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Natural and nonnatural protein—protein interactions

Natural and nonnatural ligands
(yellow) for vascular endothelial
growth factor (VEGF, blue and

red) differ greatly in terms of size
and structure, yet share remarkable
similarity in the details of molecular
recognition. From top to bottom,
the binding interaction with VEGF
receptor Flt-1 is mimicked by a
phage-derived peptide, while the
interaction with a neutralizing anti-
body is mimicked by a completely
different phage-derived peptide.
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Exploring Protein — Protein Interactions with

Phage Display

Sachdev S. Sidhu,* Wayne J. Fairbrother, and Kurt Deshayes'®

Protein - protein interactions mediate essentially all biological
processes. A detailed understanding of these interactions is thus
a major goal of modern biological chemistry. In recent years,
genome sequencing efforts have revealed tens of thousands of
novel genes, but the benefits of genome sequences will only be
realized if these data can be translated to the level of protein
function. While genome databases offer tremendous opportunities
to expand our knowledge of protein-protein interactions, they
also present formidable challenges to traditional protein chemistry
methods. Indeed, it has become apparent that efficient analysis of
proteins on a proteome-wide scale will require the use of rapid
combinatorial approaches. In this regard, phage display is an
established combinatorial technology that is likely to play an even
greater role in the future of biology. This article reviews recent
applications of phage display to the analysis of protein - protein
interactions. With combinatorial mutagenesis strategies, it is now

1. Introduction

Essentially all cellular processes depend on protein - protein
interactions, and much of modern life-science research is
concerned with first identifying natural interactions and second
mapping the energetics and specificities of these interactions in
fine detail. Such detailed knowledge can aid in determining the
biological functions of novel proteins and also in the develop-
ment of antagonists or agonists that can be used to further
explore biology or even for therapeutic intervention. In the past
few years, whole-genome sequencing projects have vastly
expanded the database of novel genes, and we are now faced
with tens of thousands of proteins with unknown functions.
The full benefit of genome sequences will only be realized if the
information can be translated to the level of protein function,
and to do this effectively and rapidly, researchers will need to
adopt combinatorial biology approaches that can deal with large
populations of proteins en masse.?

Phage display is one of the oldest and most powerful
combinatorial biology methods (Figure 1). The technology is
based on the fact that polypeptides fused to bacteriophage coat
proteins can be displayed on phage particles that also contain
the encoding gene.! In this way, a physical linkage between
genotype and phenotype is established, and extremely diverse
libraries (>10"") of DNA-encoded peptides or proteins can be
generated with simple molecular biology methods.” Further-
more, phage-displayed libraries can be amplified by passage
through a bacterial host, and even the largest repertoires can be
contained in less than one millilitre of solution. By using
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possible to rapidly map the binding energetics at protein — protein
interfaces through statistical analysis of phage-displayed protein
libraries. In addition, naive phage-displayed peptide libraries can
be used to obtain small peptide ligands to essentially any protein of
interest, and in many cases, these binding peptides act as
antagonists or even agonists of natural protein functions. These
methods are accelerating the pace of research by enabling the
study of complex protein - protein interactions with simple molec-
ular biology methods. With further optimization and automation, it
may soon be possible to study hundreds of different proteins in
parallel with efforts comparable to those currently expended on the
analysis of individual proteins.

KEYWORDS:

combinatorial chemistry - phage display - protein engineer-
ing - protein —protein interactions

selections with immobilized ligands, library pools can be
enriched for polypeptides with particular binding traits. Follow-
ing binding selection, individual clones from enriched pools can
be analyzed by using simple enzyme-linked immunosorbant
assays (ELISAs) to quantify binding in a high-throughput
fashion.™ Finally, and most importantly, the amino acid sequence
of any clone can be readily deciphered by sequencing the DNA
inside the phage particles.

Phage display has proven to be a robust technology that has
had major impacts on numerous areas of biological chemistry.”!
In this review, we focus on applications in which the technology
has been used to study protein-protein interactions, with
recent examples from our own research. In particular, we
highlight the application of combinatorial biology to three
major areas of biochemical research: the mapping of binding
energetics at protein—protein interfaces, the development of
small synthesizable ligands to biologically active sites on
proteins, and the characterization of natural protein - protein
interactions in signaling pathways.

[a] Dr.S.S. Sidhu, Dr. W. J. Fairbrother, Dr. K. Deshayes
Department of Protein Engineering
Genentech, Inc.
1 DNA Way
South San Francisco, CA 94080 (USA)
Fax: (+ 1) 650-225-3734
E-mail: sidhu@gene.com
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2. Mapping Functional Binding Epitopes within
Protein - Protein Interfaces

Protein - protein interactions often involve numerous side
chains from each protein; this results in the burial of large
(>1000 A% surface areas at the contact interface.” Three-
dimensional structures, obtained with either NMR spectroscopy
or X-ray crystallography methods, have provided considerable
insights into the mechanisms whereby proteins bind their
partners with high affinity and specificity. However, while these
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studies reveal structural epitopes, those residues that make
intermolecular contacts at interfaces, they cannot define func-
tional epitopes, the contact residues that also contribute
energetically to the binding interaction. Accurate elucidation
of functional epitopes requires mutagenesis strategies that can
selectively alter particular side chains and binding assays that
measure the effects of these mutations on protein function.”? By
combining structural and functional data, one can obtain three-
dimensional views of the functional epitopes that mediate the
binding energetics at protein-protein interfaces. These func-
tional maps enhance our fundamental understanding of molec-
ular recognition, and in practical terms, they provide valuable
insights for rational protein and drug design.

