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Introduction
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Completion of the Human Genome Project has pro-
vided the scientific community with a wealth of infor-
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mation to further our knowledge of the gene func-
tion. Currently, an enormous effort is being applied
to studying the relationship between the mapped
genes and human disease. In the past, this enormous
endeavor has been mainly left to classical geneticists.
However, since the gene products, proteins, are dy-
namic and multifunctional, it has become clear that the study
of genes alone may not be sufficient to see the whole picture.
This has stimulated the field of chemical genetics at the inter-
face between chemistry and biology. Chemical genetics, in-
spired by classical genetics, makes use of small molecules as
mutation-inducing agents to study protein function. One ap-
proach of chemical genetics, forward chemical genetics, is
gaining recognition as a powerful strategy."® Forward chemi-
cal genetics is a three-step process (Figure 1). First, a collection
of small molecules is designed and synthesized.” The small
molecules are then screened in a model organism for the abili-
ty to perturb/change a biological process. Once an interesting
phenotype is found, the small molecule responsible for it is
used to isolate the target protein(s). Finally, upon identification
of the target protein, its identity can be linked with the previ-
ously observed phenotype, thus gaining better understanding
of that particular biological process. In addition, biologically
active small molecule can provide important structural infor-
mation for further development of novel therapeutic agents.

Even though the concept of using small molecules to study
cellular processes is not new, in practice, the forward chemical
genetics approach is still not systematic. Consequently, system-
atic strategies at every step of the forward chemical genetic
process would greatly accelerate the study of protein function
and development of novel therapeutic agents. In this review,
we will discuss the strategies and research tools that have
been developed to accelerate and systematize the field of for-
ward chemical genetics.

Library Design

The design of the library is the first and a very crucial step in
the forward chemical genetics process; this step determines
the success of the library. Libraries could be designed around a
natural product scaffold or a known drug scaffold.*® A more
traditional approach, used widely before the advent of combi-
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Figure 1. Forward chemical genetics approach a) Design and synthesis of small molecule
library; b) screening for novel phenotypes; and c) target-protein isolation and identification.

natorial chemistry, is to use natural product libraries to study
protein function.

Natural product library design

Natural products have undergone thousands to millions of
years of evolution and natural selection. As a result, they
should offer a rich source of biologically active compounds.
However, in many cases, using natural products to study pro-
tein function can be very challenging. In order to construct a li-
brary, samples need to be iteratively extracted from a natural
source and tested for biological activity until an active com-
pound is found.®'™ Other limitations, such as low abundance
and influence of other compounds in the crude mixture, may
further compromise the activity. Cumbersome structure eluci-
dation of large and complex natural products may further
hamper the progress of the study. Even though these limita-
tions do result in a labor-intensive chemical genetics process,
this strategy should not be completely overlooked. According
to the cover story of Chem. Eng. News’ November 2003 issue,
natural product drug discovery is on the verge of a come-
back." This is due to advances in separation technologies and
more rapid and sensitive structure elucidation techniques. Nat-
ural products are irrefutably important for library design.
Around 60% of the antitumor and anti-infective drugs either
on the market or in the later stages of clinical trials are derived
from natural products."” One innovative method for accelerat-
ing natural product isolation and analysis was introduced by
Eldridge et al."® They developed an automated high-through-
put method in which each plant sample was separated by par-
allel four-channel preparative HPLC and then analyzed by par-
allel eight-channel LC-ELSD-MS. As a demonstration, they used
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Taxus brevifolia extract to isolate 36000 fractions containing
detectable compounds that were then screened for biological
activity.

Another approach undertaken by a collaboration of Analyti-
Con Discovery and Aventis Pharma was to abandon the
lengthy and laborious fractionation screens that require the
use of crude plant extracts and instead to construct and
screen a pure natural compound library.™ Using automated
methods in combination with computer software to isolate
and purify the compounds and elucidate their structures,
within a period of 18 months, they amassed a collection of
4000 partially characterized, nonredundant natural compounds
in quantities of >5 mg per compound and >80% purity.

Natural-product-like and known-drug-like libraries

The first goal for both natural-product-like and known-drug-
like library design is to select a scaffold. Here, several aspects
have to be considered: the scaffold should have a good
number of diversity points for diversity-oriented synthesis
(DOS), it should allow for fairly undemanding synthetic manip-
ulations, and it should be rigid to minimize the entropic cost
of binding to proteins.

An example of successful scaffold selection was demonstrat-
ed by Schultz and co-workers. The design of their scaffold,
purine, was based on a natural inhibitor of several cyclin-
dependent kinases (CDKs), olomoucine, in search of a more
potent inhibitor (Scheme 1a)."*'® Since the purine ring is pres-
ent in numerous biological molecules, it was expected that the
diverse purine libraries would yield an abundance of bioactive
compounds when screened in a variety of assays. And indeed,
not only a group of more potent CDK inhibitors was found by
screening the trisubstituted purine library,"™'® but also other
biologically active compounds such as the microtubule inhibi-
tor myoseverin;"'® estrogen sulfotransferase (EST) inhibi-
tors;"? carbohydrate sulfotransferase inhibitors;?® diminutol,
microtubule dynamics regulator;?" inositol 1,4,5-triphosphate-
3-kinase (IP3K) inhibitors;*? purmorphamine, with osteogene-
sis-inducing activity;*¥ and reversine that converts differentiat-
ed cells into progenitor cells®” (Scheme 1b-i). Purine, there-
fore, is capable of interacting on a variety of cellular pathways,
underscoring its versatility as a scaffold.

Nicolaou et al. constructed a combinatorial library based on
a template of 2,2-dimethylbenzopyran, which is found in a
number of natural products with diverse biological activi-
ties.”>?” They synthesized a 10000-membered library as well
as several smaller libraries using the split-and-pool method
and IRORI NanoKan optical encoding system (Scheme 2a).
They later used copies of the synthesized library and extended
the diversity and library size by introducing additional diversity
sites through solution-phase chemistry (Scheme 2b).?” A high-
throughput antibacterial screen of one of these libraries yield-
ed three benzopyran-derived cyanostilbenes 1-3 that were
active against several Methicillin-resistant Staphylococcus
aureus (MRSA) strains.”® A more focused and thorough struc-
ture-activity relationship (SAR) study of compound 1 provided
information on the structural features necessary for activity
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and uncovered several potent compounds.”” In another study,

they screened the 10000-membered library in search of farne-
soid X receptor (FXR) activators (transcriptional sensor for bile
acid, the primary product of cholesterol metabolism) in a cell-
based reported assay.” As a result of this screen, they found a
number of active compounds that were further optimized to
result in a set of potent FXR agonists.

Another strategy to design a natural-product-like library was
described by Schreiber and colleagues.” Instead of using a
natural product template per se, they used a natural product,
(—)-shikimic acid, and modified it into a tetracyclic template
(Scheme 3). This strategy renders the natural-product template
more rigid, whilst retaining the structural features common to
natural products. This template allowed for a large number of
diversity modifications to build a small-molecule library from
which activators of a TGF-3-responsive reporter gene in mam-
malian cells were identified.”

Using an already known drug scaffold is another approach
to library design. Sulfonamides belong to a class of drugs that
has a wide range of pharmacological effects such as antibiotic,
hypoglycemic, diuretic, and antihypertensive.”” The versatility
of sulfonamide-containing compounds makes them an inter-
esting group for the study of protein function. For that reason,
sulfonamide derivatives are one of the most widely studied
types of drug analogues. Owa and colleagues designed a
sulfonamide-focused library that was used in phenotypic
screens to discover two novel anticancer drug candidates.®"”
Other sulfonamide-focused libraries have been designed and
used in screens to discover novel blood coagulant thrombin
inhibitors and antimalarial compounds (Scheme 4).5%33

Phenotype Screening

The next step of the forward chemical genetics process is to
screen the small-molecule library in a phenotypic assay. An effi-
cient assay system entails a fully automated high-throughput-
screening format of large libraries in the physiological context
of a model organism. To date, a number of systems have been
used, including Arabidopsis plant, Danio rerio (zebra fish), Dro-
sophila (fruit fly), Caenorhabditis elegans, yeast, and mice.**>
Some advancements toward automating and miniaturizing the
screening step have been made.

Stockwell and colleagues developed an interesting method
to facilitate the screening step and the study of the lead com-
pound’s mode of action.®® They hypothesized that screening
compounds with known and dissected biological activities and
pathways will allow for rapid elucidation of novel biological
targets and mechanisms. Thus, the authors assembled a library
of 2036 structurally diverse compounds with a wide range of
known biological activities and compiled all published informa-
tion on their activities. As a case study, the compounds in this
annotated compound library (ACL) were screened for their ef-
fects on tumor-cell proliferation, and the results were com-
pared to the commercial-source library. They found that 1% of
the ACL compounds have fourfold selectivity for killing tumor
cells as opposed to primary cells, compared with only 0.01%
of the commercial-source compounds. Next, they set out to

ChemBioChem 2004, 5, 903 - 908
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Scheme 2. Library based on a 2,2-dimethylbenzopyran template. a) Template for the solid-phase method; b) Template for the extension of diversity sites by solu-
tion-phase chemistry; c) compounds displaying activity against MRSA strains.
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Scheme 4. Novel sulfonamide a) anticancer compounds, b) blood coagulant thrombin

inhibitors, and c) antimalarial derivative.

uncover mechanisms of action associated with tumor-cell pro-
liferation. For that, they used their compiled information and
developed automated algorithms to accelerate the analysis.
Among the 85 active compounds, 28 mechanisms were statis-
tically over-represented. In addition to known antitumor mech-
anisms, other mechanisms, unrelated to antitumor action were
found; this underscores the effectiveness of this method.

Another contribution to the facilitation of the screening step
was made by Kapoor etal., who designed a small-molecule
probe for the dynamics of cell division.®” In their strategy, the
compound of interest is “photocaged” with a photolabile pro-
tecting group, ortho-nitrobenzyl ether (Scheme 5). The com-
pound remains inert while it is being equilibrated with the
cells until its release through a photolysis reaction to perturb
the function of the target.

Another novel approach involves the use of an automated
microscope. Together with image-analysis software, this ap-
proach allows for high-throughput screening of cells in a
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multiwell-plate  format.!>©3%3

Schreiber and colleagues used
this method to identify several
small molecules that specifically
modaulate various aspects of em-
bryonic development in a zebra-
fish system, such as develop-
ment of the central nervous
system, the cardiovascular
system, the neural crest, and the
ear® Myoseverin, a microtu-
bule-binding  molecule, was
found by Rosania et al. from
screening a 2,6,9-trisubstituted
purine library using phase-contrast microscopy."®
Shair and co-workers identified an active molecule
that perturbs protein trafficking by screening a library
of 2946 small molecules that were similar to natural
compounds in a mammalian-cell phenotypic assay.*"

Target Isolation and Identification

Once an interesting phenotype is found, the next
step is to link this phenotype to the protein function.
Enormous research efforts have been focused on this
step of the forward chemical genetics process. Here,
the lead compound needs to either have a built-in
functional group or has to be fitted with a handle
in order to fish out the target protein(s). Most com-
monly used methods include tethering the active
compound onto an agarose support or labeling it
with a biotin tag.*? These methods then require pro-
tein separation by gel electrophoresis and detection
by western blotting. Some innovative approaches
to expedite the target-isolation step have been
developed.

For example, one approach was designed to accel-
erate the attachment of the lead compound to an

= X
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Scheme 5. Photocaged small-molecule probe.

agarose support without having to perform extensive and la-
borious SAR studies to fit the lead compound with a handle,
which can often lead to the loss of the compound’s activity.
Chang and co-workers designed a triazine library with a built-
in linker containing an amino functionality, which, after the
phenotype testing, can be directly used for attaching the com-
pound to an agarose support (Scheme 6a)*¥ Using this
method, Chang et al. found compound 1 and its more potent
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derivative, encephalazine, by a phenotypic screen of zebra-fish
embryos; 1 was then directly tethered to an agarose support
to fish out several ribosomal accessory proteins or their com-
plexes as the target (Scheme 6b).
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Scheme 6. a) Tagged-triazine-library scaffold; b) active compounds found in the
forward chemical genetics screen with zebra-fish embryos and used to isolate
the target protein.

In some cases the affinity and specificity of small mol-
ecules to their target proteins are rather low; this can
lead to nonspecific interactions rendering the identifica-
tion of the primary binding partners difficult.*” In this
case, the use of affinity matrices to isolate the target pro-
tein is not sufficient. To address this problem, Oda et al.
developed a comprehensive method that involves quan-
titative proteome analysis.*” The authors first identified
a total of 285 proteins from affinity-matrix work using
two-dimensional HPLC-MS/MS analysis. They went on to
perform two-dimensional differential in-gel electrophore-
sis (2D-DIGE) and the isotope-coded affinity tag (ICAT)
method to identify a number of common proteins. They
further performed array-based transcription profiling,
which, in addition to their proteome analyses, implicated
metabolic enzyme proteins as the possible target. Finally,
they carried out surface plasmon resonance (SPR) analy-
sis using the active small molecule and several metabolic
enzymes discovered through the proteome analysis to
find that cytosolic MDH was the target protein.

Yet another innovative approach that omits the agar-
ose step altogether involves a covalent modification of a
target protein with a library compound. Here, the library com-
pounds are designed to contain an electrophilic group such as
an epoxide, fluorophosphonate, sulfonate ester, or vinyl sul-
fone as well as a tag.***% The use of fluorescence or radioac-
tively tagged compounds allows for direct visualization of
target proteins by scanning the gel, thus eliminating the west-
ern-blot step and further accelerating target-isolation step.”>*"
By using the reactive compound, the target protein is cova-
lently modified and can then be easily isolated from the mix-
ture by using the built-in tag. This approach utilizes activity-
based protein profiling, which is complementary to binding-
based affinity-matrix methods. For example, Cravatt and co-
workers designed a library of biotinylated and rhodamine-
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tagged sulfonate esters and used them to profile the reactivity
of a proteome based on properties other than protein abun-
dance (Scheme 7).

When designing such a scaffold, the choice of electrophilic
group is key. More specifically, its reactivity should be carefully
considered, since the selectivity of the target protein toward
the compound will be compromised if the electrophilic group
is too reactive.

Conclusion

Forward chemical genetics is proving to be a powerful ap-
proach to studying protein function. However, since it has
been estimated that there are over 30000 protein-encoding
genes in the human genome, innovative strategies will be
needed to accelerate forward chemical genetics work. Signifi-
cant progress has already been made in all three steps of the
forward chemical genetics process; a) small-molecule library
synthesis, b) screening for interesting phenotypes, and c) isola-
tion and identification of the target protein. With the advent
of combinatorial chemistry, generation of small-molecule libra-

electrophilic center

|

(ONJJ @)
WO’S\R
(0]
variety of binding groups

rhodamine tag electrophilic center

l 0.0
WO/S\R
° /

variety of binding groups

Scheme 7. Examples of activity-based probes.

ries has become rapid, once the scaffold is designed. Pheno-
type screening is probably still the bottleneck step of the pro-
cess; thus new robust high-throughput screening methods are
required. A number of useful research tools for the final target-
protein-isolation step have been introduced, but more general-
ized strategies are still needed in order to target diverse
groups of proteins.

Strong collaborative efforts between chemists and biologists
to make this field more systematic will greatly accelerate for-
ward chemical genetics. The post-genome-project era is an ex-
citing time for the scientific community; the forward chemical
genetics approach holds great promise to be an integral player
in the study of protein function and ultimately human disease.
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Site-Specific Incorporation of Unnatural Amino

Acids into Proteins

Anne Stromgaard,”® Anders A. Jensen,® and Kristian Stremgaard*®

1. Introduction

Rational modification of protein structure and function is still a
discipline in its infancy. Conventional mutagenesis is limited to
the 20 natural amino acids as building blocks. The introduction
of unnatural amino acid mutagenesis has expanded the reper-
toire of amino acids that can be incorporated into proteins
considerably. Site-specific incorporation of unnatural amino
acids has wide-ranging applications in the structure-function
studies of proteins, including studies of protein stability and
folding, protein-ligand and protein-protein interactions. The
technique allows incorporation of biophysical probes, for ex-
ample, fluorescent and photolabile probes, into proteins, as
well as backbone modifications, such as the replacement of
amide bonds with ester bonds. This has been used for a
number of structure-function studies of proteins in prokaryotic
and eukaryotic cells, both in vitro and in vivo. These studies in-
clude soluble proteins as well as membrane-bound proteins. In
the following article we will give an introduction to protein
synthesis and an overview of the techniques currently available
for site-specific incorporation of unnatural amino acids into
proteins. The advantages and limitations of the techniques will
be discussed, and case studies of the modification of mem-
brane-bound proteins will be presented.

2. Protein Synthesis

The genetic code is contained in deoxyribonucleic acid (DNA)
and consists of 64 three-base codons that encode a total of 20
amino acids. Three of the 64 codons, UAG (amber), UGA (opal),
and UAA (ochre), are termination codons, alternatively called
stop or nonsense codons. The DNA molecule itself has not
been associated with any specific cellular function but it is
transcribed (copied) into messenger ribonucleic acid (mRNA),
which subsequently is translated into proteins.

Protein synthesis (translation) requires transfer RNA (tRNA),
which carries an amino acid to the ribosome, where protein
synthesis takes place (Scheme 1). The tRNA is charged with an
amino acid corresponding to its anticodon (three nucleobases
complementary to the codon of the mRNA). The charging of
each amino acid is carried out by specific aminoacyl-tRNA syn-
thetases (aaRSs) forming aminoacyl-tRNA (aa-tRNA). Conse-
quently, an aaRS exists for each amino acid.’*? Although anti-
codons of tRNAs are general for all organisms, aaRSs are often
species-specific, that is, aaRSs from one species do not amino-
acylate tRNA from another species.®’ This orthogonality is
useful in relation to the incorporation of unnatural amino acids
into proteins.

ChemBioChem 2004, 5, 909-916 DOI: 10.1002/cbic.200400060

Translation of mRNA into proteins is carried out by the ribo-
some in four steps: initiation, elongation, termination, and
recycling. In the first step, an initiation complex is formed
between the ribosome, mRNA, initiator tRNA (a tRNA charged
with methionine), initiation factors, and guanosine triphos-
phate (GTP; Scheme 1). In the second step, an aa-tRNA is trans-
ported by an elongation factor (EF) to the mRNA in the ribo-
some, where the anticodon of the aa-tRNA is matched against
the codon of the mRNA. Cognate interaction between antico-
don and codon leads to peptide bond formation between the
newly arrived amino acid and the methionine in the ribosome,
thereby generating a dipeptide. The elongation cycle proceeds
until a stop codon in the mRNA is encountered, which triggers
association of a release factor (RF) to the ribosome. The RF-
ribosome interaction leads to hydrolysis of the ester bond be-
tween the C-terminal amino acid of the peptide chain and the
last aa-tRNA encountered by the ribosome. Consequently, the
polypeptide chain is released from the ribosome. During the
final step of protein synthesis, the ribosome is recycled for an-
other round of protein synthesis (Scheme 1).

3. Strategies

Protein synthesis allows several approaches to site-specific in-
corporation of unnatural amino acids into proteins. Specific
tRNAs have been charged with an unnatural amino acid, and
unnatural base pairs that code for unnatural amino acids have
been introduced.*® Methods for incorporation of close ana-
logues of natural amino acids have existed for many years but
these methods are beyond the scope of this review, just as
methods for residue-specific incorporation of unnatural amino

acids”®' and chemical synthesis of proteins containing
11,12]

unnatural amino acids! will not be discussed in this
context.
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stop codons can be introduced
into DNA encoding for the

— target protein by conventional

b site-directed mutagenesis™ or
; by synthesis of the mRNA.”! The
amber (UAG) stop codon has
been most frequently used for
the incorporation of unnatural
amino acids but recently the use
of the ochre (UAA) stop
codon®'® and the potential use
of the opal (UGA) stop codon
have been reported.?? A
modified suppressor tRNA is
chemically acetylated with an
unnatural amino acid, and this
aa-tRNA is recognized by the
mRNA carrying the specific stop
codon, whereby the unnatural
amino acid is incorporated into
the protein at the specific posi-
tion. The suppressor aa-tRNA will
inevitably be in competition
with endogenous RFs for the ad-
ditional stop codon that has
been introduced into the mRNA.
However, the target protein con-
taining the unnatural amino acid
can in most cases be easily sepa-
rated from the truncated protein
originating from the action of
RFs.

O anticodon < start codon e stop codon 08 amino acids

The first step in nonsense sup-
pression is the construction of

the aminoacylated suppressor

[15,22,23]
Scheme 1. A simplified representation of protein synthesis (translation). A) Initiation: The two parts of the ribosome tRNA  (Scheme 2). Hecht
are assembled, and initiator tRNA (fMet-tRNA) is placed in the ribosome according to the start codon in mRNA. This and co-workers have acylated
process is driven by initiation factors (IF) and GTP. B) Elongation: An aminoacylated tRNA (aa-tRNA) is transported to and ligated a dinucleotide to the

the ribosome by an elongation factor (EF). Cognate interaction between the codon of mRNA and the anticodon of the

3’-terminus end of a truncated

tRNA leads to transfer of the polypeptide chain to the newly arrived tRNA, thus extending the polypeptide chain by .

one amino acid. The tRNA containing the polypeptide chain is then translocated and the ribosome is ready to start tRNA in the presence of T4 RNA
another cycle of elongation. This process continues until the synthesis of the protein is complete and a stop codon is ligase, thereby providing an aa-
reached. C) Termination: A stop codon triggers binding of a release factor (RF), which releases the completed protein tRNA charged with an unnatural

from the ribosome, together with the tRNA. The ribosomal subunits and mRNA are hereafter ready for another round
of protein synthesis. GTP = guanosine triphosphate, GDP = guanosine diphosphate.

3.1. Nonsense suppression

In 1989 a novel biosynthetic in vitro method that allowed site-
specific incorporation of unnatural amino acids into proteins
was introduced independently by Chamberlin™' and
Schultz,™> % with their respective co-workers, based on earlier
work on nonsense suppression.”'”’ The term “nonsense sup-
pression” refers to the use of stop (nonsense) codons and sup-
pressor tRNAs, which recognize stop codons. The method is
based on the fact that only one of three stop codons in the
genetic code is necessary for termination of protein synthesis.
Hence, the two unused stop codons can be exploited for the
introduction of unnatural amino acids. One or both of these

amino acid.”” This methodology
has been exploited'’*??® and
improved by Schultz and co-
workers.”?>?7 Recently, a simplified version has been introduced
by Sisido and co-workers, whereby the acylation of the dinu-
cleotide is carried out in cationic micelles.”™ Most often, gel
electrophoresis or radiolabeling has been used to examine for-
mation of the aa-tRNA but recently Dougherty, Lester and co-
workers have applied matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry as an facile
alternative.”

An interesting alternative is to use ribozymes as catalysts for
the formation of aa-tRNAs, as shown by Suga and co-work-
ers.2 |n vitro evolution of a ribozyme made it possible to
charge a specific tRNA with a specific unnatural amino acid®”

910 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org  ChemBioChem 2004, 5, 909-916
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A)
chemical ligation

ribozyme catalysis

orthogonal aaRS

modified tRNA

aa-tRNA

B)

(2)

translation
{ —_—
H protein contaning an
[ | | I ] MRNA unnatural amino acid

=3 four-base or four-base or
nonsense anticodon nonsense codon

@ unnatural amino acid 0 amino acid

Scheme 2. Principles for site-specific incorporation of unnatural amino acids
into proteins. A) Synthesis of a tRNA containing the unnatural amino acid is
currently carried out by using one of three methods: 1) a truncated, modified
suppressor tRNA is ligated to a dinucleotide holding the unnatural amino acid,
2) a ribozyme can be engineered by in vitro evolution to catalytically amino-
acylate the tRNA with an unnatural amino acid, or 3) an engineered aaRS can
carry out the amioacylation with the unnatural amino acid in vivo. B) Site-spe-
cific incorporation of an unnatural amino acid into a protein is mediated by a
matching of either a stop or a four-base anticodon of the tRNA that carries the
unnatural amino acid and the corresponding stop or four-base mRNA codon.

and provide multiple turnover activity. This approach has so far
only been used in vitro but the technique has the potential to
be applied to in vivo systems, and it could be an attractive al-
ternative to the development of specific tRNA/aaRS pairs (see
later). To achieve an efficient incorporation of the unnatural
amino acid into the target protein, it is crucial that the aa-
tRNA carrying the unnatural amino acid is not deacylated by
native aaRSs. Therefore, the tRNA either has to be modified so
that it is no longer a substrate for aaRSs or a tRNA from an
organism unrelated to the transcription/translation system has
to be used.®*® For example, Schultz and co-workers have ap-
plied a tRNA derived from yeast in an Escherichia coli transcrip-
tion/translation system.['>'¢

The nonsense suppression method has been used to incor-
porate a large number of structurally diverse unnatural amino
acids, representing a large variety of functionalities, into pro-
teins. This has allowed studies of enzymatic activity, protein
stability, biomolecular recognition, and protein-protein interac-
tions, studies that would not have been possible with conven-
tional mutagenesis.***? In most cases the unnatural amino
acids have been a-amino acids but non-a-amino acids®” and,
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most notably, a-hydroxy acids have also been incorporated,
with the latter introducing an amide-to-ester mutation in the
protein backbone."***" Attempts to use the method for in-
corporation of p-amino acids have not been successful, since
modification of the ribosome was required.®? However, these
studies have shown that translation factors and the ribosome
are compatible with many types of unnatural amino acids.

Dougherty, Lester and co-workers have used the nonsense
suppression method for site-specific incorporation of unnatural
amino acids into proteins expressed in Xenopus oocytes; this is
an attractive system for electrophysiological studies of ion
channels, receptors, and transporters.®>>>) The oocyte is co-
injected with two RNA species: the modified mRNA encoding
for the target protein and the aa-tRNA chemically acylated
with an unnatural amino acid. This coinjection results in syn-
thesis and surface expression of the target protein containing
the unnatural amino acid. This has been used in numerous
studies of integral membrane proteins (see below).”*>” Recent-
ly the injection strategy has been extended to include incorpo-
ration of unnatural amino acids into proteins in a mammalian
cell expression system; unnatural amino acids were incorporat-
ed into green fluorescent protein (GFP) and the nicotinic ace-
tylcholine receptor in Chinese hamster ovary (CHO) cells and
cultured hippocampal neurons by using microelectropora-
tion.®

Schultz and co-workers have presented an alternative non-
sense suppression approach to incorporate unnatural amino
acids into proteins in vivo, based on an approach introduced
by Furter® In this methodology, a custom-made tRNA/aaRS
pair is introduced, where an aaRS is engineered so that it only
recognizes the unnatural amino acid and efficiently acylates
the corresponding tRNA. This means that a specific aaRS has
to be generated for each unnatural amino acid. The unnatural
amino acid is added to the growth media, taken up by the
host organism, and incorporated into the protein by the spe-
cific tRNA/aaRS pair.®” The tRNA/aaRS pair has to be orthogo-
nal to the host organism, that is, the aaRS must not recognize
endogenous tRNAs and the suppressor tRNA cannot be a sub-
strate for endogenous aaRSs. This methodology has been suc-
cessfully utilized for the incorporation of several different un-
natural amino acids into proteins in E. coli.?"*7>%% O-methyl-L-
tyrosine has for example been site-specifically incorporated
into B-lactamase in E. coli by using an orthogonal tRNA/aaRS
pair originating from Methanococcus jannaschii”¢% The
tRNA/aaRS pair from M. jannaschii has been used to incorpo-
rate various unnatural amino acids, such as photoactivatable
amino acids”7? and keto-containing amino acids,”*”® into
proteins.707476-7% Recently, a fully autonomous bacterium en-
coding an unnatural amino acid was reported,®” where an
E. coli was engineered so it could synthesize p-amino-phenyl-
alanine. This unnatural amino acid was incorporated into
sperm whale myoglobin by using the orthogonal tRNA/aaRS
pair from M. jannaschii.

Several orthogonal tRNA/aaRS pairs have been proposed to
suppress nonsense codons in eukaryotic cells®®"® and in
mammalian cell lines.®® Furthermore, site-specific incorpora-
tion of an unnatural amino acid into eukaryotic proteins in a
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mammalian cell line by using a heterologous tRNA/aaRS pair
has also been demonstrated.®” Recently, the orthogonal tRNA/
aaRsS approach was used to incorporate unnatural amino acids
into proteins in a eukaryotic cell for the first time; an orthogo-
nal tRNA/aaRS pair originating from E. coli was used to add
five novel amino acids into proteins in the yeast Saccharomy-
ces cerevisiae.®>*® Very recently, the same technique was used
for site-specific incorporation of glycosylated amino acids to
make glycoproteins, with myoglobin as an example, in an
E. coli expression system.®”

3.2. Extended codons

The major limitation of the nonsense suppression method is
that the genetic code only contains three stop codons, which
limits the theoretical numbers of different unnatural amino
acids that can be incorporated in a single protein to two. To
overcome this limitation Sisido and colleagues have explored
an alternative strategy by using extended codons and frame
shift suppression.®®°" In this approach, an mRNA containing
an extended codon consisting of four or five bases is read by a
modified aa-tRNA (acylated with an unnatural amino acid and
containing the corresponding extended anticodon), and a full-
length protein containing an unnatural amino acid at the spe-
cific site is obtained. If the extended codon is read as a three-
base codon by an endogenous tRNA, the reading frame will be
shifted by one base. This will eventually result in a premature
encounter with a stop codon and early termination of protein
synthesis, thereby resulting in a truncated protein.

In certain species, some naturally occurring codons are
rarely used and the amount of their corresponding tRNA is
low. This has been used in the design of four-base codons,
which are derived from these rarely used codons, to minimize
the competition between the four-base anticodon tRNA and
endogenous tRNA. Several such four-base codons have been
studied along with four-base codons derived from stop
codons. A number of four-base codons (AGGU, CGGU, CCCU,
CUCU, and GGGU) were successfully read by corresponding
tRNAs, whereas four-base codons derived from termination
codons were not successfully decoded.®®”

The four-base codon technique has been used to incorpo-
rate a large number of unnatural amino acids into proteins in
E. coli®>*% It has also been used to incorporate two different
unnatural amino acids into two different sites of a single pro-
tein, thereby showing that four-base codons are not only or-
thogonal to their host organism but also to each other.”"¥":%®
Recently, the use of five-base codons has been reported.*” In
this study, 16 different mRNAs, each containing one of the
five-base codons CGGN;N, (N, and N, indicate one of the four
bases), were decoded by aa-tRNAs with complementary five-
base anticodons to give rise to full-length proteins, each con-
taining an unnatural amino acid. Moreover, it was shown that
at least two of the five-base codons (CGGUA and CGGUG)
were orthogonal to each other. Schultz and co-workers have
also explored the multiple-base codon strategy and found
that three-, four-, and five-base codons can be decoded
efficiently.l'® 0"
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4. Advantages and Limitations

Site-specific incorporation of unnatural amino acids into pro-
teins is a fairly new technique, and the focus has so far primari-
ly been on development and improvement of the different
techniques. In the following section, the advantages and limi-
tations of these approaches will be described.

The major advantage of the nonsense suppression tech-
nique lies in its simplicity. The application of the method in
vitro requires a relatively simple translational system and re-
sults in fast production and, if necessary, easy purification of
proteins. The most important disadvantages of the nonsense
suppression technique, however, are the often low yields of
the mutated protein and the inherent limitations to the
number of different unnatural amino acids that can be incor-
porated into the target protein. One of the reasons for the low
yields of mutated protein is the competition between the sup-
pressor tRNA and release factors."®? In an E. coli transcription/
translation system this problem can be addressed by the use
of S-30 extracts, which are characterized by the lack of release
factor 1 (RF1).5%*Y Alternatively, the competition can be avoid-
ed by using expression systems with purified components
such as the recently introduced “protein synthesis using re-
combinant elements” (PURE) system.[%?

Another reason for the often low yields of mutated protein
in the nonsense suppression studies is that the synthetic sup-
pressor aa-tRNA is consumed during the translation process
and is not regenerated. However, other factors may contribute,
as it is claimed that repeated addition of suppressor aa-tRNA
did not increase the yields of mutated protein.®! Recently,
problems associated with the synthetic suppressor aa-tRNA
were circumvented by the introduction of an engineered
tRNA/aaRS pair, which generated (and regenerated) the aa-
tRNA in the expression system.®® The main advantage of this
system is that it is applicable to site-specific incorporation of
unnatural amino acids into proteins in vivo and to prokaryotic
as well as eukaryotic cells. The major limitation of the ap-
proach is that a specific tRNA/aaRS pair must be generated for
each unnatural amino acid and engineering of specific aaRSs is
particularly technically demanding.

The theoretical number of different unnatural amino acids
that can be incorporated into a protein using nonsense sup-
pression is two, and recently RajBhandary and co-workers used
two different nonsense codons (UAG and UAA) to incorporate
two different unnatural amino acids into the same protein."®
Hecht and co-workers used a combination of nonsense and
frame-shift suppression to incorporate two different unnatural
amino acids into a single protein."® Nonsense suppression
can also be combined with other approaches such as the use
of missing, rare, or unassigned codons as nonsense sites."*
Finally, Tirrel and co-workers have used the “degeneracy” of
the genetic code, that is, the fact that amino acids are encod-
ed for by more than one codon, which potentially can be ap-
plied for site-specific incorporation of unnatural amino acids
into the protein.'®

The advantage of using frame-shift suppression instead of
nonsense suppression is threefold: It should be easier to incor-
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porate more than one unnatural amino acid into the same pro-
tein, there is no competition with RFs, which is important for
in vivo incorporation, and finally it seems as if four-base
codons are generally more efficient than stop codons in incor-
porating unnatural amino acids into proteins.

Incorporation of many types of unnatural amino acids into
proteins has been reported, and probably more have been
tested but not reported. This makes it difficult to get an overall
idea of the limitations as to which unnatural amino acids can
be incorporated into proteins. However, it is clear that the
translation machinery tolerates a wide variety of diverse amino
acid side chains. The few reports concerning the limiting fac-
tors have suggested that incorporation of unnatural amino
acids into proteins is not limited so much by their size or hy-
drophobic character as by their geometry and the shape of
their side groups.®% %"

5. Structure-Function Studies

The number of studies in which site-specific incorporation of
unnatural amino acids has been applied to investigate biologi-
cal questions is limited. Schultz and co-workers have studied a
few soluble proteins such as T4 lysozyme'®"? and staphylo-
coccal nuclease (SNase).""""™ Pioneering work has been car-
ried out by Dougherty, Lester and co-workers in studies of in-
tegral membrane proteins, particularly the nicotinic acetylcho-
line (NACh) receptor,”®"*7'%] and the 5-hydroxy-tryptamine (5-
HT;) receptor,''®' 129 35 well as of the voltage-gated potassi-
um channels Kir2.1"?" and Shaker B'* In all of these studies
the nonsense suppression method has been applied, and the
functional consequences of the unnatural amino acid muta-
genesis have been measured by electrophysiology in Xenopus
oocytes. The cell-surface expression levels of the target protein
are often low because of the low efficiency of the nonsense
suppression method. Hence, the highly sensitive Xenopus o-
ocytes system is excellent for such studies. Finally, it is essential
that truncated proteins arising from the action of RFs are not
functional, since this would clearly complicate the interpreta-
tion of the data generated.

The nACh receptors belong to a superfamily of ligand-gated
ion channels (LGICs), which mediate fast chemical synaptic
transmission in the central and peripheral nervous systems.
LGICs are a pentameric assembly of subunits, each composed
of an extracellular N-terminal domain and four transmembrane
domains (M1-M4).'?® Agonist binding takes place at the inter-
face between two subunits in the extracellular N-terminal
domain of the receptor and induces a conformational change
in the receptor protein, which triggers an opening of the ion
channel and permits ions to cross the cell membrane
(Figure 1).

In this review we will focus on studies of the muscle-type
nACh receptor, a heteromeric LGIC composed of two a1 sub-
units and 3, v, and & subunits. Initial investigations by using
site-specific incorporation of unnatural amino acids were fo-
cused on the agonist-binding site of the receptor (Figure 1).
This site had previously been examined by photoaffinity label-
ing, and it had been established that nine aromatic tryptophan
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and tyrosine residues were located near the agonist-binding
site,"?? although the individual roles of these residues were
unknown.”® It had been speculated that these residues could
bind the agonist, acetylcholine (ACh), through cation-mt bind-
ing, where the quaternary amine of ACh and the negative elec-
trostatic potential on the face of an aromatic ring generates a
noncovalent binding force.* In the initial studies, three tyro-
sine residues residing in the a1 subunit of the muscle nACh re-
ceptor (oTyr93, aTyr190, and aTyr198) were examined™* " by
incorporation of 14 different unnatural derivatives of phenyl-
alanine and tyrosine at the three sites. Although all three tyro-
sine residues were found to be important for agonist binding,
none of them appeared to be involved in a direct cation-m
binding. In a follow-up study, the importance of four trypto-
phan residues (aTrp86, aTrp149, aTrp184, and yTrp55/8Trp57),
which had also been implicated in ACh binding, was stud-
ied."® Unnatural tryptophan derivatives were incorporated at
the four sites, and aTrp149 was identified as a likely candidate
for a cation-m interaction, as it was in direct contact with the
quaternary amine of ACh. Analogously, it was shown that the
corresponding tryptophan residue in the 5-HT; receptor,
Trp183, also forms a cation-s interaction with the protonated
amine of serotonin (5-HT).["&'2”

The function of tyrosine residues aTyr93 and aTyr198 for ag-
onist binding to the muscle nACh receptor have been explored
by a “decaging” technique."?? In this case, the phenolic hy-
droxy groups of tyrosine were protected with the photosensi-
tive o-nitrobenzyl protecting group, which is readily removed
by UV irradiation, thus restoring the original tyrosine residue
(Figure 1). Whereas the “caged” aTyr93 and aTyr198 (o-nitro-
benzyl-contaning) mutants of the receptor were not respon-
sive to ACh, decaging of the residues restored the functional
properties of the receptor. The decaging methodology has
also been applied to study the M2 segment of the vy subunit of
muscle-type nACh receptors,"** where o-nitrobenzyl-protected
cysteine and tyrosine residues were incorporated into a specif-
ic position in the M2 segment. Analogously, o-nitrobenzyl-pro-
tected tyrosine has been incorporated into a K+ channel."?! By
using a similar principle, a (2-nitrophenyl)glycine group, which
causes peptide-bond cleavage upon irradiation, was site-specif-
ically incorporated into the intracellular region of a K* channel,
as well as into the extracellular and transmembrane regions of
the nACh receptor.*

The insight into the agonist-binding site of the nACh recep-
tors obtained in studies with site-specific incorporation of un-
natural amino acids was confirmed when an X-ray crystallo-
graphic structure of an ACh-binding protein was solved.*"
The ACh-binding protein (AChBP) is a structural and functional
homologue of the agonist-binding domain of the nACh recep-
tor o subunit."*" The AChBP was crystallized with HEPES (N-2-
hydroxyethylpiperazine-N°-ethanesulphonic acid) rather than
ACh in the agonist-binding site, and the crystal structures
revealed that the positively charged amino group of HEPES
makes a cation-m interaction with the equivalent of
aTrp149." Furthermore, the nine tyrosine and tryptophan
residues corresponding to those studied in the muscle-type
nACh receptor constituted the agonist-binding site as an aro-
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Figure 1. Probing nACh receptor function by incorporation of unnatural amino acids. The pentameric muscle nACh receptor is activated by acetylcholine binding to
the a/y and a/d subunit interfaces; this triggers the opening of the ion channel, thereby enabling the influx of Na* and Ca’* ions into the cell. The topology of
the a subunit of the receptor and the five aromatic amino acids demonstrated to constitute the aromatic box surrounding the quaternized amino group of acetyl-
choline is depicted to the right of the receptor. Examples of the different unnatural amino acids incorporated into the nACh receptor and the applications of these
by the groups of Lester and Dougherty are given to the left and below the receptor. Lah = leucic acid, Vah = a-hydroxy valine.

matic cage.®®? Thus, the AChBP structure verified the
overall conclusions of the studies by Dougherty, Lester and co-
workers.

The incorporation of unnatural amino acids allows the intro-
duction of backbone mutations in the target protein or more
specifically the introduction of an ester linkage instead of the
amide bond. The substitution of an amide to an ester bond af-
fects the backbone hydrogen-bonding interactions and the
secondary structure of the protein dramatically, whereas the
size, shape, and chemical nature of the side chains are re-
tained.® This fact was exploited in a study of the functional
importance of a proline (aPro221) in the M1 domain of the a
subunit of nACh receptor (Figure 1) aPro221 is a highly
conserved residue in the LGIC family, and previous convention-
al mutation studies had shown this residue to be important for
gating of the nACh receptor, whereas it did not appear to be
crucial for folding, assembly, and surface expression of the re-
ceptor."™ Furthermore, it had been speculated that the hydro-
gen-bonding properties of proline, which can only act as a hy-
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drogen acceptor, were important for the receptor function.
This was evaluated by incorporation of a-hydroxy acids, such
as lactic acid and leucic acid, a-hydroxy analogues of alanine
and leucine, respectively, into this site of the nACh receptor.
These mutated receptors displayed functional properties simi-
lar to wild-type nACh receptors, thus emphasizing the
importance of the hydrogen-bond-accepting properties of
aPro221.1%

Amide-to-ester bond mutations were also used to examine
conformational changes in the M2 domain of the activated
nACh receptor (residues aMet243 to alle264, Figure 1).'*¥ The
M2 domains of the five subunits in the nACh receptor consti-
tute the ion-channel pore of the receptor, and thus the region
plays a key role in receptor gating. Introduction of leucic acid
and a-hydroxy valine at various positions of the M2 domain of
the a subunit (Figure 1) resulted in significantly changed ago-
nist potencies at the receptor. This suggested significant struc-
tural changes, rather than just a reorientation, in the M2 back-
bone upon agonist binding and opening of the ion channel.'*!

ChemBioChem 2004, 5, 909-916
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Incorporation of Unnatural Amino Acids into Proteins

Similarly, a backbone amide-to ester mutation has also been
used for studying the Kir2.1 K* channel.**

Finally, Turcatti et al. have used site-specific incorporation of
unnatural amino acids to carry out fluorescence resonance
energy transfer (FRET) studies at the neurokinin-2 (NK2) recep-
tor, which is the only example of the technique being applied
in a study of a G-protein-coupled receptor.™ A fluorescent
donor group, 3-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-2,3-diami-
nopropionic acid, was incorporated into either position 104 or
248 of the NK2 receptor. Incorporation of the unnatural amino
acid resulted in fully functional receptors, and the authors
were able to estimate the distance between a fluorescent
ligand and the fluorescent donor group of the unnatural
amino acid by using FRET techniques.*¥

Conclusion and Outlook

The ability to introduce amino acids not encoded in the genet-
ic code into proteins constitutes a principal step forward in
our ability to investigate and understand structure-function re-
lationships of proteins. Considering the structural diversity of
the unnatural amino acids that have been incorporated into
proteins so far, it will be possible to probe ligand-protein and
protein—-protein interactions in a much more sophisticated
manner than by conventional mutagenesis. Until now much
effort has been devoted to the exploration and improvement
of the strategies and techniques used in the unnatural amino
acid mutagenesis. The techniques are now at a point where a
more widespread use of the techniques should be possible.
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Evolutionary Biology and Chemical Geology:
A Timely Marriage

Pedro Cintas*™

For more than 150 years natural selection has been perceived to
be the overwhelming force in evolution. Only in recent decades
have we obtained new insights into environmental and physico-
chemical factors that participate with selection in a synergic way.

Far from denying Darwin’s theory, such neglected factors put

Niche Construction

The basic tenet of evolutionary biology
is natural selection, viewed as the
common denominator that provides a
way of understanding the complexity of
the world." Evolution acts through in-
herited changes in the development of
organisms. Darwin himself could not
have expressed it better when, in The
Origin of Species, he introduced the
struggle for existence and followed this
with a mechanism for change.” Howev-
er, molecular genetics, with its explosive
growth, has fueled our understanding
of how evolution works.” How could
anyone think that we are neglecting
other mechanisms in evolution? Richard
Dawkins wrote: “There is no alternative
to natural selection. No other purely
physical process brings about the adap-
tive, organized complexity of living
things. The Darwinian law may be as uni-
versal as the great laws of physics”.
Recent analyses are changing our con-
ception of evolution, claiming neglected
processes that call the sole argument of
natural selection into question. The
second participant appears to be a plau-
sible and relatively simple fact: niche
construction.*® Put in jargon-free terms,
it describes the effects of an organism
on its own environment.” Living organ-
isms choose habitats and spend natural
resources that substantially modify the
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environment in which they live. More-
over, through their metabolism and be-
havior, they may also induce irreversible
chemical and physical changes in local
ecosystems. Overall, such changes can
augment and in some cases dominate
the selection mechanisms acting on
organisms. Interactions with the envi-
ronment along with other cultural
changes®® represent additional sources
of nongenetic information that can be
transmitted through generations. Thus,
niche construction gives rise to evolu-
tionary feedback, each generation being
influenced by the environmental
changes induced by the predecessors.
The defenders of this environmental
effect consider it an intuitive and more
obvious concept than natural selection,
because it is easier to observe individual
organisms engaged in niche construc-
tion than to observe them affected by
selection.”

A series of examples nicely illustrates
niche construction and its consequences.
Consider, for instance, leaf-cutter ants
consuming the same vegetation re-
source and emitting detritus. By increas-
ing soil permeability and nutrient levels,
the ants substantially alter the lives of
other organisms with whom they share
the ecosystem. Earthworms provide an-
other relevant case as these organisms
considerably modify both the structure
and chemistry of the soils. Changes in
porosity, aeration, and humidity, as well
as pH and organic matter can affect
plant growth.

However, the key question is how
niche construction can have an evolu-
tionary effect. Environmental changes
will be able to modify selection pres-

order to the bewildering range of genotypes and morphologies
found in living organisms and, more importantly, they place evo-
lution in a planetary context where biology, geology, and chemis-
try can easily be integrated.

sures if they are persistent for long
enough. If each individual inherits genes
that express the same niche-constructing
phenotypes, each generation will repeat-
edly change its environment in the same
way. Thus, it is likely that some earth-
worm phenotypes, such as epidermis
structure or the amount and type of
their secretion, evolved with niche con-
struction over generations.

Examples involving human evolution
are inevitably embedded in cultural and
behavioral genetics, such as the evolu-
tion of lactose tolerance. This phenom-
enon would have resulted from the do-
mestication of cattle, which brought
milk-based products into the diet of
humans for generations, thereby induc-
ing the appearance of genes that confer-
red protection against lactose. Closely re-
lated are the effects caused by the agri-
cultural habits of human populations.
Our ancestors living in tropical forests
made clearings, thus favoring the
amount of standing water. As an imme-
diate consequence, mosquitoes and ma-
laria increased. Likewise, the appearance
of the hemoglobin allele that causes
sickle-cell anemia in turn increased as
one copy of that allele confers a certain
resistance to malaria.

A third and noticeable example is pro-
vided by the emergence of infectious

diseases. Novel pathogens (such as
human immunodeficiency virus (HIV),
severe acute respiratory syndrome

(SARS), and eventually monkeypox) are
believed to emerge from their natural
reservoirs when ecological changes in-
crease the pathogen’s opportunities to
enter the human population and to
create new health hazards via human-to-
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human transmission. The evolutionary
factor also contributes in terms of the
adaptation of the pathogen and changes
in its virulence within humans."”

While niche construction may certainly
be appealing to environmental and at-
mospheric scientists, who concentrate
on how human activities affect the evo-
lution and fate of humankind, some biol-
ogists are reluctant to accept it within
an extended theory of evolution. They
claim that all of the relevant environ-
mental factors are already integrated
into some of the conventional evolution-
ary schemes, and debatable cases like
lactose tolerance emerge from gene-cul-
ture coevolution.™”

Whether niche construction should be
separated from natural selection or not,
the role of environments cannot be ne-
glected at all, even at the discrete cellu-
lar level. A recent study by Buckling et al.
on Pseudomonas fluorescens evidences
the increased fitness of these bacteria in
a single niche, whereas their ability to di-
versify into alternative environments
markedly decreases.!'”

Niche construction is certainly an ap-
pealing approach, but it is not really
new. Darwin in The Origin, although
vaguely, pointed to the potential effects
of organisms on their habitats. Odling-
Smee et al. attribute the foundation of
niche construction to Erwin Schrodinger,
the famous physicist, through a lecture
delivered at Cambridge in 1956, and to
the evolutionary biologist Ernst Mayr in
the early 1960 s." In these pioneering
contributions, however, it is also fair to
mention another key outsider, KarlR.
Popper, who addressed this phenomen-
on in his Objective Knowledge.® He
wrote: “Animals and plants were born
into a physico-chemical world, a world
they never made. But although they did
not make their world, these living things
changed it beyond all recognition and,
indeed, remade the small corner of the
universe into which they were born”.
Popper established a metaphorical con-
nection between the growth of knowl-
edge and biological growth. In this
regard he analyzed the cognitive struc-
tures found in the animal kingdom and
compared the fitness between an organ-
ism and its environment. Nevertheless,
Popper’s evolutionary approach can be
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controversial under our modern perspec-
tive.l'

Probably the most salient antecedent
of niche construction was The Dialectical
Biologist, the classical book by Levins
and Lewontin published in the 1980s.1'®
Evolution in nature can be defined by
two interlocked differential equations:
1) dO/dt=f(O,E) and 2) dE/dt=g(O,E),
where the organism (O) and the environ-
ment (E) represent the state variables.
Such formulations clearly describe a sce-
nario in which organisms and their envi-
ronments are coevolving.

As iconoclastic as niche construction
may be, it coincides with a renaissance
of the well-known Gaia hypothesis, "
(named after the ancient Greek goddess
of the Earth), a thought-provoking
theory suggesting that organisms and
their environments evolve as a single
system.['d

As expected, the Gaia hypothesis was
widely disputed by biologists, who ruled
out the Earth as a living organism and
therefore susceptible of natural selec-
tion. Although stronger versions of the
Gaia hypothesis remain very controver-
sial, others are fully compatible with the
principles of Darwinian evolution. The
Earth’s living matter and the inorganic
parts of the biosphere (air, oceans, and
land surface) form a complex system
that can be seen as a single organism
having the capacity to keep our planet a
fit place for life. Numerous data currently
available suggest that there are direct re-
lationships between biogenic chemicals
released by living organisms and climate
change." Yet, the oxygen-rich atmos-
phere of our primitive planet would
have sacrificed individual species (e.g.
ancient anaerobic bacteria), opening the
door to the development of higher life
forms. This point is particularly notice-
able because, if there is a case that illus-
trates the extreme effects of niche con-
struction on a global scale, it must surely
be the production of oxygen by photo-
synthetic organisms. The contribution of
these primitive organisms to the earth’s
oxygen atmosphere must have taken
place over innumerable generations. It is
most likely that modified selection pres-
sures, emerging from the altered atmos-
phere, played a significant role in biolog-
ical evolution over millions of years.”
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Niche construction should not be con-
sidered an alternative to natural selec-
tion, but simply a complementary path.
Evolution is constructed from both ge-
netic and ecological inheritance. Proba-
bly, selection pressures are always envi-
ronmental.

Patterning and Selection

The intimate link between organisms
subjected to natural selection and their
habitats as suitable chemical laboratories
introduces further questions about how
early life forms evolved from organic
molecules. This issue is central to the
problem of organized complexity, that is,
the appearance of multiple morphs
(phenotypes) and their specialized func-
tions. Among the Vitalists, the philoso-
pher Henri Bergson, who adhered to
Darwin’s theory, recognized that com-
plexity requires something more than
natural selection invoking an ever-grow-
ing number of physicochemical phenom-
ena. Nevertheless, he warned “it does
not follow that chemistry and physics
will ever give us the key to life”.""?

Our view of life, as we know it, in-
vokes the standard Darwinian explana-
tion of adaptation by natural selection.
Before Darwin, numerous biologists
viewed adaptations as functional modifi-
cations of naturally-occurring forms such
as those found in crystals and molecules.
This idea is hardly new. The comparison
of biological structures with artifacts of
purely inorganic or organic nature has
captivated researchers throughout the
ages. In the 17th century, Robert Hooke
was one of the first in postulating a con-
tinuity between the nonliving and the
living without invoking any vital force.
He compared the generation of molds
with a plantlike dendritic structure gen-
erated from silver and mercury in acid
(“the silver tree”), which had been previ-
ously studied by Isaac Newton. The field,
which flourished in the 19th century,
called synthetic biology or plasmogeny,*®
has often been ridiculed, although it
now offers clues about complexity and
the significance of morphologies found
in living systems. After Darwin, however,
biologists saw forms as mutable assem-
blies of matter generated primarily by
natural selection for biological function.
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Only in recent decades have we
moved toward a different perspective
that offers new insights into the subtle
equilibrium between patterning versus
competition.?" The key issue here is self-
organization and how it contributes to
order at both the micro- and macroscop-
ic levels.”? Chemists often consider self-
organization as a molecular aggregation
process giving rise to elegant, yet func-
tional, supramolecular architectures.
What is crucial is the fact that living or-
ganisms, as nonequilibrium (open) sys-
tems, exhibit spatio-temporal patterns
that are reminiscent of those observed
in nonliving systems. Disparate patterns,
such as snowflake formation, the syn-
chronous flashing of fireflies, or spiral
waves in the Belousov-Zhabotinsky reac-
tion, share some underlying principles. A
large class of oscillating systems that in-
teract with each other and modify each
other’s phase or frequency will reach a
synchronous state; this represents an ex-
ample of self-organization.”

However, the term “complexity” in
open systems still lacks any preci-
sion.”"?¥ One might define structural
complexity as patterns with repeating
yet variable subunits; although disor-
dered structures could be regarded as
being as complex as repeating ones.
Moreover, functional complexity may
refer to systems whose dynamic proper-
ties cannot be explained by the behavior
of the individual components, like in
bacteria colonies.”*” Complexity emerges
via cooperative behavior and where the
microscopic interactions will ultimately
lead to a macroscopic organization with
efficient adaptation to resist adverse
conditions. Just like in oscillating chemi-
cal reactions, there is no plan, no instruc-
tions about the pattern that emerges.
What exists is a set of physical relation-
ships among the components of the
system that result in a dynamically
stable state.” The overall picture is not
shaped by selection, but by abiotic phys-
icochemical laws that include, to name a
few, surface tension, capillary forces, dif-
fusion kinetics, anisotropic growth, or
molecular folding mediated by noncova-
lent interactions.”®

This perspective brings to mind the
idea that, at least for primitive forms of
life, function often follows form rather
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than the opposite.”*™ The idea has also a

bearing on the discussion of the biologi-
cal significance of artificial morphologies.
Thus, consider that self-assembled silica-
carbonate structures, generated by an
abiotic mechanism, are almost identical
to ancient biogenic microfossils;**® or
the fact that some self-assembled molec-
ular containers may be topologically
very similar to enzymes and viruses, and
exhibit a few primitive regulatory strat-
egies featured by natural systems.””

Although a definition of life is contro-
versial, the above-mentioned systems
should not be considered to be alive;
rather they represent a transition from
nonliving to living matter, or more pre-
cisely, the appearance of forms when
only nonliving molecules were pres-
ent.2%3" This echoes the crucial point of
how and when selection played a great-
er role than thermodynamics in the ob-
served distribution of phenotypes.®” If
niche construction has been neglected,
the role of prior thermodynamics and
chemical kinetics has been partly ne-
glected. Again, this argument does not
negate selection. Abiotic, molecular
forms would have been subjected to
natural-selection pressures in subse-
quent evolution of living matter, thereby
giving rise to heritable variations. A no-
torious example may be provided by the
molecular motors on which life depends,
such as F,F,ATPase.?? Essentially, it is no
more than a thermodynamic machine
driven by Brownian motion. The F, com-
ponent generates a power stroke using
ATP as its fuel, whereas the F, counter-
part is a Brownian ratchet that uses the
binding and release of protons.

Conclusion

In conclusion, a grand theory of evolu-
tion requires no more than extending
evolutionary biology into evolutionary
geology, thereby highlighting the symbi-
otic effects of organisms on their envi-
ronment coupled with natural selection.
In doing so, we are simply enhancing
Darwin’s theory. A touch of modern plas-
mogeny might help to unravel how ge-
ology—through inorganic and carbon-
rich materials—contributed to creating
the primeval morphologies found in
living organisms. As Knoll concludes in a

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

recent work: “If there is one lesson that
paleontology offers to evolutionary biol-
ogy, it is that life’s opportunities and cat-

astrophes are tied to Earth’s environ-

mental history”
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A Mass Spectrometry Plate Reader: Monitoring
Enzyme Activity and Inhibition with a
Desorption/lonization on Silicon (DIOS)

Platform

Zhouxin Shen,*® Eden P. Go,” Alejandra Gamez,"™ Junefredo V. Apon,”®
Valery Fokin,™ Mike Greig,'” Manuel Ventura,” John E. Crowell," Ola Blixt,™
James C. Paulson,” Raymond C. Stevens,” M. G. Finn,”™ and Gary Siuzdak*"!

