparative scale) were injected into a
SiC4 (5 um, 4.6 x 150 mm) 214 TP column (Vydac) equilibrated with
30% of a 0.1% TFA/MeCN mixture in 0.1% TFA/water. Species were
eluted at a flow rate of 1 mLmin~" by application after 3 min of two
successive linear gradients to 32% in 1 min then to 40% in 15 min (or
38% in 37 min at the semipreparative scale). Absorbance at 280, 315
and 400 nm were simultaneously monitored to detect unmodified
protein and labelled protein adducts, respectively. For the semi-
preparative scale injection, fractions (0.5 mL) were collected with an
automatic fraction collector (Pharmacia). These solutions were
immediately neutralised by addition of aqueous NH; (30 mm,
0.5 mL) and freeze-dried in the Speedvac concentrator.

Reversed-phase HPLC of tryptic peptide mixtures: Samples (20 pL) were
injected into a SiC18 HD (5 um, 3 x 250 mm) column (Macherey
Nagel) equilibrated with 1% of a 0.1% TFA/MeCN mixture in 0.1%
TFA/water. Species were eluted at a flow rate of 0.5 mLmin~" by
application after 5min of a linear gradient up to 60% in 51 min.
Absorbance at 225 and 400 nm were monitored to detect unlabelled
and ruthenocenyl pyridinium containing peptides, respectively.
Fractions (0.5 mL) were occasionally collected, neutralised and
freeze-dried as above.

MALDI-TOF MS analysis: MALDI mass spectra were recorded with a
PerSeptive Biosystems Voyager Elite (Framingham, MA, USA) time-of-
flight mass spectrometer. This instrument was equipped with a
nitrogen laser (337 nm), delayed extraction and a reflector. It was
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operated at an accelerating potential of 20 kV in both linear and
reflection modes. The mass spectra shown represent an average over
256 consecutive laser shots (3 Hz repetition rate). Peptides (neuro-
tensin, ACTH 18 - 39, apomyoglobin) were used to calibrate the mass
scale through the use of the two points calibration software 3.07.1
from PerSeptive Biosystems. Matrix and calibration compounds were
from Sigma and were used without further purification. The
matrices—3,5-dimethoxy-4-hydroxycinnamic acid (SA) and a-cya-
no-4-hydroxycinnamic acid (HCCA)—were prepared as 100 mm
solutions in acetonitrile/0.1% TFA (30:70; v/v). For analysis of
crystals, the buffer was removed with a micropipette and 0.1%
TFA (5 uL) was added for solubilization. A mixture of matrix and
lysozyme or conjugate solutions (1 ulL) containing approximately
10 pmol of analyte was deposited onto the sample stage and
allowed to dry in air. Alternatively, tryptic peptides (10 um, 0.5 pL)
solutions and matrix solutions (0.5 puL) were mixed directly on the
sample stage and, after drying, were washed three times with 0.1 %
TFA (5 uL). Conjugates and peptide digests of lyophilised HPLC
fractions were prepared in 0.1% TFA to a final estimated concen-
tration of 50 um (conjugates) or approximately 10 pum (tryptic
peptides); this solution (10 uL) was mixed with matrix solution
(100 pL) and 1 uL deposited onto the sample stage and allowed to
dry in air.

Abbreviations

CR=coupling ratio, CSU=contacts of structural units, DTT=di-
thiotreitol, EC = extent of conjugation, ESI-MS = electrospray ioniza-
tion mass spectrometry, HCCA = a-cyano-4-hydroxycinnamic acid,
HEWL =hen egg white lysozyme, MALDI-TOF MS = matrix-assisted
laser desorption ionization time-of-flight mass spectrometry,
MLCT = metal to ligand charge transfer, MIR = multiple isomorphous
replacement, NLO =nonlinear optical, RP-HPLC =reversed-phase
HPLC, SA =3,5-dimethoxy-4-hydroxycinnamic acid, TFA =trifluoro-
acetic acid, TPCK = N-p-tosyl-L.-phenylalanine chloromethyl ketone.
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Identification of Luciferyl Adenylate and
Luciferyl Coenzyme A Synthesized by Firefly

Luciferase

Hugo Fraga,”? Joaquim C. G. Esteves da Silva,**? and Rui Fontes™®

The firefly luciferase reaction intermediate luciferyl adenylate was
detected by RP-HPLC analysis when the luciferase reaction was
performed under a nitrogen atmosphere. Although this compound
is always specified as an intermediate in the light-production
reaction, this is the first report of its identification by HPLC in a
luciferase assay medium. Under a low-oxygen atmosphere,

Introduction

Luciferyl adenylate (LH,-AMP) is reported to be formed during
the Photinus pyralis luciferase-catalyzed reaction involving b-
luciferin (LH,) {(5)-2-[6"-hydroxy-2'-benzothiazolyl]-2-thiazoline-
4-carboxylic acid} and ATP as subtracts, and Mg?* as an essential
cofactor (Scheme 1). Although LH,-AMP has been referred to for
a long time as the active intermediate of firefly luciferase (Lase)
reactions!'* and its chemical synthesis has been described, 2
the direct identification of the enzymatic LH,-AMP has not in our
opinion been clearly demonstrated. In the firefly luciferase
bioluminescent reaction, LH,-AMP is oxidized by O, with the
subsequent release of AMP, CO,, and oxyluciferin {2-[6’-hydroxy-
2’-benzothiazolyl]-4-hydroxythiazole}, the light emitter
(Scheme 1).

The light emission starts with an initial flash that is either
maintained for a particular period of time or decays in a few
seconds to a low basal level. Depending on the relative
concentration of Lase, ATP, and a variety of other conditions,
different types of kinetics may be obtained.B %671

Supplementation of standard assay media with coenzyme A
(CoA) increases initial light emission and retards the usual light
decay.® 7 Light decay is thought to be caused by slow release of
reaction products from the enzyme active site, and the effect of
CoA has been interpreted as a consequence of its action as a
promoter of product removal®® The mechanism of the
stimulatory effect of CoA is controversial, but the lack of any
effect from dethioCoA, a CoA analogue lacking the sulfur atom,
emphasizes the importance of the thiol group.” Firefly Lase
shares some primary structural motifs with other enzymes
(grouped in the “acyl adenylate/thioester-forming” enzyme
family) that catalyze the formation of carboxylate-CoA thioest-
ers,”'4 and it can catalyze the formation of dehydroluciferyl CoA
(L-CoA\) in reaction mixtures containing ATP, CoA, and dehydro-
luciferin (L) {2-[6'-hydroxy-2"-benzothiazolyl]-thiazole-4-carbox-
ylic acid}.® > & 8 Actually, the similarities between firefly Lase and
fatty acyl-CoA synthetases’ catalytic mechanisms were empha-
sized as early as 1967, by McElroy et al.'
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luciferase can catalyze the synthesis of luciferyl coenzyme A from
luciferin, ATP, and coenzyme A, but in air dehydroluciferyl coenzy-
me A was produced. The luciferase-catalyzed synthesis of these
coenzyme A derivatives may be a consequence of the postulated
recent evolutionary origin of firefly luciferases from an ancestral
acyl-coenzyme A synthetase.

Dehydroluciferyl AMP (L-AMP) is a potent inhibitor of light
emission and it, like oxyluciferin, is a compound formed from
LH,-AMP in the course of the bioluminescence reaction
(Scheme 1)." > 68 These data and the lack of a carboxyl group
in oxyluciferin (excluding it from reaction with CoA) were the
basis for the proposal that the stimulatory effect of CoA on
luminescence depends on its reactivity with L-AMP, forming
L-CoA and liberating the enzyme from bound L-AMP
(Scheme 1).5: 8

Although the obvious structural analogies between LH,-AMP
and L-AMP point to the possibility that luciferyl CoA (LH,-CoA)
could also be formed in the course of the reaction, this
hypothesis, already advanced by McElroy et al."*! and by Wood,"!
has, as far as we know, never been tested.

On analyzing Lase assay media by reversed-phase HPLC (RP-
HPLC), we were able to demonstrate unequivocally the forma-
tion of the enzyme intermediate LH,-AMP from ATP and LH, and
to study the effect of various factors on its steady-state
concentration. Moreover, the luciferase-catalyzed formation of
LH,-CoA from ATP, LH,, and CoA was also observed and its
enzymatic synthesis studied (Scheme 1).

While this manuscript was being written, a paper describing
luciferase activity in the synthesis of long chain acyl-CoA
appeared.'™ This result and ours provide new evidence in
support of the theory of the evolutionary relationship between
Lase and an ancestral acyl-CoA synthetase.!

[a] Dr. H. Fraga, Prof. J. C. G. Esteves da Silva
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[b] Prof. R. Fontes
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Scheme 1. Diagram showing the reactions catalyzed by firefly luciferase. A, adenosine.

Results and Discussion

Firefly luciferase-catalyzed synthesis of LH,-AMP

On the basis of the proposed reaction mechanism of the firefly
luciferase reaction, it was deduced that the concentration of the
enzyme intermediate LH,-AMP could be maximized if: 1) PPi
(pyrophosphate; the other product in its formation from ATP and
LH,) was removed by PPase (pyrophosphatase), 2) the oxidation
of LH,-AMP was prevented by the use of anaerobic conditions,
and/or 3) its stabilization was favored by high concentrations of
Lase.

The effect of these three factors was confirmed: analysis of
reaction mixtures stopped by the addition of methanol after two
minutes’ reaction time under N,, with PPase present and high
Lase concentration, showed the formation of two chromato-
graphic peaks (P1 and P2). These peaks eluted immediately after
LH, and their spectra were coincident with two maxima at 336
and 262 nm (Figure 1). Chromatographic peaks with the same
spectra and elution times were also observed in reaction
mixtures in which the chemical synthesis of LH,-AMP was
performed (Figure 1). The chemical epimerization of synthetic
luciferyl adenylates had already been described® and we
suspected that the natural bisomer was isomerizing at pH 7.5
after the enzyme reaction had been stopped. Analysis of the
stopped reaction mixtures immediately after the removal of the
precipitated proteins by centrifugation allowed the identifica-
tion of P1 (the isomer eluting first) as the enantiomer formed by
the enzyme: p-LH,-AMP (Figure 1). The epimerization rate could
also be slowed down by decreasing the pH: when the pH was

ChemBioChem 2004, 5, 110- 115  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

6.3, even after 30 min of delay, the quantity of P2 (.-LH,-AMP)
formed was minimal. We observed similar results for the
chemically synthesized LH,-AMP.

The purification and lyophilization of the chemically synthe-
sized compounds corresponding to P1 and P2 allowed us to test
their capacities to produce light when mixed with Lase and
oxygen. To minimize epimerization and hydrolysis, the pH of the
eluent used in the purification procedure was 5.6 and the light-
production reactions were performed at pH 6.3. Confirming P1
as the natural pisomer (p-LH,-AMP), bright light was produced
on treatment with luciferase, whilst the light was almost
undetectable when it was substituted by purified P2 (Figure 1C).

Factors affecting the enzymatic synthesis of LH,-AMP

After confirming the identity of P1, we proceeded to study the
effect of oxygen, PPase, and Lase concentration on its accumu-
lation. When air was bubbled through the reaction mixture, the
luciferyl adenylates were no longer detected. It is pertinent to
relate that the accumulation of “an active intermediate” had
already been shown to take place under anaerobic conditions in
elegant experiments done by Hastings et al. more than fifty years
ago." In those experiments it was shown that the intensity of
the flash of light obtained upon admission of oxygen into a
previously hypoxic reaction mixture containing LH,, ATP, MgCl,,
and Lase increased inversely with the percentage of oxygen
during the preincubation.

In our experiments we observed that air bubbling, apart from
preventing the detection of luciferyl adenylates, also increased a
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Figure 1. Identification of luciferase-synthesized LH,-AMP. A) Chromatograms of
enzyme preparations analyzed without delay after the reaction had been stopped
(Lase 1) and 10 minutes later (Lase 2), and of the chemically synthesized LH,-AMP
(Chem). The chromatographic peaks P1 and P2 correspond to p-LH,-AMP and
t-LH,-AMP enantiomers, respectively. B) Absorbance spectra of LH, and LH,-AMP.
C) Light production (RLU, relative light units) with purified P1 and P2.

chromatographic peak that was identified as corresponding to
L-AMP  (Figure 2). Its identification was obtained through
injection, under the same elution conditions, of the chemically
synthesized compound. Actually, L-AMP, an oxidation product of
LH,-AMP, was formed even under N, (Figure 2); we presume that
the formation of L-AMP was due to the presence of traces of O,
in the reaction mixture. Under the elution conditions used to
separate LH,-AMP from LH,, the retention time of oxyluciferin,
the light-emitter oxidation product, is too long,!"¥ and, as would
be expected, it was not detected.

The presence of inorganic pyrophosphatase (PPase) elimi-
nates PPi, the other product in the step of formation of LH,-AMP
(Scheme 1). The addition of PPase, although not essential for the
detection of LH,-AMP, markedly increased its concentration in
the reaction media (not shown).

By varying the amount of enzyme added to the assay mixtures
we found that, as expected, the concentration of the accumu-
lated p-LH,-AMP was almost proportional to the amount of Lase:
at pH 6.3 its concentrations were estimated to be 5.8, 11, and
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Figure 2. Chromatograms of enzyme preparations prepared under nitrogen
(+N,) or under air (+ O,). The chromatographic peaks P1 and P2 correspond to
p-LH,-AMP and -LH,-AMP enantiomers, respectively.

14 um when the concentrations of protein were 0.6, 1.2 and
1.8 mgmL~, respectively.

By withdrawing aliquots from fully aerobic bioluminescent
reaction mixtures (containing Lase, LH,, MgCl,, and ATP) when
the flash of light had already gone out, and by accepting the
light that was produced when those aliquots were mixed with
fresh luciferase as a measure of the LH,-AMP present in the
aliquots, Dukhovich et al.l'"”? have studied the pH dependence of
LH,-AMP formation. From those experiments they concluded
that the maximal activity for luciferase-catalyzed LH,-AMP
accumulation was reached at pH 7.8. As already described, we
were unable to find LH,-AMP by our detection method under
fully aerobic conditions. Under N, the concentration of LH,-AMP
was higher at pH 6.3 and 7.0 than at pH 7.5 and 8.3 (Figure 3 A).

14 4 A 4 B
b
LHo-AMP LHp-CoA
() (um)
4
0 B 0 [ —
6.3 73 8.3 63 73 83

pH pH

Figure 3. Effect of pH on A) the steady-state concentration of LH,-AMP and on
B) the enzyme synthesis of LH,-CoA.

As we could not exclude the presence of traces of O,, these
concentrations were the result of the rate constants and the
concentrations of reactants involved on its formation and
oxidation, and changing the pH of the assay may affect both
of the processes. The influence of the assay time on the
concentration of LH,-AMP was also studied: as expected for a
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true intermediate, its steady-state concentration was maintained
almost constant throughout the first 15 min of assay (Figure 4).