Alanine scanning has proven to be a particularly powerful
method for mapping functional binding epitopes.”? In this
method, individual protein residues are mutated to Ala, a
substitution that removes atoms beyond the 3-carbon atom and
thus can be used to infer the roles of individual side chains.®
Comparing the binding affinity of each Ala mutant to that of the
wild type (wt) allows the effect of each side-chain truncation on
the free energy of binding to be calculated from the equation
AAGp, i =RTNIN(K, /Ko pa). This method was exemplified in
pioneering studies of the high-affinity interaction between
human growth hormone (hGH) site-1 and the hGH receptor
(hGHbp).””% 1 The hGH-hGHbp binding interface involves
more than 30 contact side chains from each protein. Each of
these side chains was individually mutated to Ala, the mutant
proteins were purified, and the affinities were determined with
radioimmunoassays or surface plasmon resonance methods.
Only a small subset of the contact side chains within each
protein were found to contribute significantly to binding affinity,
and when mapped onto the hGH-hGHbp complex structure,
these side chains clustered into small and complementary
functional epitopes or “hotspots”.””! These studies demonstrated
that, even within large structural epitopes, much of the binding
energy responsible for molecular recognition may be supplied
by significantly smaller functional epitopes, a fact suggesting
that it may be possible to effectively mimic these interfaces with
small inhibitors (see below).

Alanine scanning and other site-directed mutagenesis strat-
egies have proven invaluable for the study of protein structure
and function. However, these methods are not well suited for
high-throughput protein analysis, because many individual
mutants must be constructed, purified, and analyzed separately
with protein chemistry methods that often require great skill and
expertise. Recently, a combinatorial mutagenesis strategy,
termed “shotgun scanning”, has been developed to expedite
the exploration of protein structure and function.!""! This method
uses phage-displayed protein libraries in which multiple sites are
simultaneously mutated by using degenerate codons with
restricted diversity. For example, in a shotgun alanine scan,
codons are chosen to preferentially allow only the wt or Ala at
each scanned position. Binding selections are then used to
enrich for library members that retain affinity for a binding
partner, and DNA sequencing of hundreds of binding clones is
used to accurately determine the ratio of wt/mutant at each
varied position within the selected pool. This ratio can be used to
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Figure 1. In vitro selection with phage display. Polypeptides are displayed on phage particles
that also contain the encoding DNA. Display is usually achieved by fusion to either the gene-3
minor coat protein which is located at one end of the particle (shown) or the gene-8 major
coat protein which covers the length of the particle. The library is incubated with an
immobilized target to select for binders, and nonbinding phage are removed by washing.
Bound phage are then eluted and amplified in E. coli. Amplified phage pools can be subjected
to additional rounds of selection, or alternatively, the sequences of individual binding

polypeptides can be determined by sequencing the encapsulated DNA.

quantitatively assess the effect of each mutation on the binding
interaction. The method is rapid and amenable to high-
throughput analysis because many side-chains are simultane-
ously scanned with a single library by using simple molecular-
biology techniques that circumvent the need for protein
purification and biophysical analysis.

Shotgun scanning was first used to reiterate the conventional
hGH site-1 alanine scan described above, but in a combinatorial
fashion."! Nineteen residues in the hGH site-1 structural epitope
for binding to hGHbp were mutated in a single library that was
cycled through two separate selections. The first selection was a
“structural selection” for variants retaining affinity for a mono-
clonal antibody that required native hGH structure but bound to
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hGH at a site distinct from the structural epitope for
hGHbp. The second selection was for binding to hGHbp
itself, and this “functional selection” required not only
native hGH structure but also selected for residues
within the structural epitope that made energetic
contributions to the interaction with hGHbp. Several
hundred binding clones from each selection were
sequenced, and the wt/Ala ratios (n,/n,.) were deter-
mined for each scanned position (Figure 2 A).

Since the wt/Ala ratio correlates with a side chain’s
contribution to the selected trait (that is, structure and/
or function), statistical “AAG*®” values were deter-
mined for the effect of each side-chain mutation on
each selection by using the equation AAG***=RTIn(n,,./
nuw), in analogy with the standard equation for point
mutations (AAGp,.: = RTIN(K, /K, a)- Finally, for each
mutation, the AAG*™" value for the structural selection
was subtracted from the AAG*®t value for the functional
selection; this process was to correct for structural
effects and left a corrected AAG,, .. Value that
presumably measured the contribution of each side
chain to the functional epitope. These statistical
AAGy,_.: values were found to be in good agreement
with AAG,,_,. values determined with conventional
alanine scanning, a fact demonstrating the validity of
the statistical approach (Figure 2B). Both conventional
and shotgun alanine scanning reveal that only a small
subset of contact side chains contribute significantly to
the binding interaction with hGHbp, and these form a
compact functional epitope in the hGH tertiary struc-
ture (Figure 2C).

Shotgun scanning mutagenesis is a general strategy
that can be applied to any protein that can be displayed
on phage. Recently, the method has been used to
investigate the antigen-binding site of Fab2C4, the
antigen-binding fragment of an antibody that binds to
the human oncogene product ErbB2.1'? In this study, an
alanine scan was performed with 4 libraries that to-
gether covered 61 out of 64side chains in the
complementarity determining regions (CDRs). This
comprehensive analysis investigated not only the
solvent-exposed residues that can potentially make
direct contact with the antigen, but also buried
scaffolding residues that hold these contact residues
in a binding-competent conformation. Furthermore, the rapidity
of shotgun scanning allowed for a separate homologue scan
that tested the effects of subtle, chemically similar substitutions
(Phe for Tyr, Glu for Asp, etc.). When mapped onto the Fab2C4
crystal structure, these data provided distinct, yet complemen-
tary, functional views of the antigen-binding site. Interestingly,
the alanine scan revealed a 610 A? functional epitope surface
that shrank to only 369 A2 when mapped with homologous
substitutions; this suggests that this smaller subset of side chains
common to both scans may be involved in precise contacts with
the antigen.