A surface-based laser desorption/ionization mass spectrometry
assay that makes use of Desorption/lonization on Silicon Mass
Spectrometry (DIOS-MS) has been developed to monitor enzyme
activity and enzyme inhibition. DIOS-MS has been used to char-
acterize inhibitors from a library and then to monitor their activi-
ty against selected enzyme targets, including proteases, glyco-
transferase, and acetylcholinesterase. An automated DIOS-MS
system was also used as a high-throughput screen for the activity

Introduction

Recent advances in enzyme engineering and discovery have
created new demands for automated, rapid, and reliable pri-
mary screening methods for enzyme inhibition and other small
molecule-protein interactions.'® Fluorescence plate readers
have become the dominant tool in these efforts because they
are simple and easy to operate, in many cases replacing radio-
metric assays because they provide similar sensitivity to radio-
labels and can be employed in high-throughput format.*®
Typical enzyme-based drug screening with fluorescence plate
readers can achieve a throughput rate that meets the demand
of most pharmaceutical companies (10000 inhibitors per day).
However, fluorescence-based assays suffer from three signifi-
cant problems: 1) substantial assay development time, 2) the
incorporation of a fluorescent moiety can affect enzyme reac-
tivity, and 3) false positives or false negatives from inhibitors
that fluoresce or that quench fluorescence.

Mass spectrometry, which accomplishes the detection of a
wide range of molecules with high sensitivity, can effectively
address the limitations of fluorescence plate readers.”'” Mass
spectrometry is capable of detecting most natural substrates
and/or products of enzymatic reactions, and therefore assay
development is rapid (typically less than a day), and false posi-
tives and false negatives are rare (m/z overlap with a contami-
nant). Only in the area of speed and multiplexed analytical ca-
pabilities has mass spectrometry been deficient with respect
to optical techniques; however, considerable progress in in-
strument hardware, robotics, and sample handling has signifi-
cantly increased sample throughput."'?
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of novel enzymes and enzyme inhibitors. On two different com-
mercially available instruments, a sampling rate of up to 38 in-
hibitors per minute was accomplished, with thousands of inhibi-
tors being monitored. The ease of applying mass spectrometry
toward developing enzyme assays and the speed of surface-
based assays such as DIOS for monitoring inhibitor effectiveness
and enzyme activity makes it attractive for a broad range of
screening applications.

Electrospray ionization mass spectrometry (ESI-MS) has
proven to be a viable technique for the identification and
screening of effective ligand-binding receptors, new catalysts,
and enzyme inhibitors.”'>'¥ ESI-MS has been the primary ap-
proach for enzyme-activity experiments because of its poten-
tial to be used for a wide array of molecules, its analytical spe-
cificity, and its accuracy. However, ESI and new chip-based ESI
technology are limited in their high-throughput capability. We
describe here the application of Desorption/lonization On Sili-
con mass spectrometry (DIOS-MS), a surface-based approach,
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that allows for high-throughput analyses as samples are ana-
lyzed by scanning the silicon surface.

DIOS-MS is similar to matrix-assisted laser desorption/ioniza-
tion mass spectrometry (MALDI-MS), yet DIOS-MS does not re-
quire a matrix and is performed by placing the sample directly
on the silicon surface followed by laser desorption/ionization.
It offers high sensitivity, no matrix interference, and has a mass
range amenable to drug candidate analysis. Recent experi-
ments illustrate the broad applicability of DIOS-MS, with analy-
ses encompassing small-molecule characterization, proteomics,
forensics, peptide and small molecule sequencing, and peptide
detection from cultured cells on the porous silicon (pSi) sur-
face.'"™ Moreover, with the incorporation of electrospray
sample deposition (ESD), the accuracy and reproducibility of
ESD DIOS-MS make it well suited for quantitative analysis.” In
this study, we extend the utility of DIOS-MS as a high-through-
put drug-screening tool, taking advantage of its sensitivity and
accuracy to analyze inhibitor libraries and enzyme activity. As

DIOS Mass Spectrometry Platform

96 DIOS spots

Z. Shen, G. Siuzdak et al.

with all mass spectrometry-based methods, no chromophore
or radiolabels are required.

Results and Discussion
Analysis of small molecules

The general applicability of DIOS-MS to small molecules has
been demonstrated previously.'>” Here the relatively high-
throughput screening of an array of 100 different compounds
consisting of amino acids, a small drug-discovery library, pepti-
des, and protein digests was demonstrated. Typically, 0.5 uL
samples of 100 um concentration of these solutions were de-
posited on the etched spots of a photopatterned pSi plate
(Figure 1) and were allowed to dry in air. The DIOS plate was
then loaded into the mass spectrometer and analyzed by
using automated scanning. The analyses of the samples were
accomplished in less than in 8 min when utilizing a relatively

DIOS-MS data gk
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Figure 1. Top left: Photopatterned (96 and 384) DIOS chips with arrays of dark spots corresponding to porous Si photopatterned onto the Si wafer by using photo-
enhanced electrochemical etching. (The chips are shown adjacent to a quarter-dollar coin to give an idea of their size.) Center: DIOS mass spectra of small-drug
molecules from each porous silicon spot containing 50 pmol of sample. Each spectrum shown is an average of over 16 laser shots (laser repetition rate 5 Hz) and
was obtained in, on average, 5 s: 1 s to move from one sample spot to the next and 4 s to initiate laser firing and data collection. This gives a rate of 720 samples
per hour. Bottom right: DIOS-MS spectra reproducibility of eight distinct sample spots containing cimetidine. The standard deviation for the signal-intensity varia-

tion was below 20 %.
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low laser repetition rate of 5 Hz. Figure 1 shows the DIOS chips
and representative sample spectra of the high-throughput
screening of the 100 compounds with good resolution and
high signal-to-noise ratio.

Enzyme discovery

The primary focus of the enzyme-discovery effort was to apply
DIOS-MS as a high-throughput screen for the discovery of new
enzymes with properties similar to phenylalanine hydroxylase
(PAH). In the initial set of experiments, we explored the high-
throughput capability of the DIOS-MS plate reader assay to
monitor the activity of PAH and, further, to identify new en-
zymes that would have the same activity as PAH (Figure 2).
PAH deficiency is directly associated with the disease phenyl-
ketonuria (PKU), an inherited, metabolic disorder®” that can
result in severe mental retardation if untreated at birth. PKU is
caused by a deficiency of the enzyme PAH, which is necessary
to convert phenylalanine to tyrosine. The goal is to develop
the DIOS-MS plate-reader assay to screen mutant forms of en-
dogenous and exogenous PAH enzymes that could potentially
be used as a drug therapy.?*?!

A current standard approach for screening for PAH enzymes
is based on electrospray ionization tandem mass spectrometry
with a throughput of one sample every 120 seconds.”>?® PAH
activity assays based on colorimetric or radioactive detection
are not as reliable, sensitive, or accurate as mass spectrometry
techniques. Due to the specificity of mass spectrometry, assay
screening with DIOS-MS allows quick identification of Tyr and
Phe signals in the incubation mixture. Although pure Tyr and
Phe standards yield strong signals in DIOS under both positive
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and negative ion modes, we found that in the PAH assay, the
use of negative ion mode produces less low mass interference
from the incubation mixture. As shown in Figure 2, a spectrum
of the PAH reaction product has a peak at m/z=164 (corre-
sponding to unreacted L-phenylalanine) and a peak at m/z=
180 (corresponding to enzymatically produced L-tyrosine). An
internal standard for each analyte of interest (deuterium-la-
beled L-Phe and L-Tyr, [Dsl-ring-Phe, [D,]-ring-Tyr, respectively)
makes it possible to quantify the transformation of L-Phe to
L-Tyr, and thereby calculate the specific activity of the enzyme
by varying substrate concentration and measuring product for-
mation for a fixed reaction time.

Enzyme reaction monitoring and inhibition

We have implemented DIOS-MS as an assay to monitor the re-
action time course of a-(2,6)-sialyltransferase in the sialylation
of N-acetyllactosamine (LacNAc). Sialyltransferase is an impor-
tant class of glycotransferase that catalyzes the transfer of the
sialic acid of cytidine monophosphate-sialic acid (CMP-NeuAc)
to the nonreducing end of the carbohydrate moiety of glyco-
conjugates.””” This enzyme exhibits high acceptor-substrate
specificity and plays an important role in cell adhesion and
molecular recognition events.” Although the enzyme can
accept several acceptor-substrate combinations due to some
degree of flexibility around their glycosidic linkages, the sialyla-
tion site of the a-(2,6)-sialyltransferase used in this study is in
the C-6' of the galactose group of LacNAc. The production of
a-(2,6)-sialylated trisaccharide was monitored for a single-step
reaction catalyzed by a-(2,6)-sialyltransferase from a corre-
sponding lactoside (Figure 3). Under optimal conditions

[Tyr=HJ”
180

Active
Enzyme

[Phe — HI"

160 e 190
164
[Phe — H]
Inactive
Enzyme
I T T T T ) |
160 me 190

Figure 2. Monitoring the activity of phenylalanine hydroxylase (PAH), which converts phenylalanine to tyrosine. DIOS-MS is used as an assay to screen recombinant
PAH as potential drugs. An active enzyme is denoted by the formation of tyrosine in the DIOS-MS analysis.
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Figure 3. Monitoring the a-(2,6)-sialyltransferase enzymatic time course through the DIOS-MS of a-(2,6)-sialylated trisaccharide (m/z=788) generated from the cor-

responding lactoside (m/z=475).

(pH 6.5, 37°C), the formation of the sialylated trisaccharide was
detected after 15 minutes. Figure 3 shows the DIOS-MS sialyla-
tion reaction with both the sodiated glycosyl substrate at
m/z=475 and the product peak at m/z=788. Once the sialyla-
tion reaction had been observed, we monitored the enzyme
activity by measuring the formation of products at different re-
action times using the same substrate concentration.

The ability of DIOS to rapidly monitor the inhibition of other
enzyme-catalyzed reactions was investigated with four differ-
ent proteases. The DIOS assays for all of the enzymes were
each developed within a couple of hours, and the subsequent
monitoring of inhibition was readily achieved. DIOS-MS was
successfully applied to monitoring the inhibition of four differ-
ent proteases including trypsin, endoproteinases Arg-C, Lys-C,
and Glu-C with bovine serum albumin (BSA) serving as the
model protein. DIOS mass-spectral data of BSA digested with
trypsin and the endoproteinase enzymes generated the ex-
pected proteolytic fragments. In contrast, when the enzyme
and inhibitor mixture were incubated for at least 30 minutes at
4°C prior to the addition of BSA (100 nm and 2 um) and am-
monium citrate buffer solution, the known inhibitors complete-
ly inhibited digestion of BSA as observed with DIOS-MS and
further confirmed with MALDI-MS. In this inhibition experi-
ment, an enzyme/enzyme inhibitor molar ratio of 1:6 was used
to achieve complete inhibition.

Having demonstrated the applicability of the DIOS-MS plate
reader assay in monitoring enzyme activity, we also illustrated
the effectiveness of DIOS for monitoring multiple inhibitors
against a single enzyme. Acetylcholinesterase (AChE) is an im-
portant enzyme of the nervous system that terminates the
action of acetylcholine released into the cholinergic synap-
ses.” AChE catalyzes the hydrolysis of the neurotransmitter
acetylcholine to choline, (Figure 4) and has been the focus of
inhibitor studies in Alzheimer’s disease therapy to boost the
endogenous levels of acetylcholine in the brain and thereby to
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enhance cholinergic neurotransmission. Because of this, as well
as its biological relevance, it was an early focus as a target
enzyme for screening enzyme inhibition. In the experiment we
incorporated the ESD method of sample deposition to monitor
the pseudo first-order AChE reaction performed at optimal
conditions (pH 8, 37°C) with [Dylcholine as internal standard.
The production of choline was monitored as a function of time
with a starting substrate concentration of 200 um. The kinetics
plot generated for the AChE reaction was consistent with an
earlier study with smaller error bars due to a marked improve-
ment in the sample homogeneity across the pSi surface
(Figure 5).

The screening for potential AChE inhibitors was examined
by monitoring the AChE activity in the presence of potential
inhibitors from a small-molecule library by using the DIOS
plate reader. The inhibition of the deacylation reaction of ace-
tylcholine was performed by incubation of candidate small
molecules with the enzyme and substrate for 30 minutes
(pH 8, 37°C), followed by measurement of the acetylcholine/
choline ratio by DIOS-MS (Figure 4). Known AChE inhibitors (ta-
crine and huperzine) could be identified through the observa-
tion of high acetylcholine/choline ratios; no false positives or
false negatives were observed among the potential inhibitors.
The throughput of such enzyme-inhibitor screening was ap-
proximately 1 sample every 3.5 seconds, or 5 minutes for a set
of 100 compounds with a standard commercial instrument
with a 10 Hz laser. Four thousand samples were analyzed in
the course of a five-hour period. In a separate set of experi-
ments with a 200 Hz laser, a sampling rate 1.6 seconds per
sample was achieved, with a plate of 100 samples being ana-
lyzed in 160 seconds. Interestingly, the rate-limiting step in
these experiments was not the data acquisition but the time
required to move from spot to spot. Because the method is in-
herently sensitive, simple, and fast, the screening method
should greatly facilitate inhibitor discovery.

ChemBioChem 2004, 5, 921-927



www.chembiochem.org



A Mass Spectrometry Plate Reader

Inhibitar Activity

FULL PAPERS

Conclusion

R e}
S d
\ o We have demonstrated the ca-
146 o
acetylcholine Soeylohoiing pability of DIOS-MS for enzymat-
Active ic assay development and for
~ Inhibitor screening potential inhibitors.
Y\ With the increasing importance
FH\ Y in screening large numbers of
o b, 100 150 . . . .
A ',t_fﬁ_ miz % compounds with disparate activ-
t.w. A 104 ities, this plate-based approach
g bc; Acetylcholine chaline offers the advantages of high
sslerase t ore .
i Inactive sensitivity and specificity, robust-
o I nhinBg e ness, ease of use, and the ability
9 e i e to . measure Iow-molec.ullar-
e e T weight compounds. In addition,
S WOH [ - / qﬁﬂqﬁq“h—:’: -
_N# S e B the DIOS-MS assay does not re-
e e = e .
\ chaline e e e = quire the use of chromophore-

Figure 4. The inhibition of acetylcholinesterase was determined by monitoring the substrate-to-product ratio with
a high-throughput DIOS-MS in the presence of potential inhibitors at a rate of one sample every 1.6 s. The 100-

compound inhibitor library was screened in less than 3 min.
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Figure 5. Quantitative analysis of enzyme activity with DIOS-MS was improved
by using an electrospray deposition (ESD) approach as compared to the tradi-

tional pipette deposition. ESD allows for more uniform deposition and provides
a more homogeneous signal.
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= or radio-labeled material, there-
fore real substrates and products
are monitored in enzymatic reac-
tions, and the analysis is more
representative of the reaction
than traditional approaches re-
quiring fluorescent tags. Because
of its inherent high-throughput capability with a scanning MS
plate-based approach,”® well over 10000 enzyme inhibitors
can be screened on commercially available instrumentation.
Moreover, the addition a 1000 Hz repetition rate laser, im-
provement in the plate movement, and software development
for rapid acquisition of data will even further enhance sample
throughput." Interestingly, sample deposition is proving to be
a key factor for high accuracy,” and our laboratory is currently
exploring new high-throughput deposition approaches for
high-throughput quantitative analyses.

Experimental Section

The laser desorption/ionization measurements were performed
with a Waters-Micromass (Milford, MA) M@LDI-R time-of-flight
mass spectrometer, and an Applied Biosystems (Framingham, MA)
Voyager STR time-of-flight reflectron, as well as 4700 TOF/TOF
mass spectrometers. The DIOS chips were attached to the MALDI
target plates by using conductive carbon tape, and samples were
irradiated with a nitrogen laser operated at 337 nm at 5-200 Hz
(3 ns pulse duration) and attenuated with a neutral density filter.
lons produced by laser desorption were energetically stabilized
during a delayed extraction period of, typically, 150 ns and then ac-
celerated through the linear time-of-flight reflectron mass analyzer
with a 20 kV pulse. The instruments were equipped with automat-
ed, multisampling capabilities to facilitate data collection and anal-
ysis. Between five and twenty five scans were typically averaged to
obtain an adequate signal-to-noise ratio for each sample (Figure 1).
The total time spent for each sample spot analysis was between
1.6 and 5 s, depending upon the application. This included acquisi-
tion time for averaging scans, a delay for firing the laser, and repo-
sitioning of the sample plate. Photopatterned DIOS chips were
manufactured to allow the accurate allocation of 96 to 384 sample
spots (Figure 1) and up to 1536 sample spots could be generated
per wafer. It should be noted that the DIOS sample reservoirs are
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not “wells” but etched regions of porous Si approximately 2 mm in
diameter that contain pores approximately 70-120 nm in diameter
with a pore depth of up to 200 nm.

DIOS chips were prepared by electrochemical etching of n-type
(100) silicon wafers (0.005-0.02 Qcm resistivity) in 25% HF/EtOH
under white light illumination for 2 min at a constant current den-
sity of 5mAcm™2 The resulting porous silicon surfaces were oxi-
dized by O; and then treated with 5% HF in H,O, which has been
found to provide more regular pore morphology and improved
DIOS performance.'® Photopatterning of the DIOS chips is neces-
sary in order to utilize the autosampler mode during sample depo-
sition and data acquisition. Irradiation through a simple mask
during etching has allowed effective photopatterning of DIOS-
active spots, since the etching rate on n-type silicon is strongly de-
pendent on light intensity. In order to create patterns on the DIOS
surface, the light from a fiber-optic light source was passed
through a printed mask and two achromatic lenses, then focused
on the silicon surface. This simple procedure reproducibly produ-
ces sharply defined porous silicon spots.

All analyses were performed in the automated mode. The automa-
tion of the DIOS analyses was designed to search for an analyte
signal from each sample spot by monitoring signal strength as a
function of laser intensity and laser position. The starting point for
the relevant parameters (laser intensity, step size in each “well”,
and m/z range) was established manually for each plate. The laser
intensity was initially set at the minimum level necessary for de-
sorption and then allowed to increase by approximately 10 pJ per
pulse per step until an acceptable data signal (signal-to-noise ratio
> 100 within the specified mass range) was acquired, up to a maxi-
mum of 50 w per pulse. If no signal was observed, the laser beam
was repositioned on the well, and DIOS-MS analysis was resumed
at the lower laser power. To adjust the laser position on the
sample plate, a preprogrammed spiral search pattern was used
that began in the center of each circular well and spiraled outward
in 0.2 mm increments. In practice, the autoadjustments of laser po-
sition were never triggered since a strong and reproducible signal
was obtained on the first attempt. Standard deviation of the signal
intensities of the same cimetidine sample (50 pmol) deposited on
different spots was less than 20% (Figure 1).

Analytes from the libraries were typically dissolved in water or
water/methanol/DMSO (54.5:45:0.5%). Freshly prepared DIOS sur-
faces are hydrophobic; this allows aqueous solutions to bead and
dry in a relatively uniform manner. Nonpolar solvents spread
across the hydrophobic porous silicon wafer and are therefore to
be avoided if possible. Aliquots (0.1-0.5 pL; containing 1-500 pmol
of analyte) were deposited directly onto the porous Si surfaces and
allowed to dry in air.

The acetylcholinesterase (AChE) assay involved monitoring inhibi-
tion of more than 900 compounds including known inhibitors. Typ-
ically, the reaction mixture of AChE (1 pum), potential inhibitor
(10 um), and acetylcholine (100 um, Sigma) in ammonium bicar-
bonate buffer (10 mm, pH 8) was incubated for 30 min at 37°C
prior to analysis. The samples were then deposited on DIOS chips
and analyzed for choline and acetylcholine.

For the proteolytic assay, BSA (Sigma) was incubated overnight at
37°C in ammonium citrate (5 mm, pH 7.5 for tryptic digest and
pH 8.5 for the endoproteinases). The reactions reached completion
within 18 h. Samples were deposited on optimized double-etched
DIOS chips (etching conditions: 50 mW, 2 min, and 5 mA). Known
inhibitors, obtained from Sigma, including aprotinin, sulfanilamide,
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4-acetomidaphenol, nystatin, chloropram, phenoxymethyl penicil-
linic acid, cimetidine, and furosemide were tested.

PAH assays for DIOS-MS analysis involved mixing wild-type with
mutant forms of recombinant human-PAH purified protein
(0.06 mgmL™") or mutant PAH over-expressed E. coli lysate (1% of
the final volume) with ammonium bicarbonate buffer (25 mm,
pH 7.4), bovine catalase (0.1 mgmL™"), and L-phenylalanine (1 mm).
This mixture was incubated at 25°C for 5 min followed by addition
of Fe™ (1 um) to the reaction for 1 min at 25°C. The hydroxylation
reactions were started with the addition of dithiothreitol (DTT,
6 mm) and cofactor (6R-BH,, 75 um). Mixtures were allowed to
react for 30 min at 37°C and were then stopped with the addition
of acetic acid. Samples (0.5 uL aliquots) were deposited onto a
DIOS chip, allowed to dry, and analyzed by DIOS-MS.

The sialyltransferase assays for DIOS-MS were conducted in a 50 pL
final volume, containing 20 mm each of the acceptor 2-azido-
ethyl(3-p-Galactopyranosyl)-(1—4)-O-2-acetamido-2-deoxy-f3-b-glu-
copyronoside and the donor CMP-N-acetylcetylneuraminic acid in
cacodylate buffer (50 mm, pH 6.5), and NaCl (20 mm). The reaction
was initiated by the addition of «-(2,6)-sialyltransferase (7.5 pL,
~1 mU=100 mg). The reaction mixture was incubated at 37°C for
90 min, and 5 pL aliquots were taken every 15 min. For each ali-
quot, the reaction was stopped by the addition of acetic acid. Sam-
ples (0.5 uL) were then spotted on the DIOS plate, allowed to dry
in air, and analyzed.
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Cotranslational Incorporation of a Structurally
Diverse Series of Proline Analogues in an
Escherichia coli Expression System

Wookhyun Kim, Anna George, Melissa Evans, and Vincent P. Conticello*™

A set of Escherichia coli expression strains have been defined
that are competent for the incorporation of a structurally diverse
series of proline analogues under culture conditions that are
compatible with high levels of analogue substitution within a
proline-rich protein substrate. These bacterial strains have been
employed to assay the efficacy of incorporation of noncanonical
amino acids into a recombinant-protein test substrate and to
create variant polypeptides in which native protein sequences

Introduction

The imino acid proline occupies a unique niche in protein
structural biology as a consequence of its distinctive structural
and conformational properties vis-a-vis the other canonical
amino acids." In contrast to the latter, proline has an endocy-
clic amino group that narrowly limits its accessible conforma-
tional space, as well as that of surrounding residues when
placed in the context of a polypeptide chain, and prevents par-
ticipation of the prolyl amide group in the hydrogen-bonding
interactions that normally act to stabilize protein structure.’?
Therefore, proline residues are not easily accommodated
within periodic, hydrogen-bonded secondary structure and are
often associated with aperiodic features such as turns and
loops or with non-a/f periodic structures. Nonetheless, proline
serves multiple roles of critical importance for protein structure
and function;™ these roles include delimitation of periodic sec-
ondary structure elements,” alteration of the polypeptide-
backbone trajectory through the formation of reverse turns or
helical kinks,’®” restriction of conformational entropy in the
folded and unfolded states,™ preferential destabilization of
misfolded protein structures,” and conformational modulation
through the thermodynamically accessible cis/trans isomeriza-
tion of the Xaa-Pro peptide bond (Xaa=another amino
acid)."” In addition, proline residues are often observed within
repetitive oligopeptide motifs"" as central features in which
the unique conformational characteristics of the imino acid
largely determine the structural and functional properties of
the repetitive domain. These proline-rich domains usually
occur as either intrinsically unstructured elements' associated
with protein-protein and protein-ligand recognition® or as
the structural components of extracellular matrix proteins."*'!

Despite the structural importance of proline residues, few
experimental methods are available to directly investigate local
conformational effects that arise due to the presence of pro-
line residues in polypeptide sequences on the structure and
function of the corresponding native, folded proteins. Directed

928 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

have been globally substituted with imino acid analogues in re-
sponse to proline codons. We envision that these methods may
be used to interrogate the effect of imino acid substitution on
protein structure and function and may be particularly informa-
tive in the context of structural comparison of a series of modi-
fied proteins with respect to the stereoelectronic differences
between the incorporated proline analogues.

mutagenesis techniques have been applied routinely to re-
place proline with other canonical amino acids, however these
studies are limited in that the intrinsic structural differences
between proline and the other canonical amino acids must be
carefully considered during interpretation of the experimental
results. As a point of contrast, scanning proline mutagenesis
has been employed to identify functionally critical regions of
protein secondary structure through the disruptive effect of
the proline residues on hydrogen-bonding interactions and
local peptide conformation."® Recently, chemosynthetic"” and
biosynthetic"® methods have been described that permit sub-
stitution of noncanonical amino acids into full-length, native
protein sequences in place of canonical amino acids. In princi-
ple, these methods enable the substitution of proline residues
in polypeptide sequences with noncanonical imino acids that
more closely mimic the structural and conformational proper-
ties of the canonical amino acid. These investigations can pro-
vide important information on the role of proline residues
within specific structural contexts, particularly under conditions
in which the differences in protein structure and function can
be interpreted on the basis of the often subtle stereoelectronic
distinctions that are observed between the canonical amino
acid and its analogues."*2* Of the available methods, the bio-
synthetic approach holds the most promise for large-scale syn-
thesis of native proteins in which specific canonical amino
acids, or sets of amino acids, have been replaced with structur-
ally similar amino acid analogues."®* Several bacterial expres-
sion systems have been described that enable global substitu-
tion of proline residues in protein sequences with imino acid
analogues;”*=>% however, these expression systems have nei-
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ther been optimized with respect to efficacy of analogue incor-
poration nor defined in terms of the accessible scope of struc-
tural analogues that might be accommodated in a convention-
al biosynthetic system. We describe herein methods for the
multisite substitution of canonical proline residues with a
structurally diverse set of noncanonical imino acids that differ
substantively in stereoelectronic properties (Scheme 1). We en-
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Scheme 1. Chemical structures of proline (1) and the imino acid analogues (2-
10) that were tested for use as substrates for biosynthetic incorporation into
the elastin-mimetic protein sequence, elastin-1: 1, (2S)-proline; 2, (2S,4S)-4-fluo-
roproline; 3, (2S,4R)-4-fluoroproline; 4, (25)-3,4-dehydroproline; 5, (2S,4S)-4-hy-
droxyproline; 6, (2S,4R)-4-hydroxyproline; 7, (25)-4,4-difluoroproline; 8, (25)-aze-
tidine-2-carboxylic acid; 9, (2S)-piperidine-2-carboxylic acid; 10, (4R)-1,3-thiazo-
lidine-4-carboxylic acid.

vision that incorporation of these analogues may be employed
to address specific structural questions regarding the multiple
roles of proline residues in native protein sequences through
comparison of the differential effect of the various analogues
on the macromolecular structure and function of biosynthetic
polypeptides.

Results and Discussion

The elastin-mimetic polypeptide, elastin-1, was employed as a
test substrate for assessing the efficacy of multisite incorpora-
tion of a wide range of proline analogues by using a high-
level, IPTG-inducible expression system (IPTG=isopropyl-3-b-
thiogalactopyranoside).®" The repetitive domain of elastin-1
comprises a concatenated series of pentapeptide repeats
based on the consensus sequence (Val-Pro-Gly-Val/lle-Gly), in
which proline residues constitute 20% of the amino acids
within the repetitive domain (80 prolines per polypeptide
chain). The high density of proline residues and the uniform
structural environment of these residues within the polypep-
tide sequence should provide a well-defined context for evalu-
ating the efficacy of analogue incorporation in terms of its
effect on protein yield and analogue substitution level. More-
over, biophysical studies of elastin and elastin-mimetic poly-
peptides have suggested a crucial structural role for the pro-
line residues within the pentapeptide repeats that may be es-
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sential for the normal physiological function of the native poly-
peptide material.?>3¥ Thus, substitution of proline analogues
into the repetitive domain of elastin-1 may provide critical in-
formation on the local structural parameters that influence the
thermodynamics and kinetics of elastin assembly under physio-
logically relevant conditions. The construction of the synthetic
gene encoding the elastin-1 sequence has been previously re-
ported in a pET-19b-derived expression system.®" In order to
maintain tighter control over the basal level of gene expres-
sion, this DNA cassette was subcloned into a pQE-derived ex-
pression vector, pAG2, under the control of a phage T5 pro-
moter that was inducible with IPTG (Table 1). A copy of the

Table 1. E. coli strains and plasmids.
Strain Genotype Comments
DG99 F~, thi-1, endA1, supE44, hsdR17, proC:Tn10,
lacl®, A(lacZ)M15
CAG18515 F~, proA3096:Tn10 Kan, rph-1 ref. [47]
UMM5 putA1:Tn5, proC24, metB1, relA1, spoT1, ref. [41]
bglF18:1S150
uQ27 proS127(ts), lacZ4, lam~, argG75 ref. [48]
Plasmids Genotype Comments
pRAM2 pET-19b/elastin-1 ref. [31]
pAG1 pQE60/elastin-1
pAG2 pQE8O L/elastin-1 lacl?
pME1 pPROTetE.133/pPROLarA.231 Cm*, p15A ori
pCS-364 pQE30/proS ref. [45]
pWKI1 pME1/proS
pWK2 pPME1/proS(C443G)

over-producing lactose repressor allele lacl’ was incorporated
into the plasmid to maintain transcriptional silencing of the
target sequence prior to induction. The decahistidine tag was
retained from the original construct to facilitate purification of
the target protein from the endogenous host proteins by im-
mobilized metal affinity chromatography.

MGH,,S,GHID,KHM[(VPGVG),VPGIG],;V elastin — 1

The facility with which amino acid analogues are incorporat-
ed into native proteins in place of a canonical amino acid
often depends on the degree of structural similarity between
the two molecular species."® Native aminoacyl-tRNA synthetas-
es must discriminate between closely related canonical amino
acids and have evolved selective editing mechanisms that op-
erate at both the pretransfer and posttransfer stages to ensure
high fidelity aminoacylation of tRNA substrates with the cog-
nate amino acid.®***! However, structurally similar amino acids
can often be incorporated into proteins in place of a canonical
amino acid under selective pressure in which the host bacteri-
um is depleted of the canonical amino acid and supplemented
with the analogue. As the structural divergence increases be-
tween a cognate amino acid and an analogue, the efficiency of
incorporation of the analogue decreases, as judged by reduced
protein yield and/or appearance of products associated with
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amino acid starvation. Given the structural diversity of the pro-
line analogues in Scheme 1, a single technique is unlikely to
suffice for incorporation of the entire set of analogues. Three
different methods were explored to assess the efficacy of in-
corporation of various proline analogues into the target poly-
peptide, in which the host-cell physiology was altered to an in-
creasing degree to accommodate more structurally divergent
proline analogues. The result of this process was the definition
of conditions for the biosynthesis of a series of elastin deriva-
tives, elastin-2—elastin-10, based on substitution of the canoni-
cal proline residues encoded in the elastin-1 sequence with
the respective imino acid analogues 2-10 (Scheme 1). The sim-
plest experimental method employed the auxotrophic Escheri-
chia coli strain DG99 (proC:Tn10, Tc%) as a host organism under
conditions of proline depletion and analogue supplementa-
tion.”**¥ This approach worked well for incorporation of the
mono-4-fluoroprolines, 2 and 3, and 3,4-dehydroproline, 4, as
the native genomic background activity of prolyl-tRNA synthe-
tase within the host bacterium was probably sufficient to rec-
ognize and charge these structurally similar proline analogues

V. P. Conticello et al.

to the tRNA™™® at a level of efficiency approaching that of the
canonical amino acid (Figure 1a). In contrast, structurally less
similar analogues, that is, most of the imino acids in Scheme 1,
were not readily incorporated into the elastin sequence with
this approach.

An alternative method that has been successfully employed
for the multisite substitution of weakly recognized amino acid
analogues in response to sense codons involves the coexpres-
sion of the wild-type aminoacyl-tRNA synthetase®™ or, in par-
ticularly difficult cases, a mutant synthetase that displays more
permissive substrate selectivity.®” Both of these strategies
were investigated to facilitate incorporation of the more recal-
citrant proline analogues into the target protein substrate. An
expression vector was constructed in which variants of E. coli
prolyl-tRNA synthetase (ProRS) could be expressed under the
control of an orthogonal promoter system. This vector system
was derived from the modular series of bacterial plasmids re-
ported initially by Lutz and Bujard.”® Plasmid pME1 contained
the transcriptional/translational control elements, multiple
cloning site, and chloramphenicol resistance marker of plasmid

Figure 1. Sodium dodecylsulfate (SDS) PAGE analysis of whole-cell lysates derived from expression cultures for production of elastin analogues in the presence of
proline derivatives 1-10. A) Incorporation of proline analogues by using the genomic background activity of prolyl-tRNA synthetase. Expression cultures were de-
rived from E. coli strain DG99[pAG2] after 3 h induction with 1 mm IPTG. Lane 1, molecular-weight standards (25, 35, and 50 kDa); lane 2, proline-deficient (nega-
tive) control; lane 3, proline-supplemented (positive) control; lane 4, with (2S,4S)-4-fluoroproline (2); lane 5, with (2S,4R)-4-fluoroproline (3); lane 6, with (2S)-3,4-de-
hydroproline (4). B) Incorporation of proline analogues under conditions of coexpression of wild-type prolyl-tRNA synthetase. Expression cultures were derived from
E. coli CAG18515[pAG2][pWK]1] after 3 h induction with T mm IPTG in hyperosmotic (600 mm NaCl) media. Lane 1, molecular-weight standards; lane 2, negative
control; lane 3, positive control; lane 4, with (2S,4S)-4-hydroxyproline (5); lane 5, with (2S,4R)-4-hydroxyproline (6); lane 6, with (25)-4,4-difluoroproline (7); lane 7,
with (4R)-1,3-thiazolidine-4-carboxylic acid (10); lane 8, (2S)-azetidine-2-carboxylic acid (8). Note that the expression culture for analogue 10 (lane 7) was performed
by using E. coli strain UMM5[pAG2][pWK1] under 3 h induction in media supplemented 800 mm sucrose rather than 600 mm NaCl. In addition, the incorporation of
proline analogues 6 and 8 into the target polypeptide resulted in noticeable shifts in the gel mobility as detected by SDS PAGE analysis (lanes 5 and 8). A similar
correspondence between hydroxyproline substitution level and decreased electrophoretic mobility has been observed previously for recombinant glutathione-S-
transferase expressed under conditions of hydroxyproline supplementation in the auxotrophic E. coli strain JM108 (A(lac-proAB)).?’ C) Dependence of target-protein
accumulation on osmolyte (NaCl) concentration for expression cultures derived from CAG18515[pAG2][pWK1] after 3 h induction with 1 mm IPTG. Lane 1, molecu-
lar-weight standards; lane 2, positive control; lanes 3-7, expression in the presence of 0.5 mm (2S,4R)-4-hydroxyproline (6) under conditions of increasing hyperos-
molarity in culture medium supplemented to final concentrations of 8.5, 100, 200, 400, and 600 mm NaCl, respectively. D) Effect of wild-type and mutant prolyl-
tRNA synthetase expression on proline-analogue incorporation. Expression cultures were derived from E. coli strain CAG18515[pAG2] after 3 h induction with 1T mm
IPTG. Lane 1, molecular-weight standards; lane 2, negative control; lane 3, positive control; lane 4, supplementation with 0.5 mm (2S)-piperidinyl-2-carboxylic acid
(9) in 600 mm NaCl medium with coexpression of wild-type ProRS from pWK1; lane 5, supplementation with 0.5 mm (2S)-piperidinyl-2-carboxylic acid (9) in

600 mm NaCl medium with coexpression of the C443G mutant ProRS from pWK2.
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pPPROTetE.133 and the compatible p15A replicon of plasmid
pPROLarA.231 (Table 1). Duplex DNA cassettes encoding var-
iants of E. coli prolyl-tRNA synthetase were amplified by PCR
and cloned as Kpnl/Xbal fragments into the polylinker of
pMET. The ProRS expression cassettes were placed under the
control of the P,tet promoter and were expressed constitutive-
ly from the respective plasmids in E. coli strains that lacked the
tet repressor. The incorporation of proline analogues into the
elastin-1 sequence was assayed in the auxotrophic E. coli strain
CAG18515 (proA=Tn10 Kan, Kn®) under conditions in which re-
combinant wild-type ProRS was constitutively expressed from
plasmid pWK1 (Table 1). Electrophoretic analysis of whole-cell
lysates derived from these expression cultures indicated that
most of the proline analogues, with the exception of 9 and 10,
supperted a detectable level of target protein expression with
respect to the proline-deficient negative control (Figure 1b).
Moreover, hyperosmotic concentrations of osmolytes such as
sucrose or sodium chloride in the culture media enhanced the
level of accumulation of the target polypeptides in a concen-
tration-dependent manner (Figure 1c). Hyperosmotic expres-
sion cultures have been employed previously to facilitate co-
translational incorporation of (25,4R)-4-hydroxyproline, 6, into
test proteins in response to proline codons in an E. coli host
system.”® This approach relies on the hyperosmotically in-
duced up-regulation of the biosynthesis of endogenous low-
affinity proline transporters (the putP, proP, and proU gene
products) in E. coli®® These proteins can recognize and trans-
port proline analogues into the bacterium, thereby enhancing
their cellular concentration and, thus, their functional efficacy
as substrates for endogenous prolyl-tRNA synthetase.”®
However, neither 9 nor 10 could be incorporated into elas-
tin-mimetic polypeptide substrate by using expression strain
CAG18515[pWK1], even under conditions of hyperosmolarity.
The inability of the latter substrate to be incorporated into
elastin-1 is particularly puzzling as cotranslational incorpora-
tion of 10 into proteins has been reported for in vivo®® and in
vitro? bacterial expression systems derived from E. coli.
Recent experimental evidence has suggested that several pro-
line analogues, particularly 4 and 10, are subject to intracellular
oxidative degradation through the action of endogenous
E. coli enzymes such as L-proline dehydrogenase (putA) and
A'-pyrroline-5-carboxylate reductase (proC).*" The cotransla-
tional incorporation of 10 into the elastin sequence was ex-
plored in E. coli strain UMMS5, which contains genetic muta-
tions in the chromosomal loci associated with these two en-
zymes that impair their activity towards oxidative degradation
of 4 and 10 (Table 1). Despite the use of this mutant strain, ex-
pression of elastin-10 could only be detected under conditions
in which the wild-type ProRS was coexpressed from plasmid
pWK1 in hyperosmotic media, with the best yields of isolated
protein resulting from culture in media supplemented with
800 mm sucrose (Figure 1b). However, the yield of isolated
elastin-10 under these conditions was comparable to that of a
thiaproline-substituted analogue of recombinant human an-
nexin V,”® which contained a much lower content of proline
residues than the elastin test substrate did. In addition, E. coli
strain UMM5 improved the isolated yield of the elastin-4 deriv-
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ative by approximately an order of magnitude in comparison
to the E. coli strain DG99, even though the level of target-pro-
tein accumulation appeared to be comparable between the
two strains as judged by SDS PAGE analysis of whole-cell ly-
sates from expression cultures conducted under similar condi-
tions. These observations emphasized the important effect of
host-cell physiology on target-protein accumulation, particular-
ly under conditions in which chemically reactive amino acid
analogues are employed as substrates for in vivo ribosomal
protein synthesis.

In contrast to the other analogues, (25)-piperidine-2-carbox-
ylic acid, 9, could not be incorporated into elastin-1 by using
any of the auxotrophic strains, even with coexpression of the
wild-type ProRS under hyperosmotic conditions. Previous
reports indicated that 9 accumulated intracellularly in E. coli
under hyperosmotic conditions as a consequence of the action
of the osmotically regulated proline transporters derived from
expression of proP and proU.*? However, analogue 9 did not
act as an effective substrate to activate ATP-PP; exchange in
the presence of E. coli ProRS in an in vitro assay, neither did
the analogue inhibit ATP-PP; exchange of E. coli ProRS in the
presence of the cognate amino acid, proline (ATP-PP,=adeno-
sine triphosphate-inorganic pyrophosphate). These data sug-
gested that this analogue could not serve as an effective sub-
strate for the aminoacylation reaction, which correlated with
the inability of 9 to support the biosynthesis of an elastin-9 de-
rivative from in vivo expression systems that utilized wild-type
E. coli ProRS activity. We hypothesized that the larger, six-mem-
bered piperidinyl ring of 9 could not be accommodated within
the activation site of native E. coli ProRS. If this were the situa-
tion, then analogue 9 would be effectively precluded from en-
gaging in the aminoacylation reaction with tRNA™ isoaccep-
tors, and, therefore, could not be cotranslationally incorporat-
ed into the target polypeptide in response to proline codons.

A representative steric model for the environment surround-
ing proline in the activation site of E. coli prolyl-tRNA synthe-
tase can be estimated from the crystal structures of the corre-
sponding ProRS enzymes from Thermus thermophilus (PDB file:
1H4T) and Methanothermobacter thermautotrophicus (PDB file:
1NJ5).#41 Both structures have been determined with proline
or proline-derived substrate analogues bound in the activation
site, and, in both cases, relatively close contacts are observed
between the exo face of the proline ring and the terminal
heavy atom of the side chain belonging to the amino acid that
resides within the activation site of the prolyl-tRNA synthetase,
that is, Ser288 of T. thermophilus ProRS and Cys265 of M. ther-
mautotrophicus ProRS. The positioning of this residue may in-
hibit the ability of the prolyl-tRNA synthetase to accommodate
more sterically demanding proline analogues such as 9 within
the activation site. The homologous amino acid within the
sequence of E. coli ProRS (Cys443) has been implicated as a
structurally critical residue within the activation site, as chemi-
cal derivatization of the sulfhydryl side chain abrogates amino-
acylation activity.*! However, site-directed mutagenesis experi-
ments indicated that this cysteine residue may be substituted
by glycine, alanine, or serine with relatively minor attenuation
of the aminoacylation activity. In particular, the C443G mutant

931



www.chembiochem.org



BIO

of E. coli prolyl-tRNA synthetase maintained near-native levels
of aminoacylation activity (k./Ky=~26% of wild-type ProRS;
k.. =rate of catalysis, Ky =Michaelis constant),“’ although the
available volume within the activation site should be signifi-
cantly increased in the mutant as a consequence of the large
difference in steric demand between the Ca substituents of
glycine and cysteine.

The C443G mutant of E. coli prolyl-tRNA synthetase was pre-
pared by site-directed mutagenesis and cloned into the ex-
pression plasmid pME1 (Table 1). The ability of analogue 9 to
support protein biosynthesis of elastin-9 was examined in
E. coli strain CAG18515 under conditions in which wild-type
and mutant ProRS variants were expressed from the plasmids
pWK1 and pWK2, respectively (Figure 1d). Electrophoretic anal-
ysis of whole-cell lysates from these expression cultures indi-
cated the accumulation of a new protein that migrated at the
expected molar mass versus the molecular weight standards,
but only under conditions in which the mutant ProRS was co-
expressed within the bacterial culture. To our knowledge, this
represents the first example of a bacterial expression system
that is competent for incorporation of the ring-expanded pro-
line analogue 9. The expression level of the elastin-9 derivative
in the presence of analogue 9 approaches that observed for
other proline analogues within the series and suggests that
the substitution process is relatively efficient despite the high
density of encoded proline sites in the coding sequence of
elastin-1. Hyperosmotic conditions (600 mm NaCl) within the
expression media provided the highest accumulation levels for
the target protein, elastin-9. This result coincided with the pre-
viously reported observation that the intracellular transport
and accumulation of 9 was facilitated in the presence of high
concentrations of extracellular osmolytes.

Elastin derivatives elastin-1-elastin-10 could be purified to
homogeneity from the endogenous proteins of the bacterial
host by using immobilized metal affinity chromatography. The
isolated yields of the polypeptides (Table 2) ranged from ap-
proximately 15-50 mgL~' for fully induced expression cultures
in modified minimal medium (NMM) under conventional batch
fermentation conditions in a shake-flask culture. The protein
yields are quite respectable, especially in consideration of the
high density of proline residues in the target polypeptide se-
quence. These synthetic elastin derivatives have some of the
highest effective concentrations of amino acid analogues that
have been incorporated into a test substrate by using a bio-
synthetic approach. Since the average frequency of occurrence
of proline residues in a typical protein sequence is significantly
lower than that encoded within the amino acid sequence of
elastin-1, the methods described herein should be sufficient to
effect global substitution of proline residues with analogues
2-10 in high expressed-protein yield for more conventional
polypeptides. Amino acid compositional analysis (Table 2) and
MALDI-TOF mass spectrometry (Table 3 and Figure 2) of the
elastin derivatives suggested virtually complete substitution of
proline with the respective imino acid analogue. Little residual
proline content was detected in the recombinant target pro-
teins elastin-2—-elastin-10, and the molecular ions within the
mass spectra corresponded well with the calculated masses for
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Table 2. Isolated yields and proline-analogue incorporation levels for puri-
fied elastin derivatives under optimized expression conditions for cotransla-
tional incorporation of imino acid analogues 1-10.

Elastin derivative

Mass yield [ngL™"]  Percentage of proline analogue

Theoretical - 18.9
elastin-1%! 46.0 19.9
elastin-2%! 50.8 21.6
elastin-3% 45.0 214
elastin-4® 34.4 18.6
elastin-5' 41.0 213
elastin-6" 26.0 213
elastin-7" 15.2 23.1
elastin-8' 16.5 19.41
elastin-9 16.0 13.39
elastin-10® 27.3 20.1

[a] Expression from E. coli strain DG99[pAG2]. [b] Expression from E. coli
strain UMMS5[pAG2]. [c] Expression from E. coli strain CAG18515[pAG2]
[pPWK1] at 600 mm NaCl. [d] Expression from E. coli strain UMM5[pAG2]
[pWK1] at 800 mm sucrose. [e] Expression from E. coli strain
CAG18515[pAG2][pWK2] at 600 mm NaCl. [f] The computed value for the
proline analogue (25)-azetidine-2-carboxylic acid reflects the sum of
peaks in the chromatogram that resulted from hydrolytic cleavage of the
analogue under the experimental conditions employed in the amino acid
analysis. The major product eluted at the position expected for homoser-
ine, which could have arisen from hydrolytic cleavage of the azetidine
ring under the acidic conditions employed in the amino acid analysis.
[g] The peak in the chromatogram associated with (2S)-piperidine-2-car-
boxylic acid could not be effectively integrated due to elution during the
buffer change between methionine and valine. The residual proline con-
tent (0.12%) could be computed from the chromatogram as an effective
upper limit on the canonical amino acid substitution, which suggested
that the majority of the encoded proline sites were occupied by the
amino acid analogue.

elastin derivatives in which the encoded proline residues were
completely substituted with the respective analogues (Table 3).
Spectroscopic analyses of selected elastin derivatives demon-
strated structural features that were commensurate with high
levels of incorporation of the respective imino acid analogues
(Figure 3) in comparison to the canonical amino acid within
the same structural context.

Table 3. MALDI-TOF mass spectrometric data for purified elastin derivatives
incorporating proline analogues 1-10.

Elastin derivative  Calculated m/z®  Observed m/z |Am/z| (% error)

elastin-1 35866.36 35851.85 14.51 (0.04)
elastin-2 37305.60 37224.26 81.34 (0.22)
elastin-3 37305.60 3722546 80.14 (0.21)
elastin-4 35705.10 35726.39 21.29 (0.06)
elastin-5 37146.31 37121.18 25.13 (0.07)
elastin-6 37146.31 37115.23 31.08 (0.08)
elastin-7 38744.84 38690.87 53.97 (0.14)
elastin-8 34744.22 34716.04 28.18 (0.08)
elastin-9 36988.50 36950.08 38.42 (0.10)
elastin-10 37309.02 37351.87 42.85 (0.11)

[a] Molar masses for the elastin derivatives were calculated based on
complete substitution of proline with the corresponding amino acid ana-
logue. The calculated molar mass assumes proteolytic cleavage of the N-
terminal methionine residue as a consequence of the endogenous activi-
ty of E. coli methionyl-aminopeptidase.*”
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Figure 2. Comparative MALDI-TOF mass spectrometric analysis of selected elas-
tin derivatives. A) MALDI-TOF mass spectra of elastin polypeptides incorporat-
ing contracted- and expanded-ring analogues in place of the canonical proline
residues in the repetitive pentapeptide domains. B) MALDI-TOF mass spectra of
elastin polypeptides incorporating functionalized analogues of proline in place
of the canonical proline residues in the repetitive polypeptide domains. Note
that the observed differences in molar mass between the elastin derivatives are
commensurate with a high level of substitution of the canonical amino acid
with the corresponding analogue.

In summary, we have defined a series of E. coli expression
strains that are competent for the incorporation of a structural-
ly diverse set of proline analogues and developed culture con-
ditions that are compatible with high levels of analogue substi-
tution within a test-protein substrate. These bacterial strains
may be employed to assay the efficacy of incorporation of
novel proline analogues into recombinant proteins or to create
variant polypeptides in which native protein sequences have
been globally substituted with imino acid analogues in re-
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Figure 3. NMR spectroscopic analyses of selected elastin derivatives. A) 'H NMR
spectra of elastin-1 (lower spectrum) and elastin-4 (upper spectrum) in the
downfield region encompassing the amide proton and olefinic proton resonan-
ces. Note the presence of the olefinic protons in the upper spectrum that are
consistent with incorporation of (25)-3,4-dehydroproline at a level commensu-
rate with that of the amide protons of the repeat unit. The minor resonances
within the spectrum can be attributed to the presence of the cis configuration
of the Val—Pro peptide bond. B) '°F NMR spectra of elastin-2 (lower spectrum)
and elastin-3 (upper spectrum) indicating the incorporation of (2S,4S)-4-fluoro-
proline and (2S,4R)-4-fluoroproline, respectively, into the recombinant polypep-
tide. The symbols t and c refer to the trans and cis isomers, respectively, of the
Val—Pro peptide bonds within the repeat units. These spectroscopic assign-
ments were based on comparison with '°F NMR chemical shift values for 4-fluo-
roproline model compounds as described in the literature."”* The greater rela-
tive abundance of the cis peptidyl-bond isomer in elastin-2 versus elastin-3 re-
flects the increased thermodynamic preference for this configuration in (2S,4S)-
4-fluoroproline derivatives."?”

sponse to proline codons. Moreover, these methods may be
used to investigate the effect of imino acid substitution on
protein structure and function and may be particularly infor-
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mative in the context of structural comparison of a series of
substituted proteins with respect to the stereoelectronic differ-
ences between the incorporated imino acid analogues. Prelimi-
nary studies of the elastin derivatives have indicated that the
incorporation of imino acid analogues into the polypeptide
can have quite dramatic effects on the thermodynamic and
conformational properties associated with the self-assembly of
elastin-mimetic polypeptides. The results of these studies will
be reported in due course.

Experimental Section

Materials and methods: All chemical reagents were purchased
from either Fisher Scientific, Inc. (Pittsburgh, PA) or Sigma Chemical
Co. (St. Louis, MO) unless otherwise noted. Proline analogues 2, 3,
4, 8, and 9 were purchased from Bachem Bioscience, Inc. (King of
Prussia, PA), and 5, 6 and 10 were obtained from Sigma Chemical
Co. (25)-4,4-Difluoroproline, 7, was synthesized from N-tert-butoxy-
carbonyl-(25,4S)-4-hydroxyproline methyl ester (Bachem Bioscience,
Inc.) by using a modification of the method of Demange et al.“
IPTG was purchased from Research Products International Corp.
(Prospect, IL). Restriction endonucleases and T4 DNA ligase were
purchased from New England Biolabs, Inc. (Beverly, MA), shrimp al-
kaline phosphatase was obtained from Roche Applied Science (In-
dianapolis, IN), and Platinum Pfx DNA polymerase was obtained
from Invitrogen Corp (Carlsbad, CA). Plasmid pPROTetE.133 was ob-
tained from BD Biosciences, Inc. (Palo Alto, CA), and plasmids pQE-
60 and pQE-80L were obtained from Qiagen, Inc (Valencia, CA).
Plasmid pCS-364, which encodes the native E. coli prolyl-tRNA syn-
thetase as an N-terminal hexahistidine fusion in plasmid pQE-30,"
was a gift from Professor Karin-Musier Forsyth of the University of
Minnesota and plasmid pPROLarA.231 was obtained from Professor
Rik Myers of the University of Miami. E. coli strain DG99 was
purchased from the American Type Culture Collection (ATCC
no.47041) and strains CAG18515%” and UQ27“¥ were obtained
from the E. coli Genetic Stock Center at Yale University. E. coli strain
UMM5“" was provided by Professor Charles Deutch of Arizona
State University. Synthetic oligonucleotides were purchased from
either Sigma—-Genosys, Inc. (The Woodlands, TX) or Integrated DNA
Technologies (Coralville, 1A) and were used as received. TALON
metal affinity resin was purchased from BD Biosciences, Inc. NMM
medium was prepared according to the protocol of Budisa et al.,"*”!
with the exception that proline was not added to the medium
prior to cell culture. Procedures for the manipulation of DNA, the
transformation of competent cells, and the growth and induction
of bacterial cultures were adapted from the published literature®™
or instructions supplied by manufacturers. Reagents for the manip-
ulation of bacteria and DNA were sterilized by either autoclave or
passage through a 0.22-um filter. Enzymatic reactions were per-
formed in the reagent buffers supplied by the manufacturers. Site-
directed mutagenesis was performed by using the Quik-Change
mutagenesis technique from gene-specific oligonucleotide primers.

Physical and analytical measurements: DNA sequence analyses
were performed at the Emory University Core DNA Sequencing Fa-
cility on a Perkin-Elmer ABI Prism model 377 DNA sequencer.
Amino acid compositional analyses were performed at the W. M.
Keck Foundation Biotechnology Resource Laboratory of Yale Uni-
versity. Protein electrophoresis was performed on 10-15% gradi-
ent, discontinuous SDS polyacrylamide gels on a PhastSystem
apparatus from Amersham Pharmacia Biotech and visualized with
a silver staining procedure.
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The molar masses of elastin analogues were determined by
MALDI-TOF MS on an Applied Biosystems Voyager System 428
mass spectrometer in the positive linear mode. The matrices, 2-(4-
hydroxyphenylazo)benzoic acid (HABA) or 4-hydroxy-3-methoxycin-
namic acid, were used at a concentration of 10 mgmL™" in water/
2-propanol (50:50). The protein solution (1 mgmL™" in distilled
water) was mixed with the matrix solution in a ratio of 1:10 and
dried under vacuum or air. Bovine serum albumin was used as a
standard for external calibration.

Solution NMR spectra were acquired with either a Varian
INOVA 600 instrument (599.742 MHz, 'H) or a Varian UNITY 600 in-
strument (564.044 MHz, '°F) equipped with a 5-mm 'H/'"F probe.
Spectra were collected at 4°C on specimens consisting of protein
(10 mq) dissolved in sterile H,0/D,0 (70:30) in which the pH value
was adjusted to 2.7 to retard amide proton exchange rates. Chemi-
cal shifts for 'TH NMR spectra were referenced and reported relative
to internal sodium 2,2-dimethyl-2-silapenta-5-sulfonate (0.0 ppm).
Standard solvent-suppression techniques were employed to
reduce the signal due to the residual protons of H,O in the
"HNMR spectra of aqueous solutions. Chemical shifts for the
'F NMR spectra are referenced and reported relative to an external
sample of aqueous (10% v/v) trifluoroacetic acid (0.0 ppm).