10§
LH5-CoA

7.54
c/uM 5+

LH>-AMP
2.5 1

0 T T )
0 5 10 15

Incubation time /min

Figure 4. LH,-AMP and LH,-CoA concentrations at different incubation times.

Firefly luciferase-catalyzed synthesis of LH,-CoA

Having established the conditions for the detection of LH,-AMP,
we tested its reactivity with CoA in the presence of ATP, LH,,
Lase, and PPase under a N, atmosphere. A new compound,
eluting before LH,, was formed (Figure 5A), and we suspected
that it corresponded to LH,-CoA. As expected, its spectrum was
similar to that of LH,-AMP, with two maxima at 336 and 262 nm
(Figure 5B); the similarity of the spectra of their oxidized
partners, L-CoA and L-AMP, had already been reported® and
was confirmed in this work. In contrast with the case of LH,-AMP,
the concentration of LH,-CoA increased with incubation time
(Figure 4); LH,-CoA is therefore not an intermediate, but a
product. In contrast with the observation of two LH,-AMP
enantiomers, only one chromatographic peak was observed for
LH,-CoA, which probably corresponds to the p-LH,-CoA [(R-LH.-
CoA] isomer. Nevertheless, the detection of only one chromato-
graphic peak does not demonstrate that chemical epimerization
{p-LH,-CoA =-LH,-CoA} does not occur, because the chromato-
graphic system may have no resolving capacity for the
enantiomers of LH,-CoA.

When the assays were performed in air the peak correspond-
ing to LH,-CoA decreased sharply (or did not appear at all), and
instead, another peak, eluting between LH, and L-AMP, could be
detected (Figure 5A). From its spectrum we suspected that it
could correspond to L-CoA, the oxidized partner of LH,-CoA, but
its elution time was different from the one reported in the
literature.”! Its definitive identification as L-CoA was achieved
when we compared its elution time with that of the compound
formed in assay mixtures containing L-AMP, CoA and Lase under
the current analysis conditions. As expected, when dethioCoA
was used instead of CoA neither LH,-CoA nor L-CoA was formed
(Figure 5A). The existence of thioester bonds between CoA and
the luciferyl and dehydroluciferyl moieties of LH,- and L-CoA
derivatives was indicated by the non-reactivity of dethioCoA
with LH,-AMP and L-AMP.

We tested the effect of Mg?* on the Lase-catalyzed transfer
reaction of the L moiety of chemically synthesized L-AMP to CoA
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Figure 5. Enzyme synthesis of LH,-CoA from LH,, ATP, and CoA. A) Chromato-
grams of enzyme preparations prepared under nitrogen (+N,) or under room
atmosphere (+ O,) as indicated. B) Absorbance spectra of LH,-CoA and L-CoA.

and found that, in this reaction, it was not an essential cofactor.
This result is in line with the observation that Mg?" is also
unnecessary in the similar acetyl-transfer reaction from acetyl-
AMP to CoA, catalyzed by acetyl-CoA synthetase.'¥ From the
resemblance of the compounds LH,-CoA and L-CoA and their
respective formation reactions (Scheme 1), we postulate that the
metallic ion, although essential for the activation steps in which
ATP participates," '® do not participate in the LH,-AMP-CoA
transfer step. It has been known for more than forty years that
the same applies for the oxidation steps in which oxyluciferin is
formed.

A peak with the same elution time as LH,-CoA could
sometimes be observed when the Lase assays containing CoA
were performed in the presence of oxygen (see Figure 5A).
Unfortunately its absorbance was too low to provide a spectrum
that could be unequivocally identified as corresponding to LH,-

113





BIO

CoA. Although the enzyme synthesis of LH,-CoA seemed to
depend on anaerobic conditions under our experimental and
analysis conditions, the possibility of its formation in the
presence of oxygen cannot definitively be excluded. In this
case, as postulated by Wood,® it may have a role in the
activating effect of CoA in light production. We are aware that
the role of CoA on the Lase bioluminescent reaction remains
somewhat obscure and that its clarification needs more work.

The pH profile for the formation of LH,-CoA (Figure 3B)
contrasted with that observed in the case of the steady-state
concentration of LH,-AMP (Figure 3 A) but was similar to the light
quantum yield pH profile of Lase,'™ and increased from pH 6.3 to
pH 8.3.

As already emphasized by Wood,?® firefly Lase may have
evolved from an ancestral acyl-CoA synthetase. The similarities
between the primary sequences of the active site of Lase and
acyl-CoA synthetases®'? and the fact that they share the
capacity to catalyze the synthesis of dinucleoside polyphos-
phates?-23 and various acyl-CoA derivatives®™ ¢4 are remark-
able. The fact that luciferase still retains an acyl-CoA synthetase
activity for its natural substrate, LH,, may be attributed to the
postulated recent evolutionary origin of beetle bioluminescence.

Experimental Section

Materials: Stock solutions of commercial Lase (Sigma; L9506) and
commercial PPase (Sigma; 11891) were prepared by dissolving the
lyophilized powder in deionized water (15 mg lyophilisate per mL
and 100 units per mL, respectively) and stored at —20°C. LH,, ATP,
AMP, and dethioCoA were also purchased from Sigma, and CoA
(27 593) from Fluka. o- and L-LH,-AMP enantiomers were chemically
synthesized from LH, and AMP as described previously,?¥ and
purified by RP-HPLC (with 20% methanol and 0.35mm sodium
phosphate pH 5.6 as eluent). L was chemically synthesized from
2-cyano-6-methoxybenzothiazole (Aldrich 943-03-3), and was con-
verted into 2-cyano-6-methoxybenzothiazole-2-thiocarboxamide by
treatment with hydrogen sulfide, pyridine, and triethylamine.?* The
thioamide was condensed with methyl bromopyruvate, and the
dimethyldehydroluciferin formed was treated with concentrated
hydrobromic acid to give synthetic L, which was then recrystallized
from water. L-AMP was obtained from L and AMP as described
previously® and purified by recrystallization from water.

Firefly luciferase-catalyzed synthesis of LH,-AMP: The standard
reaction mixtures (15 pL) for the synthesis of LH,-AMP used ATP
(0.5 mm), LH, (30 pm), MgCl, (2 mm), PPase (1.5puL stock solution),
HEPES (100 mwm, pH 7.0), and Lase (1 -1.7 mg protein per mL). All the
solutions were prepared and kept under N, atmosphere. The
reactions were initiated by the addition of Lase and were performed
at ambient temperature (20°C). After 2min of incubation the
enzyme reaction was stopped by the addition of 30 uL of 66%
methanol (v/v) and centrifuged (13400 rpm for 1 min), and the
supernatant was analyzed without delay by RP-HPLC, with injection
of 20 pL aliquots (Supercosil LC-18, 150 x 4.6 mm, 3 um; purchased
from Supelco). Elution was performed at a constant flow rate of
1 mLmin~" with a solution of a phosphate buffer (2 mm, pH 7.0) in
25-29% methanol (v/v). The detector was a UV/Vis diode array (ATI
UNICAN Crystal 250).

When the effect of the presence of oxygen was tested (Figure 2) the
concentration of LH, was 60 p, the assay pH 7.5, and the incubation
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time 10 min. When the effect of pH was tested (Figure 3 A) the buffer
was MES for pH 6.3 and HEPES for the other pH values (7.0, 7.5, or 8.3)
and the incubation time was 1 min.

Bioluminescence from the synthetic pb- and L-LH,-AMP enantio-
mers: The bioluminescence tests were performed with a homemade
luminometer using a Hamamatsu HCL35 photomultiplier tube. The
reaction mixtures contained, in a final volume of 40puL, 10 um
chemically synthesized and purified b-LH,-AMP or L-LH,-AMP, MES
(100 mm, pH6.3), and Lase (0.95mg protein per mL). Light was
measured for 5 min with integration of 0.2 s intervals.

Firefly luciferase-catalyzed synthesis of LH,-CoA: The standard
assay and analysis conditions for the synthesis of LH,-CoA were
identical to those described above for the case of the enzymatic
synthesis of LH,-AMP, except that the reaction mixture was
supplemented with CoA (0.1 mwm), the assay pH was 7.5, and the
incubation time was 5 min.

When the effect of the presence of oxygen was tested (Figure 5) the
concentration of LH, was 60 um and the incubation time 10 min;
when dethioCoA was used its concentration was 0.1 mm. When the
effect of pH was tested (Figure 3 B) the buffer was MES for pH 6.3 and
HEPES for the other pH values (7.0, 7.5, or 8.3), the concentration of
Lase was 0.34 mg protein per mL, and the incubation time was 5 min.

Firefly luciferase-catalyzed synthesis of L-CoA from L-AMP and
CoA: The assay mixtures contained CoA (100 um), L-AMP (30 pm),
Hepes (100 mm, pH 7.5), and Lase (0.035 mg of protein per mL). The
incubation time was 30 s and the analysis conditions were as referred
to above.

Calculation of concentrations: The calculations made to transform
the areas of the chromatographic peaks into concentrations were
based on the relative molar absorbance of the pertinent substan-
cesl" 24 |In the case of LH,-CoA it was assumed that its molar
absorbance was the same as that of LH,-~-AMP.
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Identification of a Phosphopantetheinyl
Transferase for Erythromycin Biosynthesis in
Saccharopolyspora erythraea

Kira J. Weissman,*® Hui Hong,™ Markiyan Oliynyk,? Alexis P. Siskos,? and

Peter F. Leadlay®

Phosphopantetheinyl transferases (PPTases) catalyze the essential
post-translational activation of carrier proteins (CPs) from fatty
acid synthases (FASs) (primary metabolism), polyketide synthases
(PKSs), and non-ribosomal polypeptide synthetases (NRPSs) (sec-
ondary metabolism). Bacteria typically harbor one PPTase specific
for CPs of primary metabolism (“ACPS-type” PPTases) and at least
one capable of modifying carrier proteins involved in secondary
metabolism (“Sfp-type” PPTases). In order to identify the PPTase(s)
associated with erythromycin biosynthesis in Saccharopolyspora
erythraea, we have used the genome sequence of this organism to
identify, clone, and express (in Escherichia coli) three candidate
PPTases: an ACPS-type PPTase (S.erythraea ACPS) and two Sfp-

Introduction

Phosphopantetheinyl transferases (PPTases) catalyze the post-
translational modification of carrier proteins (CPs) in the multi-
enzyme fatty acid synthases (FASs), polyketide synthases (PKSs),
and non-ribosomal polypeptide synthetases (NRPSs). The CPs
are either integrated into the synthases (typel) or are discrete
subunits (type Il), and depending on the nature of the attached
intermediate, are called acyl carrier proteins (ACPs), aryl carrier
proteins (ArCPs), or peptidyl carrier proteins (PCPs). Phospho-
pantetheinylation occurs by transfer of the 4-phosphopante-
theine (P-pant) prosthetic group from coenzyme A (CoASH) to a
conserved serine residue in the CPs, converting the proteins
from their inactive “apo” forms to their active “holo” forms.!" The
reactive thiol terminus of the P-pant provides an attachment site
for chain-extension intermediates, while its length (20 A) and
flexibility allow the CPs to shuttle the growing chains between
spatially separated active sites within the synthase complexes.”?!
Each CP domain must be modified in order for the whole
multienzyme to function; for example, the hexamodular PKS
6-deoxyerythronolide B synthase (DEBS) responsible for eryth-
romycin biosynthesis has a phosphopantetheinyl group on each
of seven ACPs distributed among DEBS 1, 2, and 3 (Figure 1).B!

The PPTases have been classified into three structural groups,
which also loosely correlate with their substrate specificity.
The first is the “ACPS-type”, exemplified by ACPS of Escherichia
coli. These PPTases are =120 amino acids in size, function as

116

type PPTases (a discrete enzyme (SePptll) and another that is
integrated into a modular PKS subunit (SePptl)). In vitro analysis of
these recombinant PPTases, with an acyl carrier protein-thioester-
ase (ACP-TE) didomain from the erythromycin PKS as substrate,
revealed that only SePptll is active in phosphopantetheinyl transfer
with this substrate. SePptll was also shown to provide complete
modification of ACP-TE and of an entire multienzyme subunit from
the erythromycin PKS in E. coli. The efficiency of the SePptll in
phosphopantetheinyl transfer in E.coli makes it an attractive
alternative to other Sfp-type PPTases for co-expression experiments
with PKS proteins.

homotrimers,> ¢ and are fairly specific for CPs of primary
metabolism, although the ACPSs from E. coli” ® and Streptomy-
ces coelicolor™ can activate a wider range of substrates in vitro,
including in the case of the S. coelicolor enzyme, ACPs from type |
and type Il PKSs. The second group is the “Sfp-type” PPTases,
named after Sfp (surfactin phosphopantetheinyl transferase),
which is required for the production of the lipoheptapeptide
antibiotic surfactin in Bacillus subtilis! These PPTases are
monomeric'® and approximately twice the size of the ACPS-
type enzymes, which suggests that they evolved by gene
duplication from an ACPS ancestor. Although Sfp-type PPTases
are thought to be optimized for CPs of secondary metabolism,'
several exhibit a relaxed substrate specificity, and are capable of
modifying both type | and type Il ACPs and PCPs.* 72 |n fact,
Sfp-type PPTases appear to have assumed the role of ACPSs in
some organisms (e.g., Haemophilus influenzae, Pseudomonas
aeruginosa, and Synochosystis PCC6803).2 ™ The third type of
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modular DEBS proteins were obtained by co-expres-
sion of the broad-specificity B. subtilis PPTase Sfp in
E. coli?'-31 However, this modification is reportedly
incomplete,?" consistent with the preference of Sfp
for PCP over ACP substrates, at least in vitro.* 2! For
optimal heterologous expression, and for in vitro
studies of ACP/PPTase interaction, it would clearly be
preferable to clone the gene for the cognate PPTase
for the DEBS proteins. This gene does not lie in the
erythromycin biosynthetic cluster, but we have now
used the essentially complete genome sequence of
S. erythraea to characterize the “PPTase-ome” (PPTase
complement of the genome) of this strain. We show
here that (only) one of the three PPTases of S. eryth-
raea readily catalyzes the complete modification of
DEBS-derived proteins expressed in E. coli.

B-Deoxyerythronolide B <

Results

Figure 1. The erythromycin-producing polyketide synthase 6-deoxyerythronolide B synthase

(DEBS) is a hexamodular PKS incorporating seven acyl carrier protein (ACP) domains. Each ACP
is post-translationally modified with a phosphopantetheinyl (P-pant) “swinging arm”
(indicated by the zigzag lines). The terminal thiol of each P-pant group provides an attachment

site for chain-extension intermediates onto the PKS, as shown.