Since shotgun scanning relies on statistical analysis of
combinatorial libraries, there will be uncertainty associated with
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Figure 2. Shotgun alanine scan of hGH. A) Following either a “structural” or
“functional” selection (white or black bars, respectively), the wt/Ala ratios at

19 mutated positions were determined by sequencing several hundred binding
clones. Ratios greater than or less than one indicate mutations that are
deleterious or beneficial to the selected trait, respectively. The wt/Ala ratios can be
used to calculate the change in the free energy of binding for each Ala mutant
relative to wt (AAGpq,_). B) AAG,,_,. values determined by shotgun scanning
(y axis) are in good agreement with those determined by conventional alanine
scanning (x axis) that involved the analysis of purified point-mutated proteins
with surface plasmon resonance spectroscopy. The least squares linear fit of the
data is shown (y = — 0.01 + 1.0x; R = 0.88). C) When mapped onto the structure of
hGH (PDB accession code 3HHR),*® the shotgun-scan results reveal a compact
functional epitope composed of a small subset of contact side chains that
contribute most of the binding energy to the interaction with hGHbp. Residues are
colored according to their statistical AAG,,_,, values obtained from the shotgun
alanine scan: red, AAG,_,.> 2.0 kcalmol~'; orange, 1.3 < AAGy,_,<

2.0 kcalmol~'; yellow, 0.6 < AAGy,_,. < 1.3 kcalmol~'; cyan, AAG ... <

0.6 kcalmol~". The shotgun-scanning data were taken from ref. [11] by Weiss

et al., while the conventional alanine-scan data were from ref. [10] by Cunning-
ham and Wells. See the main text for further details.
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predictions relating to the effects of any individual mutation.
Thus, combinatorial methods of protein analysis are best viewed
as a complement to detailed biophysical analysis. Shotgun
scanning can be used to rapidly gather information across a
protein — protein interface, and the data obtained can be used to
generate hypotheses that can then be tested in detail by
quantitative analysis of point-mutated proteins. By combining
the different approaches, it should be possible to gain a better
understanding of protein - protein interactions than would be
possible with either method alone.

3. Peptidic Mimics of Extracellular Protein
Binding Surfaces

As discussed above, mutagenesis and structural studies have
revealed that, while extracellular protein - protein interactions
usually involve contacts over large surface areas, these interfaces
often contain smaller functional epitopes where a substantial
proportion of the binding energy is concentrated. In this section,
we discuss applications of “naive” (that is, completely random)
peptide libraries in exploring these surfaces.

Peptides can be displayed on M13 phage in either a high- or
low-valency format by fusing to either the gene-8 major coat
protein (protein-8, P8) or the gene-3 minor coat protein
(protein-3, P3), respectively.™ The avidity inherent in polyvalent
display magnifies intrinsic monovalent affinity so that even
moderate-affinity peptides with dissociation constants in the
high micromolar range are tightly bound to the target. In
contrast, avidity effects are eliminated or greatly reduced in a low-
valency format, thus allowing for discrimination and selection on
the basis of even slight differences in intrinsic affinity. The
complementary properties of high- and low-valency display
have been used to develop a general process for selecting
binding peptides from phage-displayed libraries, as outlined in
Figure 3.

Initially, naive peptide libraries are displayed in a polyvalent
format on P8, and the use of libraries with greater than 10"
individual members allows for rapid sampling of significant
sequence space. Polyvalent library pools are cycled through
rounds of binding selections to isolate peptides that bind
specifically to the target, and high-throughput phage ELISAs are
used to monitor the selection process and to identify individual
binding clones. If the selection process is continued for only a
minimal number of rounds, binders will be enriched without
stringently discriminating between individual binding clones.
Under these conditions, large naive libraries can yield multiple,
unique binders that can be grouped into families on the basis of
sequence similarity."® This process identifies dominant scaffolds
that may be well suited for binding to a particular target, and
these can be used to design focused second generation libraries
for affinity optimization.

Second generation libraries are usually displayed in a low-
valency format on P3 to enable stringent selection and evolution
of high-affinity binders through a combination of changes in
peptide structure and/or interacting side chains.* '3 Further-
more, the affinities of low-valency, phage-borne peptides are

ChemBioChem 2003, 4, 14-25
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Figure 3. The process for selection and affinity maturation of binding peptides from phage-displayed
libraries. Naive peptide libraries are usually displayed in a high-valency format by fusion to the gene-8 major

» 2nd Generation Monovalent

As extracellular protein - protein inter-
actions typically involve large surfaces
void of significant concavity, conventional
small-molecule screening efforts have
generally failed to identify antagonists
for these interactions.'"¥ In contrast,
phage-displayed peptide libraries have
proven remarkably successful in generat-
ing both antagonists and agonists for
numerous extracellular targets.!' '>-24
Since phage do not operate under the
same pressures that influenced the evo-
lution of natural binding partners, it is
reasonable to believe that epitopes dis-
tinct from those found on the natural
ligands will be discovered. A related
seductive notion is that phage display
will identify localized binding epitopes
that might be readily transferred to
potent small-molecule scaffolds.

The success of phage display in iden-
tifying ligands to protein surfaces allows
us to address important questions. For
example, what types of interactions are
found for phage-derived binding pepti-

PN des, and how do the peptide-binding
: surfaces compare to the naturally evolved
binding surfaces of large protein ligands?
Furthermore, are the peptide interactions
likely to be mimicked by small organic
molecules? Substantial insights into mo-
lecular recognition have been afforded by
structural studies of peptides that bind
protein surfaces, and several of these
structures are shown in Figure 4.