Plasmid construction: The plasmid pRAM2 was employed as a
source of the gene encoding the elastin-1 sequence.®” Double di-
gestion of pRAM2 with Nco | and BamH | afforded a duplex DNA
cassette of approximately 1300 bp, which was inserted into the
compatible Nco I/Bgl Il sites of plasmid pQE-60 to generate plasmid
pPAGT. An EcoR I/HinD Ill cassette derived from pAG1 was excised,
isolated, and cloned into the compatible sites of plasmid pQE-80L
to afford pAG2, which incorporated a copy of the overproducing
repressor allele lacl’ to ensure tight control of the basal level of
transcription prior to induction with IPTG. Plasmid constructs en-
coding variants of the E. coli prolyl-tRNA synthetase were derived
from plasmid pCS-364. The internal Kpn | restriction site within the
E. coli ProRS gene was removed by site-directed mutagenesis,
which introduced a silent mutation into the coding sequence of
the prolyl-tRNA synthetase. Mismatch primers were employed to
introduce the C443G mutation within the activation site of the
wild-type E. coli ProRS gene in a Kpnl-negative mutant of pCS-364.
The identity of the plasmid constructs was confirmed by double-
stranded DNA sequence analysis. The wild-type and mutant ProRS
genes were amplified from the plasmid constructs by PCR in which
unique Kpn | and Xba | restriction sites were incorporated at the 5'-
and 3'-termini, respectively, through gene-specific oligonucleotide
primers. The upstream PCR primer incorporated a new ATG initia-
tion codon and annealed downstream of the sequence encoding
the hexahistidine tag (encoded within the DNA target) to prevent
inclusion of this sequence within the PCR products. An acceptor
plasmid for the ProRS genes was constructed from ligation of the
Avr lI/Spe | fragment of pPROTetE.133, containing the transcription-
al/translational control elements, multiple cloning site, and chlor-
amphenicol resistance gene, to the corresponding fragment of
pPROLarA.231, containing the p15A origin of replication. The ProRS
genes were cloned as Kpnl/Xbal DNA cassettes into the corre-
sponding sites within the polylinker of the acceptor plasmid pME1
to generate plasmids pWK1 and pWK2, which encoded wild-type
ProRS and the C443G mutant, respectively, under control of the
P,tet promoter. These synthetic plasmid constructs were screened
for prolyl-tRNA synthetase activity by measurement of their ability
to rescue a temperature-sensitive ProRS phenotype in E. coli strain
UQ27. The plasmids were transformed into competent cells of
E. coli UQ27 and cultured at 30°C. Luria-Bertani (LB) solid media
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(34 pgmL~" chloramphenicol) were then streaked with single colo-
nies of the transformants and identical plates were incubated at
permissive (30°C) and nonpermissive (42°C) temperatures. The ac-
ceptor plasmid pME1 lacking a ProRS gene was employed as a
negative control. Plasmids that displayed the appropriate growth
phenotype were characterized by DNA sequence analysis to ascer-
tain the identity of the ProRS sequence.

Bacterial growth and expression: The expression vector encoding
elastin-mimetic protein sequence pAG2 was transformed into
E. coli strain DG99 or cotransformed with either pWK1 or pWK2
into E. coli strains CAG18515 or UMMS5 to generate the expression
strains employed for these studies. Single colonies of the expres-
sion strains were inoculated into sterile LB broth (50 mL) supple-
mented with the appropriate antibiotics (100 pgmL™" ampicillin
and 34 pgmL~' chloramphenicol) as required for plasmid mainte-
nance. The overnight culture was centrifuged at 4000 g for 10 min
to isolate the cells, which were resuspended in sterile NMM
medium (1 L) supplemented with the appropriate antibiotics. The
proline concentration was adjusted to 0.3 mm from a sterile 100 x
stock solution. The culture was incubated with agitation (225 rpm)
at 37°C until the optical density at 600 nm (ODg,,) reached be-
tween 0.8 and 1.0 absorbance units. The cells were then collected
by centrifugation at 4000 g for 10 min. The cell pellet was washed
with cold (4°C), sterile 0.9% aqueous NaCl twice (2x 100 mL) and
resuspended in sterile NMM medium containing antibiotics but
without proline supplementation. After incubation at 37°C for
30 min, the proline analogues were added to a final concentration
of 0.5 mm from sterile 100x stock solutions. For expressions in-
volving proline analogues 5-10, the osmolarity of the culture was
adjusted prior to induction by addition of the appropriate osmo-
lytes to a final concentration of either 600 mm for NaCl or 800 mm
for sucrose. An aliquot of aqueous 1.0m IPTG was added to the
cultures to a final concentration of 1 mm to induce synthesis of
the elastin-mimetic protein. After a 3 h induction period, the cells
were harvested by centrifugation at 4000 g and 4°C for 20 min.
The cell pellet was resuspended in lysis buffer (50 mL, 50 mm
sodium phosphate, 300 mm NaCl, pH 7.0) and stored at —80°C.

Protein purification: The frozen cells were lysed by three freeze/
thaw cycles. Lysozyme (1 mgmL™"), ethylenediaminetetraacetate-
free protease inhibitor cocktail, benzonase (25 UmL™"), and MgCl,
(1 mm) were added to the lysate and the mixture was incubated
with shaking at 4°C overnight. The cell lysate was centrifuged at
40000 g for 30 min at 4°C. Supernatant and pellet were separated
and analyzed by SDS PAGE to determine the location of the target
protein. For soluble elastin-mimetic proteins derived from 1, 2, 3,
5, 6, and 8, the supernatant was loaded onto cobalt-charged
TALON resin (5 mL) and washed with lysis buffer (50 mL) contain-
ing 20 mMm imidazole. The target protein was eluted with elution
buffer (20 mL, 50 mm sodium phosphate, 300 mm NaCl, 250 mm
imidazole, pH 7.0) and dialyzed (molecular weight cut-off=10 kDa)
against distilled deionized water (5x4 L). The dialysate was lyophi-
lized to produce a white spongy solid. For elastin-mimetic poly-
peptides derived from 4, 7, 9, and 10, the insoluble target protein
was resuspended in denaturing lysis buffer (100 mL, 50 mm
sodium phosphate, 300 mm NaCl, 6 m urea, pH 7.0) and shaken at
4°C overnight. The resulting mixture was centrifuged at 40000 g
and 4°C for 30 min. SDS PAGE analysis indicated that the majority
of the target protein dissolved under these conditions. The soluble
fraction was loaded onto cobalt-charged TALON resin (10 mL) that
had been previously equilibrated with denaturing lysis buffer. The
target protein was washed with denaturing lysis buffer (100 mL)
containing 20 mm imidazole and eluted with denaturing lysis
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buffer (40 mL) containing 250 mm imidazole. The eluted target
protein was dialyzed (molecular weight cut-off=10 kDa) against a
diminishing urea step gradient from 6-1m and, subsequently,
against distilled water (5x4 L). Lyophilization of the dialysate pro-
duced the elastin-mimetic polypeptides as white spongy solids.
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Surface Plasmon Resonance Evaluation of

Various Aminoglycoside-

RNA Hairpin

Interactions Reveals Low Degree of Selectivity

Steven H. L. Verhelst,” Paul J. A. Michiels,” Gijsbert A. van der Marel,”
Constant A. A. van Boeckel,” and Jacques H. van Boom*™

Aminoglycoside antibiotics, which are able to selectively bind to
RNA, are considered to be an important lead in RNA-targeting
drug discovery. In this study, surface plasmon resonance (SPR)
was employed to explore the interaction of aminoglycosides with
known tobramycin-binding RNA hairpins (aptamers) and an un-
related RNA hairpin. It was established that aminoglycosides

have multiple interactions with RNA hairpins. Unexpectedly, the
different hairpins showed comparable affinity for a set of related
aminoglycosides. The observed absence of selectivity presents an
extra hurdle in the discovery of novel aminoglycosides as specific
drugs that target defined RNA hairpins.

Introduction
NH,
In the last decade several RNA NH,
. . 0]
structures bes1|des the A-site of RiS o HQ
the 16S rRNA™M were reported to R HAN HN HaN
bind aminoglycoside antibiotics. R2| 2 HO—_ 2 Oo/m/NH
These include HIV trans-activat- ?!O NHR' (0] 2
. . 21 . OH
ing region,“ HIV Rev responsive e} OH NH,
element,” several ribozymes™>9 OH
(0]
and parts of mRNA sequences of HO NH, HoN e} O OH
two oncogenic fusion proteins.” OH 2 OH
As a result, aminoglycosides
gained attention as possible RZ2 R® R* R
RNA targeting drugs,”® generally 1Tobramycin NH, H OH H 6 Neomycin B
applicable to targets beyond 2 KanamycinA OH OH OH H
bacteria. Ultimate future drug 3 KanamycinB NH, OH OH H
discovery would encompass the 4 Dibekacin  NH; H H H
rational design of small mole- 5 Amikacin OH OH OH C(O)-CH(OH)CH,CH,NH;
cules that could selectively rec-
9] Scheme 1. Various aminoglycoside antibiotics containing 2-DOS.

ognise given RNA structures.

The majority of aminoglyco-
side antibiotics are aminocyclitol 2-deoxystreptamines (2-DOS)
substituted with different aminosugars (Scheme 1). Under
physiological conditions, most amino groups are protonated,
and the importance of electrostatic interactions of the amino-
glycosides with their RNA target is generally recognised.”’ On
the other hand, nonspecific binding to RNA molecules is ex-
pected to be directly proportional to the number of positively
charged amino functions in the antibiotic. Consequently, the
ideal aminoglycoside antibiotic would bear a low number of
amino groups optimally oriented in space to allow specific and
sufficiently strong binding with one particular RNA target.

With the aim of studying the RNA-aminoglycoside interac-
tion in more detail, high-affinity RNA fragments, also called ap-
tamers, were generated by using in vitro selection methodolo-
gies." This technology, often referred to as SELEX (systematic
evolution of ligands by exponential enrichment) has been

ChemBioChem 2004, 5, 937-942 DOI: 10.1002/cbic.200300819

applied to several aminoglycoside antibiotics including neomy-
cin B lividomycin,"? kanamycin A"? kanamycin B,"® tobra-
mycin™ and streptomycin." It has been assumed that the re-
sulting aptamers have high selectivity towards the aminoglyco-
side they have been derived from.

The best studied aptamer is the one that binds tobramycin.
The original sequence, called j6, contained 109 nucleotides.
The j6 aptamer could be reduced in length to a 40-mer
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(i6f1)0¢ or a 27-mer (j6sl; Figure 1), while still retaining the
aminoglycoside binding activity. In addition, it was stated that
the 3 nucleotide bulge in j6f1 was crucial for selective recogni-
tion of the tobramycin moiety, since j6f2 was found not to
bind fluorescently labelled aminoglycosides."®

AG
u ¢ AG
u u u ¢
U-A u u
G-C U-A AA
| A G-C G A
G-C | A C-G
AG A-U G-C c-G
v ¢ G-C A-U G-C
v v C-G G-C A.U
u-A A G.U c-G A.U
G-C u G.U C.G
A AU G U.G c-G
G-C
G-C G-C A-U
A-U
A-U A-U u-A
G-C
.G u.G A-U
C-G :
U-A U-A G-C
A-U
A C-G C-G
G-C
6-C G-C G-C
G-C
G-C G-C G-C
G-C , : : :
5° "3 5. 3 5. 3 5. A3
jos! jof1 j6f2 Hp B

Figure 1. Tobramycin aptamers jésl, j6f1, j6f2 and reference Hp B.

NMR studies demonstrated that tobramycin binds in the
widened major groove of the RNA stem of j6sl and is further
encapsulated by the loop structure.” Structure refinement re-
vealed that on average one to three amino functions of the
antibiotic interact with backbone phosphates of j6sl."” How-
ever, it is uncertain to what extent these contacts contribute
to the specificity of complex formation.

The well-studied j6 aptamer, which was selected to bind a
predestined target, that is, tobramycin, was chosen as a tool to
investigate the selectivity of RNA-aminoglycoside interactions.
Accordingly, we set out to examine the binding behaviour of
j6sl, j6f1 and j6f2 towards a set of aminoglycosides. Besides to-

A
Polarized light Detection
SPR chip g
with gold film o @ A " * J‘-‘ o 4
o -
o (] ]
Flow channel 2 Apalyte
Y Ligand

Figure 2. Schematic representation of surface plasmon resonance.
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bramycin (1), four related aminoglycosides of the 4,6-substitut-
ed 2-DOS class (see compounds 2-5 in Scheme 1) were select-
ed for affinity analysis. In addition, neomycin B (6) was chosen
as a member of the 4,5-substituted 2-DOS aminoglycosides.
Hairpin B (Hp B; Figure 1), comprising a structured GAAA tetra-
loop"® and an A-helix stem without bulges, was designed as a
reference to evaluate the specific properties described for the
j6 hairpin series.

In our studies, surface plasmon resonance (SPR) was applied
to determine dissociation constants between aminoglycoside
antibiotics and RNA.'” SPR is an optical phenomenon that
occurs at a specific angle of the incoming light and leads to a
reduction in intensity of the reflected light (see Figure 2). The
SPR of the system is proportional to the mass concentration
near the surface. Therefore, the binding of an analyte to a
ligand immobilized on the gold surface leads to a change in
resonance angle, usually converted to resonance units (RU).
Originally used to monitor the interaction between biomacro-
molecules, advances in the sensitivity of the SPR technique
resulted in its application to the detection of small molecules
interacting with biomacromolecules.”™ In contrast to other
methods, SPR is able to detect interactions in real time and
does not require derivatization of aminoglycosides. Moreover,
the response level indicates the amount of bound ligand, ena-
bling calculation of stoichiometry.

Here we report that all hairpins used in the SPR assay show
binding of multiple aminogycoside molecules. The approxi-
mate binding site size consists of four base pairs. For each hair-
pin, nonspecific binding in the high micromolar range was ob-
served, whereas the first equivalent of the aminoglycoside
binds with a low micromolar affinity.

The SPR analysis shows that j6sl, j6f1 and j6f2 have similar
affinities for a set of related aminoglycosides. In addition, HpB,
an unrelated hairpin, exhibits comparable binding characteris-
tics as the tobramycin aptamers j6sl, j6f1 and j6f2.

Results and Discussion

In order to immobilize the aptamer on streptavidin-coated
SPR-chips, the 5-end of the RNA was functionalized with a

e RNA-biotin
ngle conjugate
Streptavidin
Dextran matrix
Gold surface
Time
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biotin moiety. Prior to binding experiments we verified, by
NMR (Figure 3a), whether the biotinylated j6sl folded in the
same manner as the nonbiotinylated j6sl sequence described
in the literature."” Based on the 1D imino proton spectra, the

Gl
G2
U24 G9 G8G23

ﬁJnG

6

association was observed during the 180 s injection; this indi-
cates that no interaction between the aminoglycosides and
the RNA hairpins takes place. On the other hand, at concentra-
tions higher than 2.5 um, the response level, which is linear to
the amount of bound aminoglycoside, indicates that
multiple antibiotic molecules bind to the RNA hair-
pins. This feature complicates the calculation of the
dissociation constants (Ky) when using a 1:1 binding
model [Eqg. (1), below]. Instead, a model with n bind-
ing sites corresponding to the number of bound ami-
noglycosides was used [Eq.(2), below].”” It was
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bound up to five molecules of 1-4. On the other
hand, j6s| interacted with three molecules of 1-4,
whereas HpB bound 3-4 equivalents of 1-4. These
values approximately correspond to one antibiotic
molecule per four base pairs. This ratio is in agree-
ment with a recent paper by Pilch et al., who report-
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Figure 3. 1D iminoproton spectra of j6sl (0.1 mm) in 10 mm phosphate buffer pH 6.8 in the
absence (upper spectrum) and presence (lower spectrum) of tobramycin. The spectra are in

agreement with literature data.!'”

biotin moiety on the 5 end of the RNA had, as expected, no
effect on the base pairing in the stem loop. In a second NMR
experiment (Figure 3b), it was confirmed"” that tobramycin
indeed interacts with the binding pocket in the aptamer.

After immobilization of RNA on an SPR-chip, sensorgrams
(response versus time) were recorded in the presence of ami-
noglycoside solutions with concentrations up to 200 um. A
typical sensorgram resulting from SPR experiments is depicted
in Figure 4a. It can be seen that a steady state is reached
within seconds after injection of the aminoglycoside antibiotic;
this indicates very fast kinetics, which is expected for small
molecule-RNA interactions.”?” Accordingly, the dissociation of
the aminoglycoside from the RNA takes place at the end of
the injection, when the chip is flushed with buffer, thereby re-
storing the original SPR signal, before regeneration of the sur-
face with 1 M NaCl takes place.

Surprisingly, the sensorgrams of neomycin B (6) show a dif-
ferent picture (Figure 4b). Below 300 nm concentrations of 6,
no significant increase in RU was observed. At higher concen-
trations, however, no complete dissociation took place when
the chip was flushed with a buffer solution. Apparently, at
higher aminoglycoside concentrations, a very strong binding
to the RNA occurred, and regeneration at high salt concentra-
tion was necessary to release the antibiotic molecule from the
RNA hairpin. Since the binding mode of neomycin B is clearly
different, these data were not compared with the dissociation
constants of other aminoglycosides.

From other sensorgrams (compounds 1-5), it can be directly
observed that no increase in SPR response occurs below ami-
noglycoside concentrations of approximately 30 nm. In most
measurements, a steady-state response was only detected
above concentrations of 0.1 um. Below this concentration, no
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ed an aminoglycoside binding-site size of four base
pairs in a poly(rl)-poly(rC) duplex.”® Amikacin (5),
which is larger due to the acyl group at the 1-posi-
tion of the 2-DOS moiety, was bound with lower stoi-
chiometry.

Interestingly, the binding of multiple equivalents of
aminoglycoside antibiotics was not found with fluo-
rescence polarization,"® due to a difference in experimental
setup: the affinity of unlabelled small molecules is calculated
through the displacement of a fluorescent derivative, and
lower affinity binding events are not monitored.

The affinity constants K, that were calculated with Equa-
tion (2) are listed in Tables 1-4 and represent the affinities of
the first equivalent aminoglycoside that binds to the RNA.
Generally, it was observed that the next equivalents bind with
a Ky of (at least) one order of magnitude less. Note that when
the correct stoichiometry is overlooked, curves were also

Table 1. K, and stoichiometry (n) j6sl.

Aminoglycoside Ko [um] n®
1 tobramycin 1.1+0.15 3
2 kanamycin A M+17 3
3 kanamycin B 22+0.14 3
4 dibekacin 0.85+0.17 3
5 amikacin 33+24 3

[a] The number of aminoglycosides bound to the RNA hairpin as deter-
mined from the SPR sensorgrams.

Table 2. K, and stoichiometry (n) j6f1

Aminoglycoside Ko [um] n
1 tobramycin 1.2+£0.26 5
2 kanamycin A 11+3.0 5
3 kanamycin B 1.8+0.20 5
4 dibekacin 1.8+043 5
5 amikacin 14+1.9 4
© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 939
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Figure 4. Surface plasmon resonance results: A) Sensorgram of tobramycin in-
jected on the surface loaded with jésl: different concentrations of tobramcyin
(3 nM to 200 um) are injected from t=20 to 180 s. B) Sensorgram of neomy-
cin B-j6sl interaction. Regeneration takes place from t=420 to 480 s. C) Calcu-
lation of affinity of tobramycin for j6sl by using a one-site binding model

[Eq. (1)] and a multiple-site binding model [Eq. (2)] corresponding to the
number of bound aminoglycoside molecules.
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Table 3. K, and stoichiometry (n) j6f2.

Aminoglycoside Kp [um] n
1 tobramycin 0.324+0.04 5
2 kanamycin A 41411 5
3 kanamycin B 0.5840.06 5
4 dibekacin 0.46£0.04 5
5 amikacin 26+7.0 4
Table 4. K, and stoichiometry (n) hp B.

Aminoglycoside Ko [um] n
1 tobramycin 2.3+0.09 4
2 kanamycin A 20+£22 3
3 kanamycin B 1.6+0.15 4
4 dibekacin 1.5+0.21 4
5 amikacin 134+9.9 3

found to fit equations with lower stoichiometry, but with
higher statistical errors and lower correlation constants.

The interaction of tobramycin (1) and the j6sl aptamer,
which was subject of the reported NMR studies,”'” lies in the
low-micromolar range (K =1.1 pum; Table 1, entry 1), considera-
bly higher than the reported value (K;=9 nm) determined by
fluorescence quenching experiments with pyrene-labelled to-
bramycin (PYT)." However, we were unable to repeat this
experiment due to an unexpected decrease in fluorescence
unrelated to the RNA concentration.

Alternatively, fluorescence polarization experiments with car-
boxytetramethylrhodamine-labelled tobramycin (CRT)"® were
performed, but these did not reveal any interaction with up to
0.5 um of j6sl (data not shown).

Note that in both the SELEX selection process and the fluo-
rescence experiments, the tobramycin molecule is attached via
its 6-amino function by means of an amide linkage. SPR and
NMR experiments, in contrast, use “free” aminoglycosides.
However, the effect of this amine function on the binding
event is assumed to be low, as the NMR structure analysis re-
veals that this particular amino group is located outside the
RNA hairpin.

Given the fact that binding between unmodified tobramycin
and j6sl has been unambiguously monitored by SPR, we
reason that the interaction between the CRT and j6sl is proba-
bly disrupted in the polarization experiment due to the bulky
fluorophore. A similar weak binding of CRT has also been ob-
served for j6f2 by Rando et al.,""® which in that case precluded
competition experiments with unlabelled aminoglycosides.
Based on the result obtained with fluorescently labelled tobra-
mycin (CRT), it was concluded that the unlabelled aminoglyco-
sides would also have a weak affinity and that the three-
nucleotide bulge, deleted in j6f2, was essential for aminoglyco-
side binding.'™ SPR analysis, however, shows that j6sl, j6f1 and
j6f2 have similar binding characteristics (Tables 1-3). For all
three hairpins, tobramycin binds with a dissociation constant
of 0.3-1.2 um. Kanamycin B (3) and dibekacin (4), which differ
in the presence or absence of a hydroxyl group, respectively,
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compared to tobramycin, show affinities similar to that of to-
bramycin (1). Thus, the hydrogen bonds that are possibly
formed between the hydroxyls and functional groups on the
RNA'” do not contribute to the affinity. The considerably
lower affinity of kanamycin A (2) and amikacin (5) is most likely
due to the absence of the C2-amino function; this confirms
the important role of that particular amino group in essential
electrostatic interactions.

The similar binding of 1, 3 and 4 shows that the j6 frag-
ments do not display a high specificity against the aminoglyco-
side that was used in the SELEX selection. Another illustrative
example in this regard is the outcome of a study that used
SELEX technology to select RNA for kanamycin B (3) binding."™®
The resulting RNA aptamer, however, bound tobramycin (1) 15
times more strongly than the original selection tool kanamy-
cin B."¥ This inability to detect the minor structural differences
in these related antibiotics could be a result of the SELEX pro-
cedure. We suggest that an additional deselection step with
other aminoglycosides might be required to find RNA frag-
ments that discriminate between these closely related antibiot-
ics. On the other hand, we cannot exclude the possibility that
the original 109-nucleotide j6 aptamer provides additional
contacts with the aminoglycosides, resulting in an increased
selectivity.

Interestingly, interaction studies of the aminoglycosides with
reference HpB (see Table 4) gave some remarkable results.
HpB binds tobramycin only 2-7 times more weakly (entry 1),
while its affinity for the other aminoglycosides is similar to
those of the aptamers j6sl, j6f1 and j6f3. Thus, the individual
aminoglycosides cannot significantly discriminate between the
aptamers and RNA fragment HpB. The largest selectivity in
favour of j6f2, although not more than sevenfold, is observed
for tobramycin. Similar moderate preferences for binding to
j6f2 were seen for the other aminoglycosides. The observed
poor selectivity between j6sl, j6f1, j6f2 and HpB is in accord-
ance with the fact that aminoglycosides, due to their charged
nature, can bind to a wide variety of RNA hairpins with low-
micromolar affinities.”®

The absence of selectivity between different RNA hairpins
brings about some serious concerns. Scientists in drug research
should be aware of the critical issue of selectivity when hair-
pins or other small RNA fragments are used to evaluate the
properties of aminoglycoside analogues.

Conclusion

In this study we used SPR to evaluate the binding of aminogly-
cosides to different RNA hairpins. Analysis of SPR sensorgrams
showed that the SELEX generated RNA structures j6sl, j6f1 and
j6f2 bind multiple equivalents of aminoglycoside antibiotics.
The stoichiometry proved to be dependent on the size of the
RNA hairpin, but showed an approximate binding-site size of
four base pairs. The aptamers showed similar binding to differ-
ent aminoglycosides. To our surprise, control HpB showed
affinities comparable to the aptamers. The lack of observed
selectivity at the level of RNA hairpins could hamper the future
development of aminoglycoside-based drugs aimed at specifi-
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cally chosen RNA hairpin structures. Therefore, the design of
RNA-targeting drugs may need another approach. As electro-
static forces are not only responsible for specific but also non-
specific binding to RNA, a guided reduction of the number of
amino functions can produce a possible solution for the
above-mentioned problem. In this respect, it would be inter-
esting, following a structure-based approach, to study the ami-
noglycoside in the targeted RNA pocket and to delete the
amino functions that are not involved in direct ionic interac-
tions (i.e. salt-bridge formation). Any loss in affinity can be
compensated for by placing small lipophilic groups at posi-
tions close to base residues.

Experimental Section

Tobramycin, kanamycin A, kanamycin B, dibekacin, amikacin and
neomycin B were purchased from Sigma. Biotin-labelled RNA frag-
ments were purchased at Dharmacon Research. SPR buffer (10 mm
HEPES pH 7.4, NaCl (150 mwm), EDTA (3 mm), 0.005 % surfactant P20)
was obtained from Biacore and used as received. NMR spectra
were recorded on a Bruker DMX-600 (600 MHz) at 5°C in a sodium-
phosphate buffer (10 mm, pH 6.8).

SPR measurements were conducted on a Biacore 3000 system
from Biacore AB and performed as described."® Streptavidin
coated sensor-chips (SA-chips) were obtained from Biacore and
loaded with RNA fragments to approximately 800-1000 RU. An
empty cell was used as a reference surface. Different samples of
aminoglycosides were prepared in the appropriate buffer by serial
dilution of a 200 um stock solution. Aminoglycoside concentrations
were injected for 3 min at a flow rate of 5 uLmin~". The chip was
subsequently flushed with a buffer solution for 2 min, after which
regeneration of the surface took place by injection of 1M NaCl for
1 min and buffer injection for 2 min. Steady state responses were
determined from sensorgrams by using BlAevaluation. Calculation
of dissociation constants by fitting the steady state responses was
performed with Kaleidagraph, by using the following formulae:

C

R = R {m} (1)
C C

R:Rmax{Km +c+KD,2+c+"‘ (2)

Where R=response, R..,=maximum response of one binding site
occupied, c=concentration, Kj,=dissociation constant for specific
binding, K, =dissociation constant for lower affinity binding.
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Amplified Telomerase Analysis by Using
Rotating Magnetic Particles: The Rapid and
Sensitive Detection of Cancer Cells

Yossi Weizmann, Fernando Patolsky, Eugenii Katz, and Itamar Willner*®

A highly sensitive telomerase detection method that involves am-
plified telomerase analysis and the use of rotating magnetic par-
ticles has been developed. Magnetic particles, functionalized with
a primer (1) that is recognized by telomerase, are mixed with a
nucleotide mixture that includes biotinylated-dUTP, and telomer-
ase-induced elongation of the primers proceeds with simultane-
ous biotin incorporation. Avidin-Horseradish peroxidase conju-
gate, coupled to biotin labels, yields the biocatalytic functional
particles. Mixing the resulting particles with naphthoquinone-

Introduction

Telomerase is a ribonucleoprotein complex capable of synthe-
sizing new telomers by the addition of telomeric repeats to
the 3'-end of chromosomal DNA,™ thereby providing cells with
a mechanism to prevent gradual telomer erosion. Telomerase
is thought to be responsible for the continuous and uncon-
trolled growth of cancer cells.” Nearly all cancer types have
been screened, and a strong link between the presence of te-
lomerase and malignancy has been established. Because of its
involvement in carcinogenesis, telomerase is a versatile and
useful biomarker in cancer diagnosis and therapy, and a prom-
ising prognostic tool for determining whether a particular
tissue is likely to develop cancer® Several analytical proce-
dures for the quantification and characterization of telomerase
activity have been reported.”™ The most frequently used
assay is the TRAP method (telomeric repeat amplification pro-
tocol). The TRAP method suffers, however, from important dis-
advantages, especially for clinical uses, because it is time-con-
suming and depends on PCR, which is susceptible to inhibition
by extracts of clinical samples. Furthermore, it is difficult to
quantify telomerase activity because of the logarithmic amplifi-
cation of telomerase product in the PCR step."*"® Also, due to
the susceptibility of the TRAP assay to Tag-Polymerase inhibi-
tors, false negative and false positive results are frequent.'¥
Thus, the development of sensitive, accurate, and rapid meth-
ods to detect telomerase is of great importance for clinical
purposes.

Recent activities in bioelectronics have addressed the ampli-
fied detection of DNA-sensing events. It has been demonstrat-
ed that replication of the analyzed DNA on electronic transduc-
ers, for example, electrodes or piezoelectric crystals, enables
the incorporation of biotin>'® or redox labels!"” into nucleic
acid replica. The coupling of biocatalysts to the biotin-labeled
replica catalyzes the precipitation of insoluble products on
electrodes or the conjugation of redox enzymes to the redox-
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modified magnetic particles enables the optoelectronic detection
of telomerase. Attraction of the magnetic particles to an elec-
trode, followed by rotation of the particles, causes the electroca-
talytic reduction of O, to H,O, and HRP-catalyzed oxidation of lu-
minol (3); this results in chemilumunescence. The intensity of the
emitted light depends on the telomerase content of the sample
and the rotation speed of the particles. A minimum number of
10 cancer cells could be detected.

active replica; this provides biocatalytic amplification paths for
sensing DNA. Alternatively, electrogenerated chemilumines-
cence resulting from the formation of double-stranded DNA
complexes on electrodes, has been employed as an optoelec-
tronic signal for the detection of DNA."® In a series of recent
reports, we have addressed the use of magnetic particles that
are rotated by an external rotating magnet for the amplified
detection of biorecognition events."*?” We found that, upon
rotation of magnetic particles by the external magnet, the par-
ticles behave as rotating microelectrodes in which biocatalytic
processes at the particle surface are controlled by convection
rather than by the diffusion of substrates to the particle inter-
face. As a result, biocatalytic transformations"® and DNA-rec-
ognition processes® were enhanced and amplified. For exam-
ple, the replication of analyte DNA on the magnetic particle by
using polymerase-induced thermal cycles was used to incorpo-
rate appropriate labels into the probes associated with the par-
ticle, thereby amplifying the detection of the target DNA. At-
traction of the magnetic particles to the electrode, followed by
their rotation and electrogeneration of chemiluminescence led
to unprecedented sensitivities in the detection of DNA. Here
we report on the very rapid and ultrasensitive detection of te-
lomerase in cancer cells by using rotating magnetic particles
functionalized with telomerase-synthesized labeled telomers.

Results and Discussion

The method for the amplified detection of telomerase activity
is depicted in Scheme 1. Amine-functionalized magnetic parti-
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Institute of Chemistry, The Hebrew University of Jerusalem
Jerusalem 91904 (Israel)
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cles (5 um diameter) were activated with the bifunctional re-
agent 3-maleimidopropionic acid-N-hydroxysuccinimide ester,
as outlined in Scheme 2. The mercaptohexyl-modified nucleic
acid 1 was then covalently linked to the magnetic particles.
Primer 1 includes a six T-base linker unit followed by the char-
acteristic sequence recognized by the telomerase. The average
coverage of the magnetite particles with 1 was determined by

A) P L
lI'L 2. 7 ol
o o ih i%e®
: ‘ ~ = He
\ (>~ Cell extract : Avidin-HRP L
Ny (Telomerase) " conjugate :
‘ " N4 L @ dANTP's s
-t ) Biotin-dUTP i

(1) 5-HS-(CHy)e-TTTTTTAATCCGTCGAGCAGAGTT-3  Telomeric Repeats: TTAGGG

@ = Telomerase x. = Avidin-HRP

= Biotin - dUTP

g
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rotation 3-Aminophthalate”

Au-electrode
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Scheme 1. Amplified rapid detection of telomerase activity by multilabeled rotating magnetic particles. A) Multilabel-
ing of magnetic particles with biotin by using telomerase enzyme activity. B) Generation of amplified chemilumines-
cence upon rotation of biotin-multifunctionalized magnetic particles on electrode surfaces.
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Scheme 2. Activation of amine-functionalized magnetic particles with the bifunctional reagent 3-maleimidopropionic
acid-N-hydroxysuccinimide ester, and the covalent binding of 1 to the particles.
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using OliGreen® reagent and corresponds to approximately
50000 oligonucleotide units per particle. The number of nucle-
ic acid molecules that were associated with the particles and
accessible to an external enzyme was estimated by subjecting
the 1-functionalized magnetic particles to DNase, Scheme 3,
followed by determination of the amount of residual DNA that
is not cleaved from the particles (see Experimental Section).

We found that approximately
20000 oligonucleotide units per
particle were cleaved off; this
implies that only about 40% of
the particle-linked nucleic acids
are accessible to the enzyme.
We thus assume that the
number of nucleic acids linked
to the magnetic particles and ac-
cessible to DNase are also acces-
sible to telomerase. The func-
tional magnetic particles were
treated with telomerase-contain-
ing cell extract in the presence
of a dNTP mixture that included
biotin-labeled dUTP. Telomeriza-
tion resulted in the incorpora-
tion of biotin labels into the
telomers that were linked to the
magnetic particles. The subse-
quent binding of avidin-horse-
radish peroxidase (HRP) conju-
gate to biotin labels introduced
the biocatalytic conjugate into
the telomer chains. The magnet-
ic particles were collected at the
bottom of the analysis flask by
means of an external magnet
and washed to remove any re-
sidual cell extract or nonspecifi-
cally adsorbed avidin—-HRP con-
jugate. The resulting particles
were then mixed with naphtho-
quinone-functionalized magnet-
ite particles, which were pre-
pared by treating 2,3-dichloro-
1,2-naphthoquinone (2) with the
aminoethylaminesiloxane-modi-

fied magnetic particles. The mix-
ture of particles was introduced
into an electrochemical cell that
included luminol (3). Upon appli-
cation of a potential step that
reduced the quinone to the
hydroquinone, the electrocata-
lyzed reduction of O, to H,0,
proceeded. The resulting H,0,
mediated the HRP-catalyzed oxi-
dation of luminol with the con-
comitant emission of light. Note
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DMase treatment

o -

Scheme 3. Estimation of the number of nucleic acid molecules associated with magnetic particles.

that the electrogenerated luminescence is observed only if

HRP conjugates bind to the telomerase units, and this occurs

only when telomerase exists in the cell extract. Also, the inten-

sity of the electrogenerated luminescence is controlled by the
content of labels/avidin-HRP conjugates associated with the
particles, which is determined by the amount of telomerase in
the sample. Furthermore, the rotation of the magnetic particles
by means of the external rotating magnet, amplifies the inten-
sity of the emitted light. Upon rotation of the particles, the

electrocatalyzed reduction of O, and the interaction of H,0,

with luminol are controlled by convection rather than by diffu-

sion; this leads to enhanced (amplified) light emission. Note
that this telomerase analysis method involves several amplifica-
tion steps:

1) The telomerization process that introduces biotin/avidin—-
HRP labels.

2) The electrocatalyzed reduction of O, to H,0, and the sub-
sequent generation of light provide catalytic/biocatalytic
processes that generate numerous photons as a result of
the action of a single telomerase enzyme molecule.

3) The rotation of the magnetic particles amplifies the light
emission.

This last process is controlled by the rotation speed of the par-
ticles (vide infra). It should be noted that besides the function
of the magnetic particles in amplifying the signal through their
mechanical rotation, they fulfill an important complementary
function in separating specific telomerase activity from other
nonspecific ingredients in crude cell extracts. Therefore, the
separation and purification of telomer-synthesized modified
particles from cell extracts by the external magnet enables the
subsequent unperturbed optoelectronic analysis of the func-
tionalized particles.

Figure 1A depicts the analysis of 293-kidney cancer-cell-line
extracts according to Scheme 1. It shows the light emitted
from the system upon analysis of an extract from 100000 cells,
while applying a potential step of 0 to —0.5 V and rotating the
particles at different speeds. The intensity of the light emitted
from the system is enhanced as the rotation speed increases.
Provided that the functional magnetic particles behave as ro-
tating microelectrodes in the analytical system, and that the
electrocatalyzed generation of light is controlled by convection
of substrates to the rotating electrode, a linear dependency
between the emitted light and @'? should exist (w = rotation
speed).”” Figure 1B shows that a linear relation between the
electrogenerated light and »"? indeed exists. In control experi-
ments in which naphthoquinone-functionalized magnetic par-
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ticles or avidin-HRP conjugate
are excluded from the system,
no light emission was detected,
irrespective  of the rotation
speed of the particles. These
experiments confirm that the
electrogenerated chemilumines-
cence originates from the pri-
mary electrocatalyzed reduction
of O, to H,0, and subsequent
HRP-mediated oxidation of luminol by H,O,. The electrogener-
ated chemiluminescence at constant rotation speed is depen-
dent on the number of cancer cells in the extract. Figure 2
shows the light emitted from the electrochemical cell upon
the analysis of telomerase originating from different concentra-
tions of 293-kidney cancer cells at a constant rotation speed of

A) 120 f
100 F
[ 16 24 32 40 48
80 : mm’[rpm}]ﬂ —
ol
Ry l/PW |

40

20

0 0.2 04 [IX {3 0.8 1
Time / §

0

Figure 1. A) Chemiluminescence intensities observed with 293-kidney cell line
extract (100000 cells) at different rotation speeds. a) 0 rom, b) 20 rpm,

¢) 60 rpm, d) 400 rpm, e) 2000 rpm. B) Chemiluminescence intensities as a func-
tion of w"? (w = rotation speed). In all experiments chemiluminescence is gen-
erated by the application of a potential step from E,=0.0 V to E,=—0.5V and
back vs. SCE. Data recorded in 0.01 m phosphate buffer, pH 7.4, containing
luminol (1% 107%m) under air.

2000 rpm, in accordance with the protocol depicted in
Scheme 1A and B. In these systems, a potential step from
0.0V to —0.5V is applied to the functional particles. Figure 2,
inset, shows the light emitted from extracts that include 100
and 10 293-kidney cancer cells. For comparison, no generation
of light was observed when the procedure was carried out in
the absence of cells or in the presence of 293-kidney cell ex-
tracts heated to 90°C for 20 minutes in order to inactivate the
telomerase prior to analysis (Figure 2, curves b and c respec-
tively). This implies that no nonspecific binding of the avidin-
HRP conjugate to the magnetic particles or the electrode takes
place.
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Figure 2. Calibration curve corresponding to the chemiluminescence intensities
of: a) 293-kidney cell line extracts with different cell numbers at a constant ro-

tation speed of 2000 rom (m); b) cell-free control samples (0); c) heat-inactivat-
ed extract (A). Inset: Enlargement of the calibration curve showing chemilumi-
nescence signal intensities obtained from extracts containing 100 and 10 cells.

The conditions for chemiluminescence recording are detailed in Scheme 1.

Similar results were observed upon the analysis of telomer-
ase when using cultured Hela cell-line extracts. Figure 3A
shows electrogenerated chemiluminescence with an extract
from 100000 Hela cells, according to Scheme 1, and by using
different rotation speeds of the magnetic particles. The intensi-
ty of emitted light is enhanced when the rotation speed of the
particles is increased, and a linear relationship between the in-

I. Willner et al.

tensity of generated light and w'? is observed. The intensities
of electrogenerated chemiluminescence obtained from the
analysis of different concentrations of Hela cell extracts are
shown in Figure 3B. In these experiments, magnetic particles
were rotated at a constant rotation speed of 2000 rpm. The
light emitted from 10 Hela cells is easily detectable. The ampli-
fied light emission observed upon rotation of the magnetic
particles is attributed to enhanced transport of the reactants
to the electrode surface, where chemiluminescence takes
place. One might argue that a similar effect could be accom-
plished by vortexing or sonication of the samples. However, it
should be noted that simple mixing does not lead to the bene-
ficial results described in the present method. In order to pro-
duce H,0, the quinone-functionalized magnetic particles must
be in close contact with the electrode surface, and this is ac-
complished only by their fixation with the external magnet.

A major issue that needs to be addressed relates to the dif-
ferentiation of normal, nonmalignant cells from cancer cells by
the analysis of telomerase activity in respective extracts.
Figure 4 shows electrogenerated chemiluminescence obtained
from the analysis of telomerase activity of Hela cells, curve a,
293-kidney cells, curve b, NHF (Normal Human fiberblast) cells,
curve ¢, and heat-treated Hela cell extracts, point d. The elec-
trogenerated chemiluminescence observed with a 100-fold
higher content of normal cells is about 200-fold lower than the
light emitted from 1000 293-kidney cells. The minute light
emitted from the NHF cell extract may be attributed to non-
specific adsorption of residual quantities of the avidin-HRP
conjugate to the magnetic particles. The light generated in the
system that includes the NHF cells may be considered as the
background light level of the analysis protocol.

In order to probe the applicability of the amplified-telomer-
ase assay that applies rotating magnetic particles to analyzing
cancer cells, tissues from patients with lung cancer were

assayed. The electrogenerated

20 chemiluminescence intensities
A) B) 1 15 obtained from adenocarcinoma
and squamous epithelial carci-
Pign /pW10 .
- 200+ noma cells are shown in
F e . .
160 F [ : a Figure 5 and compared to light
r - 0 i i
1o f i 650 20 50 80 100 s.|gnals obtained from healthy
120 [ i Number of cells = tissue or normal cell extracts.
. - The chemiluminescence signals
100 [ L - !
r - (telomerase activity) obtained
80 ¢ L from the carcinoma tissues were
60 [ I significantly higher than the
Pigne/pW 49 | L minute chemiluminescence
F L signal obtained from healthy
20 [ [
L L b cell extracts.
0E P It should be noted that, for all
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5 '

Time /s ——

Figure 3. A) Chemiluminescence intensities obtained with Hela cell line extracts (100000 cells), at different rotation
speeds: a) 0 rpm, b) 20 rpm, c) 60 rpm, d) 400 rpm, e) 2000 rpm. Conditions for chemiluminescence recordings are
detailed in Scheme 1. B) Calibration curve corresponding to chemiluminescence intensities of extracts containing:

a) varying numbers of Hela cells at a constant rotation speed of 2000 rpm (e); b) cell-free control sample (A). Inset:
Enlargement of calibration curve showing chemiluminescence signal intensities obtained from extracts containing 100

and 10 cells.
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systems discussed in this study,
the direct addition of H,O, to
the system would generate
chemiluminescence, and the use
of quinone-functionalized mag-
netic particles could be, in prin-
ciple, eliminated. We emphasize,
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Figure 4. Electrogenerated chemiluminescence intensities obtained from ex-
tracts containing different types of cells at variable rotation speeds: a) 1000
Hela cells (¥); b) 1000 293-kidney cells (m); c) 100000 NHF cells (e); d) 100000
Hela cells heat-treated at 95°C for 20 min (e).
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Figure 5. Electrogenerated chemiluminescence intensities obtained by analyzing
extracts from: a) lung adenocarcinomas, b) lung squamous epithelial carcino-
mas, c) healthy tissues, d) normal NHF-cell extract.

however, that the use of the quinone-functionalized magnetic

particles and in situ generation of H,0, has two important ad-

vantages:

1) The system represents the electroswitchable, “ON” and
“OFF”, generation and extinguishing of chemiluminescence.
Thus, in the “OFF” state, the system provides the back-
ground light intensity that is an important parameter in ana-
lyzing low concentrations of cancer cells. The “ON” state,
provides only the light originating from the biological assay.

2) Luminol is sparingly soluble in aqueous buffer solutions.
Thus, after the addition of H,0,, the chemiluminescence is
rapidly reduced due to the consumption of luminol. In the
present configuration, this disadvantage is resolved by the
instantaneous generation of H,O, near the particle surface
and repeated generation of light signals by switching the
electrical potential on the electrode.

Conclusion

In conclusion, the present study has introduced a novel
method for detecting telomerase activity in cancer cell ex-

ChemBioChem 2004, 5, 943-948  www.chembiochem.org
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tracts. The method is based on a multiamplification analytical
path that includes telomerase-induced synthesis of biotin-
labeled telomers on functionalized magnetic particles, the elec-
trobiocatalyzed generation of chemiluminescence, and the am-
plified emission of light by the rotation of magnetic particles.
We have demonstrated unprecedented sensitivity in the detec-
tion of telomerase; without optimizing the procedure about
10 cancerous cells could be detected. All the analytical proce-
dures could be completed within one hour. It should be noted
that previous studies have claimed detection of telomerase ac-
tivity from a few cells.?? These studies, however, use PCR as a
preamplification step. We suggest the examination of telomer-
ase with amplified telomerase analysis by using rotating mag-
netic particles as a rapid method of identifying cancer cells
and for monitoring anticancer therapeutic treatments. Since
the method does not require a PCR amplification step, as the
TRAP-derived procedures do, the determined telomerase activi-
ty is directly related to the actual telomerase content in the
sample. Furthermore, since the analytical procedure is not af-
fected by the presence of Tag-polymerase inhibitors in clinical
samples, false-negative results are eliminated, thus improving
the reliability and applicability of the analytical method as a
new diagnostic tool. Moreover, this novel procedure combines
the advantages of homogeneous and heterogeneous detec-
tion devices, thus converting the method into an ultrasensitive,
rapid and reliable diagnostic tool for the detection of cancer
cells.

Experimental Section

Amine-functionalized borosilicate-based magnetic particles (5 pm,
MPG’ Long Chain Alkylamine, CPG Inc.), Biotin-21-dUTP (Clontech),
heterobifunctional crosslinker 3-maleimidopropionic acid N-hy-
droxysuccinimide ester, oligonucleotide 1, avidin—-HRP conjugate,
dNTPs, (all from Sigma), were used with no further purification.
Magnetic particles (Fe;O,, saturated magnetization ca. 65 emug™,
average diameter 1 um) were functionalized with aminonaphtho-
quinone according to the published procedure.”®

Preparation of DNA-functionalized magnetic particles: 30 mg of
the amino-functionalized magnetic particles (MPG" Long Chain Al-
kylamine, CPG Inc.) were activated by reaction with the heterobi-
functional crosslinker 3-maleimidopropionic acid N-hydroxysuccini-
mide ester (10 mg, Sigma) in DMSO (1 mL). After incubation at
room temperature for 4 h, the particles were collected with an ex-
ternal magnet and thoroughly washed with DMSO and water. The
maleimido-activated particles were then mixed with 20-30 O.D. of
thiolated oligonucleotide in phosphate buffer (0.1m, pH 7.4) for
8 h. (The thiolated nucleotide was freshly reduced with DTT and
separated on a Sephadex G-25 column prior to the reaction with
functionalized particles). Finally, the magnetic particles were
washed with water and phosphate buffer (0.1 m, pH 7.4). The DNA-
modified particles can be stored in phosphate buffer containing
sodium azide (1% w/v) at 4°C, for longer than one week. The oli-
gonucleotide content on the magnetic particles, before and after
enzymatic DNase treatment (10 units DNase, 30 min at 37°C) was
measured with OliGreen® reagent (ssDNA Quantitation Assay Kit,
Molecular Probes, Inc.).

The OliGreen stock solution was diluted 200-fold with TE buffer
solution (10 mm Tris-Cl, T mm EDTA, pH 7.5). Stock solutions con-
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taining thiolated primer 1 in TE buffer at 200, 100, 50, 20, and
10 ngmL~" were prepared. A mixture consisting of 1 mL of each of
the primer solutions and OliGreen (1 mL) stock solution were pre-
pared, and the samples incubated in the dark for 5 min. The fluo-
rescence of each sample was measured at A.,, =520 (Aeicitation=
480 nm). Background fluorescence originating from the TE buffer
was similarly detected and subtracted from the fluorescence inten-
sity values of the DNA-containing samples. The fluorescence values
were used to obtain a calibration curve. The 1-modified magnetic
beads (1.5 mg), before and after treatment with DNase, were intro-
duced into TE buffer (1 mL) and to each of the analyzed samples
OliGreen analyzing solution was added (1 mL). After incubation for
5 min in the dark, fluorescence from two different magnetic bead
samples was measured. By subtracting the background fluores-
cence obtained from magnetic beads that lack the nucleic acid
primer, the net fluorescence corresponding to the DNA associated
with the particles before and after treatment with DNase was de-
termined. By using these fluorescence values and applying the de-
rived calibration curve, the loading of the magnetic particles with
DNA before and after treatment with DNase was derived.

Telomerazation on magnetic particles: The telomerization reac-
tion was performed by using 1-modified magnetic beads (1.5 mg),
in the presence of dGTP, dATP, Biotin-21-dUTP (0.2 mm each), and
telomerase solution (20 mm Tris-HCl buffer, pH 8.3, 1.5 mm MgCl,,
0.63 mm KCl, 0.05% Tween 20, 1 mm EGTA) at 30°C for 1 h. (Telo-
merase solution consisted of telomerase originating from the
specified number of cancer cell lines).

Cells and tissues: HelLa and 293-kidney cancer cell lines, and NHF
cells, were stored as pellets at —80°C until extraction. Lung tissue
samples were obtained from patients with lung carcinoma. The di-
agnosis of each tissue sample was histologically determined by a
pathologist. All surgical specimens were kept at —80°C until ex-
traction. Cell pellets and tissue samples were lysed by using the
CHAPS Lysis buffer (Intergren Co.).

An Au-coated (50 nm gold layer) glass plate (Analytical-uSystem,
Germany) was used as a working electrode (0.3 cm? area exposed
to the solution). The Au working electrode was modified with a
cystamine monolayer. An auxiliary Pt electrode and a quasirefer-
ence Ag electrode were made from 0.5 mm diameter wires and
added to the cell. The quasireference electrode was calibrated
against saturated calomel electrode (SCE); potentials are given
versus SCE. An open electrochemical cell (230 ul) that includes the
Au-electrode in a horizontal position and a light detector linked to
a fiber optics, enabled the detection of emitted light intensities
upon the application of the appropriate potential to the modified
working electrode. Electrochemical measurements were performed
by using a potentiostat (EG&G, model 283) connected to a com-
puter (EG&G Software 270/250 for). All measurements were per-
formed in phosphate buffer solution (0.01 m, pH 7.0) at room tem-
perature. Electrochemically-induced chemiluminescence was mea-
sured with a light detector (Laserstat, Ophir) linked to an oscillo-
scope (Tektronix TDS 220). The light detector was connected to the
electrochemical cell by an optical fiber. The background electrolyte
solution was equilibrated with air and included luminol, 1x 1076 wm.

A permanent magnet (NdFeB/Zn-coated magnet, 0.2 kOe) mount-
ed on a rotating-disk electrode system (EG&G, model 638) was
used to rotate the particles.

I. Willner et al.
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Electronic Transduction of HIV-1 Drug
Resistance in AIDS Patients

Lital Alfonta,™ < Immanuel Blumenzweig,”™ Maya Zayats,” Lea Baraz,"”

Moshe Kotler,*™ and Itamar Willner*®

A drug composition consisting of nucleoside reverse transcriptase
inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors
(NNRTIs), and protease inhibitors (Pls) is commonly used in AIDS
therapy. A major difficulty encountered with the therapeutic com-
posite involves the emergence of drug-resistant viruses, especially
to the PIs, regarded as the most effective drugs in the composi-
tion. We present a novel bioelectronic means to detect the ap-
pearance of mutated HIV-1 exhibiting drug resistance to the Pl
saquinavir. The method is based on the translation of viral RNA,
the association of cleaved or uncleaved Gag polyproteins at an
electrode surface functionalized with the respective antibodies,
and the bioelectronic detection of the Gag polyproteins associat-

Introduction

The currently used methodology to detect drug-resistant virus-
es in AIDS patients consists principally of phenotyping and
genotyping viruses isolated from blood samples.! Phenotyp-
ing of the viral protease (PR) is carried out through the isola-
tion and propagation of viruses in cultured cells in the pres-
ence of anti-HIV drugs,” or by the cloning and expression of
the viral PR in bacterial cells, and assessment of the enzyme
activity in the presence of protease inhibitors (Pls).”! Nonethe-
less, the virus-propagation step in the presence of the Pl may
itself result in the growth of mutated viruses™® that do not re-
flect the initial mutants of the HIV carrier. In addition, sequenc-
ing of the PR-encoding region in the viral RNA is used to geno-
type the drug resistance characteristic of the virus.®” The se-
quencing of the viral genome is only partially representative,
since only a limited number of viral DNA molecules are ana-
lyzed. Thus, although significant advances in the detection of
HIV drug resistance have been accomplished, the different
methods exhibit drawbacks, and the development of analytical
methods that bypass the virus-propagation step of the ana-
lyzed samples would be advantageous.

The retroviral Gag and Gag-Pol polyproteins are translated
from mRNA that is indistinguishable from the full-length ge-
nomic RNA found in virions. The ratio of HIV Gag to Gag-Pol
polyprotein expression is approximately 20:1.®' The viral Gag
and Gag-Pol polyproteins are processed by a virus-encoded
PR, that consists of a dimer composed of two identical subu-
nits.””’ Cleavage of the viral polyproteins is a key step in viral
maturation, and without specific cleavage of the precursors,
the virion is not infectious."*'? Previous studies have indicated
that PR is already active in its Gag-Pol precursor form, and that
the cleavage of the polyproteins may occur by inter- or intra-
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ed with the surface. The bioelectronic process includes the associ-
ation of anti-MA or anti-CA antibodies, the secondary binding of
an antibody-horseradish peroxidase (HRP) conjugate, and the
biocatalyzed precipitation of an insoluble product on the elec-
tronic transducers. Faradaic impedance measurements and
quartz crystal microbalance analyses are employed to follow the
autoprocessing of the Gag polyproteins. The method was applied
to determine drug resistance in infected cultured cells and also in
blood samples of consenting AIDS patients. The method de-
scribed here is also applicable to the determination of drug effec-
tiveness in AIDS patients and to screening of the efficiency of
newly developed drugs.

molecular mechanisms.'>' HIV PR inhibitors are effective

against wild-type HIV both in vitro and in vivo, but are also
rapidly selected for HIV variants displaying reduced susceptibil-
ity to the PR inhibitors."®'” Currently, all of the clinically ap-
proved inhibitors of HIV PR are peptide mimetics that interact
with the protease active site and adjacent substrate specificity
pockets. Mutations both in these regions and in distal sites
affect the inhibitor and substrate binding by altering the
number and/or strength of subsite interactions.'® Consequent-
ly, in the presence of a PR inhibitor, there is a replicative ad-
vantage for HIV-containing mutations that decrease affinity to
the inhibitor while retaining sufficient enzyme activity to proc-
ess the Gag and Gag-Pol polyproteins.

Bioelectronics, and specifically the development of biosen-
sors, is a rapidly developing research field."'”*” Electronic bio-
sensors transduce biorecognition events into electronic signals.
Electrodes,?" piezoelectric crystals,”? and field-effect transis-
tors'®® are often used as electronic transduction units. Electro-
chemical transduction of enzyme-substrate interactions®"” and
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of antigen-antibody“* or nucleic acid-DNA recognition
processes has been accomplished. Microgravimetric quartz-
crystal microbalance measurements have been employed for
the detection of antigens® or DNA,*" and field-effect transis-
tors have been used to analyze antibody-antigen com-
plexes.” Recent efforts in bioelectronics have been directed
towards amplified detection of antigen-antibody™® or nucleic
acid-DNA interactions.””" The replication of the analyzed
DNA to yield a redox-active replica coupled to a bioelectro-
catalytic cascade,” or the conjugation of nucleic acid-labeled
particulate systems such as liposomes® or nanoparticles®"
have been used to amplify DNA detection processes. A power-
ful method to amplify antigen-antibody or DNA (RNA) detec-
tion involved the coupling of a biocatalytic conjugate to the
biorecognition complex; this resulted in the precipitation of an
insoluble product on electronic transducers.”®*? The insulation
of the electrodes by the insoluble product or the increase in
the mass associated with piezoelectric crystals as a result of
the formation of the precipitate was electronically transduced.
Here we report on the amplified detection of in vitro transla-
tion of viral MRNA. To the best of our knowledge, this is the

M. Kotler, I. Willner et al.

first example of an electronic device that transduces an mRNA
translation process. Specifically, we describe the electronic
transduction, through an in vitro mRNA-translation process, of
drug resistance developed in HIV-1 carriers. The method not
only enables the diagnosis of drug-resistant HIV-1, but also the
identification of the most efficient drugs for antiviral therapy
and the rapid screening of new anti-HIV-1 drugs.