PPTase is incorporated as a domain at the carboxyl terminus of
the a-subunit of fungal type | FASs, where it catalyzes the in cis
autophosphopantetheinylation of the ACP at the amino termi-
nus of the same polypeptide.l'

Many organisms contain multiple P-pant-requiring pathways,
and it was initially speculated that each pathway might have a
dedicated PPTase.®! Indeed, the yeast Saccharomyces cerevisiae,
which contains three P-pant-dependent pathways, has three
PPTases with mutually exclusive substrate specificities: PPT2 for
the typell ACP of mitochondrial FAS, Lys5 for the typel PCP
domain of the a-aminoadipate reductase Lys2, and a PPTase
domain integrated into the typel FAS2.'3-1 However, the
complete genome sequences of S. coelicolor's! and Streptomyces
avermitilist"”! have revealed that the number of CP-containing
pathways in these bacteria significantly exceeds the number of
PPTases. For example, S. coelicolor has a total of 22 secondary
metabolic clusters (including eight PKSs, four NRPSs, and one
hybrid PKS-NRPS), yet has only two Sfp-type PPTases.'® In
addition, most of the polyketide biosynthetic gene clusters
identified so far do not contain a gene for their associated
PPTase. Taken together, these observations imply that it will be
difficult to predict both the complement of PPTases for a given
organism and their location within the genome.

We aimed to identify the PPTase(s) responsible for activating
the erythromycin PKS in Saccharopolyspora erythraea, in order to
ensure optimal overexpression of active synthase proteins in
heterologous hosts such as E. coli. Expression of the C-terminal
didomain ACP-thioesterase (TE) of DEBS 3,' as well as of the
multienzyme subunit DEBS 32% in E. coli, showed that, although
the proteins were judged to be correctly folded by several
criteria, endogenous E. coli PPTases were not able to use them as
substrates.'™ 2 Later, catalytically active unimodular and bi-
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Identification of three PPTases in
Saccharopolyspora erythraea

A search of a curated database of BLAST®? hits from

the Saccharopolyspora erythraea genome yielded

three contigs containing genes with homology to
both ACPS-type and Sfp-type PPTases. However, because the
genome sequencing was only partially completed (= 95 %) when
we initiated the project (as estimated by the number of gaps
remaining), two of the PPTase genes were only represented by
partial sequences. Therefore, inverse polymerase chain reaction
(PCR)? was used to complete the sequences with genomic DNA
from the S. erythraea strain JC2.124

Analysis of the predicted protein products of the three genes
revealed that one is a putative ACPS-type PPTase (designated
S.erythraea ACPS) and the other two are Sfp-type PPTases
(designated SePptl and SePptll). The acp$S gene starts with a GTG
codon, which is preceded by a potential ribosome binding site
(GGAGTG). The overall (76.5 %) and third codon position (76.6 %)
G+ C content and the codon usage of acp$ are as expected for
an actinomycete gene. The deduced protein sequence includes
consensus residues identified by Lambalot etal.,! which
participate in substrate binding and catalysis:® ¢ 7 (V/1)G(V/I)D
(motif P2) and (F/W)(S/C/T)XKE(A/S)hhK (h refers to a hydro-
phobic residue) (motif P3) separated from each other by 40-45
residues (Figure 2B). S.erythraea ACPS also shows significant
similarities to a large number of putative ACPSs from actino-
mycetes and other species (Figure 3 A),?” including the S. coeli-
color ACPS (47 % identity, 58% similarity; accession number
086785), S.avermitilis ACPS (46% identity, 57% similarity;
accession number Q82DL2),"! and Mycobacterium tuberculosis
ACPS (31 % identity, 45 % similarity; accession number 053 228).
The S. erythraea ACPS protein is predicted to contain 123 amino
acids, which is typical for these enzymes.

Because the seppt/ gene did not have a clear ribosome binding
site, the position of the start codon was not obvious. Two
possible ATG start codons were identified, yielding putative
products of 285 and 246 amino acids (Figure 2C). The codon
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Pl: PXWPXGXXGEMLTHCXGY... (X,.)... P2: [KINUEICIVIIND.- .-
(X404} +++» P3: P/W S/C/TXKES/AhhEK
MI‘\.-*GE@EQ}TEL‘JGU'\ERF‘GESLERTPALAEP.'JFTPhERRTRD
GCAARSVTSLAARPAAKXKEAAAKRALGVPEPSGCRFTDCEVVOA
DDGRPSLEVEGRLARAAEVRGVTAWHVESLTHDAEMBEATF
VVAERA
MDAHLVHXKGQVWVEITAWRDVRLECDRRAHRVYAFPQRN
MLSERRPGGWTLVEDRWPGPASRDIYAGIHLSAPEREVY
DOGLRPEGRORHWLLGRIAVEDAVRSWLWOHGERSVYPAETI
H‘JRNE'ER._aLQ____'F_g:E'_‘J’\’Tf}RHRELPAF‘AVSLAHE!GDIAVAL‘JRA
|3Al—l@Pe’-‘a'I‘;E@_.ﬁ@-ﬁ_!‘ﬁAQ'ﬁU']'E1\'].‘:‘.PAL.RTAL.TGAEJ-IET_L.ASLAG'E‘
GDEALWPTRFWAAREAVGKALGTGLAGTPQDLVVVAADR
SRARVSEVRTRGEPRGRAFVVEHVOQVSGRSEANDYVVTWTV
EEQREITLEEKLP
MIERVLPEGCATWVEAFDDPAEATLFPEEEAAIARAVDEKE
RREFTTVRHCARRAMAELGVPPAPLLPGERGAPQWPAGY
vGsuTHc:AGYRA;\vv:::rnc‘rvv'rﬂ:;;_@;mEPHEPL?GDU;
DAVELPEERARLRELSTODGEVHWDRVLPSCEESVYEKAW
FPLTSGAWLDFEQADLTFDAAGGTFHARLLEPGGQAEGRTP
LTEFTGERWLAADGFVVSAIVRLRER

Figure 2. Sequences of the Saccharopolyspora erythraea phosphopantetheinyl transferases (PPTases). A) Sequences of the PPTase consensus motifs, P1, P2, and P3.
ACPS-type PPTases incorporate motifs P2 and P3, while all three motifs are present in the Sfp-type PPTases. B) Sequence of the S. erythraea ACPS. The conserved PPTase
motifs are highlighted in gray. C) Sequence of the Sfp-type PPTase, SePptl. The first row shows residues that are only in the longer version of the protein. D) Sequence of

the Sfp-type PPTase, SePptll.

usage of either version of the gene is as expected (72.1% and
73.3% G+ C content, respectively). From the typical length of
Sfp-type PPTases (=240 amino acids), however, it was thought
that the 246 residue protein was the more likely candidate. While
SePptl contains the most highly conserved residues of the
consensus motifs P2 and P3, it is missing six amino acids from an
additional motif, P1 (PXWPXGX,GS(M/L)THCXGY), identified by
Sanchez etal.,” which lies 15 amino acids upstream of P2
(Figure 2C). Nonetheless, it aligns well with a subset of the Sfp-
type PPTases (Figure 3B), including S. avermitilis SAV7361 (45%
identity, 54 % similarity; accession number Q93HI0), Streptomy-
ces venezuelae JadM (33% identity, 42% similarity; accession
number Q9L7 M4), and S. coelicolor SCO5883 (33 % identity, 41 %
similarity; accession number 054 146).

The gene for SePptll also begins with a GTG codon and is
preceded by a putative ribosome binding site (GGAGAA). Its
overall (74.5%) and third codon position (74.6 %) G+C contents
are as expected for an actinomycete gene. The predicted protein
contains all three motifs, P1 — P3 (Figure 2D). SePptll aligns well
with other Sfp-type PPTases in the database (Figure 3B),23
including, S. coelicolor SCO6673 (54% identity, 63% similarity;
accession number 088029), S. avermitilis PptA2 (54% identity,
62% similarity; accession number Q82MB2), and Streptomyces
verticillus Svp (55% identity, 63 % similarity; accession number
Q9F0Q6). The SePptll protein is expected to contain 230 amino
acids, within the typical size range for this type of PPTase.
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Location of the PPTases in the S. erythraea genome

We were interested in determining the genetic context of the
three PPTases in order to help identify the putative PPTase(s) for
erythromycin biosynthesis. We therefore analyzed the curated
database of S. erythraea for BLAST hits on the genes flanking the
PPTases. The two genes upstream from the acpS within the
contig are homologues of a lipase from an uncultured bacterium
(accession number AF223645) and L-glutamine-b-fructose-6-
phosphate amidotransferase from Mycobacterium smegmatis
(accession number GLMS_MYCSM); the downstream genes do
not match known sequences in the database. The ACPS of
S. coelicolor (accession number SAV4964) is also located just
downstream of an amidotransferase gene.

The sepptl gene is located within the same open reading
frame (ORF) as genes with strong homology to PKS ketosynthase
(KS) and acyltransferase (AT) domains; the KS domain is
incomplete as the contig begins approximately 100 amino acids
downstream of the KS start site. It therefore appears that SePptl
forms the C terminus of a PKS multienzyme (Figure 4 A); this PKS
is as yet uncharacterized and is the third example of a modular
PKS within S. erythraea. Consistent with this observation, the
downstream genes within the contig include putative glycosyl-
transferases and Streptomyces sp. pathway-specific regulatory
proteins. All three genes are highly similar to the corresponding
domains in a putative modular polyketide synthase subunit
(SAV7361) in S. avermitilis (the sequence of the integral PPTase is
shown in Figure 3B). The SAV7361 subunit, which has the same
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Figure 3. Multiple alignment of PPTases in the regions of the consensus motifs. A) Alignment of ACPS-type PPTases. The
consensus motifs P2 and P3 are indicated. Abbreviations are: B. a., Bacillus anthracis; Staph. a., Staphylococcus aureus;
B.s., Bacillus subtilis; Strep. p., Streptococcus pneumoniae; L. m., Listeria monocytogenes; C. t., Clostridium tetani;
Y. p., Yersinia pestis; E. c., Escherichia coli; V. c., Vibrio cholerae; A. t., Agrobacterium tumefaciens; N. m., Neisseria
meningitidis; R. s., Rickettsia sibirica; S. a., Streptomyces avermitilis; S. c., Streptomyces coelicolor; Sac. e.,

FULL PAPERS

The contig including sepptll
contains only two genes, part of
a transposase and sepptll itself;
repeated efforts to sequence
downstream of sepptll have
failed. Interestingly, the transpo-
sase adjacent to sepptll is nearly
identical (95% on the protein
level) to the transposase (called
IS1136) located between DEBS 1
and DEBS 2 in the erythromycin
cluster.” The closest homo-
logues to SePptll in S. coelicolor
and S.avermitilis (SCO6673!'8!
and SAV1748,27 respectively)
are also located away from their
target clusters.

Our analysis of the genes that
are co-located with the three
PPTases in S.erythraea pointed
to SePptll as the most likely
candidate for activation of the
DEBS proteins.

Overproduction and
purification of S. erythraea
ACPS, SePptl, SePptll, and
ACP-TE

In order to establish that SePptll
was the PPTase that accomplish-
ed activation of DEBS in S. eryth-
raea, we decided to express the
three PPTases individually in
E.coli for study in vitro. We
chose the didomain ACP-TE
from the C-terminal end of
DEBS3 as our model sub-
strate.' The three PPTases were

Saccharopolyspora erythraea; M. t., Mycobacterium tuberculosis. B) Alignment of Sfp-type PPTases in the regions of the

consensus motifs. The consensus motifs P1, P2, and P3 are indicated. Abbreviations (not given in A) are: S. an.,
Streptomyces antibioticus Tu 6040; S. v., Streptomyces verticillus; S. n., Streptomyces noursei; B. p., Bacillus pumilus;
S. m., Streptomyces murayamaensis; S. ve., Streptomyces venezuelae; S. sp., Streptomyces sp. PGA64; A. sp., Anabena

species.

organization as the putative S. erythraea multienzyme, lies in the
middle of an uncharacterized PKS cluster (pks1). The gene
directly upstream of SAV7361 is a type Il ACP, which may be the
missing partner of the KS and AT domains; whether a similar
arrangement occurs in S. erythraea remains to be determined.
The location of SePptl (and the PPTase of SAV7361) within a
multifunctional protein was unanticipated, because the only
integral PPTases known to date are domains in the fungal type |
FAS systems!'® which more closely resemble ACPS-type PPTases
in length.'"M It would therefore appear that SePptl and the
PPTase of SAV7361 are members of a fourth structural class of
phosphopantetheinyl transferases.
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cloned into pET28b+ and
pET29b+ for expression in
E. coli BL21-CodonPlus® (RP) as
both their N- and C-terminal His,q
tag fusion proteins. Analysis of
total cell protein from IPTG-induced cells demonstrated that the
yield of the N-terminal fusions was significantly greater than
proteins which contained a C-terminal Hisg tag. In the case of
SePptl (Figure 2C), both the longer (285 amino acid) and shorter
(246 amino acid) versions of the protein were expressed, but as
only the 246-residue SePptl was soluble, it was selected for
further study. The didomain ACP-TE was expressed as a
C-terminal Hiss tag fusion protein from pACP-TEHis®?® (this
plasmid was constructed by cloning the gene for the ACP-TE
didomain!" into pT7 - 18His, a pT7 - 7-derived plasmid incorpo-
rating a C-terminal Hisy tag; although two of the C-terminal
amino acids of the TE had been removed in construction of the
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A 0.1 equiv of PPTase relative to ACP-TE, under the
FET— e— A— conditions reported by Lambalot et al. for EntD and
— —_— Sfp:I" Tris-HCl (pH 8.8, 75 mm), MgCl, (10 mm), DTT
303 residues 274 residues 246 residues (25 mm), and CoASH (200 wm). Although the pH
optimum of Sfp is 6.0, it remains active at pH 8.8.1
- Incubations were carried out for one hour at 37 °C and
—:— KR e— " then quenched by the addition of 50 mm EDTA. The
PPE; ACP-TE was then analyzed by liquid chromatography-

-+ 1887 residues »*

Figure 4. Comparison of the organization of type | PKS and type | FAS multienzymes
incorporating PPTases. A) Organization of the modular PKS subunit in S. erythraea including a
C-terminal PPTase domain. The multienzyme incorporates ketosynthase (KS) and acyltrans-
ferase (AT) domains upstream of the PPTase. Domains and linkers are shown to scale.

B) Organization of the yeast FAS subunit a. The FAS contains an N-terminal ACP domain
followed by ketoreductase (KR) and KS activities, and terminating in the PPTase. Domain

boundaries are approximate.

plasmid, this deletion was not expected to affect the ability of
the ACP domain to fold).