Peptides containing at least one inter-
nal disulfide bond have been selected

Selection

sapndad jusiayp ; 0l

coat protein, thus enabling polyvalent binding interactions that magnify the apparent dffinities of initial weak

binders. High-throughput phage ELISAs in a 96-well format can be used to screen hundreds or even thousands
of clones to identify genuine binders for sequence analysis, and the sequences of many unique binders can be
used to identify dominant motifs that share sequence homology. This information can be used to design

tailored second-generation libraries for affinity maturation in a low-valency format by fusion to the gene-3
minor coat protein. Stringent selections enable discrimination on the basis of intrinsic monovalent affinity, and
the affinities of phage-borne peptides can be accurately determined with modified phage ELISAs. In the end,
this ensures that synthetic peptides designed on the basis of phage data are likely to be potent binders.

usually in good agreement with the intrinsic affinities of free
peptides; this allows continuous monitoring of the selection
process with rapid phage ELISAs.™* '3 Once the selection process
has identified potent sequences, peptides are synthesized and
subjected to detailed analysis of structure and function. When
combined with high-throughput sequencing and assays, the
phage-displayed peptide libraries may be used to simultane-
ously evolve several distinct families of binding peptides that
could potentially lead to the discovery of multiple ligands for a
single target protein. A collection of unique phage-derived
peptides that bind to a single target can be expected to provide
useful probes of the binding surface.

ChemBioChem 2003, 4, 14-25

consistently against extracellular targets.
The constraints imposed by disulfide
bonds can stabilize peptide solution
structures and thus yield preorganized
binding surfaces. Although structure is
uncommon for peptides in general, the
observation that selection for binding to
extracellular proteins frequently yields
structured peptides is noteworthy!'> 7. 20. 23. 241 gnd suggests that
preorganized structure may be a prerequisite for high-affinity
binding to such surfaces. Peptides that bind to a variety of
targets have often been found to have 3 hairpin or turn - helix
structures, but other unusual folds have also been observed
(Figure 4).13 15-17.19-251 While a comprehensive review of the
peptide — phage literature is beyond the scope of this article, the
major points raised by these studies can be addressed by
examining the substantial structural database of complexes
between vascular endothelial growth factor (VEGF) and various
ligands. Specifically, we will compare the interactions between
VEGF and two different phage-derived peptides to those that
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Figure 4. Phage-derived peptide antagonists and agonists for which structures
have been determined free in solution and/or bound to their target proteins.
Elements of secondary structure are shown as ribbons and disulfide-bonded
cysteine side chains are shown in yellow. The target proteins are indicated above
the peptide structures in each case. The PDB accession codes for each peptide are
as follows: IgG-Fc, 1DN2,;2" FceRl (hairpin peptide), 1JBF;?*! EPOR, 1EBP,!
a-bungarotoxin, THAA;?? IGF-1, 1LB7;"3 FVlla, 1DVA;?% gp41, 1CZQ,"! IGFBP-1,
1GJE, 3% VEGF (v107), 1 KAT;?5! FceRl (“zeta” peptide), 1 KCO,¥ VEGF (v108),
1VPPB4 This figure was produced with the program MOLMOL.>

VEGF makes with one of its receptors or with neutralizing
antibodies.

VEGF is a primary modulator of physiological angiogenesis
that is also associated with pathological states such as cancer,
rheumatoid arthritis, and psoriasis.?®! VEGF exists in solution as a
homodimer and functions by binding to and inducing dimeriza-
tion of its tyrosine kinase receptors, Flt-1 (fms-like tyrosine
kinase-1; VEGFR-1) and KDR (kinase-insert domain containing
receptor; VEGFR-2). Activation of KDR alone is
sufficient to stimulate vascular endothelial cell
mitogenesis.?”! Flt-1, on the other hand, may act as
a “decoy” receptor that is able to negatively A
regulate angiogenesis by sequestering VEGF.?® A
high-resolution crystal structure of VEGF in com-
plex with the second Ig-like domain (D2) of Flt-1
(FIt-15,) revealed symmetrical receptor-binding
sites located at the poles of the dimeric VEGF
receptor-binding domain,”?? and alanine-scanning
mutagenesis revealed very similar KDR-binding
sites.’% 3! The binding sites for several antibodies ,.:‘7‘
that bind and neutralize VEGF have also been
shown to overlap with the KDR- and Flt-1-binding
sites.31-33

In order to discover novel antagonistic mole-
cules, a library of disulfide-constrained peptides
was sorted against VEGF. Three distinct peptide
classes were isolated and affinity matured, and it
was shown that each class not only binds to VEGF
but also blocks its interactions with KDR.'®

S.S. Sidhu et al.

v107 (class 3; GGNECDIARMWEWECFERL), have subsequently
had their structures determined in complex with the VEGF
receptor-binding domain (Figure 5A and B).?> 34

The structures reveal that the binding sites for both peptides
overlap significantly with the receptor and antibody binding
sites and with each other; this latter fact is consistent with the
observation that v108 competes with v107 for binding to
VEGF."® The contact between v108 and VEGF involves primarily
main-chain-mediated hydrogen bonds, while in contrast, v107
makes extensive hydrophobic side-chain-mediated contacts
with VEGF. Neither binding mode is unique, however, since
each peptide complex resembles another structurally charac-
terized VEGF complex. The v107 interaction with VEGF is most
similar to that observed for Flt-1p,,2% while the binding mode of
v108 most closely resembles that of an antigen-binding frag-
ment (Fab) from a neutralizing anti-VEGF antibody (Figure 5C
and D).B2331 A survey of the literature shows that these results
are not uncommon, in that most binding sites for phage-derived
peptides overlap with and block binding sites for natural ligands
(see Figure4). This suggests that protein-binding sites may
have physical properties that predispose them to ligand bind-
ing." 33