Results and Discussion

In vitro translation of viral RNA results in the synthesis of pre-
cursors being autoprocessed by the translated protease. The
bioelectronic method enables us to compare the processing
efficiency by comparing the amounts of viral precursors
cleaved and not cleaved by the intrinsic protease. Scheme 1 il-
lustrates the method of probing HIV drug resistance by analy-
sis of the PR inhibition. The electronic transducers (Au electro-
des or Au-quartz crystals) are modified with protein G, which
binds the anti-CA-Ab. Inhibition of the protease activity results
in the binding of uncleaved Gag precursors MA-CA-NC to the
transducer, as depicted in Scheme 1A. Treatment of the sur-
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Scheme 1. Bioelectronic transduction of translated HIV-1 Gag polyproteins. A) Analysis of MA in the translated proteins obtained in the presence of the PI. B) Detec-
tion of MA (route i) and CA (route ij) in the translated Gag polyproteins obtained in the absence of PI.
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face with the anti-MA-Ab results in antibody association to the
MA fragment. Further binding of the secondary anti-MA anti-
Ab/HRP conjugate to the assembly, followed by the biocata-
lyzed H,0,-mediated oxidation of 4-chloronaphthol (1) to the
precipitate (2), amplifies primary recognition of the uncleaved
Gag precursor assembly. On the other hand, a fully functional
protease cleaves the precursor, and the MA-CA site is cleaved
off (Scheme 1B). Under these conditions, the CA fragment
binds to the sensing interface, but the anti-MA antibody and
the secondary anti-Ab/HRP conjugate do not associate with
the transducer, so the biocatalyzed precipitation of 2 is retard-
ed, as in Scheme 1B, route i) (provided that nonspecific adsorp-
tion processes are minimized). The PR inhibition is thus as-
sayed through the biocatalyzed precipitation of 2 on the elec-
trode or the Au-quartz crystal by using Faradaic impedance
spectroscopy or microgravimetric quartz crystal microbalance
measurements, respectively (for the physical background of
the methods, vide infra). Note that the extent of precipitation
is governed by the inhibition efficiency of the translated PR,
and that as the inhibitory effect decreases, the accumulation
of 2 on the transducers is reduced. It should also be noted
that the detection of the nonhydrolyzed Gag polyprotein is a
consequence of two amplification steps. In the first step, the
translation of the viral RNA to the protein provides an amplifi-
cation path. The second amplification step involves the bioca-
talyzed precipitation of 2 on the transducers. As a single recog-
nition event of the nonhydrolyzed polyprotein by the anti-CA
sensing interface is translated into the accumulation of many
insoluble molecules on the transducer, the precipitation proc-
ess represents an effective amplification route. To confirm the
formation of the anti-CA-Ab/CA complex in the system that in-
cludes the functional PR, the resulting interface is allowed to
react with another anti-CA-Ab, and the secondary anti-CA anti-
Ab/HRP conjugate is then linked to the surface. The biocatalyt-
ic interface catalyzes the precipitation of 2, as shown in
Scheme 1B, route i)). The formation of the precipitate on the
electronic transducer is probed by electrochemical means (Far-
adaic impedance spectroscopy) or by microgravimetric quartz
crystal microbalance measurements. The development of the
bioelectronic schemes for analysis of HIV-1 drug resistance was
carried out in the following phases: i) assessment of viral RNA
extracted from bacteria expressing viral proteins in the pres-
ence and in the absence of the PR inhibitor, i) the assessment
of viral RNA extracted from cells infected by wild-type HIV-1 or
by a drug-resistant HIV-1 mutant in the absence or in the pres-
ence of the PR inhibitor, and iii) the assessment of RNA extract-
ed from blood samples of AIDS patients by the synthesis of
the viral proteins in the absence or in the presence of the PR-
inhibitor. The method enables us to assess the relative
amounts of drug-resistant PR, as well as relative concentrations
of inhibitors required to inhibit PR.

Impedance spectroscopy is an effective method for probing
the features of surface-modified electrodes.*® The complex im-
pedance can be presented as the sum of the real—Z,(w)—and
imaginary—Z;,,(w)—components, originating mainly from the
resistance and the capacitance of the electrode interface,
respectively. Modification of the metallic surface with a bioma-
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terial or an organic layer decreases the double-layer capaci-
tance and retards the interfacial electron-transfer kinetics. The
electron-transfer resistance at the electrode is given by Equa-
tion (1), where R,, and R4 are the electron-transfer resistance
of the unmodified electrode and the variable electron-transfer
resistance introduced by the modifier, in the presence of the
solubilized redox probe, respectively. A typical shape of a Fara-
daic impedance spectrum (presented in the form of a Nyquist
plot, Z,, versus Z, at variable frequencies) includes a semicircle
region lying on the Z, axis followed by a straight line. The
semicircle portion, observed at higher frequencies, corresponds
to the electron-transfer-limited process, whereas the linear part
is characteristic of the lower frequency range and represents
the diffusion-limited electron-transfer process. The diameter of
the semicircle corresponds to the electron-transfer resistance
at the electrode surface, R.

Ret = RAu + Rmod (1)

The precipitation of the insoluble product on the electrode
support can also be probed by microgravimetric quartz crystal
microbalance (QCM) analyses.®¥ The analysis of the Gag poly-
proteins as in Scheme 1 involves the binding of the proteins to
the sensing interface, followed by the association of the
detecting antibody and the anti-Ab/enzyme conjugate. These
binding processes alter the mass on the piezoelectric crystal.
The subsequent biocatalyzed precipitation of 2 on the crystal
represents a time-dependent mass change occurring on the
transducer. The frequency change of a quartz crystal (Af) re-
sulting from a mass alteration on the crystal (Am) is given by
the Sauerbrey equation [Eq. (2)], where f, is the resonance fre-
quency of the quartz crystal, A is the piezoelectrically active
area, p, is the density of quartz (2.648 gcm™), and yj is the
shear modulus (2.947 x 10" dyncm™2 for AT-cut quartz).

Am
Af =2, 2M 2
o) @)

Figure 1 shows the Faradaic impedance spectra that corre-
spond to the build-up of the sensing interface and to the anal-
ysis of the in vitro translation of the total bacterial RNA in the
presence of saquinavir, according to Scheme 1A. The redox
label in the electrolyte solution is Fe(CN)s>"/Fe(CN)s*". The elec-
tron-transfer barrier (resistance) to the redox label, resulting
from the formation of the protein layers and the biocatalytic
generation of the insoluble product on the electrode surface,
is employed to probe the translation process. The stepwise as-
sociation of protein G and the anti-CA-Ab results in an increase
in the electron-transfer resistances at the electrode surface to
200 and 400 Q (curves a and b), respectively. This increase in
the interfacial electron-transfer resistances is attributable to
the partial hydrophobic insulation of the electrode support by
the proteins. Parallel microgravimetric QCM analyses indicate
that the surface coverage of proteinG is about 8.8x
107" molcm™ and of anti-CA-Ab about 2.0x 107> molcm™,
Binding of the Gag polyprotein through CA to the anti-CA-Ab
further increases the interfacial electron-transfer resistance to
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Figure 1. Faradaic impedance spectra (depicted in the form of Nyquist plots,
Z,, versus Z,) that follow the construction of the sensing interface and the
analysis of the MA Gag polyprotein translated from bacterial RNA in the pres-
ence of the Pl (saquinavir, 1x10~*m). a) The protein G-modified Au electrode.
b) After the immobilization of anti-CA onto the surface. c) After the association
of the translated Gag polyprotein. d) After the binding of anti-MA to the sur-
face. e) After the association of the anti anti-MA/HRP conjugate. f) After the
biocatalyzed precipitation of 2 in the presence of 1 (1x10*m) and H,0,
(1.5x107*m) for a time interval of 10 min. Data were recorded in a 0.1 m phos-
phate buffer solution (pH 7.0) containing Fe(CN)3~/*~ (1x107?wm) as redox label.
The electrode was biased at 0.175 V versus SCE, and an alternating voltage

(10 mV) in the frequency range of 100 mHz to 10 kHz was applied.

2100 Q (curve c). The association of the anti-MA antibody to
the interface increases the interfacial electron-transfer resist-
ance to R,=2800 Q (Figure 1, curve d); the increase in the in-
terfacial electron-transfer resistances upon the association of
the Gag polyprotein and anti-MA-Ab is consistent with the as-
sociation of the proteins insulating the electrode surface and
perturbing the interfacial electron transfer to the redox label
solubilized in the electrolyte solution. Upon addition of the
anti-anti-MA-HRP conjugate we observe a further increase in
the electron-transfer resistance to R.,=3000Q (Figure 1,
curve e). The subsequent biocatalyzed precipitation of 2 results
in a significant increase in the interfacial electron-transfer re-
sistance (R,,=5000 Q; Figure 1, curve f), indicating that an am-
plified detection of the Gag polyprotein is indeed observed,
and implying that inhibition of the protease in the Gag precur-
sor did indeed occur.

Figure 2 shows the Faradaic impedance spectra obtained
upon the conduction of the in vitro translation of the Gag pol-
yprotein in the absence of the PR inhibitor. This experiment
enables us to probe the protease activity according to
Scheme 1B, routei). Curve a shows the spectrum observed
upon the attachment of protein G to the surface of an Au elec-
trode, curve b depicts the spectrum obtained upon attach-
ment of the Fc fragment of the anti-CA antibody to the pro-
tein G on the electrode support, and curve c shows the spec-
trum after the attachment of the translated CA units obtained
under conditions where proteolysis of the Gag precursor oc-
curred. Curve d corresponds to the spectrum obtained after an
attempt to bind the anti-MA antibody to the sensing interface,
and curves e and f to the subsequent attempts to bind the
anti-anti-MA/HRP conjugate and to stimulate the biocatalyzed

952 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org
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Figure 2. Faradaic impedance spectra (Nyquist plots) corresponding to the
analysis of the MA units in the translated Gag polyprotein from bacterial RNA
obtained in the absence of the Pl. a) The protein G-modified electrode. b) After
the association of the anti-CA. c) After binding of the translated product.

d) After the association of anti-MA. e) After the linkage of anti anti-MA/HRP.

f) After the biocatalyzed precipitation of 2 in the presence of 1 (1x107*m)
and H,0, (1.5x 10~*m). Experimental details are similar to those detailed in
Figure 1.

precipitation of 2, respectively. Interestingly, we find that upon
treatment of the system with the anti-MA antibody, an increase
in the interfacial electron-transfer resistance (AR, =~400 Q) is
observed, implying that the antibody binds to the sensing in-
terface even though the MA sites should not exist on the sur-
face, due to the proteolytic activity of PR. The anti-MA-Ab asso-
ciated to the interface stimulates the binding of the anti-Ab/
HRP conjugate and the precipitation of the insoluble product.
Note, however, that the translation of identical quantities of
mMRNA in the absence and in the presence of the saquinavir in-
hibitor yield substantially different electron-transfer resistances:
while the inhibited translation yields an electrode with a high
electron-transfer resistance (ca. 5100 Q) and an increase in the
interfacial electron-transfer resistance of AR,~2000 Q upon
the precipitation of 2, the electrode treated with the uninhibit-
ed translation mixture yields an electrode with an interfacial
electron-transfer resistance of only 2500 ©, and an increase in
the interfacial electron resistance of AR,,=500Q upon the
precipitation of 2, a value four times lower than that observed
for the inhibited translation mixture. The binding of the anti-
MA-Ab to the sensing interface and the subsequent precipita-
tion of 2 under conditions in which the translation of the
mRNA is performed without inhibition is attributable to the ex-
istence of unprocessed polyprotein that has not been cleaved
by the PR. This unprocessed polyprotein acts as a background
perturbation for the analysis of the uncleaved polyprotein gen-
erated upon translation in the presence of the PIl. Thus, for
practical analysis of HIV-drug resistance it is mandatory to de-
velop an analysis that assays, in parallel, the background level
of unprocessed protein, and the polyprotein content generat-
ed by translation in the presence of the PI.

Although the sensing interface has a low coverage by the
unprocessed polyprotein, it also includes a high content of the
hydrolyzed CA units, generated in the translation mixture. This

ChemBioChem 2004, 5, 949 - 957
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was confirmed by analysis of the modified electrode according
to Scheme 1B, route i) and is depicted in Figure 3. In this ex-
periment the sensing interface consisting of the anti-CA anti-
body is treated with the translation mixture to “fish out” the
hydrolyzed CA and residual unprocessed polyprotein (curve c).

35
3
2.5

2
Z, /1kQ
15

Z,/kQ ——

Figure 3. Faradaic impedance spectra (Nyquist plots) corresponding to the
analysis of the CA units in the translated proteins obtained from bacterial RNA
in the absence of PI. a) The protein G-modified electrode. b) After the associa-
tion of the anti-CA. c) After binding of the translated product. d) After the asso-
ciation of anti-CA. e) After binding of the anti anti-CA/HRP conjugate. f) After
the biocatalyzed precipitation of 2 in the presence of 1 (1x10>m) and H,0,
(1.5x 107" m). Experimental details as given in Figure 1.

The increase in the interfacial electron-transfer resistance to
R.:=1600 Q indicates binding of proteins to the surface. Fur-
ther association of a second anti-CA-Ab and the anti-anti-CA-
Ab/HRP conjugate (curves d and e, respectively), followed by
the precipitation of 2, leads to a pronounced increase in the
interfacial electron-transfer resistance of the electrode to R.=
6200 Q. The increase in the interfacial electron-transfer resist-
ance as a result of the precipitation of 2 is AR,~3600 Q. This
difference is higher than the value observed upon the precipi-
tation of 2 in the presence of the anti-MA-Ab (cf. Figure 1,
AR, =2000 Q) and is attributed to the higher affinity of the
anti-CA-Ab as compared to the anti-MA-Ab to the respective
antigens.

Microgravimetric quartz crystal microbalance experiments
further confirm the results and
conclusions extracted from the

these experiments. In all of the systems, the sensing interface
consists of the proteinG as base monolayer (8.8x
107" molcm™) and the associated anti-CA layer as the recog-
nition interface. Entry (a) summarizes the frequency changes
observed in stepwise analysis of the Gag polyprotein translat-
ed in the presence of the inhibitor, as in Scheme 1A. The fre-
quency changes (Af=-50Hz) observed upon treatment of
the surface with the translated proteins, and also upon interac-
tion with anti-MA (Af=—80 Hz), indicate that an unprocessed
Gag polyprotein is generated upon translation. The biocata-
lyzed precipitation of 2 results in a frequency change of Af=
—100 Hz, consistent with the effective formation of a precipi-
tate on the transducer. Entry (b) summarizes the frequency
changes observed upon analysis of the unprocessed Gag poly-
protein in the translation mixture obtained in the absence of
the inhibitor. The frequency change of —40 Hz observed upon
the precipitation of 2 implies that uncleaved Gag polyprotein
exists in the translation mixture, consistently with the conclu-
sion obtained from the impedance measurements. Table 1,
entry (c) summarizes the frequency changes upon analysis of
the CA unit obtained upon translation in the absence of the in-
hibitor, as in Scheme 1B, route ii). In this case, both the cleaved
and the uncleaved CA are analyzed. The biocatalyzed precipita-
tion of 2 results in a frequency change of —150 Hz, indicating
that anti-anti-CA/HRP conjugate was associated with the sens-
ing interface. We see that the formation of 2 in the presence
of anti-CA is enhanced in relation to the effectiveness of the
generation of 2 in the presence of the anti-MA. This observa-
tion is in agreement with the Faradaic impedance analyses,
and may be attributed to the higher affinity of the anti-CA for
the respective precursor.

The experiments described above demonstrate that we are
able to transduce the differences in the translation of mRNA
electronically in the presence and in the absence of the PI.
Nonetheless, the method is not free of analytical limitations,
due to: i) the existence of unprocessed polyprotein even in the
absence of the inhibitor, ii) the difference in the anti-CA and
anti-MA antibody affinities to the respective antigens, and—
most importantly—iii) the difficulties involved in retaining con-
stant mRNA concentrations in the analyzed samples. In order
to overcome these limitations, we formulated the assay proto-
col outlined in Scheme 2. The extracted RNA sample is sub-
divided into two equal samples, A and B. While sample A is sub-

Faradaic impedance measure-
ments. Table 1 summarizes the
frequency changes of function-

Table 1. Microgravimetric quartz crystal microbalance analyses of the translated MA and CA units in the presence
and in the absence of the saquinavir PR inhibitor.”!

i | Anti-MA Anti-CA Anti-anti- Anti-anti- Precipitation
alized Au-quartz crystals upon MA/HRP CA/HRP of 2
analysis of the MA in the trans- Af [HzZ] Af [HzZ] Af [Hz] Af[HzZ] Af [HzZ]
lated  Gag po.lyproteln in the a) Translated Gag polyprotein in the —80 - —140 - —100
presence and in the absence of presence of PR inhibitor
the PR inhibitor (saquinavir) and b) Translated Gag polyprotein in the -15 - -30 - —40
analysis of the CA in the trans- absence of PR inhibitor

¢) Translated proteins in the ab- - —150 - —110 —150

lated polyprotein in the absence sence of PR inhibitor

of the inhibitor. Total RNA from

[a] Frequency changes are determined at time intervals identical to the impedance measurements.

cultured cells was employed in
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have analyzed the translation processes of RNA ex-
tracted from the G48V mutated virus, which is resis-
tant to saquinavir.*>*® Figure 4 shows the Faradaic
impedance spectra corresponding to the final step of
precipitation of 2 on the electrode supports after
the application of the analytical protocol outlined in
Scheme 2. Figure 4 A shows the spectra (curves a and
b) obtained for the translation of the RNA derived
from the wild-type virus in the absence of the inhibi-
tor according to paths B1 and B2 in Scheme 2, re-

anti-anti-CA-HRP anti-anti-MA-HRP anti-anti-CA-HRP

NN S

Precipitation of (2)

Scheme 2. Analytical protocol for the determination of Pl resistance in AIDS patients. B)

jected to the in vitro translation in the presence of the PI, sam-
ple B is translated in the absence of the PI. Each of the transla-
tion mixtures is then further divided into two equal sub-sam-
ples: A1 and A2, and B1 and B2, respectively. The samples A1
and B1 are subjected to analysis of the total CA units by use of
anti-CA, according to Scheme 1B, route ii). The samples A2 and
B2 utilize the anti-MA antibody to assess the polyprotein con-
tents in the respective samples, according to Scheme 1A and
B, route i). Note that the ratio of the interfacial electron-transfer
resistances generated upon the precipitation of 2 in routes A2
and B2 reflect the content of polyprotein generated under PR
inhibition against the unprocessed polyprotein in the system.
The ratio of the electron-transfer resistances of paths A1 and
B1 should be independent of PI, and its value should be ~1.
This ratio provides an internal standard for the effectiveness of
translations in the entire set of experiments. Thus, the four-
path analysis scheme for the mRNA translation processes elimi-
nates the background signal of unprocessed polyproteins in
the absence of the inhibitor. The assay also abrogates the dif-
ference in the affinities of anti-CA and anti-MA for the respec-
tive antigens. Since the original sample is subdivided into
equivalent sub-samples prior to the translations, the problem
of different RNA contents in analyses paths is cancelled out.

To verify the analysis method shown in Scheme 2, we ap-
plied it to analyze the translation processes of wild-type HIV-1
in the absence and in the presence of Pl, and in parallel we
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Figure 4. A) Faradaic impedance spectra corresponding to analysis of the
translated proteins obtained from the mRNA from the media of cultured cells
infected by wild-type HIV-1, in the presence and absence of the Pl (saquinavir,
1x107*m) according to Scheme 2. The spectra reflect the impedance responses
of the electrodes after the final step of the biocatalyzed precipitation of 2 in
the presence of 1 (1x 107> m) and H,0, (1.5x 10~*m) for a time interval of

10 min: a) analysis of CA in the absence of Pl, b) analysis of MA in the absence
of PI, ¢) the analysis of CA in the presence of Pl, and d) analysis of MA in the
presence of Pl. B) Faradaic impedance spectra corresponding to the analysis of
the translated proteins obtained from the mRNA from the media of cultured
cells infected with the HIV-1 G48V mutant, in the presence and in the absence
of P, according to Scheme 2. The spectra depict the impedance responses of
the electrodes after the final step of the biocatalyzed precipitation of 2, in the
presence of 1 (1x1073>m) and H,0, (1.5x10~*m) for 10 min: a) analysis of CA
in the absence of PI, b) analysis of MA in the absence of PI, c) analysis of CA in
the presence of Pl, and d) analysis of MA in the presence of PI.

ChemBioChem 2004, 5, 949 - 957
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spectively. Figure 4A, curves ¢ and d are the Faradaic impe-
dance spectra observed for the Au electrodes in analysis of the
translation mixture of the wild-type HIV obtained in the pres-
ence of saquinavir as the PI, according to paths A1 and A2, re-
spectively. As expected, the electron-transfer resistance for the
inhibited virus analyzed with anti-MA for the uncleaved protein
according to path A2 is the higher and corresponds to R.=
14 kQ. For comparison, the use of the anti-MA for analysis of
the uninhibited protease encoded by the wild-type viral RNA
according to path B2 yields an electron-transfer resistance of
R.=06 kQ. Clearly, the ratio of electron-transfer resistances of
the inhibited vs. uninhibited wild-type HIV is R%/R?=0.43. An
identical analysis scheme was applied to analyze the saquina-
vir-resistant mutated HIV-15*", Figure 4B, curves b and d show
the parallel analyses of the translation processes of RNA ex-
tracted from the G48V mutant according to paths B2 (without
inhibitor) and A2 (with inhibitor), respectively. The resulting in-
terfacial resistances in the two systems are identical (R~
11 kQ), indicating no effect of the inhibitor on the protease ac-
tivity. The ratio R%/RS>=1 is observed for the G48V system, as
expected. Note, however, that we observe a difference in the
electron-transfer resistances resulting from analysis of the wild-
type virus according to path B2 (R.,=6 k) as compared to
the HIV-1°® analyzed by path B2 (R,=11 k). This implies
that the protease activities of the wild-type virus and of the
HIV-15*V differ, and that the PR of the mutant has a lower ac-
tivity for processing (hydrolyzing) the polyprotein.

The method outlined in this study has enabled us to devel-
op a quantitative assay to probe the effect of inhibitor concen-
tration on the activity of the viral PR. Since the interfacial elec-
tron-transfer resistance analyzed according to Scheme 1A di-
rectly translates into the content of uncleaved Gag polypro-
tein, the interfacial electron-transfer resistance correlates with
the inhibition efficiency of the translated PR activity by the
specific inhibitor. Figure 5 shows the calibration curve corre-
sponding to the interfacial electron-transfer resistances of elec-

2.5 1 1 1 I I 1 1 |
35 4 45 5 55 6 65 7 75

-log[inhibitor] / m

Figure 5. Calibration curves corresponding to the analysis of the MA units in
the unprocessed Gag polyprotein obtained from the translation of RNA from
cultured cells infected with HIV-1, in the presence of variable concentration of
the PI (saquinavir). The calibration curve depicts the observed interfacial elec-
tron-transfer resistances after the biocatalyzed precipitation of 2 upon analysis
of the MA units according to Scheme 1A.
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trodes used for analysis of the Gag polyproteins translated
from the RNA of HIV-1 infected cultured cells, in the presence
of increased concentrations of the saquinavir inhibitor. Clearly,
as the concentration of the saquinavir increases, the interfacial
electron-transfer resistance is enhanced, consistently with the
elevated uncleaved Gag polyprotein content. Such quantitative
correlation between the inhibitor concentration and the un-
cleaved polyprotein content should be of extreme importance
for determination of drug doses and drug efficiencies.

Finally, the analysis scheme outlined in Scheme 2 was ap-
plied to detection of drug resistance in AIDS patients treated
with saquinavir. In this process, it is to be expected that analy-
sis of the CA units by the anti-CA antibodies should lead to an
electron-transfer resistance ratio corresponding to a=R%/
RE'~1.0 for paths B1 and A1, whereas the ratio of electron-
transfer resistance on analysis of the MA units with the anti-
MA antibody should show a value of 8=R¥/R ~1.0 for
drug-resistant patients, whereas f=R%/R¥ <1 should be ob-

t
served for non-drug-resistant patients. Table 2 summarizes the

Table 2. Analysis of HIV patients for saquinavir drug resistance.l”’

Patient a=RA/RE B=RE2/R?
1 0.85+0.03 0.87£0.04
2 0.93£0.03 1.1£0.04
3 0.96£0.03 0.75+0.04
4 0.91£0.03 0.79+£0.04
5 1.0£0.03 1.07 £0.04

[a] Analyzed according to Scheme 2.

results observed for five patients. From these values we were
able to predict that patients #2 and #5 had developed drug
resistance. It is difficult to verify the validity of these conclu-
sions, and we have to rely on the subjective statements of the
physicians who treated the patients. On the basis of this infor-
mation, patients #2 and #5 were indeed suffering from severe
conditions that did not react to the treatment with saquinavir,
whereas all other patients were under balanced conditions.
Furthermore, the results shown in Table 2 suggest that patient
#1 had developed partial resistance to the drug, and this pa-
tient will be followed up by our analytical procedure in the
future.

Conclusion

This study describes a rapid assay of HIV patients for drug
resistance. The method is based on measurement of the resis-
tance phenotype of the HIV-1 protease through the in vitro
translation of HIV-1 viral mRNA extracted from the patient in
the absence and in the presence of the HIV-1 PR-inhibiting
drug saquinavir and comparison of the PR activity in the two
different translation paths. A major accomplishment of the
study is the successful analysis of the corresponding proteins
generated by the minute amounts of mRNA extracted from
the blood samples. This success derives from the amplification
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routes involved in the detection scheme: i) the translation
process represents a biocatalytic amplification, and ii) the bio-
catalyzed precipitation of (2) represents a biocatalytic amplifi-
cation that follows a few recognition events on the electrode.
The analysis scheme for detection of the HIV-1 drug resistance
is relatively rapid and efficient and, under nonoptimized, non-
automatic conditions, approximately five to six samples could
be analyzed by a single operator within 24 h. The method
should be applicable for analysis of any HIV-1 Pl, and should
also enable assessment of the effectiveness of prescribed
drugs, as well as drug doses.

Experimental Section

Chemicals: |gG-goat-anti-rabbit-horseradish peroxidase (HRP), IgG-
goat-anti-mouse-HRP (anti-Ab-HRP), hydrogen peroxide, 4-chloro-
1-naphthol, 3,3'-dithiodipropionic acid bis(N-hydroxysuccinimide)
(DSP) active ester, protein G, and the other chemicals were from
commercial sources (Aldrich or Sigma) and were used as supplied
without further purification. Monoclonal mouse IgG-anti-CA was
contributed by Dr. K. Steimer and obtained through the AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID,
NIH. Polyclonal rabbit IgG-anti-MA was prepared by immunization
of rabbits with purified recombinant MA protein. The biotin in
vitro translation kit was purchased from Roche Diagnostics, Mann-
heim (Germany). The PR inhibitor saquinavir (Ro 31-8959)®” was a
gift from Roche Products, and was initially dissolved in 10% di-
methyl sulfoxide (DMSO) to a concentration of 1.0 mm and stored
at —20°C until further use. Ultrapure water from Elgastat (VHQ)
source was used throughout this work.

Characterization and pretreatment of electrodes: Gold wire elec-
trodes (0.5 mm diameter, ~0.2 cm? geometrical area, roughness
coefficient ~1.2-1.5) were used for the electrochemical measure-
ments. To remove any previous organic layer, and to regenerate a
bare metal surface, the electrodes were treated in a boiling solu-
tion of KOH (2m) for 4 h, and were then rinsed with water and
stored in concentrated sulfuric acid. Prior to modification, the elec-
trodes were rinsed with water, dried, and soaked for 2 min in fresh
piranha solution (30% H,0,, 70% H,SO,). The resulting electrodes
were then rinsed with water, soaked for 10 min in concentrated
nitric acid, and again rinsed with water.

Electrochemical measurements: A conventional three-electrode
cell, consisting of the modified Au electrode, a glassy carbon auxili-
ary electrode isolated by a glass frit, and a saturated calomel elec-
trode (SCE) connected to the working volume with a Luggin capil-
lary, was used for the electrochemical measurements. The cell was
positioned in an earthed Faraday cage. Impedance measurements
were performed with an electrochemical impedance analyzer
(EG&G, model 1025) and potentiostat (EG&G, model 283) connect-
ed to a computer (EG&G Software Power Suite 1.03 for impedance
measurements). All electrochemical measurements were performed
in phosphate buffer (0.1 M, pH 7.0) as a background electrolyte sol-
ution. Faradaic impedance measurements were performed in the
presence of a K;[Fe(CN)¢l/K,[Fe(CN)s] (10 mm) mixture (1:1) as a
redox probe. Impedance measurements were performed at a bias
potential of 0.175 V versus SCE with alternating voltage (10 mV) in
the frequency range of 100 mHz to 10 kHz. The impedance spectra
were plotted in the form of complex plane diagrams (Nyquist
plots).
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Microgravimetric measurements: A QCM analyzer (Fluke 164T
multifunction counter, 1.3 GHz, TCXO) linked to a personal comput-
er and a homemade flow cell with a working volume of 0.3 mL
was employed. Quartz crystals (AT-cut, 9 MHz, EG&G) sandwiched
between two Au electrodes (area 0.196 cm? roughness factor
~3.5) were used. The Au—quartz crystals were cleaned with a pira-
nha solution, followed by rinsing with water.

Electrode modifications: The electrodes were rinsed with water,
dried, and soaked in a solution of the DSP-active ester (10 mm) in
DMSO for 30 min at room temperature. The functionalized electro-
des were rinsed with DMSO and water and incubated in a solution
of protein G (100 pgmL™") for 90 min in a phosphate buffer saline
solution (pH 7.4) at room temperature, to couple protein G lysine
residues covalently to the functionalized electrodes. The protein G-
functionalized electrodes were then allowed to interact with the Fc
fragment of the anti-CA antibody (1 pgmL™") for 30 min at room
temperature to yield the sensing interfaces.

Analytical procedure: The antibody-functionalized electrode was
treated with varying concentrations of the Gag polyprotein gener-
ated in the translation mixture for 60 min, diluted to 1.0 mL with
phosphate-buffered saline (PBS) solution (pH 7.0) at room tempera-
ture. After attachment of the respective polyprotein to the sensing
interface, the electrode was incubated in the solution of anti-MA
or anti-CA (sources were diluted 200-fold) for 30 min at room tem-
perature. After attachment to the respective antibody, the elec-
trode was incubated either in a goat-anti-rabbit-HRP conjugate
(2.5 ugmL™") for the MA analysis, or in a goat-anti-mouse-HRP con-
jugate (2.5 ugmL™") for the CA analysis, for 30 min at room tem-
perature. 4-Chloro-1-naphthol (1) was dissolved initially in ethanol
and the ethanolic stock solution was then diluted with phosphate
buffer (0.1 m, pH 7.0) to yield the developing solution containing 1
(1 mm) and ethanol (2% v/v). The modified (HRP-tagged antibody-
functionalized) electrodes were incubated in the developing solu-
tion of 1 for a fixed time of 10 min at room temperature to stimu-
late the precipitation of 2. After incubation of the electrodes in the
probe solution, they were rinsed with phosphate buffer (0.1m,
pH 7.0) and introduced into the electrochemical cell for analysis by
Faradaic impedance spectroscopy. It should be noted that the elec-
trode was rinsed thoroughly with buffer solution (pH 7.0) after
each step, to eliminate any unspecific adsorbates on the electrode.
In the microgravimetric quartz crystal microbalance measurements,
the various modification and amplification steps, including the rins-
ing steps, were performed in the flow cell of the QCM apparatus.

Cells and viruses: Sup T1 cells were maintained in RPM1 1640
medium supplemented with 10% fetal calf serum, antibiotics (pen-
icillin and streptomycin), and glutamine (2 mm). HIV-1,; infect
(kindly supplied by Dr. Wainberg, Lady Davis Institute, Montreal,
Canada) was used to infect the cultured cells at 0.1 multiplicity of
inspection (MOI), and virus was harvested 7-9 days post infection.
Culture medium containing the virus was clarified from cell debris
by centrifugation at 10000 rpm for 10 min and the clear superna-
tant was centrifuged for 45 min at 45000 rpm in a Beckman centri-
fuge (SW 50.1 rotor). The drug-resistant HIV-1 (NL4-3) strain that
includes the G48V mutated PR was constructed and propagated
as described previously.?®

Blood samples: Plasma was obtained from consenting donors,
with removal of blood cells by centrifugation for 5min at
3000 rpm. The plasma was diluted threefold with PBS, and viral
particles were pelleted by centrifugation of the volume for 45 min
at 45000 rpm in a Beckman centrifuge (SW 50.1 rotor). The viral
pellets were suspended in TRIzol reagent (1 mL, Gibco BRL) con-
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taining tRNA (5-10 pg, Sigma) as carrier and RNA was extracted
according to the manufacturer’s instructions.

In vitro translation: All RNA preparations were translated in vitro
by use of a “Biotin in vitro translation kit” (Roche 1559951) in the
absence or in the presence of saquinavir (Ro 31-8959). Reactions
were performed in 50 pL, according to the manufacturer’s instruc-
tions, with use of DEPC-treated water. The PR inhibitor saquinavir
was dissolved in NaCl (1m) in the DEPC-treated water, and was
added to reaction mixtures before the start of the synthesis. The
reaction mixtures were incubated for 90 min at 30°C, and the reac-
tions were halted by placing on ice or storage at —75°C until
further use.
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Cytosine Detection by a Fluorescein-Labeled
Probe Containing Base-Discriminating

Fluorescent Nucleobase

Akimitsu Okamoto, Kazuo Tanaka, Tetsuo Fukuta, and Isao Saito*®

We report on a new method for the detection of a base at a spe-
cific site in a DNA sequence by monitoring the fluorescence emis-
sion of fluorescein. To achieve this goal, we developed a new
base-discriminating fluorescent (BDF) nucleobase, naphthodeaza-
adenine ("°A). The fluorescence spectrum of the duplex possess-
ing a cytosine base as a complementary base of "°A showed a
fluorescence peak at 383 nm when using an excitation wave-
length of 350 nm. When the complementary base of "°A was one
of the other bases, the fluorescence intensity was very low. The
fluorescence emission spectrum of "°A overlapped with the fluo-
rescence excitation spectrum of fluorescein in the wavelength

Introduction

Fluorescence-labeled nucleic acids are widely used for investi-
gating the structure and dynamics of nucleic acids,” and for
detecting nucleic acids containing target sequences.”” At pres-
ent, a large number of fluorophores, such as fluorescein,
TAMRA, JOE, Alexa 594, BODIPY, and cyanine dyes, have been
developed, and a variety of analyzers and imagers adjusted to
the emission wavelength of these fluorophores are commer-
cially available. However, the fluorescence of these known fluo-
rophores is relatively insensitive to conjugated DNA sequences,
with the exception that it is often decreased by a guanine
base located in the neighborhood of an attached fluoro-
phore.®# Thus, such fluorophores are unsuitable for direct de-
tection of a small change in DNA microenvironment.

We have recently reported a quite different type of fluoro-
phore, base-discriminating fluorescent (BDF) nucleosides,
which can distinguish bases on a complementary DNA strand
by the fluorescence change.*® For example, oligodeoxynu-
cleotides (ODNs) containing a synthetic nucleoside benzopyri-
dopyrimidine (BPP), one of the BDF nucleosides developed, se-
lectively emit a strong fluorescence when the complementary
base of BPP is A and can be used as an effective BDF probe for
the detection of a single nucleotide alteration where an A base
is concerned.” Such fluorescence behavior of BDF nucleosides
has a remarkable advantage that is not observed for the com-
monly used fluorophores. However, the fluorescence wave-
length of the BDF nucleosides is slightly too short to allow the
use of commercially available DNA fluorescence analyzers. If
the fluorescence wavelength of BDF nucleosides can be shifted
to that of conventionally used fluorophores, then the BDF
method will become a more powerful tool for the detection of
single nucleotide alterations.

958 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

range of 400-500 nm. Thus, we designed FRET-BDF probes con-
taining "°A as the FRET donor and fluorescein as the acceptor.
The interaction of these two fluorophores, which are separated
by defined base pairs, allowed an efficient energy transfer that
resulted in a dominant fluorescence emission of fluorescein at
520 nm when using an excitation wavelength of 350 nm. Fluores-
cence emission from FRET-BDF probes was observed only when
the complementary base of "°A is C, thus achieving a clear dis-
tinction of a C base on the complementary DNA strand. However,
the general utility of our method is limited due to the quenching
of the "°A fluorescence by a G/C base pair flanking "PA.

Herein, we report on a new method for the detection of a
base at a specific site in a DNA sequence by monitoring the
fluorescence emission of fluorescein. To achieve this goal, we
developed a new BDF nucleobase, naphthodeazaadenine ("°A),
which shows a strong fluorescence resonance energy transfer
(FRET) emission to fluorescein only when its complementary
base is C.

Results and Discussion

The novel BDF nucleoside "°A was synthesized from 2-nitro-
naphth-1-ol (1) (Scheme 1). After condensation with ethyl cya-
noacetate, two ring-closure reactions were carried out to
afford 5. Chlorination of 5, followed by coupling with protect-
ed deoxyribose gave 7. Compound 7 was converted to “°A
nucleoside (8) by treating it with methanolic ammonia. Sub-
sequently, nucleoside 8 was protected and incorporated via
phosphoramidite 11 into the ODNs by using a DNA synthesiz-
er. The "PA-containing and the complementary ODNs used in
this study are summarized in Table 1.

Prior to measurements of the fluorescence spectra, the ab-
sorption spectra of 2.5 um of ODN(PA) hybridized with strands
containing different bases opposite "°A, ODN(N) (N=C, T, G,
or A) in sodium phosphate buffer (pH 7.0) were initially meas-
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Faculty of Engineering, Kyoto University
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ured (Figure 1). When the complementary base of
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Scheme 1. Reagents and conditions: a) tosylchloride, pyridine, RT, 6 h, 55%; b) potassium
tert-butoxide, ethyl cyanoacetate, THF, reflux, 7 h, 65 %; c) AcOH, Zn powder, sonication,
44°C, 7 h, 67 %; d) sodium methoxide, formamide, 220°C, 6 h, 37 %; e) POCl,, p-dioxane,
reflux, 3 h, 67 %; f) i) sodium hydride, acetonitrile, 55°C, 1 h, i) 12, RT, 15 min, 86 %; g) meth-
anolic ammonia, 150°C, 7 h, 95 %; h) DMF dimethylacetal, DMF, RT, 3 h, 66 %; i) 4,4'dimeth-
oxytrityl chloride, 4-(dimethylamino)pyridine, pyridine, RT, 4 h, 30%; j) (iPr,N),PO(CH,),CN,

TH-tetrazole, acetonitrile, RT, 1.5 h, quant.

Table 1. Oligodeoxynucleotides used in this study.

Sequences
ODN("°A) 5'-d(CGCAATNPATAACGC)-3'
ODN(N)® 5'-d(GCGTTANATTGCG)-3
ODN(BRCA-""A) 5'-d(GGTACCANPATGAAATA)-3'
ODN(BRCA-N)® 5'-d(TATTTCANTGGTACC)-3’
ODN(AGT-"PA) 5'-d(GGCTCCCPATCAGGGA)-3
ODN(AGT-N)® 5'-d(TCCCTGANGGGAGCQ)-3
ODN(F-3-"PA)© 5'-d(FAATNPATAACGCACACG)-3'
ODN(N-3)® 5'-d(CGTGTGCGTTANATT)-3'
ODN(F-3-A)“ 5'-d(FAATATAACGCACACG)-3
ODN(3-"°A) 5'- d(AAT”DATAACGCACACG) 3’
ODN(F-4-"°A) 5'-d(FAAAT"°ATAACGCACACG)-3’
ODN(N-4)® 5'-d(CGTGTGCGTTANATTT)-3’
ODN(F-5-"°A) 5'-d(FAAAATN’ATAACGCACACG)-3'
ODN(N-5)® 5'-d(CGTGTGCGTTANATTTT)-3’
[a] “N” denotes C, T, G, and A. [b] “N” denotes C and T. [c] “F” denotes 6-
(fluorescein-6-carboxamido)hexanol.
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is, shifted 2 nm longer than those of the other
duplexes.

The fluorescence spectra of ODN("PA) hybridized
with ODN(N) are shown in Figure 2a. The fluores-
cence spectrum of the duplex possessing a C base as
a complementary base of "°A, ODN(“°A)/ODN(C),
showed a fluorescence peak at 383 nm when using
an excitation wavelength of 350 nm (©=0.027). In
contrast, when the complementary base of "°A was a
base other than C, the fluorescence intensity was
very low (@ <0.005). The fluorescence of ODN("°A)/
ODN(C) was approximately nine times stronger than
that observed for ODN("PA)/ODN(T). For single-
stranded ODN("PA), an appreciably strong fluores-
cence was observed at 378 nm (@=0.010), which
was comparable to the peak intensity observed for
ODN("PA)/ODN(C).

The fluorescence character of “°A-containing BDF
probes would be useful for the typing of a single nu-
cleotide polymorphism (SNP) where a C base is con-
cerned. For example, a BDF probe ODN(BRCA-"PA)
was designed for the human breast cancer type 1
gene (BRCAT1) sequence, which possesses a C/T SNP
site,”'” ODN(BRCA-N) (N=C or T; Table 1). Upon hy-
bridization with the target sequence, ODN(BRCA-
NPA) showed an C-allele-specific fluorescence (@ =
0.069), whereas the fluorescence of ODN(BRCA-"PA)
hybridized with a T-allele sequence was weak (®=
0.018). However, when “PA is flanked by a G/C base
pair, its fluorescence is considerably suppressed.
When a 15-mer DNA strand containing an angiotensi-
nogen gene C/T SNP site,®' ODN(AGT-N) (N=C or
T), was used as target sequences, the fluorescence of

0.08 -

Wavelength/ nm ——

Figure 1. Absorption spectra of ODN(*°A) (2.5 um) hybridized with ODN(T),
ODN(C), ODN(G) or ODN(A) (2.5 um, 50 mm sodium phosphate, 0.1 m sodium
chloride, pH 7.0, RT). “ss” denotes single-stranded ODN("°A).
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Figure 2. a) Fluorescence spectra of ODN("A) (2.5 um) hybridized with 2.5 um
ODN(T), ODN(C), ODN(G) or ODN(A) (2.5 um, 50 mm sodium phosphate, 0.1 m
sodium chloride, pH 7.0, RT). Excitation wavelength was 350 nm. “ss” denotes
single-stranded ODN("°A). b) Overlap of an emission spectrum of ODN(3-""A)

I. Saito et al.

ODN(F-3-"°A)/ODN(N-3) was observed selectively when N was
C. The quenching efficiency (Q;) of “A in ODN(F-3-""A)/
ODN(C-3) was 83%. The fluorescence lifetime of ODN(F-3-
NDA)/ODN(C-3) obtained after excitation at 337 nm was
0.59 ns, which was much shorter than that of ODN(3-"A)/
ODN(C-3), which does not possess a FRET acceptor fluorescein
(1.10 ns). These observations suggest that effective FRET from
NPA to fluorescein occurs in ODN(F-3-"°A)/ODN(C-3). In con-
trast, the hybridization of ODN(F-3-°A) with ODN(N-3) where
N is T, G, or A results in a weaker emission, as shown in Fig-
ure 3a. These weak fluorescence peaks become negligible
after subtraction of the fluorescence spectra of the "PA-free
duplex ODN(F-3-A)/ODN(N-3) occurring as the background
spectrum; this suggests that these weak fluorescence peaks
arise from the “PA-independent excitation of fluorescein (Fig-
ure 3b). The fluorescence behavior showed that the fluores-
cence emission of ODN(F-3-"°A) by FRET occurs only when the
complementary base of "°A is C. In addition, it is noteworthy
that the fluorescence in the single-stranded state is effectively
suppressed by the use of a FRET system, unlike the strong fluo-
rescence in single-stranded ODN("PA).

The difference in fluorescence intensities could be detected
more conveniently and precisely with a fluorescence imager, as
shown in Figure 3c. The sample solutions were illuminated at
312 nm, and the fluorescence images were taken through a
400 nm long pass emission filter (Figure 3c). The fluorescence
emission from ODN(F-3-"°A)/ODN(C-3) was very strong and
clearly distinguishable from the poor fluorescence from the

(purple) and an excitation spectrum of ODN(F-3-A) (green).

the designed BDF probe ODN(AGT-'°A) was very
weak, regardless of the nature of the base opposite
"°A  (©=0.003-0.004). Thus, the C detection
method with an “PA-containing probe cannot be
used for sequences containing a G/C base pair
flanking the SNP site.

The fluorescence emission spectrum of NPA
(A0*=375 nm) overlapped with the fluorescence
excitation spectrum of fluorescein (172 =494 nm) in
the wavelength range 400-500 nm (Figure 2b).
Thus, the interaction of these two fluorophores,
which are separated by defined base pairs, might
allow an efficient energy transfer that results in a
dominant fluorescence emission of fluorescein at
520 nm when using an excitation wavelength of
350 nm. As shown in Table 1, we designed a series
of FRET-BDF probes containing "’A as the FRET
donor and fluorescein as the acceptor separated by
three (ODN(F-3-"PA)), four (ODN(F-4-"°A)), or five
(ODN(F-5-"°A)) A/T base pairs to systematically ana-
lyze the fluorescence properties. Initially we investi-
gated the fluorescence properties of the ODN(F-3-
NPA) FRET-BDF probe. The fluorescence spectra of
the ODN(F-3-"°A)/ODN(N-3) duplex, measured with
various complementary bases of "’A (N), are shown
in Figure3a. The fluorescence emission from
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other duplexes. Therefore, the present FRET-BDF probe
method that makes use of the interaction between “PA and
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Figure 3. a) Fluorescence spectra of ODN(F-3-""A) (2.5 um) hybridized with ODN(T-3),
ODN(C-3), ODN(G-3) or ODN(A-3) (2.5 um, 50 mm sodium phosphate, 0.1 M sodium chlo-
ride, pH 7.0, RT). Excitation wavelength was 350 nm. “ss” denotes single-stranded ODN(F-3-
NPA). b) The spectra given by subtracting fluorescence spectra of ODN(F-3-A) (2.5 um) hybri-
dized with ODN(T-3), ODN(C-3), ODN(G-3) or ODN(A-3) (2.5 um) from spectra (a). ¢) Fluo-
rescence image of ODN(F-3-"PA) (2.5 um) hybridized with ODN(T-3), ODN(C-3), ODN(G-3)
or ODN(A-3) (2.5 um, 50 mm sodium phosphate, 0.1 m sodium chloride, pH 7.0, RT). The
sample solutions were illuminated with a 312 nm transilluminator. The image was taken
through a 400 nm long pass emission filter. “ss” denotes single-stranded ODN(F-3-""A).
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fluorescein constitutes a powerful tool for typing single-
nucleotide alterations where a C base is concerned.

To further analyze the character of the FRET interaction
through "PA in detail, we examined the fluorescence properties
of ODN(F-4-""A)/ODN(C-4), in which two fluorophores are sep-
arated by four A/T base pairs, and compared the fluorescence
to that from ODN(F-3-"°A)/ODN(C-3) (Table 2). The fluores-

ing a G/C base pair that flanks the "°A, because the fluores-
cence of "°A is then quenched.

Experimental Section

General: 'H NMR spectra were measured on a Varian Mercury 400
(400 MHz) spectrometer. Coupling constants are reported in hertz.
The chemical shifts are expressed

Table 2. Fluorescence data of FRET-BDF probes.

in ppm downfield from tetra-
methylsilane, with residual chloro-
form (0 =7.24) and dimethylsulfox-

7, [ns] (%) 7, [ns] (%) 7y [ns] Q" C/T/ss ratio®™ . )
! 2 il ! ide (0=2.48) as internal standards.
ODN(F-3-\°A)/ODN(C-3) 0.589 0.589 0.829 3.1:1.0:0.9 FAB mass spectra were recorded
ND . .
ODN(F-4-""A)/ODN(C-4) 0.625 (98) 3.033 (2) 0.673 0.663 2.1:1.0:1.1 on a JEOL JMS DX-300 or JMS SX-
ODN(F-5-""A)/ODN(C-5) 0.630 (97) 2.209 (3) 0.677 0.482 1.8:1.0:1.2 102A spectrometer
ODN(3-"°A)/ODN(C-3) 1.103 1.103 - 9.5:1.0:8.6" P '

[a] Q¢ is the quenching efficiency for "PA. [b] The C/T/ss ratio shows the ratio of the fluorescence intensities of
fluorescein (521 nm) from “PA/C duplexes, "°A/T duplexes, and single-stranded ODNs. [c] The ratio of the fluo-
rescence intensities of "°A (376 nm) from “°A/C duplexes, "°A/T duplexes, and single-stranded ODNS.

2-nitronaphthyl  p-toluenesulfo-
nate (2): 2-Nitronaphth-1-ol (1;
95%, 10.0 g, 50.1 mmol) was dis-

cence quenching efficiency of "°A in ODN(F-4-"°A)/ODN(C-4)
was 66 %, which is much lower than that observed for ODN-
(F-3-"°A)/ODN(C-3). The decrease in FRET efficiency also ap-
peared in the fluorescence decay profile of ODN(F-4-"°A)/
ODN(C-4). The fluorescent decay profile of ODN(F-4-"PA)/
ODN(C-4) was fitted to a biexponential function. The major
short-lived component, which corresponded to the FRET
quenching of "°A, had an extended lifetime, and a new longer-
lifetime component, which corresponded to the quenching of
NPA itself, appeared. This observation clearly shows the de-
crease in the efficiency of the FRET from "°A to fluorescein.
The lowering of this FRET efficiency had a serious effect on the
complementary-base selectivity in the fluorescence emission of
fluorescein. As clearly seen in Table 2, a remarkable decrease in
C selectivity in the fluorescence emission was observed in
ODN(F-4-"°A)/ODN(C-4). The decrease in FRET efficiency was
more marked in the duplex in which the two fluorophores
were more separated (ODN(F-5-"°A)/ODN(C-5)). The Q; of
ODN(F-5-"°A)/ODN(C-5) decreased to 48%, and the C selectivi-
ty in the fluorescence emission was approximately half that of
ODN(F-3-"°A)/ODN(C-3). The results of these fluorescence
measurements for a series of fluorescence-labeled ODNs imply
that the FRET efficiency between "°A as a FRET donor and fluo-
rescein as an acceptor is strongly correlated with the com-
plementary base selectivity in the fluorescence emission of
fluorescein.

Conclusion

In conclusion, it has been possible to clearly distinguish the
presence of a cytosine base on a complementary DNA strand
by using FRET-BDF probes. By using FRET-BDF probes that con-
tain both "°A and fluorescein, the complementary base-selec-
tive fluorescence of "°A was transferred to fluorescein. This
system facilitates the detection of a single-nucleotide alteration
in a target sequence at the wavelength of fluorescein emission.
However, our method cannot be used if the sequence contain-
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solved in pyridine (150 mL), and
p-toluenesulfonyl chloride (12.0 g,
62.9 mmol) was added at 0°C. The mixture was stirred at room
temperature for 6 h, then concentrated in vacuo. The crude prod-
uct was purified by silica gel chromatography with chloroform to
give 2 (9.4 g, 27.4 mmol, 55%) as an orange solid. '"H NMR (CDCl;)
0=8.18 (d, J=8.8Hz, 1H), 7.84-7.94 (5H), 7.67 (ddd, J=8.8, 7.2,
1.2 Hz, 1H), 7.59 (ddd, J=8.8, 7.2, 1.2Hz, 1H), 7.37 (d, J=8.8 Hz,
2H), 2.49 (s, 3H); MS (FAB) (NBA/CDCl;): m/z: 343 [M]*; HRMS (FAB)
calcd for C;;H,305NS: 343.0514 [M] T, found 343.0514.

Cyano(2-nitronaphthalene-1-yl)acetic acid ethyl ester (3): Potassi-
um tert-butoxide (4.78 g, 42.6 mmol) was added to an ice-cold sol-
ution of ethyl cyanoacetate (4.62 mL, 42.6 mmol) in anhydrous THF
(170 mL). The suspension formed was stirred for 15 min, then treat-
ed with 2 (7.3 g, 21.3 mmol) and heated at reflux for 7 h. The solu-
tion was poured into water, and the aqueous mixture was acidified
to pH 2 with concentrated HCl. The mixture was extracted with
ether (3x), and then the combined organic phases were dried and
concentrated in vacuo. The crude product was purified by silica
gel chromatography (chloroform/methanol 10:1) to give 3 (3.7 g,
13.8 mmol, 65%) as a yellow solid. '"H NMR ([DJDMSO) 6 =8.43 (d,
J=84Hz, 1H), 834 (d, J/=9.2Hz, 1H), 823 (m, 1H), 8.14 (d, J=
9.2 Hz, 1H), 7.87 (m, 2H), 6.87 (s, 1H), 4.22 (dq, J=7.2, 1.2 Hz, 2H),
1.18 (t, J=7.2 Hz, 3H).

3,11-Dihydro-benzo[e]pyrimido[4,5-blindol-4-one (5): A solution
of 3 (3.7 g, 13.8 mmol) in acetic acid (150 mL) was treated with a
single charge of Zn dust (3.9 g, 60 mmol). The mixture was heated
at 44°C and sonicated for 3.3 h, then treated with more Zn (2.4 g,
36.7 mmol). After being heated and sonicated for another 3.3 h,
the mixture was filtered. The filtrate was concentrated in vacuo.
The crude product was purified by silica gel chromatography
(chloroform/methanol 20:1) to give 4 (2.34 g, 9.2 mmol, 67 %) as a
black solid. MS (FAB) (NBA): m/z: 254 [M]*; HRMS (FAB) calcd for
CisH140,N,: 254.1055 [M]Y, found 254.1056. Subsequently, a solu-
tion of 4 (1.1 g, 4,33 mmol), sodium methoxide (1.0 g, 18.5 mmol),
and formamide (40 mL) was heated at 220°C for 6 h and distilled
at 220°C to a solid. The solid was triturated in methanol and then
filtered. The filtrate was concentrated to a solid. The crude product
was purified by silica gel chromatography (chloroform/methanol
10:1) to give 5 (379 mg, 1.61 mmol, 37%) as a yellow solid.
"HNMR ([Dg]DMSO) 6=12.63 (s, 1H), 12.29 (s, 1H), 9.93 (d, J=
8.0Hz, 1H), 8.13 (s, 1H), 7.96 (d, J/=8.0 Hz, TH) 7.83 (d, /=8.8 Hz,
1H), 7.65 (d, J=88Hz, 1H) 757 (t, J=88Hz, 1H) 744 (t, J=
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8.8 Hz, 1H); MS (FAB) (NBA): m/z: 235 [M]"; HRMS (FAB) calcd for
C,,H,ON;: 235.0746 [M]*, found 235.0746.

4-Chloro-11H-benzo[elpyrimido[4,5-blindole (6): A mixture of 5
(200 mg, 0.85 mmol), POCl; (20 mL), and p-dioxane (20 mL) was
heated at reflux for 3 h. The mixture was concentrated to solid,
then washed with water. The crude product was purified by silica
gel chromatography (chloroform/methanol 40:1) to give 6
(145 mg, 0.57 mmol, 67%) as a yellow solid. '"H NMR ([D;]DMSO)
0=13.31 (s, 1H), 9.55 (d, J/=8.4 Hz, 1H), 8.78 (s, TH), 8.15 (d, J=
8.8 Hz, 1H), 8.11 (d, 8.4 Hz, 1H), 7.79 (d, J=8.8Hz, 1H), 7.23 (t, /=
8.4 Hz, 1H); MS (FAB) (NBA/DMSO): m/z: 254 [M+H]*; HRMS (FAB)
caled for C,,HgCIN;: 254.0485 [M+H]*, found 254.0487.

4-Chloro-11-(2'-deoxy-3’,5'-di-O-p-toluoyl-f-o-erythro-pentofura-
nosyl)-11H-benzo[elpyrimido[4,5-blindole (7): Compound 6
(112 mg, 0.44 mmol) was suspended in dry acetonitrile (10 mL) at
room temperature. Sodium hydride (60% in oil; 19.2 mg,
0.48 mmol) was added to this suspension, and the mixture was
stirred at 55°C for 1 h. More sodium hydride (37 mg, 0.93 mmol)
was then added, and the mixture was stirred at 55°C for 30 min.
Compound 12 (184 mg, 0.47 mmol) was added, and the mixture
was stirred for 15 min, then evaporated to dryness, and the residue
was purified by silica gel chromatography (chloroform/methanol
10:1) to give 7 (234 mg, 0.38 mmol, 86%) as a yellow solid.
'HNMR (CDCl;) 6=9.62 (d, J=9.2 Hz, 1H), 8.76 (s, TH), 7.99-8.03
(m, 6H), 7.89 (d, J=8.0Hz, 1H), 7.70 (t, J=8.0Hz, 1H) 7.64 (d, J=
88Hz, 1H), 7.54 (t, J=7.2Hz, 1H), 7.31 (d, J=8.0Hz, 2H), 7.24-
7.27 (2H), 6.00 (m, 1H), 4.93 (dd, J=12.0, 3.2 Hz, 1H), 4.77 (dd, J=
12.0, 4.0 Hz, 1H), 4.64 (dd, J=7.2, 40Hz 1H), 3.56 (m, TH), 2.65
(ddd, J=8.0, 6.4, 2.8 Hz, 1H) 2.46 (s, 6H); MS (FAB) (NBA/CHCI,):
m/z: 606 [M+H]*; HRMS (FAB) calcd for CyH,eCIN,Op: 606.1796
[M+H]*, found 606.1795.