The PPTases and the ACP-TE were purified by Ni**-nitrolotri-
acetic acid affinity (Ni-NTA) chromatography. This step provided
the ACPS, SePptl, and ACP-TE in both good yield and good purity
(Figure 5); ACPS and SePptl could be purified further to
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Figure 5. Purification of S. erythraea ACPS, SePptl, and SePptll. A) Lane 1,
purification of the ACPS after Ni-NTA affinity chromatography; Lane 2, after
cation-exchange chromatography. Hiss-tagged S. erythraea ACPS has a calcu-
lated molecular weight of 15.0 kDa. The positions of the protein markers are
shown on the left. B) Lane 1, purification of SePptl after Ni-NTA affinity
chromatography; Lane 2, after cation-exchange chromatography. His,-tagged
SePptl has a calculated molecular weight of 27.0 kDa. The positions of the protein
markers are shown on the left. C) Lane 1, purification of SePptll after Ni-NTA
affinity chromatography. Hiss-tagged SePptll has a calculated molecular weight
of 26.1 kDa. The positions of the protein markers are shown on the left.

homogeneity by cation-exchange chromatography. However,
the yields of SePptll from the Ni-NTA step were consistently low,
despite exhaustive attempts to express the protein under a
variety of conditions and by use of several different expression
systems. Attempts to purify SePptll further by anion-exchange
chromatography were also unsuccessful.

Phosphopantetheinylation in vitro by ACPS, SePptl, and
SePptll

As SePptll was impure, only ACPS and SePptl were used initially
in the in vitro assays. Incubations were carried out with 0.01 and
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mass spectrometry (LC-MS), with unmodified ACP-TE
as a control; phosphopantetheinylation was expected
to increase the molecular weight of ACP-TE by 339 Da.
No formation of holoenzyme was observed by LC-MS
in any assay with these enzymes.

On the basis of these results, all three PPTases were
incubated with the ACP-TE in an alternative buffer
(NaPi (50 mm), MgCl, (10 mm), DTT (5 mm), CoASH
(1 mm)® and over a range of pH values (6.0-8.0).
Assays were carried out with enzyme/substrate molar ratios of
0.1, 1.0, and 10 (SePptl could only be used at the two lower
concentrations, as it became insoluble at 10 x ). ACP-TE was also
incubated with Sfp under the same conditions (pH 6 only). The
reactions were performed at 37°C for six hours and then
quenched by the addition of 50 mm EDTA. As before, the assays
were analyzed by LC-MS.

This analysis revealed that the SePptll was able to modify the
ACP-TE at all concentrations used and at all pHs tested
(calculated: 39311 Da; found: 39304 + 3 Da), as was Sfp. Again,
ACPS and SePptl failed to modify the ACP-TE under these
conditions. The assays with SePptll were repeated, but with
enzyme/substrate molar ratios of 0.01 and 0.001, and at pH7
only. As before, formation of holo-protein was complete within
six hours, as judged by LC-MS. The Sfp enzyme has been
reported to use CoASH analogues (desulfo, homocysteamine),!'?
acyl-CoAs (benzoyl- and phenylacetyl),''? and diketide-CoAs® 3%
as substrates, and so it was of interest to see if SePptll could also
utilize modified CoAs. The ACP-TE was therefore incubated with
SePptll and a range of acyl-CoAs (acetyl, propionyl, n-butyryl,
isobutyryl, valeryl, (2RS)-methylmalonyl), as well as desulfo-CoA.
Only desulfo-CoA was found to be a substrate for SePptl
(calculated: 39272 Da; found: 39280 Da); Svp, an Sfp-type
PPTase from the bleomycin producer Streptomyces verticillus
ATCC15003, has a similarly narrow substrate specificity, as it also
failed to recognize acetyl-CoA.™ Taken together, these assays
seemed to confirm the expectation from sequence analysis that
SePptll is responsible for activation of the DEBS proteins.

Although ACPS and SePptl could not modify ACP-TE under all
conditions tested, they were nonetheless capable of P-pant
transfer to a type Il ACP. ACPS and SePptl (along with SePptll and
Sfp) were incubated at fourfold excess with the ACP in buffer
(Tris-HCI (pH 7.5, 50 mm), MgCl, (10 mm), DTT (2 mm), CoASH
(1 mm)), at 30°C for four hours. By LC-MS analysis, the extent of
phosphopantetheinylation in all cases was approximately 50 %.
This experiment demonstrated that ACPS and SePptl can indeed
function as PPTases, and so their inability to modify the DEBS
ACP-TE probably does reflect their substrate specificity. It also
showed that SePptll can recognize a typell ACP domain in
addition to a type | ACP.
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In vivo phosphopantetheinylation by SePptll

Because the partially purified SePptll was highly active against
DEBS proteins in vitro, we decided to investigate whether it
could also modify DEBS proteins in vivo in E.coli. To do this,
sepptll was introduced into the pT7-based ACP-TE expression
vector, pACP-TEHis: sepptll was excised from the pET28b +
based expression vector pKJW152 along with the upstream
region containing the T7 promoter, lac operator, and ribosome
binding site, and the downstream region containing the T7
terminator, and ligated into pACP-TEHis.2" In this way, addition
of IPTG to the cell medium was expected to induce expression of
both the substrate ACP-TE and the PPTase. The ACP-TE was
expressed and purified as described previously. Although SePptll
was also Hisg-tagged, the low levels of PPTase expression did not
interfere with the purification of the ACP-TE. Analysis of the ACP-
TE by LC-MS showed that the ACP was completely modified
(calculated: 39311 Da; found: 39308 + 1 Da) (Figure 6).
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Figure 6. LC-MS analysis of in vivo phosphopantetheinylation by SePptll.

A) Mass spectrum of the didomain Hiss-tagged ACP-TE expressed in the absence
of SePptll (calculated size, 38972 Da). B) Mass spectrum of the didomain Hisg-
tagged ACP-TE co-expressed with SePptll (calculated size, 39311 Da). C) Mass
spectrum of apo ACP; obtained by limited trypsinolysis of DEBS 3 (calculated size,
12005 Da). D) Mass spectrum of ACPs obtained by limited trypsinolysis of DEBS 3
after co-expression with SePptll (calculated size, 12344 Da).
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It was also critical to demonstrate that SePptll could modify
ACP domains in the context of intact PKS subunits. Our target
was DEBS 3, which contains two ACP domains, ACP; and ACP,
(the latter being the ACP of the didomain ACP-TE). We therefore
constructed a co-expression vector for DEBS3 and SePptll:
SePptll was amplified from pKJW152, and introduced into a
pPET28b + -based expression vector for DEBS 3, pAPS11; again,
the genes upstream and downstream of sepptll were also
included. Here, both the DEBS 3 and the SePptll were expected
to be Hisg-tagged. The resulting plasmid, pKJW191R, was
transformed into E.coli BL21-CodonPlus®, and the DEBS3
protein was purified by Ni-NTA affinity chromatography followed
by anion-exchange chromatography. The yield of purified
DEBS 3 was >2 mgL~', which compares favorably to expression
levels in the absence of the PPTase gene (typically 1-1.5mgL™").

In order to determine whether P-pant transfer had occurred,
DEBS 3 was briefly subjected to limited proteolysis with trypsin.
Trypsinolysis of DEBS 3 had previously been found (by LC-MS) to
release ACP; as a distinct domain, which could be separated
from the other fragments in the mixture. Analysis of the digest
by LC-MS showed that ACP, had been quantitatively modified by
SePptll (calculated: 12344 Da; found: 12347 + 1 Da) (Figure 6).
Although it was not possible to analyze ACP, for technical
reasons, this experiment provided very good evidence of the
ability of SePptll to recognize ACPs within the context of multi-
domain PKS subunits.

Discussion

PPTase-catalyzed phosphopantetheinyl transfer is a critical step
in the post-translational activation of multienzymes involved in
both primary and secondary metabolism. While some PPTases
exhibit very broad specificities, the three E. coli enzymes (ACPS,
EntD, and YhhU) are unable to modify a range of heterologous
ACP and PCP domains when expressed in vivo.'>2" Until
recently, this deficiency significantly impeded in vitro research
into polyketide and non-ribosomal polypeptide biosynthesis,
which depends on the availability of large quantities of func-
tional proteins. Although the B. subtilis PPTase Sfp can function in
co-expression experiments in E. coli,?" 23032 holo-protein for-
mation by Sfp is incomplete.?” This inefficiency is probably due
to the fact that Sfp prefers PCP substrates to ACPs and ArCPs, at
least in vitro.* 2 We were therefore interested in identifying the
PPTase from the erythromycin producer S. erythraea that specif-
ically activates the DEBS PKS, in order to evaluate its utility in
such co-expression experiments.

As they are small and poorly conserved domains, the PPTases
are a challenging target for standard genome screening
methods. In addition, even if the location of primary and
secondary metabolic clusters is known, there is no guarantee
that the associated PPTase genes will be co-located.™ Sanchez
etal® have recently published a method for cloning PPTase
genes from polyketide and non-ribosomal peptide-producing
organisms. In this approach, primers are created by the use of
CODEHOP (Consensus-Degenerate Hybrid Oligonucleotide Prim-
er),3¥ and the resulting PCR products are then used as probes to
screen a genomic library by colony hybridization. However,
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because the primers are designed around the conserved P1 and
P3 motifs, this strategy is inherently unsuitable for identifying
ACPS-type PPTases, which lack P1; attempts to amplify PPTases
with degenerate primers designed against the P2 and P3 motifs
were unsuccessful® In addition, even when care is taken to
detect weakly hybridizing signals during screening, it is unclear
whether this technique can confidently identify all PPTases
within a given organism.

The total sequencing of the S.erythraea genome, nearing
completion in this laboratory, provided the candidate PPTase
genes for the present study. Although the genes have not yet
been annotated, the sequence data have been analyzed by
using a program called “blast analyse”,?¥ which identifies only
strong hits to proteins of known or predicted function in the
SPTR database. This analysis yielded a “curated” list of proteins,
which was then searched with keywords relevant to PPTases,
“phosphopant” and “holo/acyl carrier protein synthase”. Search-
ing the genome sequence in this way yielded three candidate
PPTases, although the sequences of two of the genes had to be
completed by inverse PCR. In order to confirm that these were
the only transferase sequences in S. erythraea, the genome was
used in BLAST?? searches with sequences both of an ACPS-type
(S. coelicolor ACPS) and of an Sfp-type PPTase (PptA2 from
S. avermitilis), as well as with the sequences of the three putative
S. erythraea PPTases. These analyses and more recent searches
on the essentially complete genome have revealed no additional
sequences with homology to PPTases, and so these three genes
appear to represent the “PPTase-ome” of S. erythraea.

The S. erythraea genome contains one ACPS-type PPTase and
two Sfp-type PPTases. Although we did not expect to find a strict
correlation between the location of the PPTases and their
specificity, we nonetheless analyzed the genomic context of the
genes for possible insight into their function. The acpS gene, like
its counterparts in S. coelicolor and S. avermitilis, does not seem
to be located near the gene for any obvious target protein.
Therefore, its predicted role in primary metabolism will need to
be demonstrated with studies in vitro.

Unexpectedly, we found that the Sfp-type PPTase SePptl is
actually integrated into the C terminus of an unidentified PKS
subunit, downstream from a KS and an AT domain. In the fungal
type | FAS systems which also possess an integral PPTase, the
transferase domain instead lies downstream of its target ACP, as
well as a ketoreductase (KR) and a KS domain (Figure 4B).1"3
Additionally, the fungal type | PPTases are more similar to the
ACPS-type enzymes in length.™ The novel organization of this
erythromycin PKS is shared by a modular PKS in S. avermitilis 2
which suggests that these two domains represent a distinct
structural class of PPTases. The S. erythraea SePptl and S. avermi-
tilis PPTase align most closely with Sfp-type PPTases such as JadM
from S. venezuelae and Sfp, both of which are discrete enzymes.
It is interesting that this sub-group of Sfp-type PPTases
consistently lacks several of the conserved residues identified
in the P1 motif (Figure 3B), although those most important in
substrate binding and catalysis are present.’> ¢ % Sanchez et al.
have speculated that the organization of the fungal FAS arose
from a gene fusion event with an ACPS-type PPTase, and perhaps
a similar event with one of these Sfp-type PPTases generated this
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new type of PKS. It will be interesting to determine whether the
integral PPTase within the homodimeric structure of type | PKSB3!
also forms a homodimer, since Sfp-type PPTases are normally
monomeric.®

The short contig including sepptll contains only one other
gene. This sequence has >95% homology (protein level) with
the transposase gene located within the DEBS cluster between
the ORFs eryAl and eryAll, encoding for DEBS 1 and DEBS 2,
respectively.3® This striking similarity raises the speculative
possibility that sepptll was originally located within the cluster,
but was moved elsewhere in the genome during a recombina-
tion event; the sequence adjacent to transposons is known to be
a recombination “hot-spot”.?”! Our efforts to purify SePptll and
to demonstrate its activity in vitro, however, were hampered by
poor expression levels of the PPTase in E. coli, despite attempts
with many different conditions and expression systems, and
despite alteration of the initial codons in the gene to reflect the
E.coli codon preference. However, as ~60% pure protein,
SePptll rapidly and efficiently catalyzed the formation of ACP-TE
holo-protein over a range of pH values (6-8) and was also able
to use the modified substrate, desulfo-CoA. In contrast, ACPS
and SePptl were inactive under all conditions tested.

Nonetheless, it was critical to show that SePptll could also
function as a PPTase in vivo in E. coli with DEBS proteins as
substrates. Co-expression plasmids were therefore constructed
for SePptll and the didomain ACP-TE, as well as the entire PKS
subunit, DEBS 3, from which ACP-TE is derived. Efforts to express
these two proteins in the absence of SePptll had yielded only
apo-ACPs.l"% 20 Analysis of ACP-TE and the ACP; from trypsino-
lyzed DEBS 3 demonstrated complete holoation of the ACP
domains, in contrast to the incomplete phosphopantetheinyl
transfer achieved with Sfp.2" Co-expression of SePptll with
DEBS 3 had no apparent effect on the yield of purified DEBS
protein. The yield of DEBS3 is also high relative to other
bimodular DEBS proteins that have been expressed with Sfp in
E. coli (e.g., module 1 + module 5-TE (0.2 mgmL~") and M1 M6-TE
(1 mgmL~")).2% The low expression levels of SePptll in E. coli are
apparently compensated for by its high catalytic efficiency.

The S. erythraea genome contains four uncharacterized clus-
ters for non-ribosomal polypeptide biosynthesis, and three
modular PKSs, all of which require an associated PPTase for
activity. The S. erythraea ACPS is likely to be specific for ACPs of
primary metabolism; SePptl is expected to activate the PKS
subunits in the cluster to which it belongs. Therefore, SePptll is
the best candidate for a “promiscuous” PPTase in this bacterium,
capable of modifying not only type | PKS ACP domains, but also
NRPS PCP activities. The ability of SePptll to achieve complete
holoprotein formation of intact PKS multienzymes in E. coli
without substantial effects on yield due to overexpression of the
PPTase itself makes SePptll a very attractive alternative to Sfp for
co-expression experiments in E. coli.