Although the modes of interaction are similar, the dissociation
constant (Ky) values of the phage-derived peptides (0.6 or 2.2 um
for v107 or v108, respectively)'® 2! are significantly weaker than
the 2-10 nm reported for Flt-1,, and 13 nm or 0.11 nm reported
for a humanized anti-VEGF Fab (Fab-12) or its affinity-optimized
version (Fab-Y0317), respectively.?> 233 Nevertheless, it is
impressive that phage display can identify a 19-residue peptide,
v107, that buries 1167 A% of hydrophobic binding surface. The
structure of the v107-VEGF complex further reveals that the
four N-terminal residues of the peptide are disordered and do
not contact the protein, which suggests that a 15-residue
peptide would be sufficient for binding. In contrast to the v107

Figure 5. Structures of the VEGF receptor-binding domain in complex with peptide and protein
ligands. A) Crystal structure of the VEGF -v108 complex (PDB accession code 1VPP). B) Solution
structure of the VEGF -v107 complex (PDB accession code 1 KAT). C) Crystal structure of VEGF in
complex with the Fab fragment of a neutralizing antibody (PDB accession code 1CZ8). Only the Fv

region of the Fab is shown. D) Crystal structure of the VEGF - Flt-1,, complex (PDB accession code

Representatives of two of these peptide classes,
v108 (class 2; RGWVEICAADDYGRCLTEAQ) and

20

1FLT). In each case the VEGF monomers are colored red and blue, respectively, and the bound
ligands are colored yellow. This figure was produced with the program MOLMOL.?*!
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complex, Flt-1p, uses 101 residues to bury a total surface area of
1672 A2 Notably, all the VEGF residues that contact v107 in the
peptide complex also contact Flt-1 in the receptor complex.
Equally remarkable is the fact that a 20-residue peptide, v108,
buries a total surface area of 1350 A2 on binding VEGF, while the
receptor-blocking Fabs bury 1750-1800 A% In this case, the
seven C-terminal residues of the peptide have no contacts with
VEGF. Of these seven residues, Cys15 is clearly required to
maintain the bound structure of the peptide in the complex, but
truncation of the four C-terminal residues has only a minimal
effect on VEGF binding affinity.!"® 3¥ While only 5 of the 13 VEGF
residues in the interface with v108 make contacts with Flt-1p,, 12
of these 13 residues are also involved in contacts in the VEGF -
Fab complexes. As noted above, the v107 and receptor
interfaces are dominated by hydrophobic interactions. In con-
trast, up to 13 intermolecular hydrogen bonds are observed in
the interface of the v108 complex while 10-12 are found in the
Fab complexes. (Note that v108 does not bind in a unique
conformation and that two slightly different sets of peptide -
protein interactions are observed in the crystal structure of the
complex.) Most notably, all VEGF atoms involved in conserved
hydrogen bonds in the v108 complex also form hydrogen bonds
to the Fabs.

Functional characterization of the VEGF-v107 interface was
achieved by alanine scanning both the peptide and VEGF
contact surfaces.””? Comparison of the functional epitopes on
VEGF for binding to v107 or Flt-15, revealed some distinct
differences but also showed that peptide and receptor binding
require similar numbers of functionally important residues.
Interestingly, in each case, alanine substitution of six VEGF
residues resulted in >10-fold reductions in binding affinity;
important v107 binding determinants include Tyr21, Tyr25,
Lys48, Leu66, Met81, and Met83, while the most important Flt-
1p,-binding determinants are Phe17, Met18, Tyr21, GIn22, Tyr25,
and Leu66 (Figure 6B and C). Apparently, although the VEGF
structural epitope for v107 binding is ~30% reduced relative to
that for Flt-1p, binding, the VEGF functional epitope for peptide
binding is no more localized than that for receptor binding,
which suggests that transfer of this novel peptide epitope to a
potent small-molecule scaffold may be difficult.

Compounding this difficulty is the observation that the
energetic contributions of the hydrophobic side chains of v107
to VEGF binding are not additive.?™ A complete alanine scan of
the hydrophobic residues that constitute the structural binding
epitope of v107 revealed that the sum of the individual side-
chain contributions (AAG > 18 kcal mol~") is significantly greater
than the total binding energy (AG=~—8kcalmol~'), which
suggests that cooperativity exists between peptide structural
stabilization and binding. In particular, the side chains of Trp11
and Phe16 have significant intramolecular contacts with each
other and with the surrounding hydrophobic side chains (lle7,
Met10, Trp13, and Leu19; Figure 6 A). Substitution of either of
these side chains with the methyl group of alanine results in
> 2000-fold reductions in binding affinity for VEGF; a substantial
fraction of this loss probably results from destabilization of the
bound peptide conformation. Unfortunately, in this case, there is
no way to check the structural consequences of the alanine
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Figure 6. Comparison of alanine-scanning data for A) v107 binding to VEGF,

B) VEGF binding to v107, and C) VEGF binding to Flt-1p,. Residues are colored
according to the relative IC,, values of their respective alanine mutants as follows:
red, > 30-fold increase (AAGy,_,. > 2.0 kcalmol~"); orange, 10 - 30-fold increase
(1.3< A4Gp,_ < 2.0 kcalmol™'); yellow, 3 - 10-fold increase (0.6 < AAG,_ <
1.3 kcalmol™'); cyan, < 3-fold increase (AAG,_,. < 0.6 kcalmol~').

substitutions on the free peptide because v107 does not have a
well-definable structure in the absence of VEGF.