4-Amino-11-(2’-deoxy-f3-p-erythro-pentofuranosyl)-11H-benzolel-
pyrimido[4,5-blindole (8, "A): A suspension of 7 (101 mg,
0.167 mmol) in methanolic ammonia (40 mL, saturated at —76°C)
was stirred at 150°C in a sealed bottle for 7 h. The mixture was
evaporated to dryness, and the residue was purified by silica gel
chromatography (chloroform/methanol 10:1) to give 8 (55.6 mg,
0.158 mmol, 95%) as a white solid. '"H NMR ([Dg]DMSO) 6 =8.77 (d,
J=8.8Hz, 1H), 833 (s, 1H), 8.16 (d, J=8.8Hz, 1H), 8.05 (d, J=
8.8 Hz, 1H), 793 (d, /=88Hz, 1H), 7.65 (t, J=8.8 Hz, 1H), 7.45 (t,
J=88Hz, 1H), 7.07 (s, 2H), 6.99 (t, J= 7.6 Hz, 1H), 535 (d, J=
4.0 Hz, 1H), 5.23 (t, J=5.2 Hz, TH), 4.52 (m, 1H), 3.91 (d, /=3.2 Hz,
1H), 3.74 (m, 1H), 3.70 (m, 1H), 2.90 (m, TH), 2.11 (ddd, J=8.8, 6.4,
2.0 Hz, 2H); MS (FAB) (NBA): m/z: 351 [M+H]*; HRMS (FAB) calcd
for CyoH,005N,: 351.1457 [M++H]*, found 351.1449.

4-(N,N'-Dimethylaminomethylidenyl)amino-11-(2’-deoxy-f}-p-
erythro-pentofuranosyl)-11H-benzo[e]pyrimido[4,5-blindole  (9):
A solution of 8 (55.6 mg, 0.158 mmol) and N,N-dimethylformamide
dimethylacetal (5 mL, 28 mmol) in dimethylformamide (5 mL) was
stirred for 3 h at room temperature, then the solvent was concen-
trated in vacuo. Silica gel chromatography (chloroform/methanol
10:1) yielded 9 (42.5mg, 0.105 mmol, 66%) as a yellow solid.
'H NMR ([Dg]DMSO) 6 =10.90 (d, J=8.4 Hz, TH) 9.03 (s, 1H), 8.53
(s, TH), 8.18 (d, J/=8.4 Hz, 1H), 799 (d, J=8.0Hz, 1H), 7.93 (d, J=
8.0Hz, 1H), 7.58 (t, J=8.0Hz, 1H), 7.46 (t, J=8.0 Hz, TH), 7.05 (t,
J=7.2Hz, 1H), 537 (d, J=5.2 Hz, TH), 5.25 (t, J/=5.6 Hz, 1H), 4.53
(m, TH), 3.91 (m, 1H), 3.72 (m, 2H), 2.92 (m, 1H), 2.11 (m, 1H); MS
(FAB) (NBA/CDCly): m/z: 406 [M+H]*; HRMS (FAB) calcd for
C,5,H,405N;: 406.1879 [M~+H]*, found 406.1882.

4-(N,N'-Dimethylaminomethylidenyl)amino-11-(2"-deoxy-5"-O-di-
methoxytrityl--p-erythro-pentofuranosyl)-11H-benzo[elpyrimi-
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do[4,5-blindole (10): A solution of 9 (42.5 mg, 0.104 mmol), 4,4'-di-
methoxytrityl chloride (46.0 mg, 0.135 mmol), and 4-dimethylami-
nopyridine (3.1 mg, 0.026 mmol) in anhydrous pyridine (15 mL)
was stirred for 4 h at room temperature. The solvent was concen-
trated in vacuo to a brown oil. The crude product was purified by
silica gel chromatography (chloroform/methanol 10:1) to give 10
(22 mg, 0.031 mmol, 30%) as a white solid. '"HNMR (CDCl,) 6=
10.82 (d, J=84Hz, 1H), 887 (s, 1H), 857 (s, TH), 807 (d, J=
8.8 Hz, 1H), 7.83 (d, J=7.2 Hz, 1H), 7.55-7.15 (m, 12H), 6.77 (d, J=
8.4 Hz, 4H), 4.95-4.91 (m, 1H), 4.10 (ddd, J=4.0 Hz, 1H), 3.54 (dq,
J=25.6, 4.0 Hz, 2H), 3.73 (s, 6H), 3.44 (s, 6H), 3.26 (s,1H), 2.36 (s,
1H).

4-(N,N'-Dimethylaminomethylidenyl)amino-11-(2"-deoxy-5"-O-di-
methoxytrityl--,-erythro-pentofuranosyl-3'-O-cyanoethyl-N,N'-
diisopropylphosphoramidite)-11H-benzo[elpyrimido[4,5-b]indole
(11): A solution of 10 (22 mg, 0.031 mmol), 2-cyanoethyl tetraiso-
propylphosphorodiamidite (10.75 mL, 0.034 mmol), and tetrazole
(2.38 mg, 0.034 mmol) in acetonitrile (0.40 mL) was stirred at room
temperature for 1.5 h. The mixture was filtered and used for ODN
synthesis with no further purification.

Modified ODN synthesis: The modified ODNs were synthesized by
a conventional phosphoramidite method with an Applied Biosys-
tems 392 DNA/RNA synthesizer. Synthesized ODNs were purified
by reverse-phase HPLC on a 5-ODS-H column (10x 150 mm, elution
with a solvent mixture of triethylammonium acetate (0.1 m, TEAA),
pH 7.0, linear gradient over 30 min from 5% to 20% acetonitrile at
a flow rate 3.0 mLmin™"). Mass spectra of ODNs purified by HPLC
were determined with a MALDI-TOF mass spectroscopy (accelera-
tion voltage 21 kV, negative mode) with 2',3',4-trihydroxyaceto-
phenone (THAP) as matrix and Ty ([M—H]~ 2370.61) and T,
(IM—H]~ 5108.37) as internal standards.

ODN("PA): MALDI-TOF [M—H"] calcd: 4025.72, found: 4026.37.
ODN(BRCA-"°A) MALDI-TOF [M—H7] calcd: 4707.17, found:
4706.16; ODN(AGT-"°A) MALDI-TOF [M—H"] calcd: 4675.10, found:
4676.98; ODN(F-3-"’A) MALDI-TOF [M—H"] calcd: 5189.59, found:
5190.14; ODN(3-"°’A) MALDI-TOF [M—H"] calcd: 4652.14, found:
4651.62; ODN(F-4-"°A) MALDI-TOF [M—H"] calcd: 5502.80, found:
5503.86; ODN(F-5-"°A) MALDI-TOF [M—H"] calcd: 5816.01, found:
5817.27.

Fluorescence measurements: All the fluorescence spectra of the
DNA duplexes were taken at room temperature in a buffer solution
(pH 7.0) containing sodium phosphate buffer (50 mm) and sodium
chloride (100 mm). The fluorescence spectra were obtained by
using a SHIMADZU RF-5300PC spectrofluorophotometer; path
length=1 cm, bandwidth =1.5 nm. Fluorescence imaging was per-
formed by using a Bio-Rad VersaDoc 3000 imaging system. The
sample solutions were illuminated with a 312 nm transilluminator.
The image was taken through a 400 nm long pass emission filter.

Fluorescence decay measurements: Fluorescence decay was
measured by a two-dimensional photon-counting method with the
picosecond fluorescence lifetime measurement system (C4780,
Hamamatsu). A N, laser (337 nm) was used as the excitation light
source. The fluorescence emission was collected at 380 nm.

Keywords: DNA - fluorescence resonance energy transfer -
fluorescent  probes nucleobases single-nucleotide
polymorphism
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Design and Characterisation of an Artificial
DNA-Binding Cytochrome

D. Dafydd Jones*™® and Paul D. Barker®

We aim to design novel proteins that link specific biochemical
binding events, such as DNA recognition, with electron transfer
functionality. We want these proteins to form the basis of new
molecules that can be used for templated assembly of conduct-
ing cofactors or for thermodynamically linking DNA binding with
cofactor chemistry for nanodevice applications. The first exam-
ples of our new proteins recruit the DNA-binding basic helix
region of the leucine zipper protein GCN4. This basic helix region
was attached to the N and C termini of cytochrome b, (cyt bss,)
to produce new, monomeric, multifunctional polypeptides. We
have fully characterised the DNA and haem-binding properties of
these proteins, which is a prerequisite for future application of
the new molecules. Attachment of a single basic helix of GCN4 to
either the N or C terminus of the cytochrome does not result in
specific DNA binding but the presence of DNA-binding domains
at both termini converts the cytochrome into a specific DNA-
binding protein. Upon binding haem, this chimeric protein at-

Introduction

Current interest in self-assembling nanodevices suggests that
it would be useful to link biological activity to an electron
transfer reaction within a protein device. The resulting proteins
could be designed to self-assemble at specific locations upon
well-defined macromolecular scaffolds that would form the
basis of current-carrying molecular devices and ultimately act
as transistors in which the gating voltage is replaced by a bio-
chemical process. How proteins may ultimately be used in
electronic devices is a matter for discussion, but the ability to
design and construct proteins with new functions is now be-
coming a reality”"* and it is useful to direct some protein engi-
neering towards these goals. Although it might seem simplest
to use the biological function of natural redox proteins out of
context in electronic devices, natural proteins have evolved in
very different environments to those ultimately required for
electronic device construction. We therefore believe that pro-
teins must be radically redesigned or new scaffolds created for
use in electronics, although natural proteins will clearly provide
inspiration and guidance for construction of molecules with
novel electronic functions. Ligand binding has been exploited
as a method for controlling protein conformation and hence
function."*¥ Herein we describe the design and construction
of a chimeric protein that marries two disparate functions,
electron transfer and DNA binding, by combining two separate
proteins in a single unit capable of carrying out both the origi-
nal functions.
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tains the spectral characteristics of wild-type cyt bss,. The three
forms of the protein, apo, oxidised holo and reduced holo, all
bind the designed (ATGAcgATGA) target DNA sequence with a
dissociation constant, K, of approximately 90 nm. The protein
has a lower dffinity (K, ca. 370 nm) for the wild-type GCN4 recog-
nition sequence (ATGACTCAT). The presence of only half the con-
sensus DNA sequence (ATGAcgGGCC) shifts the K, value to more
than 2500 nm and the chimera does not bind specifically to DNA
sequences with no target recognition sites. Ultracentrifugation re-
vealed that the holoprotein-DNA complex is formed with a 1:1
stoichiometry, which indicates that a higher-order protein aggre-
gate is not responsible for DNA binding. Mutagenesis of a loop
linking helices 2 and 3 of the cytochrome results in a chimera
with a haem-dependent DNA binding affinity. This is the first
demonstration that binding of a haem group to a designed
monomeric protein can allosterically modulate the DNA binding
affinity.

Cytochrome by, (cyt bse,) is a haem-binding four-helix-
bundle protein (Figure 1) found in the periplasm of Escherichia
coli and has been the subject of extensive structural, folding
and protein engineering studies. The haem group is noncova-
lently attached to the protein through two ligands, a methio-
nine residue (Met7) towards the N terminus and a histidine res-
idue (His102) towards the C terminus, both of which coordi-
nate the haem iron moiety.”® Upon cofactor binding, major
structural and dynamic changes occur in the polypeptide,”'”
particularly in the fourth helix, which changes from a dynamic
structure into a unique fully-formed helix locked in its confor-
mation by the coordination of His102 to the haem iron moiety.
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Figure 1. a) Structures of GCN4 (Protein Databank (PDB) file 1YSA) and oxidised
holocytochrome b, (PDB file 1QPU), together with a modelled, schematic
structure of the target chimeric protein, NCgzbss,. The BHRs are coloured blue,
the leucine zipper is orange, the cytochrome is red and the haem group is
shown in green. The loop region, replaced by KA, AKA and AKRA in some of the
designed proteins, is coloured cyan in the cytochrome structure. The N and C
termini are indicated as N and C, respectively. b) A schematic outline of the
chimeric proteins constructed. Colour coding as in (a). BHR, basic helix region.

One of the major mechanisms that proteins use to bind
DNA with high affinity is dimerisation, which allows the protein
to recognise and bind palindromic DNA sequences."" An ex-
ample of a protein that uses such a mechanism is GCN4
(Figure 1), a member of the leucine zipper (bZip) family of
DNA-binding proteins."'® GCN4 consists of a leucine zipper
sequence, responsible for dimerisation, and a basic helix
region (BHR) that binds one half site of the DNA recognition
sequence. The leucine zipper region of GCN4 is largely struc-
tured but the helical nature of the BHR is induced upon bind-
ing to DNA. Both the BHR and the leucine zipper region of
GCN4 have been the subject of many protein engineering ex-
periments. Several groups have successfully removed the re-
quirement for the leucine zipper for DNA binding by covalently
linking two BHR peptides together with a disulfide bridge.'*®
Ceunoud and Schepartz!"”'® have mimicked the covalent link-
age by attaching metal chelators to the C-terminal BHR region
so that dimerisation is mediated by metal binding.

We have taken this approach in a new direction by linking
BHR peptides to a functionally unrelated metalloprotein in a
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way that integrates the two disparate functions in a monomer-
ic protein unit. We describe herein the construction of this
novel protein, which unites the inherent electron transfer activ-
ity of cyt by, with the DNA-binding properties of the BHR of
GCN4. Our initial objective was to determine the basic features
of this new scaffold so as to assess whether or not two such
distinct and unrelated proteins can be successfully married. In
particular, we have assessed its affinity, sequence specificity
and integrity, which are properties we need to understand for
future use of these proteins in nanodevices.

Results and Discussion
Design

Dimerisation of GCN4 through the leucine zipper region is es-
sential for high-affinity, specific binding to DNA,"2" so mim-
icking this dimerising property is an intrinsic requirement of
our monomeric protein design. One of the initial criteria used
to select cyt bsg, was that the N and C termini of the four-helix
bundle of the cytochrome are close enough to each other in
space to allow the correct placement of GCN4 BHRs relative to
each other when they are attached to the termini. The inher-
ent flexibility of the termini of cyt b, allows the BHRs to
sample the required conformational space to determine DNA
binding. When BHRs are present at the termini, DNA binding
should occur; cyt by, replaces the dimerisation function of the
leucine zipper region of GCN4.

Combining two DNA-binding helices in one polypeptide in
this manner has one obvious and important structural conse-
quence; the BHRs will have the opposite orientation (antiparal-
lel) to that (parallel) of the BHRs in GCN4 (Figure 1). There is no
absolute requirement for the DNA-binding helix to be at the N
terminus since transcription factor Skn1 has one BHR-like rec-
ognition helix at its C terminus and recognises a DNA se-
quence equivalent to the half-site of AP-1.22 Furthermore,
studies with synthetic peptides of the Jun bZIP BHR dimerised
through N- or C-terminal cysteine residues have shown that
the nature of the recognition of the DNA sequence half-sites
depends upon the orientation of the basic regions with re-
spect to each other (parallel versus antiparallel).**

As mentioned above, the structural changes accompanying
haem binding to cyt bs, are relatively well understood. The
large amount of free energy (around 15 kJmol %) that is
made available upon cofactor binding could also be linked to
processes other than the folding of the cytochrome. This
energy is oxidation-state dependent, so there is a thermody-
namic link to electron transfer activity. Such a high-energy cou-
pled folding process could be utilised to modulate DNA bind-
ing activity. Another important reason for selecting cyt by, as
the scaffold is the position of the loop linking helices 2 and 3,
close in space to the proposed point of attachment of the
BHRs and hence the DNA binding site (Figure 1). Recent stud-
ies have shown that the size and nature of this loop can influ-
ence the properties of the cytochrome as a whole (see below).
This loop could therefore be used to influence the properties
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of the chimera either by direct binding to the DNA or by allo- 418 nm upon oxidation of the proteins (Figure S1). This reten-
steric modulation of the stability of the protein. tion of the cytochrome spectral properties by the new chimer-
Three chimeric cyt bsg, proteins were constructed, two with  ic proteins indicates that the four-helix bundle and, more im-
the GCN4 BHR at either the N or C terminus (Ngbss, and  portantly, the first and fourth helices (containing the ligand-
Canrbsea, respectively) and the third with a BHR at both the N binding residues) are structurally intact. The haem environ-
and the C terminus (NCgyrbse,; Figure 1). The properties of the  ment is thus unaltered. The affinity of each of these constructs
former two proteins illustrate the requirement for two BHRs  for ferric haem was measured by titration with free haem at
acting cooperatively to acquire tight, site-specific DNA binding.  pH 8.0. We found that the dissociation constants of these pro-
No additional linking sequence was added between the two  teins (20-50 nm) were slightly higher than that of the wild-
functional components. We also studied three examples of type protein (5-10 nm).?¥ The affinity of wild-type cyt by, for
mutants of NCggbse, in which changes were made to the loop  reduced haem has been calculated as much higher than these
joining helices 2 and 3. Specifically, the residues from Glu49 to  values (K, 10 pm) and so far has not been measured directly
Glu57 were replaced by KA, AKA or AKRA. by any method. We conclude that attachment of the DNA-
The potential DNA recognition site was chosen rationally  binding helices to the wild-type cytochrome does not signifi-
according to information relating to GCN4 and Skn1. As the  cantly alter the intrinsic haem affinity.
topology of one of the BHR helices is inverted in our chimeric The affinity of the protein NCgbse, for oxidised haem was
proteins, the predicted recognition sequence (dsNC1, ATGAc- also measured in the presence and absence of the target
gATGA) for the NCgbss, construct has one half-site inverted.  double-stranded oligonucleotide, dsNC1. Experiments were
The half-sites are separated by CG base pairs. The natural DNA  performed by addition of haem to solutions of protein or pre-
recognition sequence for wild-type GCN4 is dsGCN4 (ATGACT-  formed protein/DNA mixtures, or vice versa. The dissociation
CAT), but we did not assume that this sequence is optimal for  constant for the haem-NCggbss, complex is 30-50 nm and is
NCgprbse,. Previous work has shown that GCN4 in fact only re-  independent of the presence of DNA. Addition of DNA to the
quires one half-site of the palindromic sequence to bind to  preformed protein-haem complex did not result in any
DNA.”®! Therefore, NCgrbss, may show some limited binding  changes in the haem spectrum.
to dsGCN4 but the affinity should be lower than that for bind-
ing to the designed optimal recognition sequence, dsNC1. To
rule out the possibility of one BHR playing the predominant
DNA-sequence-specifying role with the other BHR making sta-  Traditional gel mobility shift assays (GMSA) were used to estab-
bilising yet nonspecific phosphate interactions, binding to  lish whether the chimeric proteins have the ability to recognise
DNA with only one half of the recognition sequence (dsNC'/,,  and bind DNA. When the NCgybse, chimera was in the apo
ATGAcgGGCC) was assessed. Oct2a is a double-stranded form, tight and specific DNA binding was observed (Figure 2a)
oligonucleotide with no poten-
tial binding sites and was used
to monitor nonspecific DNA

DNA binding and specificity of NCgbsc,

) . a) b) c)
Interactions.
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and NCgpbsg, have A, values of  Figure 2. a, b and c) Binding of NCgybss, to dsNCT DNA. Gels of the three forms of NCgyebss, (a) apo, (b) holo™ and
426.5 nm, 531 nm and 561.5 nm (c) holo™, are shown. U signifies the position of unbound DNA and B refers to the protein-DNA complex. In the case
of the apo and reduced holo forms, 1,4-dithiothreitol (DTT) was present in the binding buffer. For the oxidised holo

. form, DTT was replaced by potassium ferricyanide. d) Graphical representation of the extent of binding of the three
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in their reduced form and the
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in the presence of 5 nm digoxigenin (DIG)-labelled dsNC1 and
competitor DNA (poly-I-C). The equilibrium dissociation con-
stant was 92+6nm (Table 1) under these conditions and
dropped to below 10 nm in the absence of competitor DNA
(data not shown). This result compares favourably with the K,
value (90 nm in the presence of competitor DNA) most recent-
ly determined by GMSA for wild-type GCN4 (Table 1 and
ref. [25]). We have generated a protein that recognises a DNA
sequence different from that recognised by the parent GCN4
and maintains a high binding affinity despite alteration of the
orientation of the DNA-binding helices.

The K, value of the holo™ form of the chimera is 9643 nwm,
which is similar to that of the apo form. The K, value of the
oxidised form is only slightly higher at 1254+8 nm (Figure 2,
Table 1). These results show that each state of the protein

half-site. Structural studies have shown that each BHR is sepa-
rated into two units, one that recognises the inner two bases
and another that recognises the outer two bases of the half-
site. If the N-terminal BHR of NCgygbse, binds correctly to the
consensus half-site, then the C-terminal BHR region may parti-
ally bind to the other half of the sequence. It is possible that
such interaction occurs with dsGCN4 and leads to stabilisation
of the complex. The second half of dsGCN4 could be split into
two regions, TC and AT, recognised by the two units of the
BHR. If the same principle is applied to dsNC1, the two DNA re-
gions would be AT and GA; the AT region is common to both
dsNC1 and dsGCN4. It may well be that the BHR at the C ter-
minus of NCgbse, has sufficient conformational freedom to
allow recognition of the AT unit of dsGCN4 by its correspond-
ing BHR unit, but the GA unit is not recognised. This partial
recognition will account thermo-
dynamically for the difference in

Table 1. Equilibrium dissociation constants of the apo, holo™

with dsNC1 and dsGCN4 DNA (for sequences, see the Experimental Section).””

K, for binding dsNC1 DNA [nM]

and holo®™ forms of the chimera proteins for binding

K, for binding dsGCN4 DNA [nM]

Kp values and also suggest that
the chimera still provides a high
degree of specificity. If this is the
case, removal of the AT unit (or

Protein Apo Oxidised Reduced Apo Oxidised Reduced

NCairbss, 92+6 96+3 12548 372+£25 358437 382488 potentially thg GA unit) from the
Nasbss NBU! NB NB NB NB NB second half-site should reduce
Corrbssa NB NB NB NB NB NB the ability of NCgygbss, to bind
AKRA-NCgyiabss; 135417 nd 70+6 59025 nd 210+16 DNA. The binding of the chimera
AKA NCgigbss, 535471 nd 649452 > um nd > M 1

KA NCopsbse, 1349 nd 162413 nd nd nd to dsNC/; demonstrates that
GCN4 nd nad na 90 na na the hypothesis is correct since K

not determined. [d] na, not applicable. [e] See ref. [25].

[a] The K, values were calculated by determining the fraction of DNA bound to protein at a fixed DNA concen-
tration by using densitrometry and curve fitting.*”’ [b] NB, no binding observed in GMSA experiments. [c] nd,

values of more than 2500 nm
were observed for binding of all
forms of the chimera to this se-

maintains the same binding affinity for the DNA target se-
quence. Although binding occurs under equilibrium condi-
tions, the electrophoresis procedure removes the system from
equilibrium. Experiments with the wild-type cytochrome alone
indicate that the haem group remains associated with the pro-
tein under nondenaturing electrophoresis conditions. Absolute
proof of this association is provided by the results of analytical
ultracentrifugation experiments (see below).

When only one BHR was present at either the N or C termi-
nus, as in Ngibse, and Cgygbse, respectively, no specific DNA
binding to dsNC1 was observed in the GMSA assays (Figure 3).
We conclude that the two BHR regions of the NCgyzbss,
chimera act cooperatively to achieve tight and specific DNA
binding.

Two oligonucleotides, dsGCN4 and dsNC'/,, were used to in-
vestigate the specificity of the NCgzbse, chimera with respect
to half-site recognition. All three forms of the chimera (apo,
holo™ and holo™) were tested against dsGCN4 and the K
values (372425 nm, 382+37 nm and 358+ 88 nm, respective-
ly) were found to be a factor of four higher than those mea-
sured for the proposed optimal recognition sequence, dsNC1
(see Figure 2d and Figure S2b in the Supporting Information).
The binding of the protein to dsGCN4 may result from residual
contacts between one BHR region and part of the nonoptimal
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quence (see Figure S2a in the
Supporting Information; Table 1),
a 30-fold increase in dissociation
constant compared to the values determined for dsNC1. These
results also demonstrate that the chimera has a higher degree

[protein] / nm
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Figure 3. Effect of attachment of a single BHR to either the N (Ngzbss,) or C

terminus (Cg.zbss;) on the ability of cyt by, to bind dsNC1 DNA. Conditions as
described in the legend of Figure 2 and the Experimental Section.
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of specificity than the wild-type GCN4 protein, which has a Kp
value of 800 nm for a similar DNA sequence with only one
half-site.”™ The weak binding that occurs between the chimera
and dsNC'/, could be the result of the N-terminal BHR of
NCgrbse, retaining the ability to recognise the consensus half-
site and the C-terminal BHR making weak, peripheral phos-
phate backbone contacts. This hypothesis also explains why
no binding is observed when one BHR is attached to either
the N or C terminus (Figure 3)."

A third sequence, Oct2a DNA, that bears no relationship to
dsNC1 was investigated. Neither the apo nor the holo™ form
of the chimera bound Oct2a DNA specifically below 1 mm (see
Figure S3 in the Supporting Information). These data indicate
that binding of the chimera to dsNC1 is specific to that DNA
sequence and the protein can discriminate between closely
related sequences.

DNA-protein binding stoichiometry

The complex formed by NCgybss, and dsNC1 DNA was ana-
lysed by equilibrium ultracentrifugation to determine the mo-
lecular weight of the complex and hence its stoichiometry. Ex-
periments performed with a chimera containing an oxidised
haem moiety allowed the sedimentation behaviour of the
haem-containing material to be measured independently (at
420 or 562 nm) of that of the protein or nucleic acid. The apo
and oxidised holoproteins were sedimented alone and in the
presence of dsNC1 DNA. The apparent molecular weights of
apo and holo NCggbss, were measured as 17300 Da and
17500 Da, respectively. Analysis of 1:1 mixtures of the protein
and nucleic acid at three different concentrations well above
the K value indicated that a single species with an apparent
molecular mass of about 39000 Da was present. This mass is
very close to the expected molecular weight of the 1:1 pro-
tein—-DNA complex (40844 Da). Spectra of samples containing
haem were recorded from 700 to 400 nm at several radial posi-
tions in the centrifugation cell and the results showed that the
haem remained fully complexed with the protein. There was
no evidence of the existence of higher-order aggregates.

Alteration of the loop linking helices 2 and 3 of cytochro-
me b, affects DNA binding

One part of the four-helix bundle that may have a direct steric
and/or electrostatic influence on DNA binding is the loop be-
tween helices 2 and 3 in cytochrome by, (Figure 1). This 15
amino acid loop is dynamic and not specifically structured in
the apoprotein but is much more ordered in the holoprotein.
In the context of the chimeric protein, our models predict that
this loop is the part of the four-helix bundle closest to the
DNA within the DNA-protein complex. As part of a different
project aimed at examining the role of this long loop in the
stability and haem affinity of cytochrome by, we replaced this
15 amino acid sequence with a variety of shorter sequences. A
detailed thermodynamic analysis of the resulting proteins® re-
vealed that, in the cytochrome alone, removal of all 15 resi-
dues is tolerated and the protein retains significant stability
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and haem affinity. We incorporated some of these specific loop
deletions into our chimeric NCggbse, proteins. For example, re-
placement of residues Glu49-Glu57 with the sequence AKRA
results in a protein with interesting properties. This loop-short-
ened chimera binds oxidised haem with a slightly lower affinity
than the wild-type protein (K, =100 nm). However, the affinity
of this loop-shortened protein for DNA is dependent on the
presence or absence of haem (Figure 4). The dissociation con-
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Figure 4. DNA binding selectivities of AKRA NCpgisbss, and AKA NCgebss,. a) The
affinities of apo and holo™® NCybss, AKRA for dsNC1 and dsGCNA4. U signifies
unbound DNA and B refers to the protein-DNA complex. A graphical represen-
tation of the extent to which the two forms (holo™®, m; apo, e) of AKRA-
NCpirbss, bind to (b) dsGCN4 and (c) dsNC1 DNA is shown. The binding of the
apo (e) and holo™ (a) forms of AKA NCybss, to dsNCT1 is also shown in (c).
The fraction of DNA bound to protein was determined by densitometry and
each solid line represents a least-squares fit to the data. Data for the oxidised
holoproteins are left out for clarity. The K, values for DNA binding of this form
of each protein were, within experimental error, the same as those of the equiv-
alent, reduced holoprotein.
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stants of the apoprotein and reduced holoprotein for dsNC1
DNA are 135 nm and 70 nwm, respectively, while the values for
binding to dsGCN4 DNA are 590 nm and 210 nwm, respectively.
The difference between the binding affinities of the two forms
is greater for binding to the dsGCN4 DNA than for the higher-
affinity binding to dsNC1 DNA. In both cases, the K values for
the two forms of the protein straddle those observed for the
full-length, parent construct. The complex subsite recognition
discussed above may be relevant in this context. We observed
a threefold difference in DNA binding affinity between the apo
and holo forms of the protein and we believe that this is the
first evidence that haem binding can be coupled to DNA bind-
ing in this chimeric construct. Other loop replacements provide
further evidence that the loop sequence can influence function
in the context of the chimera. In some cases, there is a general
decrease in the affinity of the chimera for DNA without loss of
specificity (Figure 4). For example, the K values of the AKA
NCgprbss, protein for binding to dsNC1 (535471 nm and 649 +
52 nm for the apo and reduced holo forms, respectively) are
lower than those of NCggbsg,, While the Kj values for binding
to the nonoptimal dsGCN4 sequence are above the micromo-
lar range (Table 1). The binding affinity of the KA NCgzbs, pro-
tein is little altered for either DNA sequence compared to the
values measured for the NCgyrbse, protein with the full-length
loop (Table 1).

We believe that the origin of the link between haem and
DNA binding in these proteins lies in a coupled folding process
and that the stability of the four-helix bundle is lowered and
its flexibility constrained by loop shortening. DNA binding
therefore increases the stability of the protein and preorders
the helical bundle for haem binding, or vice versa. Our data
show that the cytochrome is not just a passive scaffold for dis-
playing DNA-binding helices and that further engineering of
the cytochrome is a valid route to stronger coupling.

Conclusion

We have successfully integrated the very dissimilar functions of
two proteins into one monomeric protein to create a novel,
DNA-binding cytochrome. The new protein retains the spectral
characteristics of wild-type cyt bsg, but has gained the ability
to bind DNA. The absence of any high-affinity, specific DNA
binding by chimera proteins with only one BHR region shows
that two BHRs are required to act cooperatively to bind DNA.
Binding by the chimera NCgbse, to its specific DNA target
occurs with an affinity comparable to that of GCN4. The com-
plex formed is specific, with a 1:1 ratio of protein to double-
stranded DNA. No higher-order aggregates are formed. This
work represents the first characterisation of such a system that
illustrates the potential of these molecules for precise assembly
in defined locations on DNA and introduction of cofactor
chemistry into DNA nanostructures.

The chimera shows a high degree of selectivity for the DNA
sequence it recognises. The tightest binding was observed
with dsNC1 DNA, which has a recognition sequence designed
to take into account the topological reversal of the BHR region
attached to the C terminus of the cytochrome. The K, value
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for dsGCN4 DNA is a factor of four higher than that for dsNC1
DNA, which confirms the discriminatory nature of NCggbse,.
Such binding to dsGCN4 DNA could be attributed to the mod-
ular (“24+2") nature of the binding of the BHR to the DNA rec-
ognition element; two base pairs in the half-site may be
bound rather than the full four. Such an event could explain
why the Kj value is not as high as expected since limited spe-
cific binding provides a degree of stability within the complex.
Binding to the full palindromic sequence is required since the
removal of one half-site from the DNA (dsNC'/,) results in a
dramatic shift of the K value to much higher values (> um). It
appears that NCgrbse, can discriminate between DNA sequen-
ces to a greater extent than is achieved by GCN4. Importantly,
cytochromes with only one BHR region exhibit no specific DNA
binding activity at all. The selectivity of NCggbse, is also dem-
onstrated by the lack of any binding to Oct2a DNA.

The construct based upon the wild-type cyt by, protein
sequence binds DNA with an affinity that is independent of co-
factor binding or cofactor oxidation state. Such a feature is de-
sirable if this protein is to be used to assemble porphyrin bind-
ing sites into an ordered conducting array on DNA. If confor-
mational coupling is required then engineering of the long
loop in the four-helix bundle represents one route to a suitable
protein and our initial results with constructs designed for this
purpose are described above. Replacement of part of the long
loop with the sequence AKRA results in a protein whose affini-
ty for the dsGCN4 oligonucleotide is linked to its affinity for
haem. When the equivalent loop residues are replaced by AKA,
the affinity for DNA decreases without apparent loss in specif-
icity. The influence of the sequence of this loop upon the DNA
affinity may reflect some additional direct interactions between
this loop and the bound DNA (reminiscent of Skn-1). However,
we believe that the principle mechanism linking changes in
the cytochrome sequence to changes in DNA affinity is the
coupled folding energy that links the cytochrome stability with
the BHR stability. Engineering such indirect cooperative inter-
actions may therefore be key to exaggerating the coupling of
the functions. The GCN4 and cyt b, proteins alone show allo-
steric properties in the sense that their fold is dependent on
the presence or absence of DNA and haem, respectively. We
have shown herein that joining the two proteins together
allows transmission of this conformation-dependent ligand-
binding behaviour between the different proteins upon further
engineering of the basic scaffold.

Recent work has revealed that nature has used conforma-
tional coupling of haem chemistry with DNA chemistry to gen-
erate a carbon monoxide sensor. The CO sensor from the bac-
terium Rhodospirillum rubrum, CooA, is a transcription factor
that activates the expression of certain genes in response to
CO.” CooA is a homodimer containing one haem group per
subunit, but the axial ligands of each haem are provided by
both subunits in a domain-swapping manner.”® As with other
haem proteins, CooA is unable to bind CO when the haem Fe
moiety is oxidised. Upon reduction, there is an unusual switch
of axial ligands in the six-coordinate haem group and one of
the axial ligands is displaced by CO. This binding stabilises a
conformation of the dimeric protein that allows high-affinity
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sequence-specific DNA binding, which leads to transcription of
the coo genes. It is thus clear that haem chemistry and DNA
binding can be coupled within a single polypeptide unit. CooA
has evolved for a very specific role in vivo and our project at-
tempts to create a different basic scaffold that can be engi-
neered or evolved in vitro to give a protein more suited to
device construction. One goal of this project is to generate a
protein in which DNA binding and the electronic state of the
haem group are functionally linked. Another key target is the
alignment of metalloproteins into a conducting chain. As they
stand, the proteins described herein will clearly generate a spe-
cific metalloporphyrin binding site at a desired location on a
double-stranded DNA molecule. Careful design of DNA se-
quences containing adjacent recognition sites for the proteins
could allow us to align a chain of metalloporphyrins on a DNA
template by using our DNA-binding cytochromes. This idea is
currently under investigation by single molecule methods.
DNA is being exploited as an excellent material for creating
self-assembling nanostructures and our novel proteins provide
an integrated route to incorporation of specific redox chemis-
try into these structures.

Experimental Section

DNA manipulation: Wild-type cyt by, was subcloned from the
pPB10 vector® into pBluescript Il KS (Stratagene) between the
Xbal and EcoRV sites. Prior to subcloning, new restriction sites cor-
responding to Stul and Nrul were introduced into the cyt bss, gene
by splice-overlap mutagenesis.?**" The addition of the basic
region of GCN4 to cyt by, was carried out by cassette mutagene-
sis.?? To construct the N-terminal GCN4-bs,, chimera, the cyt bs,
gene was cut with Nrul and Bglll and the oligonucleotide cassette
encoding the GCN4 basic region was inserted between those sites.
To synthesise the C-terminal GCN4-b,., chimeric protein, the oligo-
nucleotide cassette encoding the reversed GCN4 BHR was inserted
between Stul and Xbal sites. To construct the N and C-terminal
GCN4-bs, subgene, both cassette mutagenesis procedures were
performed. The leader sequence used to direct cyt b, to the peri-
plasm was removed by PCR amplification of the genes coding for
the mature proteins alone. All the GCN4-b.,, genes were inserted
between the Ncol and BamH]I sites of a pET11d plasmid (Novagen).
Genes coding for three proteins in which the 15 amino acid loop
between helices 2 and 3 of cytochrome by, is significantly short-
ened were generated by amplification of two halves of the gene
by PCR, followed by splicing of these separate PCR products. In
the resulting mature protein sequences, the nine-residue stretch
EDKSPDSPE is replaced by the sequence AKRA, AKA or KA. The
entire sequence of each of the genes generated was confirmed by
sequencing (Biochemistry Department Sequencing Service, Univer-
sity of Cambridge) prior to expression.

Protein purification: The above constructs were expressed in
E. coli BL21 Gold (Novagen) cells. A single colony was used to inoc-
ulate a one-litre culture of 2xTY medium containing ampicillin
(100 pgmL™"). At an absorbance at 600 nm (A, of 1.0, the cells
were induced by the addition of isopropyl-f-b-thiogalactopyrano-
side (1 mm) and left at 30°C overnight. The cells were harvested
and resuspended in tris(hydroxymethyl)aminomethane (Tris)-HCl
(15 mL per litre of medium, pH 7.4, 100 mm) and ethylenediamine-
tetraacetate (EDTA; 5 mm). The cells were lysed with a homogenis-
er (Emulsiflex-C5, Avenstin) and spun at 39000 g (18000 rpm in an
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SS34 rotor, Sorvall RC-5B) for 30 min. The supernatant was applied
to a Sepharose S column in Buffer A (20 mm Tris-HCl, pH 7.4, 1 mm
DTT) and developed with an NaCl gradient. The pooled fractions
were concentrated and applied to a Sepharose 75 gel filtration
column equilibrated in Buffer A containing NaCl (300 mm). The apo
and holo forms of the proteins were separated on a 1 mL mono S
column developed with Buffer A by using a NaCl gradient under
reducing conditions. The charge difference between the reduced
holo and apo forms is 4 2. The holoprotein could be produced by
adding haem (1.5 equiv) to the apoprotein. Excess haem and apo-
protein were removed by using a mono S column under reducing
conditions, as described above. The apoprotein was judged to be
homogeneous based on the results of sodium dodecylsulfate gel
electrophoresis and high-resolution ion exchange chromatography.
Protein concentrations were determined spectrophotometrically
by using the following extinction coefficients: 3000m 'cm™' at
277 nm for the apoprotein; 117000m 'cm™' at 417 nm and
181000Mm 'ecm™" at 427.5 nm for the oxidised and reduced holo-
proteins, respectively. Full haem occupancy of the chimeric pro-
teins was confirmed by titrating the proteins with haem and moni-
toring any further haem binding. The extinction coefficients were
estimated by monitoring the absorbance of the proteins during ti-
tration with haem and are virtually identical to those of the parent
proteins. Haem insertion or removal was performed as previously
described.” Reduction and oxidation were achieved by the addi-
tion of dithiothreitol or potassium ferricynide, respectively, fol-
lowed by removal of the reductant/oxidant by ultrafiltration if
necessary.

The proteins were checked for correct expression and proteolytic
fragmentation by measuring the mass of each protein by ESI mass
spectrometry (Quattro LC, Micromass) under acidic denaturing con-
ditions. In all cases, the measured masses were within 2 Da of the
expected values.

Gel mobility shift assay using digoxigenin-labelled oligonucleo-
tides: The gel mobility shift assay was performed according to the
instructions accompanying the DIG gel shift kit supplied by Roche
Biochemicals. 5'-DIG-labelled oligonucleotides were synthesised at
TAG Copenhagen and annealed by heating equimolar mixtures of
complementary oligonucleotides to 95°C for 5 min then cooling
them to 20°C at 0.1°Cs™'. The sequences of the labelled double-
stranded oligonucleotides used in the gel mobility shift assays are
(only one strand shown, with predicted target sequence capital-
ised):

dsNC1, 5'-gcctaggttaaacgATGAcgATGAcggtataggtcggg-3’;
dsGCN4, 5'-gcctaggttaaacgATGACTCATcggtataggtcggg-3';
dsNC'/,, 5'-gcctaggttaaacgATGAcgGGCCcggtataggtcggg-3;
Oct2a, 5'-gtacggagtatccagctccgtagcatgcaaatcctctgg-3’

Varying amounts of protein were added to binding buffer (10% v/v
glycerol, 5 mm MgCl,, 5 mm KCl, 50 ugmL~" bovine serum albumin,
20 mwm Tris-HCl, pH 7.4), together with poly[d(I-C)] (5 ngmL™"), DIG-
labelled double-stranded oligonucleotide (5nm) and either DTT
(2 mM; reductant) or potassium ferricyanide (2 mm; oxidant). The
samples were left at room temperature for 20 min and then placed
on ice. Gel electrophoresis was carried out on Novex precast 6%
nondenaturing polyacrylamide DNA retardation gels in x0.25 Tris-
borate-EDTA buffer at 4°C. Blotting and chemiluminescent detec-
tion were carried out according to the instructions provided in the
DIG gel shift kit supplied by Roche Biochemicals. The chemilumi-
nescent signals were recorded by exposure of x-ray film to the
emission.
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Other methods: Spectrophotometric analysis of proteins was car-
ried out at 20°C on either a Hewlett Packard 8453 or a Cary 500
UV/Vis spectrophotometer. The spectral characteristics of each pro-
tein (4 um) were recorded in water in the presence of DTT (10 mm;
reduced form) or potassium ferricyanide (0.5 mm; oxidised form).
Equilibrium ultracentrifugation was carried out in a Beckman Xli
centrifuge. Samples of protein (200 um and 5 um for the apo and
holoprotein, respectively) in Tris-HCl buffer (0.1m, pH 7.4) were
centrifuged at speeds of 10000, 12500 and 18000 rpm until equili-
brium was reached. The absorbance was monitored at 277 nm for
the apoproteins and 420 or 562 nm for the holoproteins. The DNA
complexes were formed by adding DNA (1.0 equiv) to the proteins.
Data were analysed with ULTRASPIN software.®™
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Enhanced Fructose Oxidase Activity in a
Galactose Oxidase Variant

Sarah E. Deacon,” Khaled Mahmoud,” R. Kate Spooner,”™ ®! Susan J. Firbank,®
Peter F. Knowles,” Simon E. V. Phillips,”’ and Michael J. McPherson*®

Galactose oxidase (GO; EC 1.1.3.9) catalyses the oxidation of a
wide range of primary alcohols including mono-, oligo- and poly-
saccharides. High-resolution structures have been determined for
GO, but no structural information is available for the enzyme
with bound substrate or inhibitor. Previously, computer-aided
docking experiments have been used to develop a plausible
model for interactions between GO and the b-galactose sub-
strate. Residues implicated in such interactions include Arg330,

Introduction

Galactose oxidase (GO; EC 1.1.3.9) is secreted by Fusarium gra-
minearum™? (J. Pallas and M.J.M., unpublished data) and the
heterologous expression host Aspergillus nidulans.® GO is a
monomeric copper-containing oxidase that operates by a radi-
cal mechanism and catalyses the oxidation of a wide range of
primary alcohols, including p-galactose (Figure 1A), with pro-
duction of the corresponding aldehyde. Reoxidation of the
enzyme is achieved by reduction of dioxygen to hydrogen per-

OH w0,
B
GInd06
D—Gal‘lt \.__ﬂ ._{fi = -.
4 f Arg330 e
Phed64 'S | B v
1.
I
" Cu™ Tyr272
Phe194 _,:fﬂ"\" @

W Tip200!

P P Y
s D '1\; y
Cys228 |

Figure 1. Galactose oxidase active site. A) Oxidation reaction of p-galactose to
p-galactohexadialdose catalysed by GO. B) Model of p-galactose in the active
site showing the proposed hydrogen-bond interactions."” The residues Arg330
and Phe464 are investigated in this study.
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GIn406, Phe464, Phe194 and Trp290. In the present study we de-
scribe an improved expression system for recombinant GO in the
methylotrophic yeast Pichia pastoris. We use this system to ex-
press variant proteins mutated at Arg330 and Phe464 to explore
the substrate binding model. We also demonstrate that the
Arg330 variants display greater fructose oxidase activity than
does wild-type GO.

oxide. GO is a member of the growing class of enzymes that
contain a cofactor derived from active-site amino acids. In the
case of GO the cofactor involves a thioether bridge between
Cys228 and Tyr272 which contributes to the redox and stability
properties of the radical at Tyr272. Interestingly, the thioether
bridge is formed by autocatalytic events involving the copper
centre.* Detailed spectroscopic studies,’*"" X-ray crystallogra-
phy"?"¥ and study of site-directed mutations®™'*'® have led to
a reasonable understanding of the catalytic mechanism of GO.

To date, no crystallographic information on substrate or sub-
strate-analogue binding to GO has been obtained. This may be
due to packing of GO in the crystal lattice restricting access of
monosaccharide substrates to the active site® or to inefficient
substrate binding in the crystal as indicated by the high Mi-
chaelis constant, Ky, value (70-100 mm for p-galactose). By
using the crystallographic structure of GO, a substrate binding
model has been proposed,>' which is consistent with pub-
lished data on the catalytic mechanism and the known sub-
strate specificity of the enzyme. A small depression suggestive
of a possible substrate binding pocket was found on the sur-
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face of the enzyme at the copper site in domain 2. The resi-
dues around the pocket showed structural complementarity to
the p-galactose “chair” conformation (Figure 1B). This substrate
binding model, which has been refined by further modelling
studies,"” has the O(6) atom of p-galactose directly coordinat-
ed to the copper and locates the hydroxy groups on C(4) and
C(3) of the substrate to within hydrogen-bond distance of the
guanidinium side chain of Arg330. GIn406 may form a hydro-
gen bond with the O(2) atom and the nitrogen of the indole
ring of Trp290 is suggested to form a hydrogen bond with the
O(5) atom of p-galactose. The residues Phe194 and Phe464
provide a hydrophobic surface that may make hydrophobic in-
teractions with the substrate."”

This model also explains the substrate specificity of the
enzyme. p-Glucose, for example, is not a substrate and differs
from p-galactose only in the orientation of the C(4) hydroxy
group, which prevents an interaction with Arg330 and causes
a steric clash with the side chain of Tyr495. This observation of
steric hindrance may also explain the results of a study in
which several 4-deoxy substitutents of p-galactose displayed
differences in their ability to act as efficient substrates."® Wild-
type GO is reported to display no activity against p-glucose or
p-fructose."” Recently, Sun et al.”” have reported site-directed
mutagenesis experiments that have resulted in the acquisition
of a low level of glucose oxidase activity within a GO variant
containing three amino acid substitutions, R330K, W290F and
Q406T. We are interested in developing altered versions of GO
that display enhanced activity against p-fructose.

We have previously described a heterologous expression
system for GO, based on A. nidulans,”® which uses the maltose-
inducible A. awamori glucoamylase promoter. While this
system yields around 50 mgL™" of GO, the transformation fre-
quency is low and generation of stable transformed lines is
time-consuming. Here we describe a Pichia pastoris expression
system for GO and compare the kinetic and spectroscopic
properties and the 3D structure of Pichia-expressed GO with
that from A. nidulans. We use this Pichia system to express
active-site-mutant proteins and to investigate the roles of
Phe464 and Arg330 in substrate binding. We demonstrate that
the Arg330-modified proteins are better fructose oxidases than
is wild-type GO.

Results
Galactose oxidase expression constructs

The pPICaZ vectors (Figure 2) provide the powerful AOXT1 pro-
moter and the a-mating-factor signal sequence to direct secre-
tion of a fused protein, such as GO, which is naturally secreted
by Fusarium graminearum. Two similar constructs were gener-
ated by using a PCR-based cloning strategy. N-terminal signal-
sequence prediction was performed by using the SignalP algo-
rithm.2" The most likely cleavage site is predicted to be be-
tween Ala(—26)/Val(—25) with an alternate site at Ala(—24)/
Val(—23) (Figure 2A). pPICaZproGO includes the coding se-
quence from Val(—23) to Arg(—1) at the N terminus of the
mature-protein coding region, while pPICaZmatGO contains
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M

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

FULL PAPERS

-4 26 -24 AT KRy

lﬂKHLLMLCFSSI%%WVPHWSAP

signal sequence pro-sequence

proGO |

| matGO |

" Not
Loocic R R - rope eate 15
33:':?%} BamH |

%‘y Junction in proGO construct

EGVSLEKI}VTVPHKAV..._

PPICZaB g Kex2

Bl N ‘.t"',_m-“of{

EGYSLEKRASAPIGSA
Junction in matGO construct

An. M Pp
94— -
BT P —— . &GO

43 -

30 —

Figure 2. Galactose oxidase expression in Pichia pastoris. A) Annotated se-
quence of the N-terminal region of the precursor GO protein. The predicted
signal-sequence cleavage sites are indicated with arrow heads. The pro-region
(—17 to —1) identified by N-terminal sequencing of the copper-free protein is
boxed and the start of the mature protein defined by N-terminal sequencing
starts at position + 1. B) Restriction map of pPICZaB (Invitrogen) with the
insert regions introduced to create the proGO and matGO constructs. The re-
sulting junction sequences with the Kex2 cleavage sites are shown. C) Assay
plate for selection of GO-expressing clones (+; dark areas) rather than nonex-
pressors (—; light areas). D) SDS-PAGE showing GO expressed by Aspergillus
nudulans (A.n.) and GO expressed by Pichia pastoris (Pp.). Molecular-mass
markers (M) are shown in kDa.

only the mature-protein coding region starting at Ala(+1) (Fig-
ure 2A and B). In both cases the upstream PCR primers were
designed to introduce a Xhol restriction site to allow in-frame
insertion with the upstream o-mating-factor signal sequence
of the vector and introduction of a Kex2-like cleavage se-
quence immediately upstream of the desired N-terminal co-
don, Val(—23) for pPICaZproGO or Ala(+1) for pPICaZmatGO.
The same downstream PCR primer was used for both con-
structs to introduce an additional TGA translation-termination
codon and a Notl restriction site for cloning into the pPICaZ
vector (Figure 2B).

Screening transformants and liquid culture

A plate-based coupled assay screen for GO activity was used
and around 80% of transformants showed enzyme activity
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(Figure 2C). KM71 clones appeared to display the highest
levels of GO activity and were used in further studies.GO was
purified from the culture medium by cellulose phosphate chro-
matography and was then copper-loaded by dialysis.*! Under
these shaken-flask conditions the yields of protein were
around 40-50 mgL™" and are therefore comparable with yields
achieved from A. nidulans.”! Protein samples were analysed by
SDS-PAGE and western blot analysis to determine the level of
protein expression and to confirm the identity of the ex-
pressed protein as GO. SDS-PAGE revealed a single band mi-
grating at a position corresponding to a 65-kDa protein, as
expected for fully processed GO (Figure 2D). Although GO is a
68-kDa protein, the active-site thioether bond leads to confor-
mational constraint in the polypeptide chain and anomalous
migration at an apparent molecular mass of 65 kDa.'

N-terminal sequencing and mass spectrometry

The N-terminal amino acid sequences of the isolated proteins
were determined. For pPICaZmatGO, a single sequence with
the N-terminal sequence ASAPIG was obtained. Electrospray
mass spectrometry (ES-MS) indicated a molecular mass of
68513 Da, which corresponds to a protein starting at the ex-
pected N terminus of the mature protein (predicted M,=
68516). By contrast the protein produced by the pPICaZproGO
construct revealed the presence of multiple species. The
predominant N-terminal sequence was ASAPIG, comprising
>80% of the signal, however, overlapping sequence data, par-
ticularly RASAPIG and SLRASAPIG were also identified. ES-MS
data confirmed the presence of multiple species with the pre-
dominant one corresponding with correctly processed mature
GO (68530 Da), but with larger species of 68686 Da (mature
protein+Arg; + 156 Da; predicted M,=68676) and 68887 Da
(mature protein+Ser, Leu, Arg; +356 Da; predicted M,=
68876) also evident. This would be consistent with some level
of sequential proteolytic removal of the pro-region. This sug-
gests that in P, pastoris the processing of the 17 amino acid
pro-sequence may occur by a mechanism distinct from that of
filamentous fungi, at least for a proportion of GO molecules.

X-ray crystal structure

MatGO expressed from pPICZomatGO was treated with
sodium diethyldithiocarbamate to remove the copper, the pro-
tein was crystallized and the data processed, scaled and
merged with the HKL suite (Table 1). The space group and cell
dimensions indicated that the crystals were essentially isomor-
phous with the original monoclinic wild-type GO crystals. The
structure was refined by using the program to a resolution of
1.9 A, by using initial phases from the Aspergillus-expressed
mature structure (PDB code 1GOG). After refinement, the struc-
ture of matGO was aligned with the Aspergillus-expressed
enzyme (PDB 1GOG) by using the LSQMAN software; this re-
sulted in a RMSD of 0.37 A which indicates that the two struc-
tures are essentially identical with the exception of the copper
atom (Figure 3). The structural coordinates have been deposit-
ed with the Protein Data Bank under accession code 1T2X.
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Table 1. Data collection and processing statistics for matGO purifed from
P. pastoris. Figure in brackets indicate values for the highest resolution shell.

Data collection statistics

space group 2
cell dimensions [A] a=96.95, b=88.52, c=85.35, =117.24

resolution range [A] 38.3-1.84

no. of observed reflections 142839

no. of unique reflections 53734

I/olN 12.8 (3.1)

completeness 96.6 (85.5)

Ry 0.039 (0.146)

multiplicity 27

Refinement statistics

refinement resolution 30-1.9
Reryst 19.3
Riee™ 21.5
no. of atoms 5273
RMSD bonds [A]¥ 0.005
RMSD angles [°]@ 1.43
RMSD B values (main-chain atoms) [A]'Y! 17.3
RMSD B values (side-chain atoms) [A]'Y 18.2

(@] Roym = Lt (S| haa— {na) 1))/ Liahas Where g, is the intensity of an indi-
vidual reflection and (/) is the mean intensity of that reflection.
[b] Reyse = nu(| | Fobsy | — | Fealcyq | [)/| Fobsyg |, where  |Fobsy,|  and
| Fealc, | are the observed and calculated structure factor amplitudes for
reflections used during refinement (working set). [c] Rq.. is equivalent to
Reys: but calculated with reflections omitted from the refinement process

(test set). [d] RMSD =root mean square deviation.
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Figure 3. Superposition of the active site of copper-depleted matGO isolated
from Pichia pastoris (carbon atoms are pale blue) and the original mature GO
structure (PDB code 1GOG; carbon atoms are dark yellow). Copper (yellow
sphere) is only present in the original structure as it was removed from matGO
by treatment with sodium diethyldithiocarbamate. Otherwise, the structures are
essentially identical.

UV/Vis spectroscopy
GO is isolated predominantly in a semireduced state (Cu"-Y)

that can be oxidised to the radical form (Cu'-Y") by treatment
with the inorganic oxidant ferricyanide or reduced to the inac-
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tive form (Cu'-Y) by ferrocyanide. The UV/Vis spectra of proGO
and matGO isolated from P. pastoris were essentially identical
to those for the enzyme isolated from A. nidulans, a result indi-
cating that the active-site environments are identical (data not
shown).

Purification and characterisation of mutational variants

These studies demonstrate that Pichia-expressed matGO is
essentially identical to the Aspergillus-expressed enzyme with
respect to molecular mass, UV/Vis spectroscopy and 3D struc-
ture. We have, therefore, used pPICZamatGO for the construc-
tion and expression of mutational variants to explore the sub-
strate binding and substrate selectivity of GO. The mutational
variants, R330K, R330A and F464A, were generated by PCR mu-
tagenesis and the DNA sequence of each mutant gene was
confirmed. After protein expression in P. pastoris KM71, each
protein was purified and copper loaded;® the proteins were
judged to be greater than 95% pure by SDS-PAGE (Figure 2D).
The molecular masses of the variant proteins were determined
by ES-MS and are in excellent agreement with the expected
masses (data not shown).