Experimental Section

General methods and materials: E. coli DH10B was grown on 2 x TY
medium and E. coli BL21-CodonPlus® (RP) (Stratagene) was grown on
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2 x TY or LB media. Antibiotics were used at the following concen-
trations: ampicillin (100 pgmL~") and kanamycin (50 pgmL~") for
E. coli DH10B, and ampicillin (50 pgmL~"), kanamycin (30 pgmL™"),
and chloramphenicol (34 pgmL~") for E. coli BL21-CodonPlus. For
transformation and plasmid preparation from E. coli, standard
protocols were used.B® Restriction endonucleases, T4 DNA ligase,
T4 polynucleotide kinase, and DNA polymerase| large (Klenow)
fragment were obtained from New England Biolabs. Reagents used
for protein purification were purchased from Roche Molecular
Biochemicals or Sigma.

Recombinant DNA methods: Purification of DNA fragments ampli-
fied by polymerase chain reaction (PCR) was performed with QIAEX I
(QIAGEN) or Nucleospin® Extract kits (Machery - Nagel). PCR reac-
tions were carried out with Pwo (Roche) or Pfu (Stratagene) DNA
polymerases as described by the enzyme suppliers. DNA sequencing
was performed by the DNA Sequencing Facility of the Department of
Biochemistry, University of Cambridge. Oligonucleotides were pur-
chased from QIAGEN Operon, and the expression vectors pET28 b +
and pET29b + were purchased from Novagen. The plasmid pACP-
TEHis is a derivative of pERX1,'” and was a kind gift from T.
Schwecke.®

Identification of PPTase genes in Saccharopolyspora erythraea:
The genome sequence of S. erythraea (> 95 % complete) was used in
BLAST (basic local alignment search tool)?? searches against the
SPTR (Swissprot + TrEMBL) protein databases. The results were
analyzed by using “blast analyse”,*¥ a program which selects only
strong hits to proteins of known or predicted function. This
processed (curated) list was then searched with keywords related
to PPTases (“phosphopant” and “holo/acyl carrier protein synthase”)
effectively selecting all hits in the S. erythraea genome with similarity
to PPTase sequences in the current SPTR. This analysis yielded three
contigs containing genes with homology to PPTases; however, at
that stage only one of the PPTase sequences was complete. In
addition, the genome sequence was BLAST searched with the
S. coelicolor ACPS (accession number 086785) and the S. avermitilis
PptA2 (Sfp-type PPTase; accession number Q82MB2) sequences, in
order to verify the matches found by using the above technique, and
also with the three S. erythraea PPTase sequences in order to confirm
that there were no other transferase genes in the bacterium. The
nucleotide sequences reported in this paper have been submitted to
the GenBankTM/EBI Data Bank with accession numbers AY430049
for ACPS, AY430050 for SePptl, and AY430051 for SePptll.

Sequencing of the genes for S. erythraea ACPS by inverse PCR:*!
Genomic DNA from S. erythraea JC2?4 was digested with Narl, Sacl,
Sacll, Sall, or Xmnl. The digested DNA was analyzed by agarose gel
electrophoresis, and fragments in the size range ~0.3-1.6 kb were

excised and purified. The fragments were then ligated at high
dilution in order to circularize the DNA. The gene for the ACPS was
then successfully amplified from the Sacl-digested DNA by inverse
PCR by use of primers located within the known sequence (5'-
ccccegeaccggegggatcaccgecgacac-3’ and 5'-ccggtggctcagccagactg-
taggccgcacaacc-3') to yield a product of ~750 bp. The PCR product
was then sequenced. The gene was then re-amplified (5'-gccga-
gatcgcgcegtgcgegeggctacga-3' (forward) and 5'-ggcggttgtgcggccta-
cagtctggctg-3' (reverse)), phosphorylated with T4 polynucleotide
kinase, and cloned into Smal-cut pUC18, and the sequence was
confirmed.

Sequencing of the genes for SePptll by inverse PCR:?3! Genomic
DNA from S. erythraea JC2 was digested with Narl, Sacl, Sall, or Xmnl.
The digested DNA was analyzed by agarose gel electrophoresis, and
fragments in the size range = 1 -4 kb were excised and purified. The
fragments were then ligated at high dilution in order to circularize
the DNA. The gene for SePptll was successfully amplified from the
Sall-digested DNA by inverse PCR by use of primers located within
the known sequence (5'-cggtgcgtggtcaccgaggagcactcgggatcggct-3’
and 5’-gtgcttactggtgatcggcaatcgtgtaaaatga-3’) to yield a product of
~ 1.5 kb. The PCR product was then sequenced. The gene was then
re-amplified (5'-cggtgcgtggtcaccgaggagcactcgggatcggct-3' (f) and
5'-ggacgggcggccgccacgcgggcegeccgttcggegta-3' (r)),  phosphorylat-
ed with T4 polynucleotide kinase, and cloned into Smal-cut pUC18,
and the sequence was confirmed.

Construction of expression plasmids for S. erythraea ACPS: All
plasmids used are summarized in Tablel. S.erythraea ACPS was
amplified from JC2 genomic DNA, with introduction of the restriction
sites Ndel and Hindlll (5'-tggagtgagcggcatatgatcgtcggcatcggca-3’ (f)
and  5'-cgacaagctttcaggcttcggccaccacgaacgec-3' (r)  or  5'-cac-
gaagcttggcttcggccaccacgaacgccga-3’ (r)). The PCR products were
phosphorylated with T4 polynucleotide kinase, and were then
cloned into Smal-cut pUC18. The sequences of the PCR products
were confirmed by sequencing. The PCR products were then cloned
into Ndel/Hindlll-cut pET28b + and pET29b + to yield pKJW141 and
pKJW146, respectively.

Construction of expression plasmids for SePptl: Expression con-
structs for two versions of SePptl (Figure 2) were created. The 285
amino acid version was amplified from JC2 genomic DNA, with
introduction of the restriction sites Ndel and Hindlll (5'-tccacgctgca-
tatggacgcccatctggtccacaa-3' (f)  and  5'-ttggaagctttggcagcttctc-
caaggtgatctcccgt-3' ()  or  5'-gggtaagctttcatggcagcttctccaaggt-
gatctccc-3' (r). The PCR products were phosphorylated with T4 poly-
nucleotide kinase, and then cloned into Smal-cut pUC18. The
sequences of the PCR products were confirmed by sequencing. The
PCR products were then cloned into Ndel/Hindlll-cut pET29b + and

Table 1. Plasmids used in this study.

Plasmid name Relevant characteristics Origin or reference
pKIW127 PET29b + -based expression plasmid for SePptl-His, (long version) This work
pKJW130 pET29b + -based expression plasmid for SePptl-His (short version) This work
pKIJW133 pET28b + -based expression plasmid for Hiss-SePptl (long version) This work
pKIW136 pET28b + -based expression plasmid for Hiss-SePptl (short version) This work
pKIW141 pET28b + -based expression plasmid for Hiss-ACPS This work
pKIW146 pET29b + -based expression plasmid for ACPS-His, This work
pKIW149 pET29b + -based expression plasmid for SePptll-Hisg This work
pKIW152 pET28b + -based expression plasmid for Hiss-SePptll This work
pKIW177 Co-expression plasmid for ACP-TE and SePptll This work
pKIW191R Co-expression plasmid for DEBS 3 and SePptll This work
pACP-TEHis pT7-based expression plasmid for ACP-TE-Hisg Unpublished, gift from T. Schwecke
pPAPS11 pET28b + -based expression plasmid for Hiss-DEBS 3 This work
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pPET28b + to yield pKJW127 and pKJW133, respectively. The 246
amino acid version was amplified from JC2 genomic DNA, with
introduction of the restriction sites Ndel and Hindlll (5'-ccgcagcgg-
catatgctctctgagcgcaggcccggtgge-3’ (f) and 5'-ttggaagctttgg-
cagcttctccaaggtgatctccegt-3' (1) or  5'-gggtaagctttcatggcagcttctc-
caaggtgatctccc-3’ (r)). The PCR products were phosphorylated with
T4 polynucleotide kinase, and were then cloned into Smal-cut
pUC18. The sequences of the PCR products were confirmed by
sequencing. The PCR products were then cloned into Ndel/Hindlll-
cut pET29b+ and pET28b+ to yield pKIW130 and pKJW136,
respectively.

Construction of expression plasmids for SePptll: SePptll was
amplified from JC2 genomic DNA, with introduction of the restriction
sites Ndel and Hindlll (5'-ataggagaacatatgatcgagcgagtgctgcccga-
3'(f) and 5'-gtataagcttccgctcccgcagecgcacgatggeget-3'(r) or 5'-
ggcgaagctttcaccgctcccgcagecgcacgat-3’ (r)). The PCR products were
phosphorylated with T4 polynucleotide kinase, and were then
cloned into Smal-cut pUC18. The sequences of the PCR products
were confirmed by sequencing. The PCR products were then cloned
into Ndel/Hindlll-cut pET29b + and pET28b + to yield pKJW149 and
pKJW152, respectively.

Construction of a co-expression plasmid for SePptll and ACP-TE:
Plasmid pKJW152 was digested with BspEl, and was then end-filled
by use of DNA polymerase | (Klenow). The resulting linear DNA was
cut with Bglll and ligated into pACP-TEHis digested with Bglll and
BsaAl to yield pKIW177.

Construction of a co-expression plasmid for SePptll and DEBS 3:
SePptll (along with the T7 promoter, lac operator, and T7 terminator
sequences) were amplified from pKJW152, with introduction of Sphl
restriction sites (5'-gaggatcggcatgccgatcccgcegaaatta-3' (f) and 5'-
ttcgccaagceatgctatagttectectttca-3' (r)) at both ends. The PCR frag-
ment was ligated into Smal-cut pUC18, and the sequence was
confirmed by sequencing. The PPTase gene was then ligated into
Sphl-cut pAPS11 (DEBS 3 in pET28b +) to yield pKJW191R (in which
the genes for the SePptll and DEBS 3 are in opposite orientations).

Screening for overproduction of PPTases: Plasmids pKJW127, 130,
133, 136, 141, 146, 149, and 152 were used to transform E. coli BL21-
Codon Plus cells. Cultures of all transformants (35-50 mL, LB) were
grown at 30°C to an ODgy, of > 0.6, and induced with 0.1 mm 1-thio-
[-p-galactoside (IPTG). The cells were incubated overnight at 18°C.
Sodium dodecyl sulfate (SDS, 5%, 50 uL) was added to the cell pellet
from 1mL of culture, the pellet was boiled for 15 min, and the
solution was then centrifuged for 1 h. The total cell proteins were
then analyzed by SDS-PAGE.

Expression and purification of PPTases: Plasmids pKJW136, 141,
and 152 were used to transform E.coli BL21-Codon Plus cells.
Cultures of E. coli pKIW136 and pKJW141 (500 mL, LB) were grown at
30°C to an ODgy, of >0.6, induced with 0.1 mm IPTG, and grown
overnight at 14-18°C. Cultures of E. coli pKIW152 (6 x 50 mL, LB)
were grown at 37°C to an ODgy, of > 0.6; half of the cultures were
induced with 0.1 mm (IPTG) and grown at 37°C for 6 h, while the
remainder were induced with 1 mm IPTG and grown overnight at
14-18°C. All cells were lysed by sonication in buffer A (NaPi (pH 8.0,
50 mm), NaCl (300 mw), glycerol (20%)), containing imidazole (5 mm),
RNAase, DNAase, and protease inhibitor tablet (Roche)), and the
lysates were clarified by centrifugation. The lysates were then
incubated with 50% Ni?"-nitrolotriacetic acid (Ni-NTA) resin for 1 h at
4°C. The resin was washed multiple times with 2 x resin volumes of
buffer A containing 10 mm and then 20 mm imidazole, and the
proteins were eluted in buffer A containing 50 mm and 250 mm
imidazole. This purification step afforded the proteins at the
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following purities (as estimated from Coomassie-stained SDS-PAGE
gels): 136 (90-95%), 141 (95 %), and 152 (60 %).

The ACPS and SePptl could be further purified on a HiTrap SP cation
column (1 mL, Amersham Pharmacia). The ACPS was exchanged into
buffer B (KOH (10 mm), DTT (1 mm), EDTA (1 mwm), glycerol (20%), pH
adjusted to 6.7 with solid 2-(N-morpholino)ethanesulfonic acid
(MES)) on a PD-10 column (Amersham), loaded onto the HiTrap SP
column in buffer B, and eluted with a gradient to 100% buffer C
(buffer B + NaCl (1 m)). The SePptl was exchanged into buffer D (KOH
(10 mm), DTT (1 mm), EDTA (1 mm), glycerol (20%), pH adjusted to 7.7
with  solid  N-(tris(hydroxymethyl)methyl)-2-aminoethanesulfonic
acid (TES)) on a PD-10 column, loaded onto the HiTrap SP column
in buffer D, and eluted with a gradient to 40% buffer E (buffer D +
NaCl (1 m)).

Expression and purification of ACP-TE: Plasmids pACP-TEHis and
pKJW177 were used to transform E. coli BL21-Codon Plus cells.
Cultures of E. coli pACP-TEHis (500 mL, LB) and pKJW177 (2 x 50 mL,
LB) were grown at 37°C to an ODgy, of >0.6, induced with 1.0 mm
IPTG, and grown for 5-5.5 h at 26 - 30 °C. ACP-TE was purified by Ni-
NTA chromatography as for the PPTases.

Expression and purification of DEBS 3: Plasmid pKJW191R was
used to transform E. coli BL21-Codon Plus cells. Cultures of E. coli
pKJW191R (8 x 500 mL, LB) were grown at 30°C to an ODg, of 1.2,
induced with 1.0 mm IPTG, and grown for 4 h at 30 °C. The cells were
lysed by sonication in buffer A containing 1 mm imidazole, RNAase,
DNAase, protease inhibitor tablet (Roche), and lysozyme (1 mgmL™"),
and the lysate was clarified by centrifugation. Ammonium sulfate
was then added to 55% saturation, and the precipitated proteins
collected by centrifugation. The pellet was resuspended in buffer A,
and applied to a HiTrap chelating column (5 mL, Amersham), pre-
equilibrated with Ni,SO, as per manufacturer’s instructions. The
column was washed with 2.5 column volumes of buffer A, and was
then washed with 22 column volumes of buffer A containing 5 mm
imidazole. The protein was then eluted with buffer A containing
250 mm imidazole. The fractions containing DEBS 3 were pooled and
concentrated to 2.5 mL (Amicon® Ultra, 100 kDa MW cut-off), and
then exchanged into buffer F (NaPi (pH 7.0, 50 mm), DTT (1 mm), EDTA
(1 mwm), glycerol (10%)) on a PD-10 column. The desalted protein was
then loaded onto a HiTrap Q column (5 mL, Amersham) in bufferF.
The column was washed with 13 volumes of 23% buffer G (buffer F
+ NacCl (1m)), and the DEBS 3 was then eluted with a gradient to
100 % buffer G. The purification yielded 8.9 mg of DEBS 3 (>2mgL™")
as estimated by Bradford assay.