Results similar to those for the VEGF-v107 interface have
been observed in other systems. For instance, the functional
binding epitope for the phage-derived peptide E-76 on coag-
ulation factor Vlla (FVIIa) is also not well localized.?® In addition,
peptide alanine-scanning data show that the sum effect of
substituting interface residues (as identified from a crystal
structure of the FVlla - E-76 complex) with alanine is significantly
greater than the total binding energy.?? In this case, NMR
spectroscopy structural data confirmed that some of the peptide
mutants are structurally perturbed relative to E-76. Such non-
additivity in the effects of alanine substitutions seems to be
common amongst phage-derived peptides (at least in the
limited number of cases in which alanine-scanning data are
reported),?% 23 24361 and it is most likely the “price that must be
paid” for minimizing a protein scaffold to a peptide scaffold (that
is, important protein-binding determinants on the peptide are
frequently also important for maintaining peptide structure). In
particular, members of the turn-helix structural class of
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peptides,'> 1% 2025 361 which includes v107, each have a cluster of
hydrophobic residues on one face that has been shown to be
important for peptide structural stability?® 3¢ and for direct
contact with respective target proteins.!'® 20 2%

The fact that phage-derived peptides adopt VEGF-binding
interactions similar to those observed for natural protein ligands
is probably not due to random chance; rather, it suggests that
only limited regions of the VEGF surface can support high-
affinity binding interactions. The phage-derived peptides are
significantly smaller than either antibodies or proteins, but they
still bind to the same epitopes. An illuminating comparison can
be made between the interfaces described above and data
obtained from crystal structure analysis of protein - protein
complexes. Examination of 32 protein dimer structures revealed
that the size of the protein - protein interfaces ranged from 368
to 4761 A7 while a similar analysis of protease inhibitor
complexes and antibody - protein-antigen complexes showed a
range of 1600 + 350 A28 Thus, VEGF-binding peptides present
interaction surfaces on reduced scaffolds, but the buried surface
areas in these peptide - protein interfaces (= 1000A?) fall within
the observed norms for protein-protein interactions; this
suggests that it will be difficult to develop small molecules that
bind to VEGF with high affinity.

The inability of phage display to identify small-molecule-
binding sites on extracellular proteins is not due to a lack of
epitopes being presented to the target protein. Increases in
library diversity to greater than 10" individual members have
not changed the types of peptides being discovered, so it
appears that peptides that resemble “miniproteins” are probably
the only tight binders to many extracellular proteins. As always,
there are exceptions (for example, the integrins) in which
extracellular proteins have evolved binding sites for small
epitopes, but the majority of extracellular proteins studied to
date have given results similar to the VEGF example. Thus we
conclude that, if diverse peptide libraries only yield ligands
that present binding surfaces characteristic of a larger protein,
the protein is unlikely to be a good target for small-molecule
ligands.

4. Mapping Intracellular Protein - Protein
Interactions

While most extracellular protein-protein interactions involve
large epitopes formed by discontinuous regions of primary
sequence, there are numerous intracellular interactions that
depend on the specific recognition of small, continuous
epitopes within large proteins. Indeed, many distinct families
of intracellular protein domains have evolved to recognize linear
epitopes with particular characteristics.?¥ Proline-rich sequences
are recognized by at least two different families: Src homology 3
(SH3) domains“? and WW domains (named for two highly
conserved tryptophan residues within the family consensus).*"
Another common binding motif consists of phosphotyrosine-
containing sequences, which are recognized by Src homology 2
(SH2)¥? and phosphotyrosine-binding (PTB) domains.*3! PDZ
domains (so-called because they were first recognized in the
proteins postsynaptic density-95, discs large, and zonula occlu-
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dens-1) predominantly bind to specific C-terminal sequences.”!
These and other peptide-binding domains are small compact
modules that are usually found imbedded in larger proteins,
often with other modules of their own or different types. Acting
in concert, multiple modules can bind multiple partners and thus
assemble and localize intricate signaling complexes and intra-
cellular architecture.

Phage-displayed peptide libraries have proven to be ideal
tools in analyzing these intracellular peptide-binding domains. In
many cases, small unconstrained peptides (four to eight
residues) have proven to be remarkably specific, high-affinity
ligands. We discuss the use of phage display in exploring ligand
specificity in several domain families where peptides have been
used to understand the relationships between structure and
function, and also to predict and validate natural protein —pro-
tein interactions.

Several studies have focused on identifying peptide ligands
for SH3 domains.*> 4 These analyses have usually yielded
proline-rich sequences similar to those found in natural SH3
ligands, but notably, some phage-derived peptides were found
to bind with higher affinity than natural ligands.*® While early
studies confirmed the SH3-binding specificities defined by other
methods, more recent work has identified binding motifs that do
not match the “classical” consensus sequences for SH3 ligands,
thereby suggesting that SH3-binding specificities may be more
diverse than originally thought.*” Studies of WW domains have
also been successful in identifying binding sequences that
resemble natural proline-rich ligands.” In many of these studies,
phage-derived sequences have been used to predict natural
binding partners by database mining, and also to guide
mutagenesis and structural studies that shed further light on
the structural features that mediate affinity and specificity. In a
recent report, the specificities of approximately 20 yeast SH3
domains were studied with both peptide — phage and yeast-two-
hybrid methods, and the two data sets were used to generate
independent protein interaction networks by database mining
of the complete yeast genome.”! By comparing the two maps to
each other, it was possible to obtain a third interaction network
that represents the intersection of the two data sets and, thus, is
likely to contain a greater proportion of physiologically relevant
interactions.

Reversible tyrosine phosphorylation and dephosphorylation
regulates many intracellular signaling pathways by modulating
enzyme activities and creating or eliminating protein - protein
interactions. These effects are often mediated by protein
domains that bind to particular phosphotyrosine-containing
sequences.* * While it has been difficult to investigate these
interactions with phage display due to the lack of protein
phosphorylation in E. coli, it has been shown that phage-
displayed peptide libraries can be phosphorylated in vitro.
These phosphorylated libraries have been used to study the
binding specificities of both SH2 and PTB domains.”® In each
case, tyrosine-containing consensus sequences were identified
for the different domains. These results demonstrate that in vitro
posttranslational modifications may prove useful in further
extending the utility of phage display and other combinatorial
methods.