Activity of galactose oxidase and variants with p-galactose

Initial rates of activity were recorded over a substrate range of
10 mm to 1.58Mm bD-galactose for wild-type GO isolated from
A. nidulans, matGO and the variants expressed from P. pastoris.
Values were fitted to the Michaelis—-Menton equation by linear
regression by using the program Microcal Origin 4.10 and the
data are shown in Table 2.

Table 2. Kinetic parameters for wild-type (WT) GO and mutational variants
with p-galactose as the substrate. Catalytic efficiencies (%) relative to the
value for WT-matGO (100 %) are also shown.
Ky [mm] ke [s1 Kot/ Kin Relative
M~'s7] catalytic
efficiency
[%]
WT-GO from 71.7+7.7 855425 11900+1320 114
A. nidulans
WT-matGO 102+6.4 1059+189 10400+680 100
WT-proGO 68+5 1090440 16000£1300 154
F464A 937+124 57+4 61+9 0.6
R330A 2240+328 84+85 37+7 0.4
R330K 895+85.9 208+10.8 232425 22

The Ky value for the wild-type enzymes shows a modest dif-
ference between the enzyme isolated from A. nidulans
(71.7 mm) and that from P pastoris (102 mm) although there
are no other apparent structural or spectroscopic differences
between these two enzymes. Variation in the K}, value was also
observed by Sun et al.”? who report a Ky, value of 95 mm for
native fungal-expressed GO compared with a value of 57 mm
for GO expressed in Escherichia coli, although this was a variant
carrying several mutations that enhance solubility and expres-
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sion levels. The rate of catalysis, k., for matGO (1059s7") is
slightly greater than that for GO from A. nidulans (855 s™).
These differences lead to rather similar values of 10400 and
11900Mm~'s™, respectively, for the catalytic efficiency of the
enzymes.

For the three variants tested, F464A, R330A and R330K, the
Ky, value for p-galactose was increased substantially, a result in-
dicating less efficient binding of substrate. In addition the cata-
lytic activity of each variant was also substantially reduced, as
shown by the lower k., values. R330A showed the lowest
binding affinity for p-galactose with a 22-fold increase in the
Ky value (2.2M) and also showed a 12.6-fold reduction in the
k.. value (84s7"). R330K showed an 8.8-fold increase in K,
value (0.9 M) and a more modest reduction of fivefold in the
k. value (208 s7'). The F464A mutant showed an increase in
the Ky value of about 9.2-fold (0.94 M) but a greater reduction
of around 18.6-fold in the k., value (57 s"). These three variant
enzymes are therefore substantially worse than matGO in
terms of catalytic efficiency towards p-galactose. R330K is least
affected with a k.,/Ky, value of 232m~"s™', some 45-fold lower
than matGO. By comparison R330A and F464A show 170- and
250-fold reductions in the k./K, values, to 37m~'s™' and
61m~'s™!, respectively.

Activity against a “nonspecific” substrate

The specific activity of the GO mutational variants against the
“nonspecific” substrate 3-methoxybenzylalcohol (3MBA) was
determined by a direct assay for the aldehyde product. Due to
the low miscibility of 3MBA in aqueous buffered solution, it
was not possible to determine the K, and k., values. Addition
of dimethylsulfoxide (DMSO; 10%) allowed a concentration of
3MBA (=180 mm) to be obtained. The effect on the enzyme of
adding DMSO was investigated in the standard 2,2"-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid)/horseradish peroxi-
dase (ABTS-HRP) coupled assay; the addition did not adversely
affect activity.

The specific activity with matGO (240 mmolmin~'mg™) is
fourfold lower than with p-galactose. There is a small reduc-
tion of around 1.5-fold in the activity of the F464A variant
(158 mmolmin~'mg™") but a major reduction (63-fold) in the
activity of R330K (3.8 mmolmin~'mg™"). By contrast R330A
shows an increase in activity of around 1.4-fold (342 mmol
min~'mg™"). The difference in activity between the two R330
variants is interesting and presumably reflects a difference in
the ability of 3MBA to bind within the active sites of the R330
variants.

Altered substrate specificity

The alteration of substrate specificity is important for many
potential applications of enzymes and we have investigated
whether the GO variants affect the oxidation of the alternative
substrates p-glucose and p-fructose. Activity against p-glucose
was extremely low and so we focussed our studies upon b-
fructose, for which the results are shown in Table 3. It was not
always possible to directly measure the K, values for p-fruc-
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Table 3. Kinetic parameters for wild-type and mutational variant forms of
GO with p-fructose as the substrate.

Ky [M] ke [s71] kea/ Ky M ~"'s71]
matGO 248+0.512 22.8+3.57 9.2+24
F464A 1.85+0.371 0.6+£0.083 0.32£0.8
R330A 1.81+£0.196 30.3+£2.31 16.7+£2.2
R330K 1.07£0.111 80.4+£5.01 75.1£9.1

tose due to limitations in the solubility the sugar at high con-
centrations.

For matGO, the K, value for p-fructose is projected to be
very high (2.48wm) compared with that for b-galactose
(102 mm) and the k, value is also substantially lower (22.8 s7")
than the value of 1059 s™' for p-galactose. These effects sub-
stantially alter the k./Ky, ratio, which is reduced from 10400 to
9.2m7's™! for p-galactose and b-fructose, respectively. The
enzyme is therefore poor at p-fructose oxidation.

The F464A variant also has a higher projected K, value for
p-fructose (1.85m) than for p-galactose (937 mm) and the k.,
value of this variant is also extremely low; at 0.6 s™', it is some
38-fold lower than the k., value of matGO against p-fructose.
This results in a catalytic efficiency (k../Ky) of only 0.3m™"s™
for p-fructose, compared with 70m~"s™' for p-galactose.

The R330A variant also has a high projected Ky, value for p-
fructose (1.81 mm) but displays a higher k., value than matGO
and therefore an enhanced catalytic efficiency of 16.7m 's™',
compared with matGO at 9.2m~'s™". The most active enzyme
is R330K, which displays the lowest Ky value (1.07 mm) and
highest k, value (80.4 s™") for p-fructose. The values lead to a
catalytic efficiency of 75.1m~'s™' which is much enhanced
over the wild-type enzyme (9.2m's™").

Discussion

P. pastoris is a well-established system for expression of a
range of heterologous proteins and has been used to express
some constructs encoding GO.”¥ We have generated two con-
structs in which the native secretion signal sequence was re-
placed by a well-established yeast secretion signal sequence
from the a-mating-factor protein. Both constructs led to pro-
duction of similar amounts of protein in shaken-flask cultures.
The matGO protein has a single N-terminal sequence consis-
tent with efficient Kex2-like-mediated removal of the signal se-
quence to reveal the mature N terminus. This observation is in
agreement with the results of Whittaker and Whittaker,”*! who
used a glucoamylase signal sequence to express mature GO.
ES-MS analysis, UV/Vis spectroscopy and 3D structure determi-
nation indicate that matGO produced in P. pastoris is essentially
identical to Aspergillus-expressed GO.

We have used this expression system to examine the proper-
ties of mutational variants. A molecular model for substrate
binding is supported by recent evidence from a study by Sun
et al.”” focussing on Trp290, Arg330 and GIn406 and from our
own studies on the W290F variant (M. Rogers, KM., PFK,
S.EV.P,, M.J.M. and D. M. Dooley, unpublished data).
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We have now shown the importance of Phe464, one of two
phenylalanine residues that provide a hydrophobic surface
that lines one side of the active site. Loss of the phenyl ring in
F464A leads to a 9.2-fold increase in the K, value, an approxi-
mately 18.6-fold reduction in the k., value and, thus, a 170-
fold reduction in catalytic efficiency. This may arise as a result
of the increased space available within the active site leading
to suboptimal binding of the substrate for catalysis. When the
nonspecific substrate 3MBA is used, there is a less pronounced
effect of this mutation since 3MBA is a somewhat poorer sub-
strate for matGO.

For Arg330, proposed from model studie ! to interact
with the O(3) and O(4) atoms of p-galactose, we made two al-
terations, R330A to remove the large guanidinium side chain
and thus prevent any possible hydrogen bonding to the sub-
strate and R330K to provide a side chain potentially capable of
forming a single hyrogen bond. Modelling studies, however,
reveal that the Arg330 side chain is extended in order to hy-
drogen bond with p-galactose and that a Lys side chain in this
position is too far from p-galactose to make a hydrogen-bond
interaction without some repositioning of the substrate or
movement of the Ca backbone. Wachter and Brandchaud™”
suggest that R330 may help to stabilise the transition state.

In R330A the K, value is affected most substantially, increas-
ing to a projected 2.2 m, a 22-fold increase, while the k, value
is reduced to 84 s'; R330A is therefore the least efficient var-
iant with p-galactose, a fact demonstrating that the guanidini-
um side chain of Arg330 is important in substrate binding.
When a substrate such as 3MBA, which is incapable of forming
such hydrogen bonds, is used, R330A proves to be even more
effective than matGO.

Despite the evidence that the lysine side chain in R330K
would not allow formation of a hydrogen bond to p-galactose,
the kinetic parameters for this variant are better than those for
R330A. The K, value (895 mm) is still higher than for matGO
(102 mm) but the k, value (208 s7") is some fivefold lower, re-
sults leading to a 45-fold reduction in catalytic efficiency. It is
possible there is some rearrangement of either the substrate
or the enzyme main chain within the active site to allow for-
mation of a hydrogen-bond interaction between Lys330 and
p-galactose or with the transition state. It is unclear why the
presence of the lysine side chain leads to a substantial reduc-
tion in efficiency for oxidation of 3MBA relative to the wild-
type enzyme (63-fold) and the R330A variant (90-fold) that
lacks the long side chain.

A major goal of enzyme engineering is the redesign of exist-
ing enzymes to catalyse reactions with new substrates. Sun
et al.”” have reported the acquisition of a low level of glucose
oxidase activity following a saturation mutagenesis study of
the residues Arg330, Trp290 and GIn406. Another important
substrate for which enhanced oxidase activity would be useful
is D-fructose. This sugar is widely used in the food industry but
represents a poor substrate for wild-type GO. Alternative b-
fructose assay systems rely on either p-fructose dehydrogenase
systems, which tend to be complex, multisubunit enzymes,
some of which are membrane bound or have dissociable co-
factors such as pyrroloquinoline quinone, or on multienzyme

12,13,17
sl
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reactions that are often used to measure both glucose and
fructose. A GO-derived fructose oxidase is an attractive propo-
sition since the enzyme is monomeric and soluble and it re-
quires only copper to be added to generate its own intrinsic
organic cofactor and support catalysis.

MatGO has a K, value for p-fructose higher than the K,
value for p-galactose (2.5 and 0.1 m, respectively) while the k.,
value is substantially lower (23 and 1059s™', respectively).
MatGO therefore displays a much lower k,/Ky, ratio for p-fruc-
tose (9.2m7's™") than for p-galactose (10400m~'s™"), a fact
supporting the observation that the enzyme is a poor p-fruc-
tose oxidase.

By contrast, the R330 variants display a shift in favour of b-
fructose as the substrate. The best variant is R330K, where the
Ky value is more favourable (1.07 m) and the k., value is higher
(80.4 s7"). This leads to an 8.2-fold increase in the k/Ky, ratio
for R330K with p-fructose compared with that for matGO with
the same substrate (Table 3). Comparing the efficiency con-

Table 4. Comparisons of percentage values for k./K,, for p-galactose and
p-fructose as substrates. Values are shown relative to 100% for matGO.
Comparison of the values for the two substrates provides an indicator of
the discrimination that each enzyme possesses for the two substrates and
emphasises the reduced discrimination in the R330 variants. No discrimina-
tion would result in a value of 1. The more positive the value the greater
the selectivity for b-galactose over p-fructose.

Percent wild-
type activity

Percent wild-type
activity against

Fold-difference in pref-
erence for p-galactose

p-galactose against p-fruc- over p-fructose
tose
matGO 100 100 1130
F464A 0.6 33 203
R330A 0.4 182 2.21
R330K 2.2 816 3.1

stant values (k../Ky) provides a measure of substrate selectivity
between bp-fructose and p-galactose. For matGO these values
are 9.2 and 10400m~' s7', respectively, and for R330K they are
75.1 and 232m~' s, respectively. Table 4 provides a compari-
son of the relative activities of the enzymes and the level of
discrimination they display against the two substrates. It is
clear that matGO shows a high level of discrimination (1130-
fold) in favour of b-galactose. By comparison R330K shows
much less discrimination (only threefold) in favour of p-galac-
tose. While R330K is rather a poor enzyme against p-fructose,
it is a significantly better fructose oxidase than the wild-type
matGO. Studies to investigate the effects of R330 variants in
combination with other mutations within the active site of GO
are underway in an attempt to enhance further the fructose
oxidase activity of GO.

Experimental Section

Construct generation and P. pastoris transformation: The Easy
Select P. pastoris expression system from Invitrogen was used as a
source of expression vectors and strains. The N-terminal amino
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acid sequence of the GO-encoding gene is shown in Figure 2A. GO
is produced initially with an N-terminal leader sequence including
a secretion signal sequence that is removed during passage into
the endoplasmic reticulum. The remaining portion of the leader se-
quence, termed the pro-region, is then removed, the cofactor thio-
ether bond forms and the radical is generated to give matGO, the
active enzyme. Two constructs were generated, both exploiting
the a-mating-factor secretion signal sequence present in the pPIC-
ZoB vector (Figure 2B). The appropriate DNA fragments were am-
plified from pGOF102® by PCR with the forward primers A (for
proGO) and B (for matGO), together with the reverse primer C.

A: 5-TGCTTCAGCAAGCTTCTCGAGAAAAGAGTCACCGTCCCTCACA-
AGGCCG-3’

B: 5-GGGAGTCTTAAGCTTCTCGAGAAAAGAGCCTCAGCACCTATCG-
GAAGCGCC-3'

C: 5-TCCTATGAAAAAGCTTGCGGCCGCTCATCACTGAGTAACGCGAA-
TCGTCGAAGC-3’

Restriction sites (bold) introduced by the primers were Xhol in pri-
mers A and B and Notl in primer C to facilitate subsequent cloning
of the amplified fragments. Each reaction contained pGOF102 DNA
(1 ng), each primer (50 pmol) and each deoxynucleoside triphos-
phate (dNTP; 200 nm). Reactions were performed in a Hybaid Om-
niGene thermal cycler and the proofreading DNA polymerase Pwo
(Boehringer Mannheim) was added following the initial template
denaturation step (95°C, 2 min) to ensure hot start conditions.
Thermal cycling for 30 cycles of 95°C for 30s, 55°C for 1 min and
72°C for 2 min, with a final step of 72°C for 5 min, was performed.
The PCR products were digested with Xhol and Notl, purified by
recovery from an agarose gel and then ligated® with Xhol/Notl-
digested pPICZoB vector DNA. After transformation into E. coli
TOP10 cells (Invitrogen), transformants were selected on AMBA
agar plates® containing Zeocin (25 pgmL™"; Invitrogen) and were
screened for the presence of recombinant plasmids by using a
Quantum Prep kit (Bio-Rad). Restriction digestion with Xhol and
Notl was used to confirm the presence of inserts of the expected
size. Representative plasmids, termed pPICaproGO and pPlCamat-
GO, were selected and the inserted fragments were confirmed by
DNA sequence analysis.

DNA for the transformation of P. pastoris was linearized within the
AOXT promoter region by Sacl digestion and then purified from an
agarose gel. Linearised DNA (10 ug) was gently mixed with electro-
competent cells (80 pL) and electroporated in a 0.2-cm cuvette at
200 Q resistance, 25 uF capacitance and 1500V charge potential.
Immediately, ice-cold sorbitol (1 mL, 1m) was added and the cells
were allowed to recover for two hours at 30°C, before being
plated onto yeast extract peptone dextrose (Invitrogen manual)
plates containing zeocin (100 ugmL™"). P. pastoris strains KM71
(AOX1A:SARG4,His4,Arg4), GS115 (His4) and X-33 were transformed.

Plate assay for GO-expressing transformants: Transformants
were streaked onto minimal medium agar plates containing meth-
anol (0.5%) and a GO assay mixture of D-galactose (2%), ABTS
(1.2mgmL"") and HRP (0.04 UmL").B. Expression of active GO
was revealed by the development of a green colour (Figure 2C).

Generation, purification and characterisation of mutational var-
iants: Mutants were generated by a PCR splicing by overlap exten-
sion (SOEing) approach.”™ The following primers were used to
generate the mutations R330K, R330A and F464A, respectively. For
the mutagenic primers the altered codons are in italics and the al-
tered nucleotides are highlighted in bold. The Xhol and Notl restric-
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tion sites in the flanking primers, GOf and GOr, respectively, are in
bold.

R330K: 5-TGTACAAGTCAGACAACCACG-3'
R330A: 5-TGTACGCTTCAGACAACCACG-3’
F464A: 5-TCCGGCCGAGGATTCAACCCCG-3’

GOf:  5-GGGAGTCTTAAGCTTCTCGAGAAAAGAGCCTCAGCACCT-

ATCGGAAGCGCC-3'

GOr:  5-TCCTATGAAAAAGCTTGCGGCCGCTCATCACTGAGTAACG-
CGAATCGTCGAAGC-3'

A two-stage PCR was performed. The first PCR comprised pGOF102
template DNA (50 ng),”) the appropriate mutagenic primer
(50 pmol) and GOr (50 pmol) in Tag buffer containing each dNTP
(200 um) and Tag DNA polymerase (1 U) and was subjected to the
following temperature cycling in an MJR PCT100 instrument: 95 °C
for 5 min then 35 cycles of (95°C for 1 min, 55°C for 1 min and
72°C for 1 min) then 72°C for 5 min. This generated a PCR frag-
ment that was purified from an agarose gel. An aliquot of this
DNA (10 pmol) was used as a megaprimer in the second PCR,
together with primer GOf (25 pmol), pGOF102 template DNA
(50 ng), Taq reaction buffer, each dNTP (200 um) and Tag DNA po-
lymerase (0.5 units) with the following temperature cycling: 95°C
for 5 min then 20 cycles of (95°C for 1 min, 55°C for 1 min and
72°C for 2 min) then 72°C for 5 min. The final product was digest-
ed with Xhol and Notl, purified from an agarose gel, and cloned
into the Xhol- and Notl-digested pPICZaB vector. Mutant clones
were confirmed by DNA sequence analysis and the clones were
designated pPICaZmatGO:R330A, pPICaZmatGO:R330K and pPI-
CaZematGO:F464A. Aliquots of each plasmid (2 ng) were digested
with Sacl and transformed into electrocompetent P. pastoris KM71
as described above.

Protein purification and analysis: For medium-scale protein purifi-
cation, cultures (1-2 L) were grown to an optical density at 600 nm
of 2-6 then cells were harvested by centrifugation at 3000 g for
5 min, resuspended in buffered complex methanol medium (Invi-
trogen Easyselect manual) containing copper sulfate (0.5 mm) and
methanol (0.5% v/v), to induce expression of GO, and grown for a
further 48 h at 25°C. A further addition of methanol (0.5% v/v) was
made after 24 h."”® Samples of supernatant were analysed by SDS-
PAGE and a western blot with a rat anti-GO antiserum as the pri-
mary antibody and a peroxidase-conjugated anti-rat IgG as the sec-
ondary antibody,® with ECL chemiluminescent detection (Amer-
sham Pharmacia Biotech) according to the manufacturers’ protocol.
Protein was purified essentially according to the method of Baron
etal” Briefly this involved ammonium sulfate precipitation
(30-80% fraction) with the pellet redissolved in sodium phosphate
buffer (10 mm, pH7.3) and dialysed against the same buffer
(300 volumes). The sample was loaded onto a cellulose phosphate
column equilibrated in the same buffer and GO was eluted by ap-
plying a gradient of sodium phosphate (10-100 mm, pH 7.3). GO-
containing fractions were concentrated by using an Amicon ultra-
filtration cell. The protein was then copper loaded by dialysis®™ and
samples were analysed by SDS-PAGE. Mutant proteins were puri-
fied by using the same procedure. Protein concentrations were de-
termined by measuring the absorbance at 280 nm and using an
extinction coefficient of 104900 cm™'m .2

N-terminal amino acid sequencing and mass spectrometry: After
electroblotting from SDS-PAGE onto polyvinylidene fluoride (PDVF)
membrane and staining with sulforhodamine B (Sigma), protein
bands were submitted for N-terminal amino acid sequence analysis
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in the Biomolecular Analysis Facility at the University of Leeds. For
mass spectrometry, samples were prepared by diluting in sterile
deionised water to a concentration of 20-50 pmoluL™"' and then
dialysing for 36 h against 3 changes of deionised water (2500 vol-
umes). Samples were treated with formic acid (0.05%, pH 2.0) prior
to analysis with a QTOF mass spectrophotometer (Micromass, UK)
to provide molecular mass information.

UV/Vis spectrophotometry: Samples (8 mgmL™") were oxidized by
incubating with potassium ferricyanide (0.05m) for 5 min. Oxidant
was removed on a P-6DG resin (BioRad) into sodium phosphate
buffer (100 mm, pH 7.0). Oxidized GO is green in colour, a fact
allowing efficient collection of protein-containing fractions. Spectra
were measured in a Shimadzu UV-2401PC spectrophotometer at
25°C over the range 200-900 nm.

Galactose oxidase assay and kinetic analysis: For specific activity
measurements, a coupled assay system, based on the method of
Amaral etal.” was used. The assay reagent mixture (20 mL)
contained p-galactose (2.16 g), ABTS (11 mg) and HRP (300 U) in
sodium phosphate buffer (100 mm, pH 7.0). An aliquot of protein
solution (50 pL) was mixed with the assay reagent (0.95 mL) and
the rate of change in absorbance was measured at 405 nm and
25°C. Two molecules of ABTS are oxidized for each molecule of
H,O, generated by GO and an extinction coefficient for the ABTS
cation radical of 29300 cm~'m~" at 405 nm was used to calculate
enzyme activity.

Enzyme kinetic measurements were performed by using this assay
system and varying the concentration of substrate from 10 mm to
1.58 M for p-galactose and from 47.5 mm to 1.52m for p-fructose.
The Ky and maximum rate of catalysis, V,,,. values were calculated
by using a curve-fitting function in the Origin 4.1 program (Micro-
Cal) to fit the data to the Michaelis-Menten equation. Enzyme
assays with 3-methoxybenzylalcohol were made by a direct assay
to detect the product aldehyde, which displays an absorption max-
imum at 314 nm. The low solubility of this “nonspecific” substrate
prevented determination of kinetic parameters.

Crystallization and structure determination: As part of our stud-
ies on the processing of GO and the role of copper in the active
site, matGO expressed from pPICZamatGO was treated with a ten-
fold excess of sodium diethyldithiocarbamate to remove the
copper. It was crystallised in PEG8000 (16 %), S-morpholinoethane-
sulfonic acid (200 mm) and calcium acetate (100 mm) by using the
sitting-drop method at 18°C. Rod-shaped crystals of 40x60x
300 um grew within 2 weeks. A data set was collected by Dr J.
Jaeger at DESY synchrotron, Hamburg, on station X11 at a wave-
length of 1.28 A, by using a MAR 345 detector.
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Enantiocomplementary Enzymatic Resolution
of the Chiral Auxiliary: cis,cis-6-(2,2-Dimethyl-
propanamido)spiro[4.4]lnonan-1-ol

and the Molecular Basis for the High
Enantioselectivity of Subtilisin Carlsberg

Paul F. Mugford,” 9 Susan M. Lait," Brian A. Keay,™ and Romas J. Kazlauskas*™

cis,cis-(+ )-6-(2,2-Dimethylpropanamido)spiro[4.4]Jnonan-1-ol, 1, a
chiral auxiliary for Diels-Alder additions, was resolved by
enzyme-catalyzed hydrolysis of the corresponding butyrate and
acrylate esters. Subtilisin Carlsberg protease and bovine cholester-
ol esterase both showed high enantioselectivity in this process,
but favored opposite enantiomers. Subtilisin Carlsberg favored
esters of (1S,55,65)-1, while bovine cholesterol esterase favored
esters of (1R,5R,6R)-1, consistent with the approximately mirror-
image arrangement of the active sites of subtilisins and lipases/
esterases. A gram-scale resolution of 1-acrylate with subtilisin
Carlsberg yielded (1S,5S5,6S)-1 (1.1g, 46% yield, 99% ee) and
(1R,5R,6R)-1-acrylate (1.3 g, 44% yield, 99 % ee) although the re-

Introduction

The enantiomer preference (which enantiomer is favored) is a
key characteristic of enantioselective catalysts. For asymmetric
syntheses, desymmetrizations, and dynamic kinetic resolutions,
the enantiomer preference of the catalyst determines which
enantiomer forms. Since most applications (for example, prep-
aration of a pharmaceutical or pharmaceutical precursor) re-
quire only one enantiomer, it is important that the enantiomer
formed is the desired one. Although kinetic resolutions yield
both enantiomers, the enantiomer preference still determines
which enantiomer will be the unreacted starting material and
which will be the product of the reaction. This discrimination
can simplify the next synthetic steps or, in a moderately enan-
tioselective kinetic resolution, give higher enantiomer purity
because the remaining starting material can be recovered in
higher enantiomeric purity than the product.”

To reverse the enantiomer preference of a chemical catalyst,
one uses the enantiomeric catalyst, for example, a p-tartrate-
derived epoxidation catalyst in place of an L-tartrate-derived
catalyst. For enzymes, the switch to an enantiomeric form is
possible but not practical because it requires chemical synthe-
sis of the enzyme from p-amino acids.”” The practical solution
for enzyme-catalyzed reactions is to use an enantiocomple-
mentary enzyme, that is, one that favors the opposite enan-
tiomer. Enantiocomplementary enzymes favor opposite enan-
tiomers because either the substrate or the active-site machi-
nery is oriented differently.

980

action was slow. The high enantioselectivity combined with the
conformational rigidity of the substrate made this an ideal exam-
ple to identify the molecular basis of the enantioselectivity of
subtilisin Carlsberg toward secondary alcohols. When modeled,
the favored (1S,5S,6S) enantiomer adopted a catalytically produc-
tive conformation with two longer-than-expected hydrogen
bonds, consistent with the slow reaction rate. The unfavored
(1R,5R,6R) enantiomer encountered severe steric interactions with
catalytically essential residues in the model. It either distorted the
catalytic histidine position or encountered severe steric strain
with Asn155, an oxyanion-stabilizing residue.

Researchers have discovered many examples of enantiocom-
plementary enzymes. For example, dehydrogenases as well as
yeast reductases with opposite stereopreferences are
common.®? In Escherichia coli, separate enantiocomplementa-
ry enzymes reduce the enantiomeric sulfoxide configurations
in methionine sulfoxide epimers.”) In Neisseria gonorrhoeae,
one protein, containing mirror-image active sites in separate
domains, reduces these enantiomeric sulfoxide configura-
tions.” In an oxidation example, the active site of p-amino
acid oxidase is a mirror image of that in flavocytochrome-b,.
Both enzymes catalyze amino acid oxidation, but with oppo-
site enantiomer preference.” Toluene dioxygenase and naph-
thalene dioxygenase are enantiocomplementary.® Researchers
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reported diastereocomplementary aldolases® and enantiocom-
plementary aldolase catalytic antibodies."” Enantiocomplemta-
ry pinene synthases cyclize geranyl diphosphate to give either
(+)-(3R,5R)-a-pinene or (—)-(35,55)-a-pinene.” Researchers
have also used protein engineering to reverse the enantiose-
lectivity of enzymes.['?

Enantiocomplementary hydrolases include esterases, lipases,
and proteases, epoxide hydrolases,"” hydantoinases," and
lactamases.'” Serine proteases and lipases have approximately
mirror-image active sites and thus usually prefer opposite
enantiomers of secondary alcohols and primary amines
(Figure 1)." In this paper, we report the enantiocomplementa-
ry resolution of a secondary alcohol that is useful as a chiral
auxiliary by using subtilisin Carlsberg or cholesterol esterase.

OH HO
protease lipase/esterase
(0] (0}
B NH OH | HO HN B
- 1 i =
6 E

()-(1S, 58, 6S)-1 (#)-(1R, 5R, 6R)1

Figure 1. Empirical rule to predict the fast-reacting enantiomer in hydrolysis re-
actions. M represents a medium-size substituent—in 1 this corresponds to the
C2 methylene group. L represents a large substituent—in 1 this corresponds to
the C5 spiro center.

The cis,cis-1,3-amino alcohol 1 is an excellent chiral auxiliary
for the Diels-Alder reaction because it shows excellent stereo-
control and high reactivity and it is easily removed. The acry-
late of 1 forms a Diels-Alder adduct with cyclopentadiene in
>98% de with an endo:exo ratio of >99:1 (Scheme 1).¥ In

] (0]

vj\o I:lNJ\tBu @ @
N " eon

(1R, 5R, 6R)-1-acrylate

N

84% yield, > 98% de
> 99:1 endo:exo

Scheme 1. The highly diastereoselective Diels-Alder addition of cyclopentadiene
to (1R,5R,6R)-1-acrylate.

addition, it reacts with the less reactive dienes isoprene, furan,
1-vinylcyclopentene, and 1-vinylcyclohexane with good diaster-
eoselectivities and yields. Removal of auxiliaries linked through
an amide bond can be difficult, but the ester link of this auxili-
ary cleaves readily by saponification.

The synthesis of racemic 1 controls the relative configuration
of the three stereocenters to give the cis,cis stereoisomer."®

ChemBioChem 2004, 5, 980-987 www.chembiochem.org
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Fractional crystallization of the amine precursor of 1 (lacking
the N-pivaloyl group) as the mandelate salt provided pure
enantiomers with a yield of only 28% for each enantiomer,
plus 28% recovered starting material. Here we report a kinetic
resolution of (£)-1 by two enantiocomplementary enzymes,
both with an enantioselectivity greater than 200.

Results

We screened approximately 100 commercially available hydro-
lases for their ability to catalyze hydrolysis of racemic 1-ace-
tate. For the initial screen, we used p-nitrophenol as a pH indi-
cator to detect proton release upon hydrolysis.'? At the
second stage, we monitored reactions on a scale of 1-5 mg by
using gas chromatography. This screening identified only two
hydrolases that catalyzed hydrolysis of 1-acetate—subtilisin
Carlsberg (or protease from Bacillus licheniformis) and protein-
ase N from Bacillus subtilis (Table 1). Even these two hydrolases
were inefficient catalysts as the mass of enzyme required was
12-19 times higher than the mass of substrate. Subtilisin Carls-
berg was approximately four times faster than proteinase N.
The slow reaction with these two hydrolases and the inability
of most hydrolases to catalyze hydrolysis of 1-acetate is proba-
bly due to the rigid and hindered nature of this substrate.

Even though it showed no activity in the initial screen, we
also checked the ability of bovine cholesterol esterase (CE) to
catalyze hydrolysis of 1-acetate because this esterase had pre-
viously resolved several spiro compounds.”” We expected the
reaction, if any, to be slow. Indeed, the reaction was very
slow—with a 14-fold greater mass of esterase than of sub-
strate, the reaction reached 36% conversion after 30 h. Even
after 110 h it did not proceed beyond 38% conversion. It is
possible that our screen missed other slow-reacting enzymes.
However, we had identified three hydrolases that could cata-
lyze hydrolysis of this unnatural substrate.

All three hydrolases showed an excellent enantiomeric ratio,
E (Table 1). We calculated the enantioselectivity of the candi-
date enzymes from the enantiomeric purity measured by gas
chromatography on a chiral stationary phase. For 1-acetate,
subtilisin Carlsberg gave an E value greater than 200 while pro-
teinase N gave an E value of 100. CE was also highly enantio-
selective towards 1-acetate with an E value greater than 200.
The absolute configuration of the favored enantiomer was de-
termined by comparison with a sample of 1 with known con-
figuration."®?" The two proteases favored esters of (1S,55,65)-
1, while CE favored esters of (1R,5R,6R)-1. This opposite enan-
tiopreference is consistent with the secondary alcohol rules for
proteases and lipases/esterases (see Figure 1 above). The two
proteases and CE are enantiocomplementary enzymes and all
show high enantioselectivity.

We tested the resolution of the 1-butyrate ester, since sepa-
ration of the starting material and the ester by column chro-
matography is easier with 1-butyrate than with 1-acetate, and
also tested the resolution of 1-acrylate since this yields the
reactant for the Diels-Alder addition directly (Table 1). Upon
changing the acetate to a butyrate or acrylate, the enantio-
selectivity remained unchanged. The rate for the acetate and
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Table 1. Enzymatic resolution of esters of (+)-1.

Molecular basis for the high
enantioselectivity of subtilisin

Enzyme Ester t Enzyme/ester  ee®] ee,” Conv.  F9M Carlsberg toward 1-butyrate
[h] ratio® (yield) (yield)™ [9%]®
subtilisin Carlsberg acetate! 48 120 37 99 27 >200 (8) Starting with the X-ray crystal
from butyrate” 24 17 89 99 47 >200(5) | structure of subtilisin Carlsberg,
il i i i 0y 0
Bacillus licheniformis acrylate 48 1.5 99 (44 %) 99 (46 %) 50 > 200 (S) we added 1—butyrate to the
proteinase N from acetate 46 190 20 98 17 100 (S) active site by using computer
Bacillus subtilis butyrate 96 39 69 % 42 102(5) | modeling.”? We further replaced
5 the reacting ester carbonyl
cholesterol esterase acetate 30 14 55 929 36 > 200 (R) . .
moiety of 1-butyrate with a
butyrate 24 26 61 98 38 >200 (R) Y Y

phosphonate group to mimic

[a] Ratio of mass of enzyme to mass of ester of (+)-1. [b] The measured ee values of the product and substrate,
eep, and eegrespectively, as determined by GC analysis. [c] The ees value for the butyrate was determined after
column chromatography and hydrolysis to the alcohol 1. [d] Yield of 1-acrylate after isolation. [e] Yield of 1
after isolation. [f] The conversion [%] was determined from the ees and ee, values by the formula conv.=ees/
(ees+eep). [g] The enantiomeric ratio, E, measures the relative rate of hydrolysis of the fast-reacting enantiomer
as compared to the slow-reacting enantiomer, according to Equation (1). [h
determined by comparison to an authentic sample of (1R5R,6R)-1."2" [i] The rate of reaction for 1-acetate
should not be compared with the rates for 1-butyrate/acrylate as the reactions were performed under different
conditions. [jl When the amount of enzyme is more than twice the weight of substrate, Michaelis-Menten ki-
netics and the equations used to calculate enantioselectivity may not be valid because the molar amount of
enzyme is no longer negligible compared to the amount of substrate. Nevertheless, the high enantiomeric
purity of the product and experiments with smaller amounts of enzyme clearly indicate that the enantioselec-
tivity is high. [k] This reaction was performed at 37°C; the other butyrate reactions were performed at 25°C.

] The absolute configuration was

the transition state (Scheme 3a)
and linked this phosphonate
group to the catalytic serine resi-
due. The chiral alcohol moiety
has only a few accessible confor-
mations because it has only
three rotatable bonds and its
large size excludes many confor-
mations within the active-site
pocket. We manually searched

butyrate/acrylate reactions in Table 1 should not be compared
as these reactions were under different conditions. Butyrate re-
actions were carried out on a slightly larger scale (20 mg) and
the relative amount of enzyme was reduced. Again we found
that a high conversion could not be obtained with CE and the
reaction temperature of 37°C was crucial for any reaction with
this enzyme. In contrast the subtilisin-catalyzed hydrolysis of
1-butyrate proceeded to 47% conversion in 24 h at room
temperature.

Lo im0
N
o subilisin O HN" “tBu By~ NH OH
A Carlsberg = 2
A . ,
E>200
(£)-1-acrylate (1R, 5R, 6R)-1-acrylate (1S, 5S, 6S)-1
29g 1.3 g (44% yield) 1.1 g (46% yield)
99% ee 99% ee

Scheme 2. Preparative-scale resolution of 1-acrylate with subtilisin Carlsberg.

For a practical resolution, we chose the subtilisin-catalyzed
hydrolysis of 1-acrylate (Scheme 2). Subtilisin Carlsberg is
stable and inexpensive and this reaction directly yields the re-
actant needed for the subsequent Diels-Alder reaction. A 2.6-g
resolution with subtilisin Carlsberg (4.3 g) in approximately
600 mL of buffer reached 50% conversion after 48 h at room
temperature. Isolation and separation by column chromatogra-
phy yielded unreacted (1R,5R,6R)-1-acrylate in 44% yield and
99% ee and product (15,55,65)-1 in 46% yield and 99 % ee.
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conformations by rotating the
P—O bond, the O—C1 bond, and
the C6-N bond. Catalytically
productive structures were those
that contained all five catalytically essential hydrogen bonds
(Scheme 3b) and avoided steric clashes with the protein.

The phosphonate structure mimicking hydrolysis of the fast-
reacting (15,55,6S) enantiomer adopted a catalytically produc-
tive orientation (Scheme 3b) but the alcohol substituents
made little contact with the substrate-binding site. The alcohol
moiety rested above the active site with the medium substitu-
ent (the C2 methylene,see Figure 1) slightly above the right
side of the shallow S, binding site (defined by Met222, yellow,
at the bottom, Leu217, red, on the left, and the backbone of
Asn218, green, on the right in Figure 2 1). The large substituent
(the C5 spiro center and ring, see Figure 1) was unbound and
pointed toward the solvent (to the left in Figure 2 I). The closest
contact between the medium substituent and the S, binding
site was longer than the van der Waals contact distance (4.52 A
between the C3 atom of the 1 moiety and the sulfur atom of
Met222 versus 4.09 A% for a van der Waals contact). But this
distance is close enough to exclude water and create a favora-
ble hydrophobic interaction. Thus, the substituents in the alco-
hol moiety were only partly in the substrate-binding site.

Two of the catalytically essential hydrogen bonds were
longer than expected. The alcohol orientation pointed the al-
cohol oxygen atom toward the catalytic histidine residue to
form a hydrogen bond. This bond was longer than expected:
the Ne2—O distance was 3.33 A and the N-H—O angle was
135°, while the normal limits for a hydrogen bond are ~3.1 A
length and an angle greater than 120°. The hydrogen bond
from the His64 Ne2 atom to the Ser221 Oy atom was also
longer than expected at 3.42 A (N-H-O angle of 133°). These
two long hydrogen bonds may explain the very slow reaction
for this substrate.”*”

ChemBioChem 2004, 5, 980 - 987
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FULL PAPERS

solute configuration of the alco-

a) b) S
o alcohol binding pocket hol stereocenter pointed the al-
o Leu217 ~ Met222\. Asn218 cohol oxygen atom away from
, S .

NH o:fP,OSer221 M Ser221 the 'c.a\talytlc h|st|d|T1e re5|due: In
—H addition, the medium substitu-

=T : o
His64 —__~ NH“"'O\ NHR "HZN\H/Asn155 ent hit the catalytic histidine,
] e ( p—0 - thereby causing the plane of the

HIN TN 9] Lo .

0 F 0O imidazole ring to rotate down
(1S, 55, 6S)-1 o s into the active site by 60° (as

, ’ - 1 . .
Asp32 acyl binding pocket ~ compared with the fast-reacting

Scheme 3. a) Phosphonate transition-state analogue derived from the fast-reacting (1S,5S,6S)-1-butyrate. b) Key hydro-
gen bonds between the phosphonate group and the catalytic residues of subtilisin Carlsberg.

I

Figure 2. Geometry-optimized conformations of the tetrahedral intermediates for hydrolysis
of 1-butyrate in the active site of subtilisin Carlsberg. The residues defining the S, site are
Met222 (yellow), Leu217 (dark red), and Asn218 (green). I) The catalytically productive con-
formation of the fast-reacting enantiomer (1S,5S,6S)-1-butyrate. Three nonproductive confor-
mations of the slow-reacting enantiomer (1R,5R,6R)-1-butyrate: ) Conformation A is missing
key hydrogen bonds because of the distorted histidine orientation, lll) conformation B has
several distorted bond angles as a result of steric interactions with Asn155, and IV) confor-
mation C has a syn-pentane-like interaction and several other distorted bond angles.

We examined three different conformations for the slow-
reacting (1R,5R,6R) enantiomer, but they either lacked key hy-
drogen bonds or encountered severe steric clash with the pro-
tein. The first conformation for the (1R,5R,6R) enantiomer (Fig-
ure 21l, conformation A) had a severely distorted histidine ori-
entation. It placed the medium substituent of 1 into the left
side of the shallow S;" pocket (deeper than the fast-reacting
enantiomer); the distance from the C3 atom to the sulfur atom
of Met222 was 4.20 A. The large substituent pointed directly
out of the active site and toward the solvent. The different ab-

ChemBioChem 2004, 5, 980-987 www.chembiochem.org

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

enantiomer). The resulting dis-
tance between the C2 atom of
the substrate and the Ne2 atom
of His64 was 3.44 A. This shift se-
verely disrupted all three of the
catalytically essential hydrogen
bonds involving the catalytic histidine residue
(Table 2). The distance from the His64 Ne2 atom to
the Ser221 Oy atom was too long form a hydrogen
bond (4.04 A, N-H-0O angle of 124°), as was the dis-
tance to the alcohol oxygen atom (5.17 A, N-H-O
angle of 96°). Although the distance between the
Asp32 06 atom and the His64 NO1 atom remained
small (2.95 A), the O—H-N angle decreased to 66°,
which is too acute to form a hydrogen bond. These
disruptions of the catalytic-hydrogen-bond network
make it extremely unlikely that the slow-reacting
enantiomer could react through conformation A.

In the second slow-reacting (1R,5R,6R) conforma-
tion (conformation B), the alcohol moiety rotated
clockwise along the P—O bond to relieve the histidine
distortion and restore the catalytically essential hy-
drogen bonds (Table 2). This rotation placed the
medium substituent above the left side of the S,
pocket and the closest distance was significantly
longer than the van der Waals contact distance
(5.06 A between the C3 atom and the sulfur atom of
Met222). This rotation also pointed the large group
to the right (from the perspective of Figure 2 Ill)
where its bulky pivalamide group hit the side of the
active site at Asn155. Asn155 also has a catalytic
role—the N,H group stabilizes the oxyanion of the
transition state by forming a hydrogen bond. The
pivalamide carbonyl group made hydrogen bonds to
the NH, (Ns;) group of Asn155 (N—O distance of
2.92 A, O—H-N angle of 163°) and to the backbone
NH (N,) group (3.07 A, N—=H—0 angle of 125°), as well
as a close steric contact with the -carbon atom (3.27 A). This
pivalamide-Asn155 contact also distorted bond angles in the
alcohol moiety: the P-O—C1 angle was 128°, rather than 120°
as in the ideal case, and the O—C1—C5 angle was 116° instead
of 109° (Table 3). Restoring these two angles to their ideal
values dramatically increased the steric interactions between
the pivalamide carbonyl group and Asn155 (distances: Ns,—
0=229A, N,~0=3.04A, and C;—~0=2.54 A). To confirm that
conformation B is a strained conformation, we calculated its
energy (AM1, heat of formation) after removal from subtilisin
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Table 2. Lengths and angles of catalytically essential hydrogen bonds as determined by molecular modeling.””! Discussion
Hydrogen-bond length [A] (angle) Two enantiocomplementary en-
(15,55,65) (1R5R,6R) zymes—subtilisin and cholesterol
conformation A conformation B conformation C esterase—show high enantiose-
His64—0,conol 3.33 (135°) 5.17 (96°) 3.30 (146°) 3.30 (147°) |ectivity toward esters of (:t )_1 .
His64—Osrz, 3.42 (1330) 4,04 (1240) 3.36 1370) 3.39 (138°) The favored enantiomer for both
oxyanion—NHs,; 2.80 (154°) 2.72 (159°) 2.86 (149°) 2.85(151°)
oxyanion—NH, s 2.79 (164°) 2.78 (129°) 2.76 (128°) 2.75 (140%) follows the secondary alcohol
Asp32-His64 2.76 (162°) 2.95 (66°) 2.78 (173°) 2.78 (174°) rules developed to predict the
) _ _ _ enantioselectivity of serine hydro-
conclusions productlve. key hydrf)g.en high-energy tsyn-pen.tane—llke lases."” Kim and co-workers also
conformation bonds missing structure interaction . .
recently used subtilisin and lipas-
[a] Bold font indicates distances that are too long to form a hydrogen bond. es as enantiocomplementary en-

Table 3. Energy of substrate and substrate angles for tetrahedral intermedi-
ates.

(18, 5S, 65) (1R, 5R, 6R)
conformation
A B @
heat of formation® [kcalmol™'] 0 +2 +16 +17
C1-C5-C4 102° 103° 100° 99°
C1-C5-C6 116° 16° n7ze 119°
C1-C5-C9 113° 13° 116° 1n7ze
N—C6—C5™ 112° 110° 110° 117°
0-C1-C5"™ 109° 109° 116° 116°
P—O—C1® 122° 123° 127° 128°

[a] AM1 heat of formation of the substrate removed from subtilisin.
[b] Bold font indicates bond angles distorted from their ideal values. Re-
storing the angles in bold font to their ideal values in conformations B
and C gave severe steric clashes with the Asn155 residue.

Carlsberg and found this to be 16 kcalmol™' higher than the
energy of the conformation for the fast-reacting enantiomer. In
summary, although conformation B contains the catalytically
essential hydrogen bonds, steric clash between the pivalamide
carbonyl group and Asn155 make this a highly strained confor-
mation.

Rotation of the pivalamide group along the C6—N bond to
avoid the steric clashes with Asn155 yields conformation C.
Unfortunately, this rotation creates a new steric strain—a syn-
pentane-like interaction between the oxygen atom of the pival-
amide moiety and the spiro stereocenter (O—C5 distance of
3.00 A, Figure 2 IV). Typically a syn-pentane interaction increas-
es the energy by ~3.6 kcalmol™"**! The main close contact
with the enzyme was between the pivalamide NH group and
the NH, group of Asn155 (3.16 A). The significantly distorted
angles in this structure were the N—C6—C5 angle (117°), the
P—O—C1 angle (128°), and the O—C1—C5 angle (116°, Table 3).
Restoring these angles to their ideal values dramatically short-
ened the distance from the NH group of the pivalamide to the
NH, group of Asn155 (2.51 A). The calculated energy of the
transition-state analogue removed from the protein was
17 kcalmol™ higher than the fast-reacting enantiomer, a result
indicating that this conformation is highly strained.
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zymes in the dynamic kinetic res-
olution of secondary alcohols.”

The gram-scale resolution of 1-acrylate with subtilisin gave
high yield and enantiomeric purity but was very slow. We used
a mass of subtilisin 1.7 times higher than the mass of sub-
strate. Nevertheless, this resolution is a practical procedure be-
cause subtilisin Carlsberg is an inexpensive enzyme (US$12 per
gram from Sigma). In addition, subtilisin Carlsberg is stable
and could be reused. Given the bulky nature of this substrate,
it is not surprising that it might react slowly. Other bulky sub-
strates such as esters of a-branched amino acids also reacted
slowly with subtilisin Carlsberg.”” The advantage of this proce-
dure over resolution by crystallization of the amine precursor
as the mandelate salt is that this kinetic resolution yields the
desired acrylate ester directly.

Subtilisin Carlsberg usually shows only low to moderate
enantioselectivity toward secondary alcohols, but in this case
the enantioselctivity is very high. Molecular modeling revealed
the molecular basis for this high enantioselectivity. The fast-
reacting (15,55,6S) enantiomer fits in the active site and makes
all five catalytically essential hydrogen bonds, although two of
these are longer than normal, which probably explains the low
reactivity for the substrate. On the other hand, the slow-react-
ing (1R,5R,6R) enantiomer encounters severe steric interactions
with catalytically essential residues. These interactions either
distort the catalytic histidine position or cause severe steric
strain with Asn155, an oxyanion-stabilizing residue.

Ema and co-workers proposed an alternative explanation for
the enantioselectivity of lipases®® and subtilisin®” toward sec-
ondary alcohols. They suggest that the fast-reacting enantio-
mer adopts a conformation where stereoelectronic effects
favor reaction, while the slow-reacting enantiomers cannot
adopt this conformation. Thus, the fast-reacting enantiomer
should adopt a gauche (g— for proteases) conformation along
the C,iconoOaicono—Cc—0o—OY dihedral, thereby allowing overlap
of the antiperiplanar lone-pair orbital of the O,, atom with
the o* orbital of the breaking C—Oy bond. They propose that
the slow-reacting enantiomer cannot adopt this favorable ori-
entation because the large substituent would hit the catalytic
histidine residue.

Our modeling does not support this proposal because the
fast-reacting enantiomer cannot adopt a gauche orientation
along the C,iconorOaicono—Ce_o—OY dihedral. The fast-reacting
enantiomer adopted an anti conformation along this bond
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(—172°) in order to make the catalytically essential hydrogen
bonds. Imposing a gauche conformation (—60°) along this di-
hedral caused a severe steric clash between the medium sub-
stituent (C2) and His64 (1.78 A, with the C1 hydrogen atom syn
to the oxyanion). The slow-reacting enantiomer, predicted to
adopt an anti conformation by the stereoelectronic effects
model, indeed adopted the anti conformation in conforma-
tions B (151°) and C (159°); however, because the orientation
is also anti for the fast-reacting enantiomer, it cannot contrib-
ute to enantioselectivity. Conformation A of the slow-reacting
enantiomer adopted a gauche conformation, (63°, g+ rather
than g—) but still hit the catalytic residue His64. Thus, we find
no evidence to support the notion that stereoelectronic effects
along the C,iconoOaicono—Ce—o—OY dihedral contribute to the
enantioselectivity of subtilisin Carlsberg toward alcohol 1.

Previous X-ray crystal structures of phosphonate transition-
state analogues containing secondary alcohols also do not
support the notion that stereoelectronic effects along the
Caicoho—Oaicono—Cc—o—Ovy dihedral contribute to enantioselectivi-
ty. The fast-reacting enantiomer of menthol bound to a lipase
from Candida rugosa did not adopt the predicted gauche con-
formation (130°).2% On the other hand, the slow-reacting enan-
tiomer did adopt a gauche conformation (71°), again contrary
to predictions.

The X-ray crystal structures of bovine cholesterol esterase
are only of inactive forms,®" so we did not model their interac-
tions with alcohol 1.

Experimental Section

General: Chemicals were purchased from Sigma-Aldrich (Oakville,
ON) and were used without further purification. Subtilisin from Ba-
cillus licheniformis (EC 3.4.21.62) was obtained from Sigma (Oakville,
ON; catalogue no.P5459) and proteinase N from Bacillus subtilis
was obtained from Fluka (Oakville, ON; catalogue no. 82458). Cho-
lesterol esterase from beef pancreas (EC 3.1.1.13) was obtained
from Genzyme (Cambridge, MA; catalogue no. 1081).

Synthesis: The alcohol 1 and the acrylate ester were synthesized
according to a previous method.'® The 1-acetate and 1-butyrate
were made by a similar method.

(+)-1-Acetate: (+)-1 (62.0 mg, 0.259 mmol) and lithium hexa-
methyldisilanazide (LHMDS; 100 mg, 0.598 mmol) were dissolved
in tetrahydrofuran (THF; 6 mL) and stirred for 1 h to give a gold-
colored suspension. Acetic anhydride (60 pL, 0.64 mmol) was
added and the solution was stirred for 16 h. The resulting gold sol-
ution was quenched with water (10 mL) then aqueous HCl (4 m,
10 mL) and extracted with CH,Cl, (3%x20 mL). The combined organ-
ic layers were washed with saturated aqueous Na,CO; (20 mL) and
dried over MgSO,. Concentration in vacuo followed by flash
column chromatography (silica, hexanes/EtOAc 4:1) gave (+)-1-
acetate (47.6 mg, 0.169 mmol, 65.3%) as a white solid: M.p. 122-
123°C; [a]¥ —47.2 (c=1.08 in CHCL); IR (film): Ay.=3328 (N-H),
2956 (C—H), 2873 (C—H), 1727 (ester C=0), 1625 (amide C=0), 1538
(C=Q), 1373, 1245, 1100, 1016 cm™'; "H NMR (400 MHz, CDCl,): 6 =
6.00 (brd, 1H, HN), 5.02-4.96 (m, 1H, H1), 4.28-4.20 (m, 1H, H6),
2.03 (s, 3H, H14), 2.05-1.45 (m, 12H, H2-H4, H7-H9), 1.16 (s, 9H,
H12) ppm; *C NMR (100 MHz, CDCl,): 6=177.4 (C, C10), 170.4 (C,
C13), 81.2 (CH, C1), 56.2 (CH, C6), 56.1 (C, C5), 38.7 (C, C11), 34.8
(CH,), 34.7 (CH,), 32.2 (CH,), 31.8 (CH,), 27.5 (CH,, C12), 21.5 (CH,,
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C14), 21.1 (CH,), 202 (CH,) ppm; MS: m/z (%): 281 (6) MI™,
238 (12) [M—CH,COl*, 196 (30) [M—(CH,),CCOI*, 121 (64)
[M—{(CH5);CCONH, +CH,CO,}1*, 120 (100) [M—{(CH,);CCONH,+
CH,CO,HYI*, 102 (75) [(CH,),CCONH,]*, 57 (86); HRMS: calcd for
Cy6HoNO;: 281.19909; found: 281.20062.

(£)-1-Butyrate: (£+)-1 (810 mg, 3.38 mmol) and LHMDS-OFEt,
(1.72 g, 7.12 mmol) were dissolved in THF (40 mL) and stirred for
1h to give a gold-colored suspension. Butyryl chloride (750 pL,
7.22 mmol) was added and the solution was stirred for 1 h. The re-
sulting clear yellow solution was quenched with water (20 mL)
then aqueous HCl (4m, 50 mL) and extracted with CH,Cl, (3x
50 mL). The combined organic layers were washed with saturated
aqueous Na,CO; (50 mL) and dried over MgSO,. Concentration in
vacuo followed by flash column chromatography (silica, hexanes/
EtOAc 4:1) gave (+)-1-butyrate (901 mg, 2.91 mmol, 86.1%) as a
white solid: M.p. 107-108°C; [a]? —44.6 (c=1.01 in CHCly); IR
(film): A, = 3339 (N—H), 2962 (C—H), 2872 (C—H), 1730 (ester C=0),
1632 (amide C=0), 1537 (C=C), 1453, 1435, 1416, 1394, 1367, 1305,
1203, 1186, 1100, 994, 945 cm™'; 'H NMR (400 MHz, CDCl,): 6 =6.04
(brd, 1H, HN), 5.01 (dd, J=5.5, 2.5 Hz, TH, H1), 426-4.18 (m, 1H,
H6), 2.26 (t, J=7.5 Hz, 2H, H14), 2.08-1.45 (m, 14H, H2-H4, H7-H9,
H15), 1.16 (s, 9H, H12), 0.94 (t, J=7.4 Hz, 3H, H16) ppm; "*C NMR
(100 MHz, CDCly): 6=177.5 (C, C10), 172.9 (C, C13), 81.0 (CH, C1),
56.4 (CH, C6), 55.8 (C, C5), 38.7 (C, C11), 36.6 (CH,), 35.0 (CH,), 34.9
(CH,), 324 (CH,), 31.7 (CH,), 27.6 (CHs;, C12), 21.1 (CH,), 20.2
(CH,), 184 (CH,), 13.7 (CH;, C16); MS: m/z (%): 309 (4) [MIT,
238 (15) [M—CH,COl*, 224 (35) [M—(CH,),CCOI*, 121 (64)
[M—{(CH,);CCONH, + C;H,CO,1*, 120 (100) [M—{(CH,),CCONH,+
C;H,CO,HN, 102 (82) [(CH;);CCONH,]*, 57 (78); HRMS: calcd for
C,5Hs5,NO;: 309.23039; found: 309.23114.

Identifying the active hydrolases: An enzyme library of commer-
cial hydrolases was prepared as previously described."” Hydrolase
solutions (20 pL per well) were placed in a 96-well microplate and
assay solution (80 uL per well) was added. The final concentrations
were 5.1 mm 1-acetate, 3.6 mm N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid (BES), 0.36 mm 4-nitrophenol, and 8% acetoni-
trile. The plate was placed in the microplate reader and shaken for
10 s to ensure complete mixing, and the decrease in absorbance at
404 nm was then monitored at 25°C every 11 s for 30 min. Each
hydrolysis was carried out in triplicate and averaged. The normal-
ized initial decrease in absorbance for the interval 20-300 s after
initiation was —13 s~ for subtilisin from Bacillus licheniformis (ini-
tial hydrolase solution of 22 mgmL™") and —6 s™' for proteinase N
(initial hydrolase solution of 60 mgmL™"). These enzymes were
then tested for enantioselectivity in small-scale reactions.