In vitro analysis of PPTases with ACP-TE: In initial experiments,
ACP-TE (65 png) was incubated with 0.01 and 0.1 molar equivalents of
ACPS or of SePptl in assay buffer (Tris-HCI (pH 8.8, 75 mm), MgCl,
(10 mm), DTT (5 mm)) containing CoASH (200 um) for 1 h at 37 °C (total
reaction volume 1 mL) and then quenched with 50 mm EDTA. ACP-TE
(6.5 ug) was alternatively incubated with 0.1, 1.0, and 10 equivalents
of ACPS, SePptl, and SePptll (amount estimated from Coomassie-
stained gel) in assay buffer (50 mm NaPi (pH 6, 6.5, 7, 7.5, and 8), MgCl,
(10 mm), DTT (5 mm)) containing CoASH (1 mwm) for 6 h at 37°C (total
reaction volume 100 uL) and quenched with 50 mm EDTA. Sfp (the
kind gift of Y. Li®%) was incubated under the same conditions at pH 6
only. The ACP-TE was also incubated with SePptll and acyl-CoAs
(acetyl, propionyl, n/i-butyryl, valeryl, (2RS)-methylmalonyl) and
desulfo-CoA (all at 250 pm)),'? under identical conditions. In all
cases, the ACP-TE was analyzed by liquid chromatography-mass
spectrometry (LC-MS) on a Vydac Protein C4 column (30-65%
acetonitrile/0.1 % trifluoroacetic acid over 35 min) on a ThermoFin-
nigan LCQ.
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In vitro analysis of PPTases with a type Il ACP:* The ACP (20—
40 ug) was incubated with 4 equivalents of ACPS, SePptl, SePptll, and
Sfp in buffer (Tris-HCl (pH 7.5, 50 mm), MgCl, (10 mm), DTT (2 mm))
containing CoASH (1 mwm) for 4 h at 30°C, and then analyzed by LC-
MS.

Limited trypsinolysis of DEBS 3 and analysis by LC-MS: DEBS 3
(350 pug) was incubated with 0.013 (w/w) equivalents of trypsin in
buffer (KPi (pH 7.0, 50 mm), EDTA (1 mm), DTT (1 mm), glycerol (10 %))
in a total volume of 100 pl. The digest was carried out at 30°C for
5 min, and the reaction mixture was then immediately injected onto
a Vydac Protein C4 column, pre-equilibrated with 35% acetonitrile/
0.1% trifluoroacetic acid. The ACPs; was then separated from the
other components by use of a gradient of 35-55 % acetonitrile/0.1 %
trifluoroacetic acid over 40 min (flow rate 0.7 mLmin~").
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Template-Directed Assembly of
Metallosalen - DNA Hairpin
Conjugates

Jennifer L. Czlapinski® ® and Terry L. Sheppard*®!

Nucleic acid template-directed synthesis offers a novel method
for the encoded assembly of DNA conjugates.'” DNA template-
directed reactions have been developed for chemical ligation of
DNA oligonucleotides?-* and extended to ligation-based detec-
tion systems for point mutations.”! More generally, templated
reactions have successfully directed the synthesis of a remark-
able range of chemical structures and reaction classes'"! and
shown potential for multiplexed synthesis of complex organic
molecule - DNA conjugates.

Our laboratory previously demonstrated the template-direct-
ed synthesis of a new metal-DNA hybrid, metallosalen - DNA,
by diamine cross-linking of salicylaldehyde-modified DNA on an
external template.”? Herein we report the formation and
characterization of nickel, manganese, and metal-free salen-
DNA conjugates that adopt a hairpin-loop motif (Scheme 1).
Metallosalen - DNA hairpin conjugates were designed to deter-
mine the three-dimensional structure of metallosalen-DNA
hybrids and to evaluate the effect of metallosalen-base pair
stacking interactions on DNA duplex stability. Our approach to
hairpin metallosalen - DNA conjugates (Scheme 1 A) utilizes two
complementary DNA oligonucleotides modified with a salicylal-
dehyde moiety at either the 3’- or 5'- end (1 and 2, respectively).
Strands 1 and 2 were aligned by complementary base pairing,
which placed the salicylaldehyde groups at the proximal end of a
DNA duplex. The aromatic salicylaldehyde moieties were
expected to stack with the adjacent base pairs in the duplex,”
further organizing the salen-DNA reaction. Addition of an
appropriate diamine in the presence or absence of a divalent
metal ion was expected to produce a hairpin-DNA structure
capped by a metallosalen or salen moiety.

Nickel metallosalen—DNA hairpin conjugate (Ni-3) formation
was assayed by polyacrylamide gel electrophoresis (PAGE) with
radiolabeled 1 as a tracer (Figure 1). When strands 1 and 2 were
annealed and incubated with 300 um Ni(OAc), and 150 um
ethylenediamine (EN), Ni-3 was formed in 66 % yield after 24 h
(lane 1). Extension of the reaction time to 48 h did not enhance
the yield of Ni-3 (lanes 3 and 5). Assembly reactions with strand 2
omitted were performed to assess the rate of unspecific reaction
between salicylaldehyde-modified strands (nontemplated, NT).®!
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Scheme 1. A) Template-directed assembly of metallosalen - DNA hairpins. p =
phosphate. B) Sequences of control hairpins with trinucleotide loops (NNN): 4a
(GAA), 4b (TAA), and 4c (TTT).
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N

el =

Figure 1. Time course for Ni-3 assembly assayed by 20 % denaturing PAGE. Lanes
1-6: Ni(OAc), assembly reactions of 1 and 2 at pH 6.5 with EN. Lane 1: 300 um
Ni(OAc),, 150 um EN, 2 um each 1 and 2 for 24 h at 37°C. Lane 2: without 2, 24 h.
Lane 3: all, 34 h. Lane 4: without 2, 34 h. Lane 5: all, 48 h. Lane 6: without 2, 48 h.

Notably, NT products (lanes 2, 4, and 6) were detected only after
48 h and at very low levels (1 %). Thus, Ni-3 assembly occurred in
a template-directed fashion in 24 h. Similar results were obtained
with Mn(OAc), in place of Ni(OAc),. However, as observed in our
previous work,” manganese metallosalen-DNA hairpin (Mn-3)
formed more rapidly: 55% yield in 1h, with NT products
becoming visible within 24 h (9%).

Previously, we demonstrated that metallosalen - DNA assem-
bly on an external template required the presence of a metal ion,
a diamine, and pH conditions that provided appropriate metal
speciation.®! Interestingly, templated salen—DNA hairpin (3)
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formation was observed both in the presence and absence of
divalent metal ions. Furthermore, unlike earlier studies, metal-
free salen - DNA (EN-3) assembly was pH independent, as shown
in Figure 2. EN-3 synthesis yields remained relatively consistent

2 3 4 5 3] 7 8

"
20
- - = e

10 ’
Fessetu,

Figure 2. pH independent assembly of EN-3 assayed by 20 % PAGE. Lane 1: 10 bp
marker. Lane 2: pH 6.5, 42 %. Lane 3: pH 7.0, 44 %. Lane 4: pH 7.5, 47 %. Lane 5:
pH 8.0, 42%. Lane 6: pH 8.5, 46 %. Lane 7: pH 9.0, 36 %. Lane 8: radiolabeled 1.

=—EN-3

(42 -47 %) from pH 6.5 to 8.5 (lanes 2 - 6), but decreased slightly
at pH 9.0 (36% yield, lane 7). The absence of a metal-template
effect in EN-3 formation suggests that the salen - DNA assembly
proceeds more efficiently in the preorganized hairpin context.
Furthermore, EN-3 may offer a starting point for the synthesis of
new metallosalen-DNA conjugates in the presence of diverse
metal ions.

The helical properties of the three hairpin salen-DNA
conjugates, Ni-3, Mn-3, and EN-3, were investigated by circular
dichroism (CD) spectroscopy. For comparison, three hairpin-loop
constructs (4 in Scheme 1B), in which the metallosalen/salen
moiety was replaced with a three-nucleotide loop (4a, GAA; 4b,
TAA; 4c, TTT), also were analyzed by CD. Representative CD
spectra for Ni-3 and 4a are compared in Figure 3 A. The spectra
of each hairpin show a positive band at 280 nm and a negative
band at 250 nm, indicative of a B-form helix.”! All salen-DNA
hairpin conjugates gave similar CD spectra (see Supporting
Information). Thus, replacement of a DNA hairpin loop with a
salen linker does not interfere with the B-form helical nature of
the hairpin. One notable feature of Ni-3 was a minor red shift of
the 280 nm band; this may indicate an induced CD signal in the
metallosalen-ligand absorption band.['*"!

The thermal stability of the metallosalen—DNA hairpins was
assessed by UV-thermal denaturation studies. UV melting
profiles for Ni-3 and 4a (Scheme 1B, X=GAA) are shown in
Figure 3 B. Hairpin conjugate Ni-3 demonstrated a sharp melting
transition at 90.5+ 0.3 °C!"? and exhibited greater stability than
the control hairpin 4a, which melted at T,,=88.3 +0.3°C. The T,,
of Mn-3 (89.8 +0.4°C) was higher than that of the analogous
control hairpins 4b (86.440.2°C) and 4c (86.240.2°C)."¥ The
T.'s for metallosalen—DNA hairpins were consistently higher
than those for the control hairpins; this suggests that the
metallosalen enhances duplex stability through increased stack-
ing interactions, as seen in other capped hairpins.['" 14

In summary, we have demonstrated the efficient template-
directed synthesis of hairpin metallosalen - DNA conjugates (Ni-
3 and Mn-3) and a metal-free salen—-DNA (EN-3). Template-
directed synthesis of hairpin structures, a demonstrated ap-
proach for the synthesis of DNA-organic molecular conju-
gates,™ has been extended to metal-DNA hybrids. The pH-

128

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A 4-
o-’ Oh
5 = e
% '.l
_.-'- - .
g o faw -
g 0 : -
S % -
3) | % =
'\' u
2 - e
) L)
1 v 1 v 1
250 300 350
Alnm ———»
B .
40 .g'
. eon
30 *=
.
2 "
8 °
u
§ 20 o
< .. u
o 4 []
S ... .'
£ 10 ® o'
J ..
X | .... ...-
o -l-
0 M.l.l.ll' e

Figure 3. Biophysical properties of metallosalen— DNA Ni-3 (squares) and
unmodified DNA hairpin 4a (Scheme 1, X = GAA, circles). A) CD spectra.
Conditions: 1 um hairpin, 10 mm sodium phosphate, 150 mm NaCl, pH 7.0. B) UV-
thermal denaturation data was acquired under conditions identical to (A) at
260 nm with a temperature ramp rate of 0.5°Cmin~".

independentsynthesis of EN-3 might provide a new route to
metallosalen - DNA conjugates with greater metal ion diversity.
Hairpin metallosalen-DNA conjugates adopt B-form duplexes
that have enhanced thermal stability when compared to DNA
hairpins with trinucleotide loops. These new hairpin conjugates
offer promise for future studies designed to reveal the structural
basis for the enhanced stability of metallosalen-DNA hairpin
conjugates.

Experimental Section

Salen - DNA Formation (Ni-3, Mn-3 and EN-3): Buffered solutions of
Ni(OAc), and EN (final concentrations: 300 um metal, 150 pm EN, 2 um
each of 1 and 2) were added to a mixture of 1 and 2 (4 pm each) in
MES (10 mm, pH 6.5, 150 mm NaCl). The reaction was incubated for
24 h at 37°C. Mn-3 assembly followed a similar procedure. However,
the reaction conditions included HEPES buffer (10 mm, pH 8.0,
150 mm Nadl), final reactant concentrations of 400 um Mn(OAc),
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and 100 um EN, and 1 h incubation at 37°C. EN-3 formation was
performed in HEPES buffer (10 mm, pH 7.0, 150 mm NaCl), with a final
EN concentration of 400 um at 37°C for 1 h. Mn-3, Ni-3, and EN-3
provided the expected results by MALDI-TOF MS and base compo-
sition analysis (see Supporting Information).
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An Unprecedented Catalytic Motif
Revealed in the Model Structure of
Amide Hydrolyzing Antibody 312d6

Fabio Benedetti,* Federico Berti,*® Kevin Brady,®!
Alfonso Colombatti,' 9 Alessandro Pauletto,
Carlo Pucillo,’” and Neil R. Thomas*®!

While catalytic antibodies are well established as artificial
catalysts with enzyme-like properties for a variety of reactions,"
few amidase antibodies have been obtained so far.? Recently,
we have described the preparation and kinetic characterization
of amidase antibody 312d6.5®! The antibody was raised against
the sulfonamide hapten 2a, designed to induce catalysis by
transition-state mimicry and torsional activation, and has been
found to accelerate the hydrolysis of amides 3 a, 4a by a factor of
103 (Scheme 1).

3 R=H
4 R=CHO

1 R=H
2 R=CHO

Keat/ko > 750 (3a)
Keat/ko = 1120 (4a)

R'=a: CHj; b: H; ¢: OCHg; d: Cl; e: NO,

Scheme 1. Sulfonamide haptens (1, 2) and carboxamide substrates (3, 4) of
antibody 312d6.

Here we report the results of a docking analysis carried out on
the homology model of the variable fragment (Fv) region of
antibody 312d6. A novel catalytic motif based on an arginine
dyad, unprecedented in antibody hydrolases, is identified by this
study.
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and 100 um EN, and 1 h incubation at 37°C. EN-3 formation was
performed in HEPES buffer (10 mm, pH 7.0, 150 mm NaCl), with a final
EN concentration of 400 um at 37°C for 1 h. Mn-3, Ni-3, and EN-3
provided the expected results by MALDI-TOF MS and base compo-
sition analysis (see Supporting Information).

Acknowledgements

We acknowledge funding from the ACS Petroleum Research Fund
(#34740-G4). J.L.C. was supported by an Institutional NRSA Training
Grant in Molecular Biophysics (GM08382).