ChemBioChem 2003, 4, 14-25





Protein - Protein Interactions and Phage Display

PDZ domains occur in a large variety of eukaryotic proteins,
and in general, they are responsible for assembling other
proteins into functional complexes localized at specific subcel-
lular sites, such as epithelial tight junctions or neuronal synaptic
densities.®" In an early work, we developed libraries of novel
C-terminally phage-displayed peptides to investigate the bind-
ing specificities of two of the six PDZ domains from a membrane-
associated guanylate kinase (MAGI-3).52 Each domain bound
specifically to small peptides and the binding specificities were
very different from each other, which suggests that the two PDZ
domains bind different ligands. Like many PDZ-containing
proteins, MAGI-3 contains multiple PDZ domains, and thus, a
single MAGI-3 protein probably acts as a multiligand scaffold to
assemble multicomponent protein complexes.

More recently, we used C-terminal peptide — phage libraries to
study the binding specificity of the single PDZ domain of
Erbin,®¥ a protein that was originally identified as a putative
ligand for ErbB2 in a yeast-two-hybrid screen.> ErbB2 is a
tyrosine kinase related to the epidermal growth factor receptor
and is a causal factor in the development of some cancers,* and
our original intent was to discover high-affinity ligands for the
Erbin PDZ domain that could be used to disrupt its interaction
with ErbB2. Suprisingly, phage display revealed a binding
consensus for Erbin PDZ ([D/E][T/SIWV o) that differed signifi-
cantly from the C-terminal sequence of ErbB2 (DVPV qoy)-
Furthermore, searches of genomic databases revealed that the
phage-derived consensus closely matched the C termini of o-
catenin and two related homologues (ARVCF and p0071), which
all terminate in an identical sequence (DSWVqop). Since these
catenins are also mediators of intracellular signaling,*® it seemed
reasonable that they could interact with Erbin in a physiolog-
ically relevant manner. Subsequent in vitro and in vivo experi-
ments clearly demonstrated that Erbin binds to d-catenin and its
homologues with high affinity and specificity, while its affinity for
ErbB2 is significantly lower. Furthermore, the in vivo interaction
between Erbin and ARVCF was successfully disrupted by intra-
cellular delivery of phage-derived high-affinity peptides, a fact
suggesting possible utility for peptide ligands in intracellular
target validation.

In studying the relationships between PDZ domain structure
and function, we have made extensive use of in vitro affinity
assays with synthetic peptides to accurately map the determi-
nants of affinity and specificity. Our results suggest that PDZ
domains can use up to five side chains at the C termini of
proteins to bind with high affinity to their cognate ligands while
excluding other closely related sequences. This point was
illustrated by comparing the binding specificity of the Erbin
PDZ domain to that of MAGI-3 PDZ2. Peptide - phage libraries
revealed that these two domains recognize C-terminal consen-
sus sequences that differ at only one site in the last four positions
([D/EIT/SIWV gon Vversus [C/V/I[T/SIWV oy for Erbin PDZ or
MAGI-3 PDZ2, respectively). However, this single difference was
sufficient to alter affinity by at least two orders of magnitude; a
peptide bearing a Glu side chain (TGWETWVyo,) interacted
exclusively with the Erbin PDZ domain while a peptide in which
Glu was replaced with lle (TGWITWV o) interacted only with
MAGI-3 PDZ2.53! Recent three-dimensional structures and ho-
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mology models have also shown that, at least in some cases, PDZ
domains can make specific contacts with up to five C-terminal
side chains.”>>7 As shown for MAGI-3 PDZ2, the peptide main
chain makes antiparallel S-sheet interactions with the PDZ
domain main chain and the terminal carboxylate is inserted into
a “carboxylate-binding loop” (Figure 7), and these interactions

Figure 7. Molecular surface of a model of the MAGI-3 PDZ2 in complex with a
peptide (GYTWV).®? Protein residues conferring binding affinity and/or specificity
are colored: yellow, the carboxylate-binding loop that interacts with the
C-terminal residue Val5; orange, residues in 3 strands 2 and 3 that interact with
the peptide side chains Trp4 and Val2; cyan, a conserved His residue that forms a
hydrogen bond with Thr3.

are conserved amongst essentially all PDZ domains. The peptide
resides in a groove on the PDZ domain surface and the peptide
side chains can make contacts on either side; these contacts
confer specificity to the interaction, since the types of ligand side
chains accepted by a particular PDZ domain will depend on the
nature of the protein surface. The fact that PDZ domains bind
with high affinity and specificity to small linear peptides
suggests that they may be valid small-molecule targets, and it
is even possible that peptide ligands could be used as starting
points for small-molecule design.

5. Summary and Outlook

In this review, we have highlighted the utility of phage display
for investigating protein - protein interactions. Shotgun-scan-
ning technology makes it possible to scan an extensive interface
in detail in a matter of weeks, and peptide — phage libraries allow
for the selection of unique ligands in a comparable time frame.
These advances are accelerating the exploration of protein
binding surfaces at a time when genomics and proteomics are
revealing thousands of novel protein —protein interactions. We
believe that phage display not only enables the rapid analysis of
natural interactions, but also allows us to assess the potential of
a binding surface as a small-molecule target.