Measuring hydrolase enantioselectivity: BES buffer (450 uL,
50 mm, pH 7.2) and 1-acetate (50 uL, 76 mm in MeCN) were placed
in a 1.5-mL centrifuge tube along with enzyme (12-19 mg). Reac-
tions were shaken at 600 rom and 37°C for 12 h in an Eppendorf
Thermomixer R and then extracted with EtOAc (0.5 mL). The organ-
ic extract was dried with MgSO, and analyzed by gas chromatogra-
phy on a Chrompack Chirasil-DEX CB column (25 mx0.25 mm)
with He as the carrier gas (120°C for 5 min then 2.5°Cmin~" in-
crease up to 195°C, 10 psi): 1-acetate: k', =15.94 (5), a=1.01; 1:
k'y=17.10 (R), a=1.02 (where k', is the capacity factor given by
k' = (ter—tw)/ty such that tg; is the retention time of the sample
and ty is the dead time. a is the selectiveity factor given tby the
ratio of the R and S capacity factors. For 1-acetate, the (5,5,5) enan-
tiomer elutes first while for the alcohol 1, the (R,R,R) enantiomer
elutes first. Both 1-acetate and 1 showed similar retention during
TLC (silica gel): R;=0.65 and 0.57, respectively, in hexanes/ethyl
acetate (1:1). To measure the enantioselectivity of reactions involv-
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ing 1-butyrate, the remaining 1-butyrate and product 1 were sepa-
rated by TLC (R;=0.81 and 0.57, respectively, in hexanes/ethyl ace-
tate (1:1)). The product 1 was analyzed by GC as above, but the
enantiomers of 1-butyrate did not separate under these conditions,
so the 1-butyrate was hydrolyzed to 1 with NaOH (1 mL, 6 ™) in
MeOH (4 mL) and extracted with EtOAc (2 mL). The organic extract
was dried and the hydrolyzed product was then analyzed by GC as
above. To measure the enantioselectivity of reactions involving 1-
acrylate, the remaining 1-acrylate and product 1 were separated
by chromatography (1-acrylate: R;=0.77 in hexanes/ethyl acetate
(1:1)) and analyzed by GC (130°C then 0.5°Cmin~" increase up to
185°C, 10 psi): 1-acrylate: k', =34.71 (S), a=1.01; 1: k', =34.62 (R),
a=1.04. Separation of 1-acrylate and 1 was required because they
overlap in the GC trace. The enantiomeric ratio, E, was calculated
from the measured ee values of the product and substrate, ee, and
ee, respectively, according to:

_Inee,(1—ees)/(eep+ees)]
~Ineep(1+ees)/(eep+ees)]

(M

as defined by Sih and co-workers.®?

Resolution of 1-acrylate: Protease from Bacillus licheniformis
(60 mL aqueous propylene glycol solution, 73 mgmL~', 9.1 Umg™")
was placed in BES buffer (2 mm, 560 mL) and MeCN (25 mL), and
the pH value was adjusted to 7.2 by using a pH stat. 1-Acrylate
(2.88 g, 98.2 mmol) in MeCN (25 mL) was then added and the pH
value was maintained at 7.2 by the addition of NaOH (0.1 m). At
50% conversion, the reaction was extracted with EtOAc (3x
200 mL). The combined organic layers washed with water (200 mL)
and brine (200 mL), then dried over MgSO,. The solvent removed
under reduced pressure. Separation by chromatography (hexanes/
EtOAc (5:1)) yielded (15,55,65)-1 (1.07 g, 44.7 mmol, 46%, 99% ee)
as a white solid (m.p. 102-104°C) and (1R,5R,6R)-1-acrylate (1.27 g,
43.3 mmol, 44%, 99 % ee) as a white solid (m.p. 126-127°C).

Computer modeling: Molecular modeling was performed by using
the Biosym/MSI Insightll 97.0/Discover software (San Diego, CA)
with the Amber 95.0%% force field. A distance-dependent dielectric
constant of 4.0 was used and 1-4 van der Waals interactions were
scaled by 50%. The starting subtilisin Carlsberg structure was ob-
tained from the Brookhaven protein data bank®” (file: 1cse).”” The
elgin c inhibitor was removed, hydrogens were added to corre-
spond to a pH value of 7.0, and the catalytic histidine (His64) was
protonated. Initial relaxation of the enzyme was performed with a
simple phosphonate transition-state analogue. With the backbone
constrained, 200 iterations of the steepest descent algorithm were
performed, followed by 200 iterations of the conjugant gradients
algorithm with the backbone tethered by a 10 kcalmol'A™" force
constant, and finally by 200 iterations without any constraints. The
substrate was then added and minimizations were performed in
an analogous manner. Crystallographic water molecules were in-
cluded in all minimizations. Final minimization was continued until
the root mean square value was less than 0.0001 kcalmol™".
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Mechanistic Implications of
Escherichia coli Galactokinase
Structure-Based Engineering

Dirk Hoffmeister and Jon S. Thorson*™

Small-molecule kinases are of fundamental importance with re-
spect to a wide range of cellular processes, and the emerging
availability of small-molecule-kinase crystal structures has pro-
foundly enhanced our mechanistic and regulatory understand-
ing of these fascinating catalysts.""? As an exemplary member
of this family, the galactokinases (GalKs) have received atten-
tion for their physiological role in cellular sugar metabolism®™
and disease (galactosemia) impact within the medical scien-
ces.” More recently, the enzymatic potential of GalKs has been
harnessed for a biotechnological process referred to as glyco-
randomization. Specifically for glycorandomization, the tandem
action of a promiscuous GalK and nucleotidylyltransferase is
exploited to present nucleotide-sugar-donor libraries to natu-
ral-product glycosyltransferases, thereby providing a rapid che-
moenzymatic means to diversify natural-product-based drug
leads.®

Toward this goal, E. coli GalK directed evolution recently pro-
vided a single amino acid exchange (Y371H) far removed from
the active site (~20 A) that dramatically decreased hexopyrano-
syl specificity.” However, the hexopyranose C-4 axial require-
ment, that is, galacto-configuration, remained as a stringent
substrate requirement of this Y371H mutant. Structural data
from Lactococcus lactis GalK suggest that the strongly con-
served canonical active-site amino acid residues Asp45 and
Tyr233 hydrogen bond with this critical C-4 axial hydroxyl of b-
galactose (1)." To further probe the role of the equivalent resi-
dues Asp37 and Tyr223 in E. coli GalK, and potentially decrease
the reliance of substrate specificity upon this specific interac-
tion, we report the results of independent saturation mutagen-
esis at both positions.

The saturation-mutagenesis strategy involved the creation of
a mini gene library to introduce codons for all proteinogenic
amino acids at each defined position (codon 37 or 223) of the
E. coli galK gene. By restricting the third codon base to gua-
nine or thymine during this process, most codons rare in E. coli
along with the ochre and opal stop codons, were eliminated
from the galK mini library. By using this approach, 19 substitu-
tions for Asp37 and 19 substitutions for Tyr223 were rapidly
constructed, and all 38 E. coli GalK variants were subsequently
examined for catalytic ability.

All exchanges for Asp37 proved to be detrimental to the
enzyme; this underlines a crucial role in the catalytic cycle,
most likely upon substrate binding, as previously suggested.™
Consistent with this result, a recently published study on
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human GalK revealed that an Asp-to-Ala mutation also inacti-
vates the human enzyme.” In contrast, Tyr223 exchanges in
the E. coli GalK resulted in enzymes with differing degrees of
activity toward 1. Specific activities found were: wild-type (wt):
23.5Umg™' enzyme, Y223F: 23.42 Umg™', Y223W: 0.87 Umg~',
Y223L: 065 Umg~', Y223H: 0.61 Umg™', Y223R: 0.63Umg"’
(Figure 1). This surprising result clearly prompted a thorough

—s— wild-type ) i

\}\ a— Y223F

o YI2IW
hY “ Y2230
—a— Y223H

B .~ Y223R

[o-gall/mm

timin

Figure 1. Progress curves of GalK wt and mutants Y223F, Y223W, Y223L, Y223H,
and Y223R for the enzymatic conversion of 1 into a-b-galactose-1-phosphate.

reassessment of the role of the putative hydrogen bond be-
tween the GalK Y223 hydroxyl and p-Gal C-4-OH as the bulk of
the active Y223 GalK variants lack this specific hydrogen-bond-
ing character. Thus, Y223F and Y223W were selected as repre-
sentative mutants for further substrate profiling and kinetic
characterization.

Unlike wt, Y223F surprisingly converts L-glucose (2), b-talose
(3), and 4-deoxy-p-galactose (4) into their a-1-phosphates
(Scheme 1), while maintaining the basal activity toward 6-
deoxy-galactose (5) inherent to the wt. This extended sub-
strate spectrum holds for the Y223W mutant as well, however
at a lower efficiency throughout the series. Substitutions at C-2
are tolerated to different degrees. For example, 2-deoxy-p-gal-
actose (6) is an efficient substrate for wt, Y223F, and Y223W,
while the catalytic turnover for p-galactosamine (7) dropped
significantly for both Y223F and Y223W in comparison to wt.

To better understand the impact of these substitutions, the
kinetics of Y223F and Y223W were compared to wt GalK
(Table 1). For both ATP and 1, the plot of V, against substrate
concentration revealed a shallow sigmoidal relation in the wt
(Figure 2). This finding contrasts earlier kinetic evaluations and
may suggest either an induced fit or allosteric mechanism,”® or
possibly reflect limitations of the assay at low substrate con-
centrations. Interestingly, while an induced-fit mechanism has
been reported for other sugar kinases, for example hexose
kinase,” such a phenomenon has not yet been reported for
E. coli GalK. For ATP with the wt enzyme, the calculated K,5;=
2.24+0.35 mm, is in good accordance with previously reported
values,"” while the value for 1 was twofold higher than previ-
ous findings (K;5=5.2+£0.21 mm). The V,,,, value was deter-
mined as V,,,,=1.844+0.08 mmmin~".
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Scheme 1. Structures of substrates accepted by Y223F or Y223W. Structural deviations from the genuine substrate 1 are indicated in red. The figures in brackets
below the chemical structures indicate the percentage of sugar conversion by wt, Y223F, and Y223W, respectively, after 1 h of enzymatic reaction.

Table 1. Kinetic parameters for wt GalK, Y223F, and Y223W. K, values are

in mm, V., values in mmmin~'.

wt Y223F Y223W
Vinne 1.84 (£0.08) 1.97 (+£0.11) 0.096 (+0.02)
Kos e 2.24 (+0.35) 3.58 (+0.09) 1.78 (£0.16)
Kos (o-qal 52 (£021) 446 (+0.28) 5.63 (40.96)

The same sigmoidal relationship for 1 was also found for
Y223F and Y223W (Figure 2), with values comparable to wt (for
1 Kys=4.46+0.28 mm and 5.63+£0.96 mm, respectively, and
for ATP K,5=3.58+0.09 mm and K,;=1.78+0.16 mm, respec-
tively). While the calculated V,,,, only minimally changed for
Y223F (V.5e=1.97 £0.11 mmmin~') compared to wt, we found
a drastic decrease for Y223W (V,,,,=0.096+0.02 mmmin~).
From the above findings we conclude that the Y223 side chain
hydroxyl-1 C-4-OH hydrogen bond is not critical for catalysis.
Instead, we propose the role of the Y223 to be to participate
in a nonpolar stacking interaction, for example as in the Bacil-
lus stearothermophilus maltogenic a-amylase,"” to secure the
pyranose ring. Such an interaction might also explain the ob-
served activity for Y223W and, on a significantly reduced level,
Y223L and Y223H. Other prominent examples of similar carbo-
hydrate enzyme stacking interactions have been reviewed by
Vyas_[12]

While the Y223 side chain hydroxyl-1 C-4-OH hydrogen
bond is clearly not critical for catalysis, our results suggest this
putative hydrogen bond might still be essential in controlling
substrate specificity; thereby dictating sugar entrance into the
Leloir pathway. Interestingly, human and murine N-acetylgalac-
tosamine kinases possess a phenylalanine on the position
equivalent to 223 in E. coli GalK™ and are, in fact, unspecific in
that they also display GalK activity. Our work also shows that
not only electrostatics but also steric considerations are critical.
For example, the Y2231 mutant is completely inactive while
Y223L retains basal catalytic activity.
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In summary, we reveal that E. coli GalK tolerates active-site
engineering to expand its sugar-substrate range. To provide
either a single variant or a set covering a maximum number of
sugar substrates for biotechnological application in glycoran-
domization, further work on the role of other amino residues
along with cloning and substrate profiling of GalKs of other
species is in progress.

Experimental Section

Materials and bacterial strains: Chemicals and enzymes were pur-
chased from Promega and Novagen (both Madison, WI), Sigma (St.
Louis, MO), Fisher/Acros Organics (Hanover Park, IL), or Fluka (Mil-
waukee, WI). E. coli strains XL1-blue for cloning and BL21-Gold
(DE3) for protein over-expression were from Stratagene (La Jolla,
CA). The complete series of hexopyranoses (both p- and L-config-
ured) for substrate profiling was of commercial origin, except for
p- and L-idose. Modified sugars tested were p-galacturonic acid,
p-galactosamine, 2-deoxy-, 4-deoxy-, and 6-deoxy-p-galactose
(commercial suppliers as above).

Saturation mutagenesis: Targeted codon replacements within the
galK gene were accomplished by using the QuikChange Il muta-
genesis kit (Stratagene). Template DNA was the plasmid pGalK,
which is the expression vector pET15b (Novagen) that harbors
E. coli galK cloned into the Ndel and BamHlI sites, the primer pair
5'-GATTGGTGAACACACCNNKTACAACGACGGTTTCGTTCTG-3'/5'-CA-
GAACGAAACCGTCGTTGTAMNNGGTGTGTTCACCAATC-3' to saturate
codon 37, and primer pair 5-CCCTGGTTGGCAGCGAANNKAA-
CACCCGTCGTGAACAG-3'/5"-CTGTTCACGACGGGTGTTMNNTTCGCT-

GCCAACCAGGG-3' for codon 223 of the wt reading frame. Screen-
ing for the desired mutants was done by DNA-sequencing on an
ABI 310 automatic DNA sequencer (Perkin-Elmer, Foster City, CA).

Protein over-expression and kinase assay/kinetics: For initial pre-
screening of the minilibrary comprising all variants of galK codons
37 and 223, the appropriate E. coli transformants were first grown
as 1 mL miniature cultures to an ODgy ~0.7 in LB-medium select-
ing with ampicillin (100 pgmL~" final). Protein over-expression was
induced by adding IPTG (1 mm final) over 2 h. Cells were harvested
by centrifugation. To prescreen for kinase activity supernatants
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Figure 2. Plots of initial velocities (V,) of the kinase reaction for different p-gal-
actose concentrations. A) wild-type, B) Y223F, C) Y223W.

from lysonase-treated E. coli cultures were used. To record kinetic
data or time courses of the GalK variants Y223F, Y223W, Y223L,
Y223H, and Y223R, 70 mL cultures were used, and the over-ex-
pressed protein purified to apparent homogeneity by metal affinity
chromatography on nickel-nitrilotriacetic acid (Ni-NTA, QIAGEN, Va-
lencia, CA). The purification was monitored on SDS-polyacrylamide
gels. The imidazole was subsequently removed by repeated diafil-
tration by using Centricon YM-10 (10 kDa exclusion limit) filtration
devices (Millipore, Bedford, MA) and sodium phosphate buffer
(50 mm, pH 7.5).

ChemBioChem 2004, 5, 989-992 www.chembiochem.org
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Enzymatic and prescreening reactions were performed in multiwell
plates on a Biomek FX automated liquid-handling workstation
(Beckman Coulter, Fullerton, CA) equipped with a Fluostar Optima
plate reader (BMG, Durham, NC) following a previously described
protocol™ but including the following modifications: for specific
activities, [ATP] =[p-galactose] = 10 mm. Kinetic data were obtained
by determining the slope of the linear phase of the progress curve
over 2 min in 30 s intervals and then by calculating the kinetic pa-
rameters as described."” Enzyme concentrations were determined
by the colorimetric assay described by Bradford, with BSA as pro-
tein standard."

Note added in proof: While this manuscript was under review,
David W. Rice and co-workers reported the crystal structure of the
Pyrococcus furiosus galactokinase™ and found Tyr200 (equivalent
to Tyr223 in E. coli GalK) to hydrogen bond with the C-4-OH of
p-galactose.
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Structure-Based Enhancement of the
First Anomeric Glucokinase

Jie Yang, Lesley Liu, and Jon S. Thorson*®

Many pharmaceutically important compounds derive from car-
bohydrate-containing natural products, and sugar moieties of
these molecules have been proven to play an important role
in drug targeting, biological activity, and pharmacology.'”!
Thus, altering the glycosylation of natural products would sig-
nificantly contribute to the diversity of novel therapeutics.
Among a number of routes for altering glycosylation, natural-
product glycorandomization is one of the most efficient ap-
proaches for complex secondary metabolites.®'¥ In vitro gly-
corandomization (IVG) technology establishes a promiscuous
chemoenzymatic system to quickly build diverse glycorandom-
ized libraries based on natural-product structures (Figure 1a).
This process utilizes chemical synthesis to provide a repertoire
of unique sugar precursors, and three promiscuous enzymes
to activate (anomeric sugar kinases and nucleotidylyltransferas-
es) and attach (glycosyltransferases) these carbohydrate libra-
ries to various complex natural-product aglycons. Anomeric
sugar kinases, as key components of glycorandomization, di-
rectly determine the availability of sugar phosphates for che-
moenzymatic routes toward complex glycoconjugates. Thus,
generation of a flexible sugar kinase capable of accepting a
wide array of monosaccharide substrates would directly en-
hance the efficiency of IVG. Of particular interest are p-gluco-
configured scaffolds given their prevalence in glycosylated
natural products (Figure 1b),"**¢ glycoproteins,™'® as well
as many bacterial and eukaryotic cell-surface glycosylation
patterns.l'®-2%

To date, an enzyme capable of b-glucose (Figure 2, 13)
anomeric phosphorylation (a glucokinase, or GlcK) remains elu-
sive. Toward this goal, directed evolution of E. coli galactoki-
nase (GalK) led to the Y371H variant with remarkably widened

[a] J. Yang, Dr. L. Liu, Prof. J. S. Thorson
University of Wisconsin-Madison, School of Pharmacy
Laboratory for Biosynthetic Chemistry
777 Highland Avenue, Madison, Wisconsin 53705 (USA)
Fax: (+1)608-262-5345
E-mail: jsthorson@pharmacy.wisc.edu
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substrate flexibility at C-2, C-3, and C-5 of the sugar. Yet, all
sugars tested containing alternative C-4 substitutions (e.g. 4-
deoxy-bp-galactose, 12 or 13, Figure 2) were not accepted as
substrates for the evolved catalyst?” As an alternative ap-
proach, the recently elucidated structure of Lactococcus lactis
GalK provides a template for rational sugar kinase engineer-
ing.”? The L. lactis GalK structure reveals that the strongly con-
served active-site residues Asp45 and Tyr233 hydrogen bond
with the critical galactose C-4 axial hydroxyl.?? While a recent
saturation mutagenesis of the equivalent residues within the
E. coli GalK revealed the role of the active-site tyrosine to be
hydrophobic stacking and expanded the substrate range to in-
clude 12, a GlcK has still not been found.

To continue our quest for an anomeric GlcK and further ex-
plore the relevance of the L. lactis structural model to other
GalKs, we report the generation and characterization of the
Y385H L. lactis GalK mutant—the promiscuous E. coli equiva-
lent of which was discovered through directed evolution.?" Re-
markably, we reveal that this L. lactis variant displays a substan-
tial degree of kinase activity toward several C-4-substituted
sugars, including 12, 13 and 4-azido-4-deoxy-bp-galactose
(Figure 2, 14). Moreover, complete characterization of the
L. lactis wild-type GalK surprisingly revealed inherent GlcK ac-
tivity. As such, this is the first reported naturally occurring GlcK,
the efficiency of which was improved by engineering with our
previous E. coli GalK-directed evolution studies as a template.
In addition, these studies suggest that enzyme species/source
differentiation may present general advantages in optimizing
enzymes for synthetic purposes.

The L. lactis Y385H mutant (Y385H) was generated through
PCR primer-directed site-directed mutagenesis. By using this
approach, plasmid pET28b-galkY385H was constructed, and
soluble over-expression of L. lactis GalK Y385H was accomplish-
ed in E. coli BL21 (DE3). To compare the substrate specificities
of wild-type and mutant enzymes, freshly purified wild-type
and mutant (Y385H) enzymes were screened against a sugar
library consisting of 30 putative monosaccharide substrates.
Typically for each sugar, enzymatic reactions containing the
wild-type or Y385H mutant, were monitored by the DNS assay
in triplicate.” Controls in the absence of enzyme or sugar
were also performed in parallel and all sugar-1-P products
were confirmed via MS/MS analysis.

Figure 2 illustrates the substrate profiles of wild-type L. lactis
GalK and the L. /actis Y385H GalK mutant. The L. lactis wild-
type enzyme accepted 13 sugar substrates, a striking expan-
sion of the typically limited substrate scopes observed for the
GalK family.?*%”» Among these new monosaccharide substrates
were three notable C-4-substituted sugars (12, 13, and 14) and
two unique L-configured sugars (L-altrose, 22, and L-glucose,
23), all of which failed as active substrates for native GalKs
from other sources.**?” As expected, the L. lactis Y385H
mutant was even more promiscuous with several new struc-
tures (Figure 2, 2-deoxy-p-glucose, 15, 6-amino-6-deoxy-p-gal-
actose, 17, and 6-azido-6-deoxy-p-galactose, 19) also weakly
recognized by this variant. Yet, while the L. /actis Y385H
mutant displayed slightly enhanced activities with respect to
most observed L. lactis wild-type GalK substrates (Table 1 and
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Figure 1. a) Schematic for natural product in vitro glycorandomization illustrating the great potential for enhanced diversity through the simplistic bypass of the
many specific SLBP enzymes. In IVG, the diversity stems from the upstream chemical synthesis of novel monosaccharides and downstream chemical modification,
via chemical ligation strategies. The core of IVG is dependent upon three key enzymes (E,, kinase; E,, nucleotidylyltransferase; and GlyT, glycosyltransferase) to ac-
complish the difficult sugar-activating and -attachment chemistry in a stereo- and regiospecific manner. b) Representative examples of p-glucose-configured sugar
(highlighted in red) containing natural products used as therapeutics or agricultural agents: calicheamicin (1), paromomycin (2), nogalomycin (3), rebeccamycin
(4), vancomycin (5), and tylosin (6).

Figure 2), the extent of enhancement was not nearly to the final sugar-1-P yields in representative chemoenzymatic reac-
level invoked upon the E. coli GalK by the equivalent mutation  tions are often >40% (e.g. 7-11, 13, 22, and 23, Figure 2).
(Y371H).2" In the context of synthetic application, it is also in- To better understand the nature of this mutation in the con-
teresting to note that while the L. lactis GalK Y385H activities  text of the L. lactis enzyme, the kinetic parameters for the rep-
in the presence of many sugars vary drastically (Table 1), the  resentative substrates 7 and 13 with the wild-type L. lactis
GalK and the L. lactis Y385H mutant were determined (Table 2).
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Figure 2. Conversion (%) of sugar substrates by wild-type and mutant GalKs. For each enzymatic reaction: [sugar]=8 mwm, [ATP]= 15 mm, [MgCl,]=5 mm, [enzy-
me]=5.0 um and reaction time= 180 min. Percent conversion was calculated as described in the Experimental Section.

Consistent with previous studies on the E. coli Y371H “equiva-
lent” mutant,®?” these kinetic studies revealed that the L. lactis
Y385H mutant enzyme also displays remarkably enhanced k.,
values for the native substrate 7 with a slightly decreased sub-
strate affinity. The case for 13, however, contrasts this general
trend (also noted with the E. coli variant).”" For 13, the L. lactis
Y385H mutant and wild-type GalKs display similar k., values
but the affinity for 13 is enhanced approximately twofold
(Table 2).

In conclusion, equivalent point mutations (Tyr—His) in both
E. coli and L. lactis GalKs invoke enhanced catalytic efficiency
(k./K) and substrate promiscuity. Notably, this work reveals
the first naturally occurring GlcK and the most promiscuous
anomeric sugar kinase reported to date (L. /lactis Y385H with
> 17 different sugar substrates) and suggests the future com-
bined application of directed evolution, rational engineering,
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and new species/sources hold significant promise in optimiz-
ing these catalysts further for synthetic purposes.

Experimental Section

General: 'H and "®C NMR spectra were recorded in D,O on a Varian
400 MHz spectrometer. Optical rotation was measured by using a
Perkin Elmer 241 polarimeter.

Materials: E. coli strains XL1-blue and BL21 (DE3) were purchased
from Stratagene (La Jolla, CA). All reagent grade chemicals and en-
zymes were purchased from Promega (Madison, WI), Sigma (St.
Louis, MO), Fisher/Acros Organics (Hanover Park, IL), or Fluka (Mil-
waukee, WI).

Chemical synthesis of unnatural sugar compounds: 6-deoxy-6,6-
difluoro-p-galactose 20,*® 6,7-dideoxy-p-galacto-hept-6-ynopyra-

ChemBioChem 2004, 5, 992 -996
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Wild type Y385H Product MS For the [S—anomer: '"H NMR: 6=4.58 (d, J,,=8, TH; H-1),
Initial velocity Initial velocity ~ Calculated Determined 4.36 (d, J,5=1.2, 1H; H-5), 434 (dd, J;,=3.6, TH; H-4),
Sugar substrate [umolmin~'mg™"]  [umolmin~'mg~'] [M—H]~ 3.70 (dd, J,5=9.6, 1H; H-3), 3.47 (dd, 1H; H-2), 2.24 ppm
b-Gal (7) 144 (£0.12) 2.14 (£0.09) 260.0 258.9 (s, 3H; H-7); *CNMR: 6=209.1, 96.5, 80.2, 72.8, 71.6,
2-deoxy-p-Gal (8) 0.68 (<0.09) 0.76 (&0.05) 244.0 2429 69.6, 26.5 ppm; MS(ES): calcd. for C;H;,0, 192.2, found
p-GalNH2 (9) 031 (+£0.07) 048 (£0.08)  259.1 257.9 m/z 190.9 [M—H].
;IZIC)():;)D_GM 8;2 Eig:gg; g:;g Eig:g:; 522:8 ;iiz Site.-specifi‘c mutaggnesis: The plasmid contairTing the
) desired point mutation was constructed by using Pfu-
4-deoxy-p-Gal 0.06 (+0.02) 009 (£001) 2440 242.9 Ultra™ high-fidelity DNA polymerase for mutagenic
(12) primer-directed replication with the wild-type plasmid
p-Glc (13) 0.08 (+0.02) 0.12 (+£0.04) 260.0 2589 PET28b-galk as template.”*3¥ Pairs of designed primers
4-azido-p-Gal 0.07 (£0.01) 0.07 (£0.02) 285.0 283.9 both included the desired modification (primer sequen-
4 ces =5-CCAGCAAGCTTTCACGTCGCTCAAATTGGTTCTG-
2-deoxy-p-Glc - 006 (£002) 2440 2430 GT-3'/5-ACCAGAACCAATTTGAGCGACGTGAAAGCTTGCT-
(61-Z)eox oGal 0.15 (£0.03) 021 (£0.04) 2440 420 GG-3'). Amplification was accomplished under the fol-
(16) Y ’ ’ ’ ’ ’ ’ lowing conditions: pET28b-galk plasmid DNA (40 ng),
6-amino-o-Gal B 0.08 (40.02) 250.1 2579 oligonucleotide primer (each 120 ng), dNTPs mixture
a7 (1 uL, 2.5mm), 2.5 units of Pfulltra™ high-fidelity DNA
p-galacturonic _ 0.02 (0.01) 274.0 - polymerase, in a total volume of 50 uL. Thermocycler pa-
acid (18) rameters: initial denaturation, 2 min at 95°C; amplifica-
6-azido-p-Gal - 0.05 (£0.01) 285.0 283.9 tion, 12 cycles, 0.5 min at 95°C, 1 min at 55°C, 6.5 min
(19) at 68°C; terminal hold, 5 min at 68°C. The amplified
6,6-difluoro-p-Gal 0.04 (£0.01) 0.04 (£0.01) 280.0 - plasmids were treated with Dpnl to digest the parental
(20) DNA template, and the mutated prodigy plasmid subse-
6-keto-b-Gal (21) 0.04 (+0.01) 0.05 (+£0.02) 272.0 ~ . .
LAt (22) 0.22 (+0.05) 0.24 (+0.06) 260.0 258.9 qu'ently usefi to transfc.)fm E. coli XLl—t?Iue. The desired
L-Glc (23) 0.23 (+0.03) 027 (+0.07) 260.0 258.9 point mutation was verified by sequencing.

Enzyme expression and purification: E. coli BL21 (DE3)
cells were transformed with
pET28b-galk or pET28b-galkY385H

Table 2. Kinetics of GalK variants with p-Gal and p-Glc. and grown on an LB Pplate
overnight at 37°C. A single colony

p-Gal (7) p-Glc (13) was transferred into LBy,

Kn MMl K IMinT"] keo/Kin Ky, [mm] Keae [Min™"T keot/Key medium (4 mL) and grown at

[mm ™ min'] [mm ™" min”"] 37°C overnight, an aliquot of

WT Galk 64 (£06) 116 (£40) 18.1 (£24) 141 (£1.1) 102 (£12) 07 (£0.1) which (1 mL) was used to inocu-
(L. lactis) late 100 mL of LBy,,3, medium and
Y385H (L. lactis) 9.0 (£0.7) 318 (+£6.0) 353 (+£3.3) 72 (£06) 103 (£1.0) 143 (+£0.2) incubated with shaking at 37°C.
WT GalK (E. col) 2.1 (£04) 108 (£3.0) 51.4 (+£9.8) - - - At OD4,,=0.8, the cells were
Y371H (E.col) 5.6 (+£03) 220 (+9.0) 39.3 (+3.6) - - - cooled on ice for 5 min and trans-
[a] = no conversion. ferred to a 16°C shaker. Then,

[28 [29,30!

nose,” 6-bromo-6-deoxy-p-galactose,”?**% and 6-chloro-6-deoxy-p-
galactose™® 3" were prepared as previously described.

7-deoxy-p-galacto-heptos-6-ulose 21: 7-deoxy-1,2:3,4-di-O-isopro-
pylidene-p-galacto-heptopyranose-6-ulose was prepared as previ-
ously described.”? Methanolic sulfuric acid (1% v/v, 100 mL) and
H,O (200 mL) were added sequentially to a stirred solution of
7-deoxy-1,2:3,4-di-O-isopropylidene-b-galacto-heptopyranose-6-

ulose® (2.98 g, 10.9 mmol) in MeOH (100 mL). The solution was
stirred for 3 h at 100°C, after which time it was cooled and then
neutralized by the addition of aqueous KOH (10m). The solution
was evaporated to dryness under reduced pressure. The residue
was taken up in MeOH and filtered. The filtrate was concentrated
under reduced pressure, and the residue was subjected to flash
chromatography by using CH,Cl,/MeOH (9:1) to give the free sugar
21 as a white solid (0.67 g, 32%, a/p 2:1), TLC R=0.60 in isopropa-
nol/ethyl acetate/water (7:1:2); [0]3 =+0.60 (c=0.86 in H,0). For
the a-anomer: 'H NMR: =5.30 (d, J;,=4, TH; H-1), 4.73, (d, J,s=

ChemBioChem 2004, 5, 992 -996 www.chembiochem.org
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IPTG (1 ™M) was added (1 mm final
concentration), and the culture
was incubated with shaking
(140 rpm) for 20 h. The L. lactis wild-type GalK and variant Y385H
were purified by using metal affinity chromatography on Ni-NTA
Spin Columns (QIAGEN, Valencia, CA). The concentration of protein
was determined by Bio-Rad protein assay.

Characterization of L. lactis wild-type GalK and Y385H: The DNS
assay was used to determine the substrate specificity of wild-type
GalK and variant (Y385H) as previously described.*” Standard
curves for each sugar and progress curves were established as de-
scribed.”¥ The percent conversion for each reaction was calculated
by using Equation (1),

% conversion = [(C,—Cq) Co] x 100 (1)
where C, represents the sugar concentration in the reaction

system at starting point, and C,g, represents the sugar concentra-
tion in the reaction system after 180 min. The initial velocity for
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each active substrate was determined by the slope value of the
linear phase in the progress curve. At least two independent ex-
periments were performed for each sugar substrate. After 180 min,
the enzymatic reaction was quenched with MeOH and centrifuged
(10 min, 12000 rpm), then the supernatant (diluted 20-fold) was
submitted for MS and MS/MS analysis. The kinetic data were deter-
mined and analyzed as described.”

Note added in proof: While this manuscript was under review,
David W. Rice and co-workers reported the crystal structure of the
Pyrococcus furiosus galactokinase and found Tyr200 (equivalent to
Tyr223 in E. coli GalK) to hydrogen bond with the C-4-OH of p-gal-
actose.®
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Structure-Based Design, Synthesis,
and in vitro Evaluation of
Nonpeptidic Neprilysin Inhibitors

Stefan Sahli,”! Bernhard Stump,™ Tobias Welti,"
Denise Blum-Kaelin,” Johannes D. Aebi,?
Christian Oefner, Hans-Joachim Béhm,*® and
Francois Diederich*®!

Neprilysin (NEP, neutral endopeptidase, EC 3.4.24.11) is a mam-
malian zinc(1)-dependent, membrane-bound endopeptidase.
NEP is widely distributed in the organs, particularly in the kid-
neys and lungs, and is involved in the metabolism of a
number of smaller regulatory peptides of the nervous, cardio-
vascular, inflammatory, and immune systems.' Enkephalins
are among its natural substrates, and blocking NEP would in-
crease their level, thereby generating an analgetic response.
Furthermore, NEP cleaves ANP (atrial natriuretic peptide) and
bradykinin, which both reduce blood pressure, and NEP inhibi-
tors could therefore be possible antihypertensive agents. On
the other hand, NEP has recently been shown to cleave amy-
loid B-peptide, the deposition of which in the brain is part of
the initiation of Alzheimer's disease. These therapeutic and
basic pharmacological research interests led us to develop
new nonpeptidic inhibitors of Neprilysin by X-ray structure-
based de novo design.”’ Many peptidic NEP inhibitors are
known,” but only a few nonpeptidic ones have been report-
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4070 Basel (Switzerland)
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ed.” Furthermore, we are interested in a general understand-
ing of the structural requirements for selective metalloprotease
inhibition, with the intriguing ultimate target of blocking NEP
selectively and with high affinity without binding to the zinc(11)
ion. Here, we report the synthesis and in vitro evaluation of
first- and second-generation nonpeptidic Neprilysin inhibitors
that still contain a zinc(i1)-binding ligand and show IC, values
(ICso=concentration of inhibitor at which 50% V,,,, is ob-
served) in the range between 2 and 0.2 pum.

On the basis of the X-ray crystal structure of NEP complexed
with phosphoramidon,”) we used the molecular-modeling
package MOLOC® to analyze the active site and to design the
well-accommodated lead (+)-1, taking into account the princi-
ples of molecular recognition. Figure 1 shows that the central
imidazole platform of the active (1'S,1”R)-configured enantio-
mer should act as a peptide-bond isoster and anchor at the
active site by forming H-bonds to Asn542 and Arg717, both of
which are important for substrate binding.”'” Two aromatic
rings, attached by short linkers to positions 2 and 5 of the cen-
tral imidazole scaffold, were expected to fill the hydrophobic
pockets S1” and S2'. A thiol ligand was chosen to ensure bind-
ing to the catalytically active zinc(11) ion. In addition to (£)-1,
we also prepared compounds (+)-2—(%)-5 in the first lead-
generation cycle.

The synthesis of the first series of ligands elegantly takes ad-
vantage of a double ortho-metallation strategy (Scheme 1).'”
Protected imidazole 6" was stannylated at position 2, and
Stille cross-coupling with (2)-2-bromo-3-phenylprop-3-enal af-
forded aldehyde 7. Reduction of aldehyde and double bond
with [Pd(PPh,),] and Bu;SnH in one step, followed by silylation
provided the silyl ether (+)-8. Metallation at position 5 of the
imidazole ring followed by treatment with benzaldehyde led
to the diastereoisomeric pairs of enantiomers (+)-9a and (+)-
9b. Methylation of the hydroxy group followed by desilylation
yielded (£)-10a and (£)-10b. At this stage, the diastereoisom-
ers were separated by column chromatography (SiO,, pentane/
AcOEt 50:50). Mitsunobu reaction provided the thioacetates (+
)-11a and (£)-11b that were finally doubly deprotected to
afford thiols (&)-1 and (£)-2."*" The configuration
of the separated diastereoisomers was assigned
based on an X-ray crystal structure of thioacetate
(1SR,1”RS)-11a. The other inhibitors (£)-3 to (+)-5 (
were obtained by similar routes. N

The IC;, values were determined by a fluorimetric N s:i

assay.'® Encouragingly, the activity of lead com- |
6

Scheme 1. Synthesis of inhibitors (+)-1 and (+)-2. Reagents and
conditions: a) nBuLi, Bu;SnCl, THF, —78°C; b) (Z)-2-Bromo-3-phe-
nylprop-3-enal, [Pd(PPh;),Cl,], Ag,O, DMF, 100°C, 2 d, 40% (two

steps); ¢) [Pd(PPh;) ], Bu;SnH, AcOH, PhH, 20°C, 10 h, 82 %;

d) Me,(tBu)SiCl, DMAR, CH,Cl, 20°C, 16 h, 79%; e) secBuLi,

PhCHO, THF, —78°C, 1 h, 85%; f) NaH, Mel, THF, 0—20°C, 98 %;

g) Bu,NF, THF, 20°C, 4 h, 62% ((+)-10a), 35% ((£)-10b);

h) PPh;, DIAD, AcSH, THF, 0—20°C, 3 h, 95% ((1'SR,1"RS)-11a),

86 % ((1'SR,1"SR)-11b); ) NaOMe, MeOH, 20°C, 1 h then TFA, i
20°C, 1 h, then 0.1% HCI in MeOH, 30% ((+)-1), 28% ((+)-2).
DMAP = 4-(dimethylamino)pyridine, DIAD = diisopropyl azodicar- i |:
boxylate, TFA = trifluoroacetic acid.

ChemBioChem 2004, 5, 996-1000 www.chembiochem.org
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Figure 1. Ball-and-stick (a) and schematic (b) representations of (1'S,1"R)-1
modeled in the active site of Neprilysin. Potential H-bonds are shown as
dashed lines. a) C atoms of the inhibitor: green, C atoms of NEP: grey, O
atoms: red, N atoms: blue, S atoms: yellow, Zn atom: purple.
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pound (4)-1 was found to be in the single-digit micromolar
range (Table 1). Similar IC,, values around 2 um obtained for in-
hibitors (£)-1 and (+)-2 demonstrate that the proposed H-
bond between Asn542 and the methoxy group in the complex
of (£)-1 is not effective; indeed the H-bond-accepting residue
can be omitted without penalty as in (4)-3. Substitution of the
phenyl (in ()-1) by a 2-naphthyl ring (in (+)-4) for occupation
of the S2’ pocket does not enhance binding affinity but rather
leads to a slightly lower activity. Although spacious and rather
hydrophobic, this pocket is conformationally not as well de-
fined (see below);”'” this prevents a gain in binding free en-
thalpy upon introduction of a larger substituent such as a

Table 1. Structures and biological activities of the first series of lead com-
pounds (+)-1 to (£)-5. The configuration of the active enantiomer, predict-
ed by modeling, is indicated.
N
1
RUp /N o~y
N
rR2 H
X R' R? active enantiomer 1Cso [m]
()1 SH OMe Ph 1'S,1"R 2.0
(+)-2 SH OMe Ph 1'5,1"S 1.7
(+)-3 SH H Ph 1S 25
(£)-4 SH OMe Np® 1'S,1"R 3.6
(£)-5 OH OMe Ph 1'S,1"R -
[a] Np=2-naphthyl. [b] 17% inhibition at 100 um inhibitor concentration.

naphthyl residue. Finally, alcohol (£)-5 proved to be almost in-
active; this clearly shows that at this stage, a thiolate group is
required for binding.

For the next lead-optimization cycle, we carefully compared
the active site geometries seen in the X-ray crystal structures
of NEP bound to the larger phosphoramidon (blue in Fig-
ure 2a), that occupies both S1’ and S2" pockets, and the small-
er thiorphan (green in Figure 2a), that only fills the S1
pocket.'®™ |n the thiorphan complex, the S2' pocket is closed
by the side chains of Arg110 and Phe106. Since good inhibito-
ry activity apparently does not require occupancy of the S2’
pocket,”” second-generation ligands (+)-12 and (+)-13 were
designed without a vector reaching into this pocket (Table 2).
In return, larger heterocycles, benzimidazole in (+)-12 and imi-
dazo[4,5-c]pyridine in (+)-13, were introduced as central scaf-
folds. Molecular modeling suggested that these platforms
would not only undergo the obligatory H-bonding to Arg717
and Asn542, but would also engage in favorable m-m stacking
interactions® with the imidazole ring of His711 (Figure 2b).

The synthesis of thiols (+)-(5)-12 and (+)-(5)-13 started from
carboxylic acid (—)-(5)-16 that was obtained through a publish-
ed protocol (Scheme 2).2" Formation of the carboxamide with
either 1,2-phenylenediamine or 3,4-diaminopyridine, followed
by acid-catalyzed condensation to give (+)-15/(+)-17 and S-
deprotection afforded the desired ligands.
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Figure 2. a) Superimposed active site residues seen in the X-ray crystal struc-
tures of NEP complexed with phosphoramidon (blue) and thiorphan (green).
The inhibitors are not shown for clarity. In the thiorphan complex, the S2'
pocket remains closed as indicated by the arrow. b) Ball-and-stick representa-
tion of the predicted binding of (+)-12 in the active site of Neprilysin. Potential
H-bonds are shown as dashed lines.

Gratifyingly, the ICs, values of the new ligands (+)-12 and
(+)-13 were in the upper nanomolar range, their binding affini-
ty being about tenfold higher than that of the imidazole-based
inhibitors (Table 2). Benzimidazole and imidazo[4,5-c]pyridine
appear to be excellent new scaffolds for NEP inhibitors. Their
predicted aromatic interaction with the imidazole ring of
His711 still remains to be validated by X-ray crystallography.
For comparison, the binding affinity of benzylated (+)-15 is
poor, although, according to the modeling, the benzyl residue
can be well accommodated in the active site. Thus, a thiolate
ligand to the zinc(11) ion is still required at this stage. The affini-

ChemBioChem 2004, 5, 996 —1000
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Table 2. Structures and biological activities of the second-generation lead
compounds (+)-12 and (4)-13 and the corresponding controls (+)-14 and
(+)-15.

= N SR?
X | N
AN N1
R
X R' R ICs [pm]
(+)-(5)-12 CH H H 0.29
(+)-(5-13 N H H 0.20
(+)-(5-14 CH Me H 53
(+)-(5)-15 CH H Bn® bl

[a] Bn=Dbenzyl. [b] 30% inhibition at 100 um inhibitor concentration.

Y

ab) xZ N
> ‘ A\
x N
(+)<(S)-15 X = CH
(+)-(S)17 X=N

(+)(S)12 X =CH
(+)(S)13 X=N

Scheme 2. Synthesis of inhibitors (+)-12 and (+)-13. Reagents and conditions:
a) 4-Methylmorpholine, iBuOCOCI, 1,2-phenylenediamine or 3,4-diaminopyri-
dine, THE, —20—0°C, 14 h, 47-51%; b) AcOH, 65°C, 4 h, 90% ((+)-15), 92%
((+)-17); ¢) Na, NH;, THF, —78°C, 10 min, 50% ((+)-12), 40% ((+)-13).

ty of the N-methylated benzimidazole (+)-14 was 20-fold re-
duced relative to (+)-12. This result provides strong support
for the prediction that the imidazole moiety in the heterocyclic
scaffolds of (+)-12 and (4+)-13 acts as peptide-bond isoster
and undergoes H-bonding to the side chains of both Asn542
and Arg717. Apparently, for steric reasons, the N-methyl deriva-
tive does not fit ideally into the narrow site between Asn542
and Arg717 and hence is not well positioned for forming a
good H-bond to Arg717.

In conclusion, benzimidazole and imidazo[4,5-c]pyridine rep-
resent excellent new scaffolds for NEP inhibitors that are avail-
able by short, versatile synthetic routes. Their imidazole moiety
seems to be a good peptide-bond isoster, undergoing H-bond-
ing to both Asn542 and Arg717. We hope to further validate
the proposed binding mode, which is well supported by the
experimental data, by X-ray analysis. The comparison between
the first imidazole series of ligands (i.e. (£)-1-(£)-3) and the
second-generation inhibitors underlines the fact that occupa-
tion of the S2' pocket is energetically not beneficial, in contrast
to filling the S1’ pocket. Further optimization of the S1’ residue
should lead to highly potent inhibitors,® but modeling also
suggests that the new extended heterocyclic scaffolds offer in-

ChemBioChem 2004, 5, 996-1000 www.chembiochem.org
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teresting opportunities for exploring new bonding interactions
“above” the S2' pocket. A thiolate ligand to the zinc(i) ion is
still required at this stage; we hope, however, to develop in
future work potent and selective inhibitors in which direct liga-
tion to the zinc(11) ion will be substituted by H-bonding to the
metal ion-bound catalytic water.

Acknowledgements

We thank the ETH Research Council and F. Hoffmann-La Roche,
Basel, for supporting this work.

Keywords: endopeptidases - inhibitors - medicinal chemistry -
neprilysin - structure-based design

[1] A.J. Turner, K. Tanzawa, FASEB J. 1997, 11, 355-364.
2] B.F. Roques, F. Noble, V. Daugé, M.-C. Fournié-Zaluski, A. Beaumont,
Pharmacol. Rev. 1993, 45, 87 - 146.

[3] A.J. Turner, R. E. Isaac, D. Coates, BioEssays 2001, 23, 261 -269.

[4] N. Iwata, S. Tsubuki, Y. Takaki, K. Shirotani, B. Lu, N. P. Gerard, C. Gerard,
E. Hama, H. J. Lee, T. C. Saido, Science 2001, 292, 1550-1552.

[5] For previous examples of X-ray structure-based de novo design of non-
peptidic enzyme inhibitors, see: a) U. Obst, V. Gramlich, F. Diederich, L.
Weber, D.W. Banner, Angew. Chem. 1995, 107, 1874-1877; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1739-1742; b) B. Masjost, P. Ballmer, E.
Borroni, G. Zurcher, F. K. Winkler, R. Jakob-Roetne, F. Diederich, Chem.
Eur. J. 2000, 6, 971-982; c) E. A. Meyer, R. Brenk, R.K. Castellano, M.
Furler, G. Klebe, F. Diederich, ChemBioChem 2002, 3, 250-253; d) D. A.
Carcache, S.R. Hortner, A. Bertogg, C. Binkert, D. Bur, H.P. Marki, A.
Dorn, F. Diederich, ChemBioChem 2002, 3, 1137 -1141.

[6] S. De Lombaert, L. Blanchard, J. Tan, Y. Sakane, C. Berry, R.D. Ghai,
Bioorg. Med. Chem. Lett. 1995, 5, 145-150.

[7]1 C. Oefner, A. D'Arcy, M. Henning, F. K. Winkler, G. E. Dale, J. Mol. Biol.
2000, 296, 341 -349.

[8] a) P.R. Gerber, K. Mdller, J. Comput.-Aided Mol. Des. 1995, 9, 251 -268;
b) Gerber Molecular Design (http://www.moloc.ch).

[9] N. Dion, H. Le Moual, M.-C. Fournié-Zaluski, B.P. Roques, P. Crine, G.
Boileau, Biochem. J. 1995, 311, 623-627.

[10] C. Marie-Claire, E. Ruffet, S. Antonczak, A. Beaumont, M. O'Donohue,
B.P. Roques, M.-C. Fournié-Zaluski, Biochemistry 1997, 36, 13938-
13945.

[11] A. J. Gutierrez, T. J. Terhorst, M. D. Matteucci, B. C. Froehler, J. Am. Chem.
Soc. 1994, 116, 5540 -5544.

[12] All new compounds were fully characterized by 'H and *C NMR spec-
troscopy, FTIR spectroscopy, El- or MALDI-MS, and elemental analysis or
high-resolution MS. For optically active ligands and precursors, optical
rotations were also measured, and the enantiomeric purity checked by
HPLC on chiral stationary phase. The X-ray crystal structure analysis of
(1’SR,1”RS)-11a will be published as part of a forthcoming full paper.

[13] D.J. Chadwick, R. 1. Ngochindo, J. Chem. Soc. Perkin Trans. 1 1984, 481 -
486.

[14] O. Mitsunobu, Synthesis 1981, 1-28.

[15] L. Zervas, |. Photaki, N. Ghelis, J. Am. Chem. Soc. 1963, 85, 1337-1341.

[16] K. M. Carvalho, G. Boileau, A. C. M. Camargo, L. Juliano, Anal. Biochem.
1996, 237, 167-173. The NEP assay was based on the method descri-
bed by Carvalho et al. with a minor difference in the substrate. The flu-
orescent substrate (ABZ-GG,FLRRVQEDDnp) contained an additional
glutamate between the valine and the fluorescent group. Incubations
(for 1 h at 37°C) were carried out in 96-well microplates in triplicate at
4 to 6 concentrations ranging from 100 um to 1 nm. ICs, values were
calculated after logit/log transformation of the percent inhibition data
with a best-fit regression model. The inhibitors were tested for their
fluorescence or quenching properties and values were corrected ac-
cordingly. Thiorphan as reference compound gave an ICs, of 7.0+
0.2 nm (n=6) in this assay.

9299



www.chembiochem.org



BIO

[17] R. Bohacek, S. De Lombaert, C. McMartin, J. Priestle, M.
Grutter, J. Am. Chem. Soc. 1996, 118, 8231-8249.

[18] B. P. Roques, M.-C. Fournié-Zaluski, E. Soroca, J. M. Lecomte,
B. Malfroy, C. Llorens, J. C. Schwartz, Nature 1980, 288, 286 -
288.

[19] C. Oefner, F. Hoffmann-La Roche, Basel, unpublished
results.

[20] E. A. Meyer, R.K. Castellano, F. Diederich, Angew. Chem.
2003, 7715, 1244-1287; Angew. Chem. Int. Ed. 2003, 42,
1210-1250.

[21] D.A. Evans, D. J. Mathre, W. L. Scott, J. Org. Chem. 1985, 50,
1830-1835.

Received: January 12, 2004

1000 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org  ChemBioChem 2004, 5, 996 -1000



www.chembiochem.org




BIO

A)

Enzymatic Cyclisation of o

Peptidomimetics with
Incorporated (E)-Alkene
Dipeptide Isosteres

OH
O OH p
x _{ O
OH O HO:HO H O o] :
1[:\3,& AN KN g~ A_ Surfactin A
BER VAR EER: N (wild-type)
Ho ! HgAHGQG H o H
e
O..0H | I
CHO 1 H H O O Surfactin A-
MEN”""'%"“'{N'“:‘““TN NS~ analogue 1
" 0 o LHo H ‘tenslp
plEFCH=CH]  y[(E)}-CH=CH] SNAC
T,
’ I ; HS J_
- 3 - !
HaN™""0H  HN"™~"""0H "AH
NH; ¥[(EFCH=CH] ¢ [(E)}-CH=CH] NH: SNAC
R H H H 2 H ¢ H  Tyrocidine A-
N NS Ny e N s Ny analogue 2
H O 0 O "en-TLP"

MNH - OH
MH- o= “ﬁx_.;n MH2
21ue ] H 9 fu O (4O H TyocdneA
Ny A AN AN LN A~ N~ vild-type)
““ H o HD“”O_,":\-LHGE\]/ 0
By l
i HNTO
. -OH
b o™ ,Lv' il
o H OA) H O J H O H © y  Tyrocidine A-
N"-;JLNI-’N A ey Ny N g N~ analogue 3
7 H ¢ l Hg wH o i H o '\[, o "allyl-TLP"
-
b H:NTO

Scheme 1. Comparison of the SNAC-peptides “en-SLP” (A), “en-TLP” (B) and “allyl-TLP” (C)
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Naturally synthesised peptides, either gene-encoded or assem-
bled on multifunctional peptide synthetases, exhibit a wide
range of biological activities and find application for example
as antibiotics and immunosuppressants."? There is a great in-
terest in exploring natural peptidic scaffolds by introducing
new structural elements in order to obtain novel compounds
with desired activity or increased metabolic stability. It has pre-
viously been shown, in the case of peptide-based enzyme in-
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structurally quite similar® noncleavable (E)-alkene bonds,
which exhibit the same spatial orientation as the native ones,
is a promising approach to achieve this goal. Therefore, we de-
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(2S)-2-amino-4-pentenoic acid.

cided to explore the incorporation of such a structural element
into the linear peptide precursors of the nonribosomal antibi-
otics surfactin A and tyrocidine A (Scheme 1) to test the possi-
bility of subsequent cyclisation by the corresponding peptide
cyclases (TE) Srf-TE® and Tyc-TE,” respectively. This peptidomi-
metic approach would not only enhance cyclic peptide stabili-
ty, but would also allow for postsynthetic modifications of the
functionalised C=C double bonds (e.g. glycosylation). The (E)-
alkene bond belongs to a glycine-glycine dipeptide isostere,
which forms a predominant part of the linear peptide precur-
sor’s backbone (red in Scheme 1). The N- and C-terminal resi-
dues incorporated into the peptides shown in Scheme 1 are
necessary for the enzymatic recognition to catalyse the forma-
tion of a macrolactone (surfactin A)*® or a macrolactam (tyroci-
dine A).”" In order to achieve cyclisation of novel peptidomi-
metics by cyclases, acylation at the enzyme’s active-site
serine®®? has to be ensured by a small C-terminal thiolester
leaving group (SNAC) (blue in Scheme 1).”

The glycine—glycine (E)-alkene dipeptide isostere (abbreviat-
ed as y[(E)-CH=CH]) was synthesised by a Schmidt rearrange-
ment of (E)-3-hexenedioic acid according to an instruction by
Allan and co-workers."™ The subsequent coupling of a Fmoc
protecting group to the amine function under standard condi-
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tions led us to a building block (41% yield over two steps),
which could be incorporated into the backbone of the linear
peptide precursor. For the building of the linear peptide pre-
cursor we used Fmoc/tBu-based solid-phase peptide synthesis
(SPPS). Here it was important, due to the later modification of
the C terminus, that the amine function of the N-terminal
amino acid was provided with a Boc protecting group. After
cleavage from the employed 2-chlorotrityl chloride resin under
mild acidic conditions (yield: 81%), the C-terminal part of the
peptide was modified to give the thiolester mentioned above.
Finally, all the protecting groups remaining on the peptide pre-
cursor were removed with a mixture of trifluoroacetic acid
(TFA) and CH,Cl, (1:1). All synthesised linear SNAC-peptide pre-
cursors were characterised by mass analysis with MALDI-TOF
(see Supporting Information).

The first model we used to see whether such a linear SNAC-
peptide can be enzymatically cyclised was based on the scaf-
fold of the nonribosomal macrolactone antibiotic surfactin A
(Scheme 1A). After the solid-phase peptide synthesis, we
ended up with a mixture of different peptide precursors, since
the C=C double bond isomerised under the basic conditions
needed for Fmoc-SPPS (Scheme 2). The isomerisation is fa-
voured by the establishment of a conjugated m-electron
system of the C=C double bond with the neighbouring amide
bond. As the structural differences of all possible isomers were
very small, it was impossible to separate them from each other
by reverse-phase HPLC. Therefore, we decided to try a cyclisa-
tion assay employing the mixture of the SNAC-peptide precur-
sors (250 uMm) at 25°C as a substrate for the excised Srf-TE®
(2.5 um), which was dissolved in aqueous HEPES buffer
(pH 7.0). After stopping the enzymatic activity by adding aque-
ous TFA, the assay was subsequently analysed by HPLC-MS. In
addition to the hydrolysed substrate, which led to the corre-
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sponding acid, cyclised isomers were detected (Figure 1A).
Since the peptide substrate was obtained as a mixture, we
have not determined the ratio between the hydrolysis and the
cyclisation products.