Keywords: DNA hairpin - metal complex - metallosalen - DNA

- nucleic acids - template synthesis

[1] D. Summerer, A. Marx, Angew. Chem. 2002, 114, 93; Angew. Chem. Int. Ed.
2002, 41, 89.

a) S. M. Gryaznoy, R. L. Letsinger, J. Am. Chem. Soc. 1993, 115, 3808; b) X. Li,
Z.Y. Zhan, R. Kripe, D. G. Lynn, J. Am. Chem. Soc. 2002, 124, 746; c) Y. Xu,
E.T. Kool, Nucleic Acids Res. 1999, 27, 875.

a) A. Mattes, O. Seitz, Angew. Chem. 2001, 113, 3277; Angew. Chem. Int. Ed.
2001, 40, 3178; b) Z-Y.J. Zhan, D.G. Lynn, J. Am. Chem. Soc. 1997, 119,
12420; c) Z. J. Gartner, R. Grubina, C. T. Calderone, D. R. Liu, Angew. Chem.
2003, 715, 1408; Angew. Chem. Int. Ed. 2003, 42, 1370, and references
therein.

Y. Xu, N. B. Karalkar, E. T. Kool, Nat. Biotechnol. 2001, 19, 148.

J. L. Czlapinski, T. L. Sheppard, J. Am. Chem. Soc. 2001, 123, 8618.

a) Z.J. Gartner, M. W. Kanan, D.R. Liu, Angew. Chem. 2002, 114, 1874;
Angew. Chem. Int. Ed. 2002, 41, 1796; b) Z. ). Gartner, M. W. Kanan, D.R.
Liu, J. Am. Chem. Soc. 2002, 124, 10304.

F.D. Lewis, X. Liu, Y. Wu, S. E. Miller, M. R. Wasielewski, R. L. Letsinger, R.
Sanishvili, A. Joachimiak, V. Tereshko, M. Egli, J. Am. Chem. Soc. 1999, 121,
9905.

NT formation was observed as a slower migrating gel band. Ni-3 migrated
faster; this suggests partial stability of the hairpin structures under
denaturing PAGE conditions.

D. M. Gray, S.-H. Hung, K. H. Johnson, Methods Enzymol. 1995, 246, 19.
M. Ardhammar, T. Kurucsev, B. Nordén in Circular Dichroism, (Eds.: N.
Berova, K. Nakanishi, R. W. Woody), Wiley, New York, 2000.

F.D. Lewis, Y. Wu, X. Liu, J. Am. Chem. Soc. 2002, 124, 12165.
Concentration-dependent UV thermal denaturation analysis of Ni-3 gave
unchanged T, values, suggesting that Ni-3 adopted a hairpin structure
(see Supporting Information).

The loops chosen, in increasing stability, were TAA (4c), TTT (4b), and
GAA (4a): S. Yoshizawa, G. Kawai, K. Watanabe, K. Miura, I. Hirao,
Biochemistry 1997, 36, 4761. See Supporting Information for melting
profiles of all hairpins.

P-S. Ng, M.R. Pingle, G. Balasundarum, A. Friedman, X. Zu, D.E.
Bergstrom, Nucleosides Nucleotides Nucleic Acids 2003, 22, 1635.

Z.). Gartner, D.R. Liu, J. Am. Chem. Soc. 2001, 123, 6961.

[2]

v

[4]
[5]
(6]

ol
[12]

[13]

[14]

[15]

Received: September 23, 2003 [Z776]

ChemBioChem 2004, 5, 129-131 DOI: 10.1002/cbic.200300738

An Unprecedented Catalytic Motif
Revealed in the Model Structure of
Amide Hydrolyzing Antibody 312d6

Fabio Benedetti,* Federico Berti,*® Kevin Brady,®!
Alfonso Colombatti,' 9 Alessandro Pauletto,
Carlo Pucillo,’” and Neil R. Thomas*®!

While catalytic antibodies are well established as artificial
catalysts with enzyme-like properties for a variety of reactions,"
few amidase antibodies have been obtained so far.? Recently,
we have described the preparation and kinetic characterization
of amidase antibody 312d6.5®! The antibody was raised against
the sulfonamide hapten 2a, designed to induce catalysis by
transition-state mimicry and torsional activation, and has been
found to accelerate the hydrolysis of amides 3 a, 4a by a factor of
103 (Scheme 1).

3 R=H
4 R=CHO

1 R=H
2 R=CHO

Keat/ko > 750 (3a)
Keat/ko = 1120 (4a)

R'=a: CHj; b: H; ¢: OCHg; d: Cl; e: NO,

Scheme 1. Sulfonamide haptens (1, 2) and carboxamide substrates (3, 4) of
antibody 312d6.

Here we report the results of a docking analysis carried out on
the homology model of the variable fragment (Fv) region of
antibody 312d6. A novel catalytic motif based on an arginine
dyad, unprecedented in antibody hydrolases, is identified by this
study.
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The amino acid sequence of the Fv region (Table S1 in the
Supporting Information) indicates that antibody 312d6 is sub-
stantially different from hydrolase antibodies raised against
phosphonate or phosphonamidate haptens®” and does not
contain the “canonical binding array”? commonly found in
those antibodies.

Homologous sequences corresponding to antibodies of
known structure® have been retrieved from the Protein Data
Bank and used to build a model of the Fv of 312d6. Modelling of
the variable light chain (V) was straightforward due to the high
similarity of the V_ to that of anti-HIV protease antibody
F11.2.32.5) Modelling of the variable heavy chain (V) required
a multistep procedure: anti-fullerene antibody 1-10F-8a was
used to provide V. The complementarity-determining region
(CDR) H3 loop of anti-4-hydroxy-5-iodo-3-nitrophenyl caproic
acid antibody B1-8 was then grafted on in place of the less
homologous CDR H3 of antibody 1-10F-8a.! The residues of the
heavy chain were then mutated to those found in sequence
312d6, and the whole structure was optimized in order to relax
clashes with the heavy chain framework.

After obtaining the starting models of the two chains, the Fv
dimer was constructed by using the crystallographic structure of
antibody 25.3 (PDB 1AFV) as a template. For a protein of known
structure 25.3 has the highest degree of sequence homology
with 312d6, if both the V, (89%) and V, chains (69%) are
considered. Its loops also fall into the same Chothia’s canonical
classes™™ (L1 undefined; L2, L3 and H1 all Class 1; H2 Class 2).
Although the resolution of this particular structure is comparably
low (3.7 A), the backbone position is sufficiently well resolved for
the purpose of Fv dimer construction, which consists primarily in
finding the relative orientation of V, and V,; and hence involves
the peptide backbone positions only. The two chains of antibody
312d6 were thus aligned by sequence homology to the two
chains of 253, and a starting geometry for the dimer was
obtained. The final structure was obtained by optimization of
the V-V, interface, followed by relaxation of the whole dimer.
The dimer was then equilibrated in a box of 7000 TIP (trans-
ferable intermolecular potential) water molecules by a 3000 ps
molecular dynamics run at 300K and the lowest-energy
equilibrium structure was used to obtain the final optimized
geometry (FigureS1). A PROCHECK™ analysis assessed the
structural validity of the final model.

A putative binding site for sulfonamide 1a was identified by
mapping the antibody binding area with GRID 19%! (Molecular
Discovery Ltd.). The GRID sulfonamide probe immediately
identified the Arg50H, Arg98H dyad as the most promising
interaction site for the sulfonamide group. Mapping with the
hydrophobic, aromatic and methyl probes identified a small
hydrophobic pocket located under the two arginines, lined by
Leu101H and the methylene groups of Ser91L and Asp94L, with
Trp96L at the bottom (Figure 1). The hapten was then docked
onto the interaction map with the mobile side chain docking
routine of GRID 19, and the resulting structure was optimized
(Figure 1A). Strong electrostatic and hydrogen bonding inter-
actions between the sulfonamide group of the hapten and the
same arginine dyad are also identified by docking 1a with the
FlexX®! module of Sybyl 6.8 (Tripos Inc.). Thus it seems safe to
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Figure 1. A) Complex between catalytic antibody 312d6 and sulfonamide 1a
showing important active-site interactions. The CDRs are shown in green (V,,) and
blue (V,); the rest of the sequence is omitted for clarity. B) Complex with amide 3 a.

assign a key role in hapten binding to Arg50H and Arg98H. All
the contact residues identified by the GRID/FlexX approach are
commonly used by hapten-binding antibodies,"” including
amidase antibodies, to establish interactions with the hapten.

The complex with substrate 3a was obtained similarly (Fig-
ure 1B). The binding mode of the amide closely resembles that of
the sulfonamide hapten, with Arg98H flipped towards the
carbonyl oxygen leaving enough space for the incoming water
molecule. The catalytic role of the arginine dyad may thus be to
activate the amide bond by polarization and hydrogen bonding.
Involvement of arginine residues in catalysis is consistent with
the experimental results; this indicates that the rate is pH-
independent between pH 7.5 and 9.0.2

Substrate destabilization was another element taken into
account in the design of the sulfonamide hapten 2a. The
aromatic rings of 2a are nearly orthogonal and it was thus
proposed that anti-2a antibodies, on binding the amide
substrates, would force the substrates to adopt a similar
conformation, with a twisted amide bond.®! Indeed, in the
complex with 312d6, in order to bury the phenyl ring in the
hydrophobic pocket and at the same time establish a hydrogen
bond with Arg98H, substrate 3a must adopt a distorted
conformation with the phenyl ring and the carbonyl nearly
orthogonal, as predicted (Figure 1B). However, the wide space
available at the top of the site allows the indole ring to rotate
with the carbonyl, thus minimizing the twist of the amide group.
Calculations at the B3LYP/6-31G(d,p) level indicate that the
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conformation adopted by 3a in the binding site is destabilized
by 1.5 kcalmol~" with respect to the ground state, against a
maximum destabilization of 9 kcal mol~" calculated for complete
twisting of the amide bond out of planarity. This may explain
why the acceleration observed in 312d6-catalyzed hydrolysis of
amides 3a and 4a is modest compared with the rate enhance-
ments that can be obtained by constraining an amide bond in a
twisted conformation.!'?

Antibody 312d6 was found to be highly specific for p-tolyl-
substituted indole sulfonamides and carboxamides.® The dock-
ing analysis was thus extended to p-substituted carboxamides
3b-e and sulfonamides 1b-e. Relative complexation energies
for the two sets of ligands were calculated and are reported in
Table 1. The data confirm that the model accounts qualitatively
for the observed specificity, at least when the methyl is replaced
by larger groups.

Table 1. Relative complexation energies for binding of 312d6 with sulfon-
amide (1) and carboxamide (3) ligands.

R Sulfonamide AE compirel® Carboxamide AE ompiet
[kcal mol~"] [kcal mol~"]

CH,4 T1a 0.0 3a +8.16

H 1b +0.15 3b +8.08

OCH; 1c +23.41 3c +30.18

cl 1d +4.62 3d +14.21

NO, Te +7.92 3e +13.47

[a] AEcompirer = (Ep. — E?) — (Ep1a— ES,), Where E,, EP are the Amber4.1
energies for the optimized geometries of the protein-ligand complexes
and for the ground state conformations of the free ligands, respectively.
Epya ES. are the corresponding values for the reference ligand 1a.

In conclusion, a unique catalytic motif, based on an arginine
dyad lining a hydrophobic pocket, has been found in antibody
312d6. The strong electrostatic field generated by the dyad is
likely to be used by 312d6 to activate the amide bond towards
nucleophilic attack and stabilize the transition state.'¥ The
second arginine may also play a role as a general base, activating
the hydrolytic water molecule.®! The homology model also
confirms that substrate destabilization plays a role in the
catalytic activity of 312d6 and is consistent with the binding
specificity displayed by the antibody. Crystallization trials on the
fully functional antigen binding fragment (Fab) are currently
underway.

Experimental Section

Sequencing: mRNA from freshly subcloned hybridoma 312d6 cells
was isolated and first-strand ¢cDNA was synthesized.'¥ cDNAs
encoding the antibody variable domains were amplified by PCR by
using Taq polymerase. V, was amplified with the forward primer
VHFor (5-TGAGGAGACGGTGACCGTGGTCCCTTGGCCCCAG-3'), which
hybridizes to the y-chain constant domain, and with the reverse
primer VH1Rev (5-AGGTSMARCTGCAGSAGTCWGG-3 where M=A or
C,S=Cor G, R=A or G W=A or T), which hybridizes to the signal
sequence region of the antibody y-chain. The primers for amplifying
V, were VkFor (5-GTTAGATCTCCAGCTTGGTCCC-3'), which hybridizes
to the k-chain constant domain, and VkRev (5'-GACATTGAGCTGACC-
CAGTCTCCA-3), which hybridizes to the signal sequence region of
the mouse antibody k-chain. cDNA fragments were ligated into
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PGEMT, and recombinant plasmids were purified by alkaline lysis.
Sequences of cloned DNA encoding the Vy and V_ inserts were
determined by Tag-Dye-Terminator-Cycle-Sequencing, by using two
independent batches of RNA to ensure accuracy. The sequences
have been deposited at GenBank (Accession numbers: V,: AY349608;
Vy: AY351681).

Modelling: calculations were carried out on SGI Octane R12000
workstations with the Cornell version of the AMBER force field, as
implemented in Sybyl 6.8 (Tripos Inc.). New AMBER parameters for
the sulfonamide group and for chlorine were developed as described
by Geremia and Calligaris."™ The coordinate file of the homology model
has been deposited and may be obtained from the PDB on quoting
the depository number, 10K5. B3LYP/6-31G(d,p) calculations on sub-
strate 1a were carried out by using Spartan 02 (Wavefunction Inc.).
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Altering Glucose Oxidase to Oxidize
p-Galactose through Crosslinking of
Imprinted Protein
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Dedicated to Dr. Matthias Gabler in memoriam.

In the past “molecular imprinting” was mainly confined to the
separation of organic molecules and to nonenzymatic cataly-
sis.'3 With advancements in this technology, its potential and
utility in the field of biotechnology was also realized.” In order to
improve its applicability, new variations in the conventional
imprinting technique have emerged, such as “bioimprinting”, ¢
metal chelation imprinting,”? affinity imprinting,®® and a
combination of immobilization and “bioimprinting”.'> ™ The
memory effect of enzymes caused by bioimprinting without a
further immobilization step was found to depend on the water
content of the medium and was completely lost when the
reaction was carried out in the presence of a certain amount of
water.> 1213 This was exemplified by the fact that, in aqueous
medium, renaturation of a bioimprinted protein to its original
native conformation resulted in the loss of imprinted memo-
ry.> 13 However, water is an indispensable milieu for most
enzymatic reactions. Therefore, our research is focused on how
to maintain the “bioimprinted memory” of an enzyme not only in
organic solvents but also in aqueous solution systems. Here we
demonstrate that the combinatorial crosslinked imprinting
approach (we termed it CLIP) overcomes this problem. The CLIP
methodology is shown schematically in Scheme 1. Keyes et al.
employed a different kind of methodology to alter the catalytic
properties of enzymes.'¥ In their strategy, the enzyme com-
plexed with ligands was crosslinked by using glutaraldehyde.
This whole process was carried out in aqueous buffer, probably
because the present imprinting concept in organic solvents was
not known to that time.