In order to overcome the isomerisation problem of the di-
peptide isostere’s double bond, we decided to change the
conditions during the SPPS of the second model substrate “en-
TLP”, an analogue of the antibiotic tyrocidine A (Scheme 1B),
in two ways. First, the time for the basic cleavage of the Fmoc
protecting group with piperidine solution (20% v/v in N,N-di-
methylformamide) was shortened from 20 to 2.5 minutes.
Second, the amino acid coupling conditions were changed.
Here a combination of two different approaches was applied:
The former coupling reagents 1-hydroxybenzotriazole (HOBt),
N-((1H-benzotriazol-1-yl)(dimethylamino)methylene)-N-methan-
aminium hexafluorophosphate N-oxide (HBTU) and diisopropyl-
ethylamine (DIPEA) were substituted by the reagents diiso-
propylcarbodiimide (DIC) and 1-hydroxy-7-azabenzotriazole
(HOAt). Moreover, the whole N-terminal tripeptide with the
necessary protecting groups (Scheme 1B) was coupled to the
C-terminal part of the peptide, which was still bound to the
resin. This strategy led us to SNAC-peptide 2, which contained
no isomerised C=C double bond. This was shown by
'H,®CNMR correlation spectroscopy and '*C NMR analysis
where the carbon atoms of the C=C double bond of the
SNAC-peptide as well as of the dipeptide isostere showed the
same chemical shifts (Figure 2).

The HPLC-MS analysis after incubation of the SNAC-peptide
with the excised tyrocidine cyclase” (Tyc-TE) according to the
procedure used for surfactin, resulted in a ratio of hydrolysis to
cyclisation product of 1:1.6 (Figure 1B). The K, and k., values
for the hydrolysis reaction were 109 um and 24 min~' and for
the cyclisation reaction 141 um and 33 min~', respectively. The

0 0
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Scheme 2. Mixture of possible surfactin peptidomimetics after isomerisation of the C=C double bond of the dipeptide isostere(s), due to the basic conditions of the

solid-phase peptide synthesis.
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Figure 1. HPLC traces of the cyclisation assays. A) en-SLP (time of the assay:
45 min). B) en-TLP (time of the assay: 20 min). C) allyl-TLP (time of the assay:
60 min). Solid line: assay without enzyme; dashed line: assay with cyclase. The
products were identified by MS-analysis (see Supporting Information).

increased K, and the decreased k., value of the peptidomi-
metic 2 in comparison with the native tyrocidine A® suggested
a reduced substrate preorganisation by intramolecular hydro-
gen bonds, which was reported to be important for tyrocidine
cyclisation.” The regioselectivity of the built macrolactam
during the enzymatic cyclisation reaction was confirmed by
MS/MS-fragmentation analysis (see Supporting Information).

In addition, an alternative strategy for postsynthetic modifi-
cation of peptide antibiotics was tested. Bulky substituents
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Figure 2. Comparison of the chemical shift of the olefinic carbon atoms of the
glycine-glycine dipeptide isostere incorporated into the backbone of en-TLP (A)
and of the Fmoc-protected dipeptide isostere alone (B). A) 'H,"*C NMR correla-
tion spectrum, 125 MHz, [DJDMSO. B) *C NMR spectrum, 75 MHz, [DgDMSO.

such as large sugar moieties, which would affect substrate rec-
ognition and enzymatic cyclisation, could be attached to the
functionalised double bond of the final cyclic product. There-
fore, a second novel analogue of tyrocidine A called “allyl-TLP”
(Scheme 1C) was tested. In this analogue, the amino acid at
position 3 is replaced by (25)-2-amino-4-pentenoic acid, which
has a terminal C=C double bond (green in Scheme 1). The
SNAC-peptide substrate 3 was synthesised by SPPS under the
same conditions as used for the surfactin analogue 1 (see Sup-
porting Information). The incubation of allyl-TLP with Tyc-TE re-
vealed a hydrolysis-to-cyclisation ratio of 1:7.2 (Figure 1C); this
demonstrated the preparative utility of this method.

In summary, we have introduced a new methodology for
peptidomimetic synthesis by utilising SNAC-peptides, with a
large part of the backbone substituted by dipeptide isosteres.
These novel substrate analogues are specifically recognised by
the corresponding excised peptide cyclases, and an effective
cyclisation was observed. A procedure was developed to build
up SNAC-peptide substrates by Fmoc/tBu-based SPPS with in-
corporated (E)-alkene dipeptide isosteres, which do not suffer

ChemBioChem 2004, 5, 1000-1003
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from isomerisation of the C=C double bond. To increase the
antibiotic activity of these novel cyclic peptidomimetics, fur-
ther modification of the internal or terminal C=C double bonds
can be envisioned. For this purpose several preparative, organ-
ic reactions can be utilised, for example, olefin cross metathesis
or epoxidation and other addition reactions at an olefinic
double bond. In contrast to previous attempts, where diversity
was generated in the linear peptide sequence,"? this approach
allows libraries of cyclic compounds with scaffolds also arising
from postsynthetic modifications to be synthesised and
screened.

Experimental Section

Cyclisation assay: The linear SNAC-peptide substrate (250 um) was
incubated at 25°C with the corresponding excised cyclase (2.5 um)
in HEPES-buffer (25 mm, pH 7.0, NaCl (50 mm); final volume:
50 pL). After different reaction times (en-SLP: 45 min, en-TLP:
20 min, allyl-TLP: 60 min), the enzymatic activity was quenched by
the addition of aqueous TFA (35 uL, 4% v/v). All assays were ana-
lysed by HPLC-MS (Nucleodur 120-3 C18 column, 0.3 mLmin,
40°C, 20-55% solvent B over 40 min, then 55-95% solvent B over
10 min; solvent A: bidestilled water with 0.1% (v/v) TFA, solvent B:
acetonitrile with 0.1% (v/v) TFA).
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The Molecular Arrangement of
Membrane-Bound Annexin A2-
S100A10 Tetramer as Revealed by
Scanning Force Microscopy

Manuela Menke,™ Michaela Ross,"® Volker Gerke,"
and Claudia Steinem*™

Annexins are peripheral membrane-binding proteins implicat-
ed in a number of membrane-related events (for a review see
refs. [1,2]). Of particular interest within this family is annexin
A2, since it can exist in two forms possibly showing different
modes of membrane interaction, the annexin A2 monomer
and the heterotetrameric complex of annexin A2 with the S100
protein S100A10 (p11). The complex, herein referred to as an-
nexin A2t, is the predominant form of annexin A2 in most cells.
It is composed of two annexin A2 molecules linked via their N-
terminal domains to a ST00A10 dimer.® Within the cell, the
protein complex is mainly localized to endosomes and at the
plasma membrane.*® Recent RNA-interference experiments
have revealed a function of the protein in maintaining a
proper organization of certain endosomal subdomains.”® In
vitro, it has been shown that annexin A2t is capable of binding
to negatively charged phospholipids and aggregating chro-
maffin granules and phospholipid vesicles in a Ca’*-dependent
manner (for a review see ref. [9]).

The molecular organization of the junctions between mem-
brane surfaces linked by the annexin A2t complex is still a
matter of debate. Two different models have been proposed.
The first one is based on electron-density profiles obtained in
cryoelectron-microscopy studies."®™ It proposes that the
dimer of S100A10 is located in the center of the two mem-
branes with one annexin A2 molecule facing the bilayer on
each side (Figure 1A, €).' The dimension of the complex be-
tween the two membranes was estimated to be 9.0+0.3 nm.
The second model assumes that two annexin A2 subunits of
the complex are bound to one membrane interface (Fig-
ure 1B)."* In order to link the two membranes together two
heterotetramers then form an octameric structure held togeth-
er by the ST00A10 dimer (Figure 1D)." Bearing these models
in mind, two different scenarios are conceivable for an initial
Ca**-dependent binding of annexin A2t to a membrane bilay-
er. Either one (Figure 1A) or both annexin A2 subunits (Fig-
ure 1B) of the heterotetramer might bind to the negatively
charged phospholipids via Ca’* bridges.
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Figure 1. Schematic illustration of the annexin A2t membrane binding process.
A and B show the initial membrane binding, C and D the aggregation process.
In the first model (A), the tetrameric complex is bound via one annexin A2
monomer to the membrane. For this arrangement, the resultant height would
be about 9 nm for one protein layer. In the second model (B), both annexin
subunits of annexin A2t bind to one membrane surface. In this case, an approx-
imate height of about 4.5 nm for one protein monolayer bound to the mem-
brane would be expected. The membrane aggregation process could be medi-
ated by a tetrameric or an octameric structure (C,D).

To elucidate which of the two binding modes is more likely
to occur, we determined the height of membrane-bound an-
nexin A2t by scanning force microscopy. Scanning force micro-
scopy on solid-supported Langmuir-Blodgett (LB) bilayers
composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS)
on mica was shown previously to be well suited to visualizing
annexin A1 bound to DPPS-enriched domains."*'® The
method exploits the fact that lipid bilayers composed of DPPC
and DPPS are in the gel state at room temperature and are
thus only minimally indented during the scanning, thereby re-
ducing the error in the height analysis. The first monolayer of
the LB bilayer was composed of DPPC transferred from a water
subphase at 45 mNm™". The second water-exposed monolayer
consisted of a mixture of DPPC/DPPS (4:1) transferred at
32mNm™". A detailed characterization of these bilayers is
given by Ross et al.!™”

Scanning force microscopy (topographic images) of the
DPPC-DPPC/DPPS bilayers does not reveal any height differen-
ces (Figure 2 A) except for some small dark dots, which can be
attributed to defects within the bilayers. However, when ana-
lyzed by lateral force microscopy, DPPS-enriched domains
within the DPPC matrix can be identified in the presence of
Ca** ions (not shown), as shown previously."” After addition
of 0.3 um annexin A2t to the immobilized bilayer, round do-
mains, which are 2-5 pm in diameter, become discernable in
the topographic images (Figure 2B) and exhibit the same form
and distribution as the DPPS-enriched domains as visualized
by lateral force microscopy. Thus, we conclude that these
higher domains are composed of laterally interacting annexin
A2t bound to the DPPS-enriched domains. This result also con-
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Figure 2. A) Topographic image of a DPPC-DPPC/DPPS lipid bilayer deposited
onto mica by a double Langmuir-Blodgett transfer. B) Topography image after
addition of 0.3 um annexin A2t. The images were obtained in aqueous solution
(TRIS/HCI (20 mm), NaCl (100 mm), CaCl, (1 mm), NaN; (1 mm), pH 7.4).

firms the specificity of annexin A2t adsorption to acidic phos-
pholipids. Further protein addition did not change the size,
number and distribution of the annexin A2t domains. In con-
trast to the images obtained by Brisson and co-workers for
membrane-bound annexin A5,"7'® in the case of annexin A2t,
two-dimensional crystal-like structures could not be resolved
by scanning force microscopy. This is in accordance with the
results obtained for annexin A1"® and probably reflects the in-
trinsic properties of the different annexin proteins analyzed.
Reversibility of binding was investigated by addition of a
buffer containing 0.1 mm EGTA; this resulted in a complete re-
moval of the protein domains from the membrane. However,
nonspecifically bound proteins found in the defects of the
membrane, which are visible as small bright dots in the topo-
graphic images (Figure 2B), were still present under these con-
ditions and could not be removed by chelating Ca’* (not
shown).

The significant topographic contrast between the protein
domains and the membrane enabled us to readily obtain an
exact height of the protein layer. Figure 3A shows a single
domain composed of laterally interacting proteins with a line
scan through this domain indicating a height difference be-
tween the membrane and the protein layer of 4.3 nm. Histo-
gram analysis of several protein domains (n=16) leads to an
average height of 4.2+0.4 nm (see Figure 4A). The two differ-
ent models outlined above (Figure 1A, B) predict two different
but rather well defined heights of the protein layer. For model
one (Figure 1A), a height of about 9 nm is expected taking the
crystallographic and cryoelectron microscopy data into ac-
count.™ For model two (Figure 1B), the molecular arrange-
ment on top of a phospholipid bilayer would be about 4.5 nm
in height. This takes into account that both annexin A2 sub-
units are bound to the membrane via their convex sides with
the S100A10 protruding away from it. Our height analysis is in
agreement with the second model and let us conclude that in
a first step the annexin A2 tetrameric complex binds to a
model membrane simultaneously with both annexin A2 sub-
units. The slightly smaller value of 4.2 nm might be explained
by the fact that the protein coverage on the surface is always
less than one and the height is determined as an average
value of a certain area, so that the measured height is expect-
ed to be slightly smaller than that of a single protein.

To corroborate our results, we also investigated by scanning
force microscopy the height of membrane-bound monomeric
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10 nm

tion of the annexin A2 monomer to a DPPC-DPPC/
DPPS bilayer again leads to round protein domains
of similar size to those obtained by binding annexin
A2t (Figure 3B). Histogram analysis of the annexin
A2 monomer domains reveals a height for the pro-
tein layer of 2.84+0.7 nm (n=8; Figure 4B). This
value is similar to the one obtained for monomeric
annexin A1 bound to DPPC-DPPC/DPPS bilayers
, (3.1+£0.2 nm),"™ but is much lower than that ob-
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D i 2 a4

d/ pm—=
6:
14

hin

tained for the tetrameric complex. The height of
about 3 nm for membrane-bound monomeric an-
nexin A2 agrees with the crystallographic data for
the annexin A2 corel” The difference between
monomeric and tetrameric annexin A2 is about
1.4 nm and can be attributed to the S100A10 dimer.
Related S100 dimers such as calcyclin and calbindin
9k exhibit dimensions of about 3.8x3.3x3.1 nm®"

d | P —

Figure 3. Topographic image of A) an annexin A2t and B) an annexin A2 monomer protein
domain. The black lines indicate the corresponding line scan with the height profiles depict-
ed on the right-hand side. The difference between the lipid bilayer and the protein layer is
4.3 nm for the tetrameric complex. The cross section for the annexin A2 monomer protein
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and 2.5%3.0x3.0 nm,*? respectively. The predicted
dimensions of ST00A10 dimers of about 3 nm imply
that the S1T00A10 molecules could be arranged next
to each other in the manner shown in Figure 1B;
this would result in a height difference between
monomeric annexin A2 and the heterotetrameric

domain indicates a height difference of 2.5 nm. All images were obtained in aqueous solu-

tion (TRIS/HCI (20 mm), NaCl (100 mm), CaCl, (1 mm), NaN; (1 mm), pH 7.4).
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Figure 4. Typical height-analysis histogram of A) an annexin A2t and B) an an-
nexin A2 monomer protein domain. Two well-separated frequency peaks are
observed, which are assigned to the lipid layer (set to zero) and the protein.
The height difference is calculated as the difference between the two peak
maxima and was determined to be 4.1 nm for the annexin A2 heterotetramer
and 2.8 nm for the annexin A2 monomer.

annexin A2. Monomeric annexin A2 was obtained by dissociat-
ing the heterotetrameric complex in urea followed by size-
exclusion chromatography to separate the individual subunits,
which were renatured individually.*® Successful renaturation of
annexin A2 was confirmed by verifying its typical Ca’*-de-
pendent binding to negatively charged phospholipids. Addi-
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complex of around 1.5 nm.

As the Ca’"-dependent membrane binding of the
annexin core is a dynamic process, two possible sce-
narios could account for the aggregation initiated by annexi-
n A2t. The first one is depicted in Figure 1C, where the junc-
tion between the two membranes involves single annexin A2t
molecules connecting the surfaces of opposing membranes.
This arrangement is favored by electron-density profiles ob-
tained by cryoelectron microscopy and model calculations.!"'?
Since our data indicate that in the initial membrane binding
event both annexin A2 molecules are bound to one membrane
interface, desorption and rebinding to the opposing mem-
brane of one of the two annexin A2 subunits of the complex
has to occur. In the second model (Figure 1D) the membrane
aggregation is mediated by protein-protein interactions; this
results in an octameric annexin A2-S100A10 complex. This mo-
lecular arrangement was favored by Waisman in the case of
annexin A2t-chromaffin granules interactions® and has also
been discussed to occur following disulfide-bridge formation
between cysteines within the C-terminal region of S100A10.'
Future experiments employing scanning force microscopy and
analyzing the topography of annexin A2-S1T00A10 complexes
assembled from individual subunits on DPPC-DPPC/DPPS bi-

layers should resolve this issue.

Experimental Section

Materials: DPPC and DPPS were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and used without further purification.
Annexin A2t was purified from porcine intestinal epithelium ac-
cording to Gerke and Weber.” Protein concentration was deter-
mined by UV absorption with &,49,m=0.65 cm?*mg~". Protein purity
was analyzed by SDS-PAGE. Monomeric annexin A2 was isolated
from the tetrameric complex. After denaturation in 9m buffered
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urea, the annexin A2 and S100A10 subunits were separated by
size-exclusion chromatography.”” Subsequent dialysis against TRIS/
HCl (20 mm), NaCl (100 mm), NaN; (1.5 mm), MgCl, (2 mm), DTT
(0.5 mm), pH 7.5 yielded the renaturated proteins. Purity was ana-
lyzed by SDS-PAGE, and protein concentration was determined by
UV absroption with &,4,m=0.75 cm?’mg™".

Lipid-bilayer preparation: Lipid bilayers were prepared by the
Langmuir-Blodgett technique. LB films were prepared at 20°C
from the air/water interface on a film balance equipped with a Wil-
helmy plate (Riegler-Kirstein, Golm, Germany) with the help of a
dipper device. The Teflon trough was 175.5 cm® As subphase, ul-
trapure water was used. After being spread, the lipid film was equi-
librated for 30 min. The first monolayer composed of DPPC was
compressed to a surface pressure of 45 mNm™, equilibrated again
for 30 min, and was then deposited on a freshly cleaved mica plate
maintaining the surface pressure constant. A second monolayer
composed of DPPC/DPPS (4:1) was transferred on top of the DPPC
monolayer at a surface pressure of 32 mNm~".1"”

Scanning force microscopy (SFM): Surface images were obtained
in an open Teflon fluid chamber with a JPK NanoWizard scanning
force microscope (JPK Instruments, Berlin, Germany). Measure-
ments were performed in TRIS/HCI (20 mm), NaCl (100 mm), CaCl,
(1 mm), NaN; (1 mm), pH 7.4. Protein was added from a stock solu-
tion to the fluid chamber with 1 mL volume to final concentrations
of 0.3 um for annexin A2t and 0.6 um for annexin A2 monomer.
Images were obtained in contact or intermitted-contact mode, re-
spectively, by using microfabricated silicon nitride tips (NP-S, Digi-
tal Instruments, Santa Barbara, CA, USA) or silicon tips (CSC37/50 E,
Ultrasharp, Silicon-MDT Ltd., Moscow, Russia). For the contact
mode, V-shaped cantilevers with a nominal spring constant of
0.32 Nm~' were used, while for intermitted contact mode, cantile-
vers with nominal spring constants of 0.3 Nm™' and resonant fre-
quencies of 21 kHz were employed. Usual scan rates were set to
0.3 Hz. Image resolution was 512x512 pixels.
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Branches on the a-C Atom of
Cyclosporin A Residue 3 Result in
Direct Calcineurin Inhibition and
Rapid Cyclophilin 18 Binding

[a, d]

Yixin Zhang,” Ria Raumgrass,”®®' Mike Schutkowski,
and Gunter Fischer*®

The immunosuppressive drug cyclosporin A (CsA) is a bifunc-
tional molecule. It directly inhibits the peptidyl-prolyl cis/trans
isomerase (EC number 5.2.1.8) (PPlase) cyclophilin 18 (Cyp18),
while the resulting Cyp18-CsA binary complex targets the
serine/threonine phosphatase (EC number 3.1.3.3) calcineurin
(CaN) through a gain-of-function mechanism.! Whereas CaN
inhibition is thought to be the main contribution of CsA in im-
munosuppression, many recent findings have also indicated
essential roles of Cyp18 in various cellular events.”” For exam-
ple, Cyp18 is required for the HIV-1 life cycle.”! To dissect the
numerous biological effects involved in CsA treatment and dis-
tinguish the Cyp18 and CaN inhibition, the design of CsA de-
rivatives that inhibit CaN specifically would shed new light in
this field.
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Because only the Cyp18-CsA complex, but neither Cyp18
nor CsA alone inhibits CaN, a structural comparison of the free
CsA molecule and its complex form with Cyp18 provided us
with some clues for the design of monospecific CsA deriva-
tives.*¥ In its free form (Figure 1), CsA has four intramolecular

frans

Figure 1. Conformations of CsA’s complex with Cyp18 (left) and unbound form
(right). The H-bonds are indicated as dashes. The peptide bonds between
Meleu9 and Meleu10 are indicated with arrows.

H bonds and one cis amide bond between Meleu9 and
MeLeu10. Furthermore, a B-II' turn involving residues 2-5 has
been observed.” Induced by Cyp18 binding, CsA undergoes a
dramatic conformational change; namely, all peptide bonds
become trans and the four intramolecular H bonds disap-
pear.”® We hypothesize that this major alternation of CsA con-
formation is essential for CaN inhibition by the Cyp18-CsA.
The questions raised are whether a chemical modification of
CsA could mimic the effect of Cyp18 binding and lead to a
conformation similar to that in the Cyp18-CsA complex, and
whether the resulting CsA derivative alone could inhibit CaN
without Cyp18. Early efforts to mimic the Cyp18-bound CsA
structure, by adding conformational restraints through intro-
ducing an intramolecular bridge based on a computational
molecule design,” did not result in direct CaN inhibitor, but in-
creased the inhibition of Cyp18 PPlase activity and CaN inhibi-
tion by a Cyp18-CsA derivative complex.

To achieve the desired conformational switch in CsA, we
considered sarcosine 3 (Sar’, Sar=N-methyl glycine) as the po-
sition of choice for modification for the following reason: in
free CsA, Sar’ is at the i+1 position of the B-II' turn. In the
Ramachandram diagram, among the 20 amino acids, glycine is
the only residue accepted for a B-II' turn at the i+1 position.
Therefore, we proposed that Sar® is required for forming the
p-II" turn in the uncomplexed ligand, and that the turn structure
could be impaired through substitution of the Sar® a-C atom.
A previous NMR study™® of a water soluble CsA derivative with
modified residues 3 and 8 argued that the structure of free
CsA in aqueous solution is similar to that in the complex with
Cyp18; however, an influence of Sar® modification on the struc-
ture of the unbound derivative could also be accounted for.

ChemBioChem 2004, 5, 1006 -1009 www.chembiochem.org

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

The synthesis of Sar’ a-C-substituted CsA derivatives had
been reported by Seebach’s group.'” The use of a slightly al-
tered synthesis procedure enabled the preparation of a series
of CsA analogues listed in Scheme 1.

Scheme 1. Chemical structures of CsA and its derivatives. CsA: R=H; R'=H;
L-MeVal on residue 11; [MeSar]® CsA: R=Me(R); R'=H, L.-MeVal on residue 11;
[DMe SarP® CsA: R=Me(S); R'=H; L-MeVal on residue 11; [MsSar]® CsA:
R=SMe(R); R'=H; L-MeVal on residue 11; [DMsSarF CsA: R=SMe(S); R'=H;
L-MeVal on residue 11; [AcMeBmt]'[Me Sar]’ CsA: R=Me(R); R’ =Ac; L.-MeVal
on residue 11; CsH: R=H; R'=H; p-MeVal on residue 11; [MeSar]® CsH:
R=Me(R); R'=H; p-MeVal on residue 11; [DMe Sar]’ CsH: R=Me(S); R'=H;
p-MeVal on residue 11.

Due to the multiple conformations of CsA in high polar sol-
vents,"? CD spectroscopy is the analysis method of choice to
investigate the overall structure, especially the formation of
the B-II' turn. We compared the CD spectrum of CsA with its
derivatives and found that Sar® a-C substitution impaired the
B-1" turn structure significantly (Figure 2). Under the same con-
ditions, the bands corresponding to the p-II' turn at around
232 nm"™ of [MeSar]® CsA and [DMeSar]* CsA decreased by
about 50%, as compared to CsA. The differential CD spectrum
of free Cyp18 and the Cyp18-CsA complex might reflect the
CsA structure in the complex with Cyp18 because Cyp18 un-
dergoes only a minor conformational change upon CsA bind-
ing." As shown in the insert of Figure 2, the differential spec-
trum gives a weak band at around 232 nm similar to that of
[Me Sar]® CsA.

CsA is a slow-binding inhibitor of Cyp18, as demonstrated
by the time-dependent inhibition of Cyp18 PPlase activi-
ties."™'® The conformational change of CsA during Cyp18
binding, especially the cis to trans isomerization of the
MeLeu9-MelLeu10 bond, is responsible for the slow kinetics. To
estimate whether Sar® a-C modifications influence the dynam-
ics of the drug molecule, the binding kinetics of CsA, [Me Sar]®
CsA and [MsSar]® CsA to Cyp18 were studied. Cyp18 contains
a single tryptophan at position 121 whose fluorescence inten-
sity increases upon binding to CsA."” Based on this behaviour,
a real-time observation of the binding kinetics of CsA and its
analogues to Cyp18 can be achieved by using fluorescence
spectroscopy. As shown in Figure 3, the binding of CsA to
Cyp18 can be divided into three phases. The first one is very
fast and so could not be resolved with manual mixing proce-
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Figure 2. CD spectra of CsA and its derivatives recorded at 10°C. The concen-
trations of CsA (solid line), [MeSarF® CsA (grey) and [DMe Sar]> CsA (dots) are
0.1 mm in DMSO/water (10:90). The insert represents the differential spectrum
of free Cyp18 and the Cyp18-CsA complex. The CD spectra of Cyp18 (0.1 mm)
and the Cyp18-CsA complex (0.1 mm Cyp18 and 0.1 mm CsA) were measured
in 35 mm Hepes buffer (pH 7.8) at 10°C.

dures. This fast phase may result from a fraction of Cyp18-
active CsA isomer in DMSO."™ The value of k, for the slower
second phase is 7.64+0.02x1073s™' and corresponds to the
cis-to-trans isomerization of the MelLeu9-10 peptide bond and
the following formation of the tightly bound Cyp18-CsA com-
plex. The third phase of binding is extremely slow, and there-
fore could not be evaluated exactly. These results are in good
agreement with former time-dependent Cyp18 PPlase-activity-
inhibition assays;">'® this shows that the second phase repre-
sents the slow inhibition kinetics of Cyp18 by CsA. The fluores-
cence time courses of Cyp18 upon binding to [MeSar]® CsA
and [MsSar]® CsA were different from that of Cyp18-CsA bind-
ing. In these cases, only two kinetic phases could be observed,
the second slow phase was lacking. With impaired CaN-inac-
tive B-II' turn structures, [Me Sarl® CsA and [MsSar]® CsA appear
to be fast-binding inhibitors of Cyp18. In addition to the fast
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Figure 3. Fluorescence time courses of Cyp18 upon binding to CsA and its de-
rivatives. The intrinsic fluorescence of Cyp18 was monitored at 5°C in 35 mm
Hepes buffer (pH 7.8). The concentration of Cyp18 was 8 um. The CsA deriva-
tives were added to final concentrations of 8.8 um at time zero. The excitation
wavelength was 280 nm with a spectral bandwidth of 3 nm. Emission was de-
tected at 339 nm, also with a spectral bandwidth of 3 nm. The insert represents
the fluorescence course upon addition of DMSO at time zero as control.

binding kinetics, the fast inhibition kinetics of [MeSar]* CsA
and [MsSar]® CsA to Cyp18 were demonstrated by time-
dependent Cyp18 PPlase-inhibition assays (data not shown).
We then asked whether CsA derivatives like [MeSar]® CsA, in
which the B-Il' turn was partially lost upon Sar® a-C substitu-
tion, could mimic the conformation of CsA in the Cyp18-CsA
binary complex and inhibit CaN on its own. For this purpose,
we measured the Cyp18 inhibition®'® as well as the CaN inhib-
ition”"? in the absence or presence of Cyp18 (Table 1). The ICy,
value of Cyp18 inhibition by [MeSar® CsA is similar to that by
CsA. This indicates that a B-II" turn in CsA is not essential for
specific recognition by Cyp18. Cyp18-[MeSar]® CsA and
Cyp18-CsA complexes also exhibited a similar CaN inhibition
behaviour. Interestingly, in the absence of Cyp18, [MeSar]® CsA
inhibited CaN phosphatase activity with an 1Cs, value of 10 pum.
Among the compounds we examined in this study, another

Table 1. Inhibition of Cyp18 PPlase activity and inhibition of CaN phosphatase activity in the presence or absence of Cyp18 by CsA and its derivatives.
Abbreviation Name of derivatives IC5, of Cyp18 IC5, of CaN 1C5, of CaN
inhibition inhibition in the inhibition in the

presence of Cyp18™ absence of Cyp18™

1 CsA 3.7nm 100 nm NI

2 CsH [p-MeVal]" CsA NI N NIt

3 [MeSar]® CsA [(R)a-methyl Sarl® CsA 40nm 500 nm 10 um

4 [DMe Sar]* CsA [(S)a-methyl Sarl® CsA 8.0 nm 40% at 1 um NI

5 [MsSar]® CsA [(R)a-methylthio Sar]® CsA 3.8nm 1.5 um 10 pum

6 [DMs Sarl® CsA [(S)a-methylthio Sarl® CsA 80 nm NI®! NI

7 [MeSar]® CsH [(R)a-methyl Sarl® CsH 600.0 nm 350 nm NI

8 [DMe Sar]® CsH [(S)a-methyl Sar]® CsH N NI®! NI

9 [AcMeBmt]'[Me Sar]® CsA [acetyl MeBmt]' [(R)a-methyl Sar]® CsA N NI®! NI

[a] No inhibition at 1 um of CsA derivatives; [b] No inhibition at 5 um of Cyp18; [c] No inhibition at 10 um of CsA derivatives; [d] SD < 20%; [e] SD < 10%.
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compound, that is, [MsSar]®* CsA, exhibited the same effect.
This is the first report that CsA derivatives could inhibit CaN in
the absence of Cyp18. Because the Cyp18-CsA-CaN complex
is further stabilized through direct contacts between Cyp18
and CaN,”*?" in addition to that between CaN and CsA, it is
reasonable that the ligands alone show lower affinity than the
Cyp18-CsA complex, which inhibits CaN with an ICs, of
100 nm. The biological effects of several key derivatives with
modified Sar® were reported elsewhere.”? Functionally, there is
an overlap of the Sar’modified CsA and the FKBP12-FK506/
Cyp18-CsA interacting sites on CaN.

Although [Me Sar]® CsA and [MsSar]® CsA inhibit CaN without
forming binary complexes with Cyp18, they do not belong to
the monospecific inhibitors because of their high Cyp18 inhibi-
tory potency. The design of a CsA derivative that selectively in-
hibits CaN without binding to Cyp18 was therefore desirable.
For this purpose, CsA analogues were designed and synthe-
sized with a synergism between modifications at the Cyp18
binding domain of CsA and Sar® a-C substitution. We assumed
that such a combination might lead to both low Cyp18 bind-
ing affinity and direct CaN inhibition. Either residue 1 or 11 of
CsA was chosen for modification because both positions were
found to be essential in Cyp18-CsA interactions.”® [O-Acetyl
MeBmt]' CsA and [p-MeVal]" CsA (CsH)?* are more than 2000-
fold less active than CsA for Cyp18 inhibition.

As shown in Table 1, although either [MeSar]®* CsH or [Ac-
MeBmt]'[Me Sar]®> CsA exhibited weak Cyp18 inhibition, as com-
pared to CsA and [MeSar]® CsA, they were not able to act as
direct CaN inhibitors. Evidently, additional changes on residue
1 or 11 could have an influence on the entire structure® of
[MeSar]® CsA, abolishing Cyp18-independent CaN binding
properties. On the other hand, [MeSar]® CsH, as compared
with CsH, exhibited a remarkable increase in Cyp18 inhibitory
potency as well as CaN inhibition by Cyp18-[MeSar]®* CsH.
CsH is a natural cyclosporin with a p-MeVal11, instead of the
L-MeVal11 in CsA. The different orientation of the side chain in
the b configuration causes the low affinity of CsH to Cyp18
(Table 1). Although Sar® does not appear essential for the bind-
ing of CsA to Cyp18,2>?" its conformational influence could ac-
count for the switching of CsH to a CsA-interacting molecule.

In summary, as a proof of concept, we demonstrated that
Sar® substitutions can influence CsA structure and result in
direct CaN inhibition. While the final goal would be to design
CaN monospecific CsA derivatives, our current study represents
an important step forward, illustrating the structural require-
ments of CsA analogues for Cyp18-independent CaN binding.
Future studies will focus on modifications of [Me Sar]®> CsA that
do not affect Cyp18-independent CaN inhibition, but diminish
its Cyp18 active-site affinity.

Experimental Section

Chemicals were bought from Fluka (Germany) and of the best
available quality. CD spectra were measured on a J-710 (Jasco) CD-
spectrometer. The fluorescence was recorded on a FluoroMax2
(ISA). Modifications of CsA on Sar’ were carried out according to
the procedure reported by Seebach et al."" Acetylation of [Me Sar]®
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CsA was performed according to Eberle et al.*® The identities of all
products were confirmed with ESI-MS. [MeSar]®* CsA, [DMeSar]®
CsA, [MsSar]® CsA, and [DMsSar]® CsA were analyzed by NMR, and
the spectra were same as the published data." The purities of all
CsA derivatives are higher than 95%, as analyzed with reverse-
phase analytic HPLC.

Acknowledgements

We thank A. Schierhorn, T. Pfeiffer and M. Kipping for mass spec-
troscopic measurements, and P. Bayer for the NMR measure-
ments. We gratefully acknowledge M. Heidler and I. Kunze for
their excellent technical assistance. We would like to acknowl-
edge F. Bordusa for fruitful discussions and critical reading of the
manuscript. This work was supported by grants from the Deut-
sche Forschungsgemeinschaft (Schi 416/1-1) and the Fonds der
Chemischen Industrie.

Keywords: calcineurin - cyclosporins - inhibitors - kinetics -

phosphatase

[11 J. Liu, J. D. Farmer, Jr., W. S. Lane, J. Friedman, I. Weissman, S. L. Schreib-
er, Cell 1991, 66, 807.

[2] G. Fischer, Angew. Chem. 1994, 106, 1479; Angew. Chem . Int. Ed. Engl.
1994, 33, 1415.

[3] J. Luban, Cell 1996, 87, 1157.

[4] K. Wuthrich, B. von Freyberg, C. Weber, G. Wider, R. Traber, H. Widmer,
W. Braun, Science 1991, 254, 953.

[5] W.L. Jorgensen, Science 1991, 254, 954.

[6] H. Kessler, H. R. Loosli, H. Oschkinat, Helv. Chim. Acta 1985, 68, 661.

[7]1 S. W. Fesik, R. T. Gampe, Jr., T. F. Holzman, D. A. Egan, R. Edalji, J. R. Luly,
R. Simmer, R. Helfrich, V. Kishore, D. H. Rich, Science 1990, 250, 1406.

[8] V. Mikol, J. Kallen, G. Pflugl, M. D. Walkinshaw, J. Mol. Biol. 1993, 234,
1119.

[9] D.G. Alberg, S. L. Schreiber, Science 1993, 262, 248.

[10] R.M. Wenger, J. France, G. Bovermann, L. Walliser, A. Widmer, H.
Widmer, FEBS Lett. 1994, 340, 255.

[11] D. Seebach, A.K. Beck, H.G. Bossler, C. Gerber, S.Y. Ko, C. W. Murtia-
shaw, R. Naef, S. Shoda, A. Thaler, M. Krieger, R. Wenger, Helv. Chim.
Acta 1993, 76, 1564.

[12] H. Kessler, M. Kock, T. Wein, M. Gehrke, Helv. Chim. Acta 1990, 73, 1818.

[13] H. Hasumi, T. Nishikawa, H. Ohtani, Biochem. Mol. Biol. Int. 1994, 34, 505.

[14] P. Gallo, M. Saviano, F. Rossi, V. Pavone, C. Pedone, R. Ragone, P. Stiuso,
G. Colonna, Biopolymers 1995, 36, 273.

[15] B. Janowski, G. Fischer, Bioorg. Med. Chem. 1997, 5, 179.

[16] J. L. Kofron, P. Kuzmic, V. Kishore, G. Gemmecker, S. W. Fesik, D. H. Rich,
J. Am. Chem. Soc. 1992, 114, 2670.

[17] M. Gastmans, G. Volckaert, Y. Engelborghs, Proteins: Struct. Funct. Genet.
1999, 35, 464.

[18] G. Fischer, H. Bang, C. Mech, Biomed. Biochim. Acta. 1984, 43, 1101.

[19] R. Baumgrass, M. Weiwad, F. Erdmann, J. O. Liu, D. Wunderlich, S. Grab-
ley, G. Fischer, J. Biol. Chem. 2001, 276, 47914.

[20] Q. Huai, H.Y. Kim, Y. Liu, Y. Zhao, A. Mondragon, J. O. Liu, H. Ke, Proc.
Natl. Acad. Sci. USA 2002, 99, 12037.

[21] L. Jin, S. C. Harrison, Proc. Natl. Acad. Sci. USA 2002, 99, 13522.

[22] R. Baumagrass, Y. Zhang, F. Erdmann, A. Thiel, M. Weiwad, A. Radbruch,
G. Fischer, J. Biol. Chem. 2004, 279, 2470.

[23] R. M. Wenger, Angew. Chem. 1985, 97, 88; Angew. Chem. Int. Ed. Engl.
1985, 24, 77.

[24] R. Traber, H.-R. Loosli, H. Hofmann, M. Kuhn, A. v. Wartburg, Helv. Chim.
Acta 1982, 65, 1655.

[25] B. Potter, R. A. Palmer, R. Withnall, T. C. Jenkins, B.Z. Chowdhry, Org.
Biomol. Chem. 2003, 1, 1466.

[26] M. K. Eberle, F. Nuninger, J. Org. Chem. 1993, 58, 673.

Received: January 21, 2004

1009



www.chembiochem.org




BIO

Synthesis and Phenotypic Screening
of a Guanine-Mimetic Library

Stephen C. Miller* and Timothy J. Mitchison®

There has been considerable recent success in the specific in-
hibition of cellular kinases with adenine analogues," but little
attention has been paid to proteins that bind guanine nucleo-
tides.” Guanine-derived small molecules play important roles
in many aspects of cellular function. In particular, guanine, gua-
nosine and its phosphorylated forms (cGMP, GMP, GDP, GTP),
and the guanine-derived pteri-
dine cofactors, such as folate
and tetrahydrobiopterin, are all
important endogenous small
molecules. Proteins that bind
guanine and its derivatives con-
trol a wide variety of cellular
processes, and compounds that
disrupt this binding would be
valuable research tools as well
as potential pharmaceuticals.

As a first step to generate
cell-permeable guanine-mimet-
ics, we have synthesized a split-
pool library of 270 6-substi-
tuted-2-amino-4(3H)-quinazoli-
nones (Scheme 1). Three key 0
features of our aza-Wittig-medi-
ated solid-phase synthesis dis-
tinguish it from all others2?
First, we synthesized iminophos-
phoranes from aryl amines
rather than azides; this dramati-
cally increased the number and
variety of accessible com-
pounds. Second, our key ring-
forming step involves intramo-
lecular attack of a carbodiimide
by an amide rather than cyclo-
cleavage of a guanidinium ester. This avoids the potential for-
mation of two isomeric products, and allows us to employ
conditions that would cause premature cleavage of an ester
linkage. Finally, all library members lack 3-substitution, and
thus display the distinctive hydrogen-bond pattern of guanine.
Most proteins that bind guanine nucleotides or the guanine-
derived pteridine cofactors specifically recognize this moiety
through bidentate hydrogen bonds to an Asp or Glu residue in
a hydrophobic pocket.

0
|

to the aminoquinazolinone.

[a] Dr. S. C. Miller, Prof. T. J. Mitchison
Department of Cell Biology and Institute of Chemistry and Cell Biology
Harvard Medical School, Boston, MA 02115 (USA)
Fax: (+1)617-432-3442
E-mail: smiller@hms.harvard.edu
Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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Diversity in the scaffold was first introduced by nucleophilic
aromatic substitution of a resin-bound 5-fluoro-2-nitrobenz-
amide with a variety of thiols, phenols, and primary alcohols.
Following nitro reduction, all attempts to generate the imino-
phosphorane from the aryl amine under conditions reported in
the literature were unsatisfactory. Finally, we discovered that
we could selectively and efficiently form the iminophosphor-
ane with Ph;P/Cl;CCCly/imidazole (3 h, 4°C). Aza-Wittig reac-
tion of the iminophosphoranes with one of 15 isocyanates
yielded the carbodiimide, which was attacked intramolecularly
by the amide (Scheme 2). Instead of the desired N attack to
form the aminoquinazolinone, we observed O attack with for-

o]
1 Rr!
R HN
s
HN N
] >

1
FFh, R?

Scheme 1. Synthesis of the guanine-mimetic library. Reagents and conditions: a) R'OH, KOtBu, DMA or R'SH, DBU,
CH,Cl,, 12 h; b) 2m SnCl,»2H,0 in NMP, 12 h; ¢) Ph;P, CI;CCCl,, imidazole, CH,Cl,, 4°C, 3 h; d) R,NCO, CH,Cl,, 12 h
(R*=aryl) or PhCH,, 80°C, 12 h (R*=alkyl); e) DBU, DMA, 12 h; f) TFA/CH,Cl, (1:1), 2 h. DMA =N,N-dimethylacetamide;
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene; NMP = N-methylpyrrolidinone.

DBy

Scheme 2. Intramolecular attack of the amide on the carbodiimide forms the benzoxazine, which can be isomerized

mation of a 4-imino-4H-3,1-benzoxazine and the incorporation
of a second isocyanate equivalent.”” Attempted isomerization
of the benzoxazine to the desired product by heating under
reflux in toluene, as reported by Molina et al.,”” worked in solu-
tion but gave very poor yields on solid support. After much ex-
perimentation, we found that the addition of DBU to the ben-
zoxazine at room temperature promoted rapid isomerization
to the desired product. Cleavage from the 500u Rink amide
resin with TFA completed the “traceless” synthesis of these
heterocycles and provided a copious amount of each com-
pound for screening.

LC/MS analysis of a portion of the library compounds con-
firmed that most 2-arylaminoquinazolinones were synthesized
in good purity (>80%). Minor impurities were mostly due to
thiol oxidation. However, the purity of 2-alkylaminoquinazoli-
nones was only modest (40-809%). The primary impurity result-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  DOI: 10.1002/cbic.200400039 ChemBioChem 2004, 5, 1010-1012





ed from apparent partial hydrolysis of the intermediate ben-
zoxazine.

We screened the library for biological activity on mammalian
cells in culture using fluorescence microscopy (estimated con-
centration ~50 um). The key to the success of any guanine-
mimetic in vivo is solubility, cell-permeability, and selectivity.
Guanine itself lacks all three attributes. Happily, since all of
our compounds are fluorescent, it was easy to determine
that most of our compounds are indeed soluble and cell-
permeable.

We chose two broad screens that would reveal disruptions
of cell biological processes involving guanine-nucleotide bind-
ing proteins. First, to assess the effect of our library com-
pounds on the cytoskeleton and cell cycle progression, we in-
cubated compounds with BS-C-1 (monkey) cells'” for six hours,
followed by fixing and staining for actin, DNA, and microtu-
bules. The most common phenotype was mitotic arrest caused
by microtubule depolymerization. Many of the most potent
depolymerizers contained a 3,4,5-trimethoxyphenyl group, a
common motif among ligands binding in the colchicine-site of
tubulin.® Curiously, compounds with a benzyl group in lieu of
the trimethoxyphenyl ring, for example, 3M3, were even more
potent, and also active on pure tubulin (Scheme 3).

a) 9] o)
0]
IO °
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e SO
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Scheme 3. Some of the bioactive molecules identified and retested after purifi-
cation and characterization: a) microtubule depolymerizers; b) disrupter of
actin and microtubules; c) compound causing mislocalization of internalized
transferrin receptor. Minimum effective concentration shown.

We also assessed the ability of these compounds to disrupt
cellular trafficking. Endocytosis of the transferrin receptor nor-
mally proceeds through a perinuclear compartment, the recy-
cling endosome. A number of compounds, exemplified by 1F4,
caused transferrin to accumulate at the tips of cells rather than
perinuclearly. Compounds that disrupted exocytosis and Golgi
structure were also identified.

Most interesting was the discovery of a small molecule,
2019, which disrupted both the actin and microtubule cyto-
skeleton, but did not arrest cells in mitosis (Figure 1). The dis-
ruption of actin and microtubules possibly results from action

ChemBioChem 2004, 5, 1010-1012 www.chembiochem.org
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Figure 1. BS-C-1 cells were treated with TRITC-phalloidin and FITC-DM1a. Top:
actin (left) and microtubules (right) in untreated cells. Bottom: actin (left) and
microtubules (right) in cells treated with 25 um 2019 for 4 h.

at a single target, since no structurally similar compounds in
this library gave rise to a phenotype that dissociated these two
effects.

We have identified several putative molecular targets of
2019 by affinity chromatography from Hela-cell extract.” No-
tably, no kinases were found to bind. On the other hand, we
were happy to find that a prominent bound protein is sepiap-
terin reductase (SR), the final enzyme in the synthesis of tetra-
hydrobiopterin. The endogenous substrate for SR is derived
from GTP and contains the same hydrogen-bond pattern as
guanine."” Like most guanine nucleotides, this moiety is rec-
ognized by bidentate hydrogen bonds to an aspartate in a hy-
drophobic pocket. Although we do not believe SR is the phe-
notypic target of 2019, the binding of this protein demon-
strates the ability of our library compounds to discriminate be-
tween adenine- and guanine-like binding sites. Additionally,
the recent report of an aminoquinazolinone-based inhibitor of
tRNA-guanine transglycosylase, also recognized by bidentate
hydrogen bonds to an aspartate, further demonstrates the
suitability of these compounds as guanine mimetics."

Although adenine analogues have been widely used to
target kinases and other proteins, guanine-nucleotide binding
sites have not been fully exploited by cell-permeable small
molecules. The synthetic methodology we describe opens the
door to the synthesis of a broad array of different guanine-
mimetics. Although modest in size, the unique 270-member
guanine-mimetic library reported here nonetheless yielded a
surprising number of distinct and interesting bioactive com-
pounds. These compounds should prove to be useful probes
of cellular processes. Further work to identify the phenotypic
targets of bioactive hits from our library and to synthesize
larger and more diverse libraries of guanine-mimetics is cur-
rently underway.
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Proofreading Activity of Pfu
Thermostable DNA Polymerase on
a 6-O-Methylguanine-Containing
Template Monitored by ESI-FTICR
Mass Spectrometry

David S. Wunschel,* Christophe Masselon,™
Bingbing Feng,'” and Richard D. Smith®

Chromosomal DNA damage, in the form of base alkylation, can
be caused by a number of chemical agents."? Because the
damage produced by DNA alkylating agents is not necessarily
“bulky”, DNA polymerases can often bypass or replicate
beyond the site of alkylation.”! In the case of single-nucleotide
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substitutions, the induction of sequence alterations occurs
during DNA replication when the polymerase encounters a
modified form of a base."¥ The ability of commonly used poly-
merase chain reaction (PCR) enzymes to bypass DNA base alky-
lation has not been widely studied.

One commonly studied DNA adduct is 6-O-methyl (6-O-me)
deoxyguanine (dG), formed in vivo by methylnitrosurea and to-
bacco smoke.®* This is considered to be an important precar-
cinogenic lesion.”? 6-O-me dG is well known to induce a base
mismatch, with thymine at the complementary position, by
mammalian polymerase 3, T4 and the Klenow DNA polymer-
ase.®” While 6-O-medG-dC is a stronger hydrogen-bonding
pair than 6-O-medG-dT, structural data indicate that the 6-O-
medG-dT pair is more similar to a Watson-Crick base pair.®”
The effect of 3'-5" exonuclease function, or “proofreading” ac-
tivity, has been suggested to enhance mutagenesis by favoring
dT incorporation, consistent with exonuclease discrimination
based on structural distortion.”

Electrospray ionization mass spectrometry (ESI-MS) is an ex-
cellent tool for precision characterization of oligonucleotides.
The ability to analyze PCR products with this technique has
been demonstrated by several groups."®'? In order for this ap-
proach to detect DNA modification-induced sequence altera-
tion, it must be able to identify mass differences correspond-
ing to single-nucleotide deletions and substitutions. This has
been demonstrated by using PCR products of over 80 base
pairs in length, with Fourier transform ion cyclotron resonance
(FTICR) mass spectrometers.l'>™"

The DNA polymerases from several thermophilic bacteria are
well studied due to their utility for PCR amplification, an essen-
tial tool in molecular biology research."® Among them, Pfu,
from Pyrococcus furiosis, is probably the most widely used due
to its high fidelity, partly arising from its native proofreading
activity."® We have examined the effect of 6-O-medG on Pfu
by using a 50-mer oligonucleotide template for PCR. The am-
plification products from templates with and without the 6-O-
medG base were examined by ESI-FTICR MS to identify the
presence of single-nucleotide substitutions. An exonuclease
negative (exo~) form of Pfu was used to determine if this activi-
ty was required for the amplification products observed.

Two forms of a 50-mer template were synthesized for PCR
amplification, one lacking and one containing a 6-O-medG. It
was first determined whether the 6-O-medG template could
be resolved from the unmodified version when both are pres-
ent in equimolar amounts (Figure 1). The presence of the
modified base resulted in a 14 Da size difference between the
templates and is illustrated in the deconvoluted spectra.

PCR amplification of the 50-mer template produced two
strands, measuring 15095.62 +0.04 and 15668.66 +0.03 Da for
their most abundant isotope (data not shown), compared with
the predicted values of 15095.58 Da and 15668.64 Da, respec-
tively. This mass accuracy would allow identification of single-
base substitutions for much larger PCR products. The high
level of mass accuracy resulted from frequency correction (e.g.
calibration) by using the 3 charge state of an oxidized bovine
insulin alpha chain as an internal standard, similarly to in a pre-
vious report."”!
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Figure 1. The mass spectrum of a 1:1 mixture of the dG-containing 50-mer and the 6-O-me dG-
containing 50-mer oligonucleotide. The electrospray solution contained approximately
450 ngulL ™" of each oligonucleotide. The deconvoluted spectrum is given (top) with the most

abundant isotope of each indicated (black triangles) as well as adducts (gray triangles) of each.

PCR amplification of the 6-O-medG template
resulted in two types of products, one identical in
mass to the 50-mer template/compliment strands
and an additional set of peaks with masses
of 15079.564+0.02 and 15683.60+0.01 Da
(Figure 2). These additional masses were 15.98 Da
smaller than the 50-mer template and 14.96 Da
larger than its complementary strand, respective-
ly. This mass shift indicates a transition from a
dG-dC base pair (50-mer/50-mer complement) to
a dA-dT base pair, which would have a theoretical
mass shift of —15.99 Da and +15.01 Da, respec-
tively. These assignments agree with previous re-
ports of a 6-O-medG base inducing a mismatch
with a thymine during DNA synthesis with other
polymerases.’'®

The PCR enzyme used for the initial amplifica-
tion was native Pfu, which contains a 3’ to 5'exo-
nuclease proofreading activity. The contribution
of the proofreading activity to the production of
both types of PCR products was unknown for this
enzyme. Therefore, an amplification of both tem-
plates was also performed with recombinant exo™
Pfu enzyme (lacking proofreading activity).
Figure 3 shows a comparison of the two decon-
voluted spectra for the coding strands of the 6-O-
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Figure 2. Mass spectrum of the Pfu-amplified PCR product with the 6-O-me dG 50-mer as template. Charge states 15~ to 18" are labeled for the 50-mer (*) and 50-
mer complement (+) strands (bottom plot). A series of peaks corresponding to two distinct products for each strand can be seen in the deconvoluted mass spectra
from 15050 to 15150 Da for the 50-mer and 15650 to 15750 Da for the 50-mer complement strands (top two plots). The most abundant iosotopes in each distri-
bution are indicated with black triangles.
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Figure 3. Comparison of deconvoluted mass spectra for the 50-mer template strand of products amplified from the
6-0O-me dG-containing template with native Pfu polymerase (A) and the exo™ Pfu enzyme (B). The actual mass spectra
for each are given as black lines and the theoretical isotope distribution for the 50-mer template strand is given in

gray.

medG template, amplified with native (Figure 3A) and exo™
(Figure 3B) Pfu polymerase. Amplification with a nonproofread-
ing enzyme resulted in a small amount of nontemplate-encod-
ed 3’ nucleotide addition (data not shown), with adenine
being added preferentially. However, amplification of the 6-O-
me dG-containing template with the exo™ Pfu enzyme yielded
a similar result to that obtained with the native Pfu: the dG to
dA substitution in the 50-mer strand was clearly present. While
partially obscured by the base-substituted strand’s sodium
adduct, the unsubstituted 50-mer strands were also evident.
The theoretical isotope distribution is in good agreement with
the experimental data for the 50-mer template (shown in
gray). It should be noted that the abundance of the dG-to-dA-
substituted 50-mer strand appears greater after amplification
with exo™ Pfu, but is within a factor of 2 of the exo* Pfu ampli-
fied products when the abundances of the adducted species
for each strand are considered. In order for a more precise
quantitative measurement of product abundance to be made,
further reduction of cation adducts would be required. Meth-
ods to reproducibly eliminate adducts for even larger PCR
products have been reported.!'>'"

In summary, we have examined the effects of a 6-O-medG
base modification on PCR amplification by using Pfu DNA poly-
merase. The previously reported effect of O-me dG on DNA
polymerization is the induction of a base substitution from dG-
dC to dA-dT” While this has been well characterized with
several DNA polymerases, exonuclease activity on this base
modification by PCR enzymes has not been studied. ESI-FTICR
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fold less base substitution than
the wild-type polymerase at the
highest concentrations of modi-
fied-base-containing  template
studied.”

Experimental Section

Polymerase chain reaction: The synthetic oligonucleotide tem-
plate and primers were synthesized at the oligonucleotide synthe-
sis facility at the University of South Carolina, Department of Biolo-
gy. The 50-mer oligonucleotide used as a template for PCR amplifi-
cation had the sequence 5-ACATCTTACACATCACCACTTAAA-
CTG* GAATCTTCCCATACATTCAATCC-3. This oligonucleotide
strand (phosphoramidite template or PCR amplicon) is referred to
as the “50-mer” template. Position 27 in the sequence (asterisk) is
the location of the 6-O-medG for the “6-O-medG” 50-mer tem-
plate. The forward and back primers had the sequences 5'-
ACATCTTACACATCACC-3" and 5-GGATTGAATGTATGGG-3/, re-
spectively. For the PCR reactions, 3 ng of template was used with a
reaction buffer containing, at final concentration, MgSO, (1.5 mm),
KCl (10 mm), (NH,),SO, (10 mm), tris-HCI (20 mm), dNTP (250 um of
each), primer (100 um of each), and Pfu or exo~ Pfu DNA polymer-
ase (1 U; Stratagene, La Jolla CA). PCR reactions were carried out
with a Perkin Elmer series 9000 thermocycler in a total reaction
volume of 100 pL .

PCR product purification: Prior to PCR product purification,
250 pL of reaction volume was pooled. Ethanol precipitations were
carried out by adding ammonium acetate to a final concentration
of 500 mwm, followed by addition of a 15-fold excess of 100% etha-
nol, and the mixture was placed at —80°C for 4 h. Following pre-
cipitation, the DNA was centrifuged to a pellet at 10000g for
20 minutes, washed with 80% ethanol and resuspended in 50 uL
of 10 mm ammonium acetate. The precipitation step was repeated
once, and then microdialysis against ammonium acetate (10 mm)
was carried out with a 13 kDa molecular weight cut-off dialysis
fiber (Spectrum Inc., Houston, TX) to reduce salt adducts, as previ-
ously described."
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Electrospray ionization (ESI) Fourier transform ion cyclotron res-
onance (FTICR) mass spectrometry: Prior to electrospray ioniza-
tion, acetonitrile was added to each sample to a final concentra-
tion of 50% with triethylamine, piperidine, and imidazole all added
to a final concentration of 25 mm. A potential of —1.8 kV was ap-
plied to a 25 pL syringe needle with a sheath SF, gas flow to
reduce corona discharge. Instrument tuning was performed with a
solution of oxidized alpha chain of bovine insulin in 50% acetoni-
trile (10 pm). All FTICR experiments were performed by usinga 7 T
FTICR mass spectrometer equipped with an Odyssey data system
(Finnigan FTMS, Madison, WI) and an elongated cubic cell. The in-
strument has been described in detail elsewhere.”” lons were ac-
cumulated by biasing the front and back trapping plates at —2
and —3V and cooled for 5s by a pulse of N, through a piezoelec-
tric valve (Lasertechniques Inc, Albuquerque, NM). The trapping
voltages were set to —0.5 V for broadband frequency-chirp excita-
tion (35Hzus™' from 21600 to 216000Hz) and detection
(313.726 kHz acquisition rate, 256 K data points).
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