In our initial attempts'"” monomeric, low-molecular-weight
(26 -28 kDa), nonglycosylated and cofactor-independent pro-
teolytic enzymes, such as chymotrypsin and subtilisin, were
selected to demonstrate the feasibility of the CLIP approach to
rationally modify their catalytic properties. These proteases,
when “bioimprinted” with N-acetyl-o-tryptophan, can accept
both p- and L-configured substrates, whereas the native enzyme
only recognizes the L-form for synthesis of its ethyl ester in dry
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Enzyme

‘ Ligand

Introduction of vinyl groups
by derivatization of enzyme

Incubation of derivatized

enzyme with ligand i :
————

Precipitation of enzyme/ligand
complex, drying under vacuum
and suspension polymerization
in dry organic solvent

CLIP-enzyme

Scheme 1. Schematic illustration of combinatorial crosslinked imprinting
methodology (CLIP). The enzyme of interest is first derivatized and then
complexed by using ligands such as substrate analogues or inhibitors in aqueous
medium. In the next step, imprinted memory is created by precipitation of protein
and drying under vacuum. Subsequently, this imprinted memory is covalently
“frozen” by crosslinking the precipitated protein in dry organic solvent. The
resulting CLIP enzyme is washed to remove the ligand. It can then be used either
in aqueous medium or organic solvent. In the present case of glucose oxidase
(GO), the ligand was its competitive inhibitor p-galactose, and the novel catalytic
property in aqueous medium was acceptance of p-galactose as a substrate to
give p-galactono-1,4-lactone as a product.

cyclohexane.® % Hydrolysis of the p-ester in aqueous phosphate
buffer showed that only the crosslinked imprinted enzyme was
able to hydrolyze the p-configured substrate; moreover, this
reaction took place 10*-10° times faster than the uncatalyzed
process.' In another example, we reported crosslinked imprint-
ing of a membrane-associated epoxide hydrolase using its
substrates (S)- or (R)-1,2-epoxyoctane as imprint molecules. The
resulting CLIP-epoxide hydrolase preparations exhibited enan-
tioselective preference for hydrolysis of either (S)- or (R)-1,2-
epoxyoctane (ee=1.8 and 5.3, respectively) in phosphate
buffer." The native nonimprinted epoxide hydrolase was weakly
(R) selective (ee).

In both examples the CLIP technique was applied to introduce
a rationally modified enantiorecognition into enzymes for their
usage in aqueous buffer systems. Here, glucose oxidase (GO;
EC 1.1.3.4; CAS9001-37-0) was selected as an intricate model
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enzyme to modify its substrate selectivity and thereby demon-
strate the feasibility of CLIP in inducing new catalytic properties
in a structurally demanding enzyme that is dimeric, large
(160 kDa), glycosylated, and cofactor dependent (two FAD
molecules per molecule of enzyme). This is the first report in
which the substrate selectivity of GO is broaden through the
CLIP strategy on the mature-protein level, which can only be
achieved by chemical means, and the resulting modified
biocatalyst demonstrates its utility in aqueous medium.

The first step of the CLIP technique is to introduce polymer-
izable vinyl groups into glucose oxidase (Scheme 1). The reaction
of itaconic anhydride with mainly the primary amino groups of
proteins is well documented.'™'® [taconic anhydride forms
covalent bonds with the NH,, SH, and OH groups of lysine,
cysteine, or tyrosine side chains, which are stable from pH 1-12
at temperatures up to 70°C.'® It has been reported that 30
lysine, 6 cysteine and 36 tyrosine residues per mole were present
in the GO from Aspergillus niger used."” In our experiments, the
GO/anhydride ratio was varied between 1:1 to 1:10 (w/w) in
order to obtain a degree of protein derivatization in the range of
20 to 100% (the derivatization degree was estimated by 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay;"'® data not shown). It
was observed that 70% acylation (of derivatizable amino acids)
was optimum considering the activity of resulting derivatized
GO. The 70 %-derivatized GO demonstrated an increased specific
activity of 9200 nkat per mg protein relative to native GO (see
Table 1).

Table 1. Kinetic parameters of different glucose oxidase (GO) preparations./

GO Preparation Substrate Glucose Substrate Galactose

K. V,ax [nkat K Viax [nkat
[mm] per mg [mm] per mg
protein] protein]
Native (as reported)!'® 22 2500 n.s. n.s.
No1 Native GO 22 8500 n.s. n.s.
No2 Derivatized (70%) GO 12 9200 n.s. n.s.
No3 Immobilized GO 19 2400 ns. n.s.
No4 CLIP-GO 15 2500 8 1000

[a] Results were average from three independent experiments (deviation +
10%). n.s. = not substrate.

Derivatized GO was imprinted with p-galactose, a competitive
inhibitor of GO (K;~35 mwm) in phosphate buffer, and the GO -
galactose complex was precipitated by using n-propanol. The
resulting protein pellet was dried under high vacuum
(~ 107> mbar). Our earlier experiences in crosslinked imprinting
of enzymes implied that to stabilize the imprinted conformation
in aqueous solution it is necessary to use a large amount of
crosslinking agent.'® "' Hence, in the final step of immobiliza-
tion, an excess of ethylene glycol dimethacrylate (EGDMA) was
used as crosslinker. The crosslinking step was done by UV
initiation in dry cyclohexane, a porogenic solvent.

The kinetic parameters K., and V,,,, for native (No 1), derivat-
ized (No2), immobilized (No 3), and CLIP (No4) glucose oxidase
(GO) were estimated by using Hanes plot. The corresponding
data are shown in Table 1. The K, value of native GO was found
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to be the same as reported earlier by Scott, although V,,,,, of our
GO preparation was significantly higher."® If GO was acylated,
the K, decreased from 22 to 12 mwm, and the V,,, value increased
from 8500 to 9200 nkat per mg protein, as mentioned above.
After crosslinking of derivatized GO, the V.., (2400 nkat per mg
protein) was about 28 % of the value obtained with native GO. In
comparison, a-chymotrypsin immobilized by the same method
demonstrated only about 12% V,,,, of the free native enzyme
during hydrolysis of N-acetyl-i-tryptophan ethyl ester,'"” and
immobilized epoxide hydrolase of Rhodotorula glutinis resulted
in about 30 - 60 % of initial activity relative to the free enzyme.™

The most remarkable feature of CLIP-GO was the acceptance
of galactose as a novel substrate (K., =8 mm). CLIP-GO exclu-
sively catalysed the oxidative conversion of galactose to
galactono-1,4-lactone (the product was analyzed by HPCE, HPLC,
'H and *C NMR spectroscopy). It was confirmed that the spectral
data were in accordance with the proposed structure of the
product published by El Khadem et al.™

A separate control experiment was conducted in which
galactose was converted by native galactose oxidase
(EC1.1.3.9; CAS9028-79-9), the well-known oxidase for the
enzymatic conversion of galactose. The product of galactose
oxidase was identified as p-galactonohexodialdose, as expected
and previously published.”?” To gain further proof of the different
regioselectivity, methyl-o- and methyl-3-p-galactopyranoside
were incubated with either native galactose oxidase or CLIP-
GO. Only native galactose oxidase was able to convert these C1-
protected monosaccharides (84 and 78% activity, respectively,
relative to p-galactopyranoside), whereas CLIP-GO could not
oxidize these C1-methylated p-galactopyranosides at all. Thus, all
these results indicate that the oxidative catalytic conversion of
galactose to galactono-1,4-lactone by using CLIP-GO follows the
intrinsic C1-regioselectivity of the enzyme and leads to a
different product than with the Cé6-regioselective galactose
oxidase.

The enzymatic conversions of glucose or galactose by GO
preparations No 1, 3, and 4 were scaled up to 50 mL batches (the
protein concentration was kept constant at 50 ugmL~', corre-
sponding to 20 mg polymer per mL in case of immobilized or
CLIP-GO). The specific conversion rates (mm product per mg
protein per h) with native, immobilized and CLIP-GO are shown
in Table 2. The highest conversion rate for glucose (14.1 mm
glucono-1,5-lactone per mg protein per h) was found for the
native enzyme. The conversion rates for glucose with immobi-
lized and CLIP-GO were lower and similar to each other (ca. 8 mm
product per mg protein per h). The immobilized GO and CLIP-GO
reached approximately 90% of the extrapolated theoretical
yield, whereas native GO resulted in only about 46 %. This is
explained by the stability effect due to covalent crosslinking in
case of immobilized GO and CLIP-GO. Furthermore, the CLIP-GO
lost only 10% of its initial activity on continuous reuse for six
cycles (data not shown).

The major important finding of the present investigation is the
exclusive oxidation of galactose to galactono-1,4-lactone by
CLIP-GO with surprisingly high 42% of the conversion rate
(3.4 mm product per mg protein per h) compared with its natural
substrate glucose (8.1 mm product per mg protein per h). With
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Table 2. Production of glucono-1,5-lactone and galactono-1,4-lactone by using different glucose oxidase (GO) preparations (1 h, 50 mL scale).l!

Yield of Glucono-1,5-lactone [mm per mg protein]

Yield of Galactono-1,4-lactone [mm per mg protein]
Experimental Theoretical®

No 1 Native GO 14.1 30.6
No 3 Immobilized GO 8.0 8.6
No4 CLIP-GO 8.1 9.0

0 0
0 0
3.4 3.6

see V., in Table 1).

[a] Results were average from three independent experiments (deviation & 10%). [b] Corresponding to the initial GO preparation activity at the beginning (t,;

CLIP-GO about 94% of the theoretical yield of galactono-1,4-
lactone was produced. The mechanism of this unique accept-
ance of galactose by CLIP-GO and obvious differences in active-
site conformation of the CLIP-GO and the nonimprinted GO
preparations on protein structure level are yet not understood.
The cross reactivity of CLIP-GO with other sugars will be the
subject of more detailed studies in the future. However, the
general principle of the CLIP technique, using ligands that bind
to the active site of an enzyme, seems to allow altering enzyme
properties such as substrate- or enantioselectivity. Limitations
might be observed if the enzyme is sensitive to the acylating
agent necessary for covalent immobilization or to propanol
precipitation and organic solvents. These points have to be
investigated empirically.

In summary, GO was acylated by itaconic anhydride, and the
resulting derivatized enzyme was bioimprinted with galactose
(competitive inhibitor). The bioimprinted memory was cova-
lently stabilized by crosslinking in water-free organic solvent by
using excess EGDMA. The most interesting and unique result
obtained in the present case was that galactose was accepted as
a novel substrate (K,=8mm) and that it was oxidatively
converted to galactono-1,4-lactone. This new “bioimprinted”
catalytic property was not inherent to native GO. To our
knowledge, this is the first report in which the substrate
spectrum of GO was not only broadened but yielded a new
product by directed biochemical modification of the enzyme on
a mature-protein level.

Experimental Section

Materials: Glucose oxidase (specific activity 8500 nkat per mg
protein) from recombinant Aspergillus niger, peroxidase from horse
radish (specific activity 225 units per mg protein, one unit activity
corresponds to production of 1 mg purpurogallin from pyrogallol in
20s at pH6 and 25°C) were procured from Roche, Mannheim,
Germany. Glucose monohydrate, galactose, galactono-1,4-lactone,
glucono-1,5-lactone, cyclohexane, n-propanol, hydrogen peroxide
(30%, v/v) were purchased from Fluka, Buchs, Germany. o-Dianisidine
dihydrochloride and TNBS were obtained from Sigma Chemical
Company, Steinheim, Germany. Ethylene glycol dimethacrylate
(EGDMA) was purchased from Aldrich, Steinheim, Germany. 2,2’
Azobis(2-methylpropionitrile) (AIBN) and itaconic anhydride were
obtained from Acros Organics, New Jersey, USA. All chemicals were
of analytical grade and were used as received, except cyclohexane
was dried by refluxing over metallic sodium for 12 h and then stored
over molecular sieves.
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Derivatization of glucose oxidase: The acylation of GO (6 mgmL~")
by using various amounts of itaconic anhydride (6 to 60 mgmL~") in
potassium phosphate buffer (10 mL, 50 mm, pH 6.0; hereafter “work-
ing buffer”) was carried out by following our earlier reported
procedure."! To yield 70% derivatization degree, GO and itaconic
anhydride were used in the ratio of 1:7 (w/w).

Imprinting of GO: A typical procedure for imprinting was as follows.
Dry derivatized enzyme (30 mgmL-") and galactose (54 mgmL~")
were dissolved in potassium phosphate buffer (1 mL, 10 mm, pH 5.0).
The mixture was incubated at 25°C for 30 min. The GO -galactose
complex was precipitated by adding n-propanol (4 mL, — 20°C), then
it was kept on ice for 10 min. The precipitate was collected by
centrifugation at 11000 rpm for 15min at 4°C. The pellet was
washed with n-propanol (1mL, —20°C) and then dried with a
molecular vacuum pump (Alcatel, Drytel 31) for 12 h and kept under
the same vacuum till further use.

Crosslinking of derivatized imprinted enzyme: Imprinted derivat-
ized GO (10 mgmL~") was suspended in dry cyclohexane (1 mL) by
using an ultrasonication bath (Branson2200). AIBN (4 mg) and
EGDMA (200 uL) were dissolved in this suspension. The radical
polymerization was initiated under UV irradiation (A =335nm) at
25°C and was continued for 5 h. The resulting polymer was kept in a
refrigerator at 5°C for 12 h. First the polymer was washed with
cyclohexane (2mL) to remove unreacted crosslinker, then with
working buffer (3 x 10 mL). The protein and enzyme activity were
checked during aqueous washings; no enzyme leakage was found.
The polymer was dried with a molecular vacuum pump. Similarly, a
control polymer with nonimprinted derivatized enzyme was also
crosslinked (immobilized enzyme).

Bioconversion of glucose or galactose: In an eppendorf tube (2 mL
capacity) or a stirred glass reactor (200 mL capacity) with aeration,
either glucose or galactose (200 mm) was dissolved in working buffer
(1 mL or 50 mL, respectively; pH 6.0), and free enzyme (50 pgmL~")
or polymer-bound enzyme (ca. 20 mg polymer per mL), comprising
the same amount of protein, was added. The reaction mixtures (air
saturated) were stirred at 1000 rpm under continuous temperature
control at 25°C. Then the reaction was terminated by a heat step
(70°C). The reaction mixture was centrifuged at 13000 rpm for
10 min, and the supernatant was analyzed by HPCE, HPLC, 'H, or
13C NMR (for details see the Supporting Information).

Keywords: biotransformations - enzyme catalysis - immobili-

zation - imprinting - protein engineering
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