While recognizing that we should not overgeneralize on the
basis of experiences with a limited number of model systems, we
feel that some trends have emerged. One observation is that,
while protein mutagenesis studies have identified smaller
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functional binding epitopes within large protein - protein inter-
faces, phage-displayed peptide libraries nonetheless yield bind-
ers with large contact surfaces in the majority of cases. When
phage display yields only peptide ligands with extended binding
surfaces, the validity of a protein as a small-molecule target is
questionable. In contrast, proteins that bind to small, continuous
epitopes may be very attractive small-molecule targets. While
the results to date indicate that significant challenges still exist in
developing small-molecule inhibitors of many protein - protein
interactions, the good news is that phage display can be used to
rapidly screen potential targets to identify those proteins with
binding profiles that indicate the existence of potential binding
sites for small molecules, and these insights should be useful in
guiding medicinal chemistry efforts.
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Total Enantioselective Synthesis and In Vivo
Biological Evaluation of a Novel Fluorescent
BODIPY a-Galactosylceramide

Yen Vo-Hoang,® Laurent Micouin,*? Catherine Ronet, Gabriel Gachelin,® and

Martine Bonin*

Natural killer T (NKT) cells are a distinct subset of mature
lymphocytes endowed with features of activated and regulatory
Tcells. a-Galactosylceramides (a-GalCers), the synthetic prototype
of which is KRN7000, are the only natural reagents recognised by
the T-cell receptor of NKT cells. The a-GalCer-activated NKT cells
promptly release IFNy and IL-4 (IFN = interferon; IL = interleukin)
and undergo apoptotic death within hours. In mice, activated NKT
cells are responsible for antitumour activity and protection against
autoimmune diseases. KRN7000 can thus be considered as the root
of a family of novel immunoregulatory drugs. To get insights into
the in vivo behaviour of a-galactosylceramides, an original

Introduction

Natural and synthetic a-galactosylceramides (a-GalCers) are
receiving increasing attention."! These molecules are the only
reagents known to specifically activate “natural killer T cells” (NKT
cells), a subpopulation of regulatory Tcells that plays a pivotal
role in immune system homeostasis.? The distinctive role of a-
GalCer-activated NKT cells in a variety of autoimmune patholo-
gies, which include multiple sclerosis,”®! autoimmune diabetes®
and experimental encephalomyelitis,”™ and in tumour rejection,®
organ transplants” and atherosclerosis,’® has recently been
evidenced.” Molecules belonging to the a-galactosylceramide
family may thus evolve into useful immunomodulatory drugs.

The first a-galactosylceramides were isolated from marine
sponges® and were later synthesised by Koezuka etal., who
developed potent glycolipid analogues such as KRN7000 (1;
Scheme 1).% Other synthetic a-galactosylceramide derivatives
such as 3 and 4 (Scheme 1) are now available and these
significantly activate NKT cells."” Immobilised, biotinylated
derivatives such as AGL-592 (3) have been used to probe the
specificity of the a derivatives versus that of the 3 derivatives in
the activation of NKT cells in vitro.'?

In @ model of murine intestinal inflammation in which a-
GalCer-activated NKT cells play a beneficial role, the NBD
analogue 4 was detected on the colonic surface epithelium.!3
However, despite the potential interest of the a-GalCer deriva-
tives, their in vivo behaviour, cell storage, metabolism and
clearance are far from fully described. Therefore, the synthesis of
other pharmacologically active and labelled analogues is
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fluorescent derivative has been prepared by following a convergent
synthetic scheme. This strategy allows the introduction of different
acyl chains, carbohydrate residues and various labels in the final
steps of the synthesis. The fluorescent BODIPY probe derived from a
versatile glycolipid precursor is as active as KRN7000 for inducing
apoptosis of liver NKT cells. Fluorescence was detected in peritoneal
macrophages and splenic antigen-presenting cells, in Kupffer-like
cells in the liver, but not in lymphocytes.

KEYWORDS:

asymmetric synthesis -

fluorescent probes -
- natural killer Tcells

glycolipids -
immunoregulation

essential for further in vivo studies. Also, more versatile synthetic
pathways must be designed to easily create families of related
molecules and probes.™ ™

We have developed a versatile synthetic route which was used
to construct the first biologically active KRN7000 analogue 2.'?
Once the biological activity of this molecule had been ascer-
tained, the same route was used to construct a related
fluorescent glycolipid 5 (see below).

The introduction of a fluorescent dye into a bioactive
molecule may alter some of the biological properties of the
latter. Nevertheless, glycolipids labelled with the fluorophore
boron dipyrromethene difluoride (BODIPY) are widely used as
potent tools for studying metabolism and glycolipid traffic in
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Scheme 1. Structures of biologically active a-GalCer analogues.

animal cells."™ The strong electronic transitions of the label (at
about 500 nm) are also safely shifted from potential overlapping
bands caused by proteins and lipid membranes.

On the basis of the wide use of BODIPY and of the known
structure - activity relationships for a-galactosylceramides,® 11
we prepared the novel a-GalCer-BODIPY probe (5).'% To the best
of our knowledge this fluorescent group has never before been
introduced into a-galactosylceramide derivatives. In contrast
with previous strategies in which the label groups were
introduced into natural degradation material through a
tether,'2 133 we decided to apply our convergent synthetic
route to the preparation of the versatile intermediate 7
(Scheme 2). Consideration of active analogues 3 and 4, which
have a fluorescent group at the end of the fatty acyl chain, led us
to introduce the BODIPY group in the last step of the synthesis
through the terminal amine function.

In such an approach, the relative and absolute configurations
of the central aminodiol motif remain unchanged, and the
glycosidic moiety and the terminal labelling groups can be
changed in the last steps of the synthesis. Herein, we report the
practical preparation of the novel a-GalCer fluorescent probe 5,
the in vivo investigation of its biological activity and the
identification of the cells able to capture it.

Results and Discussion

The synthesis of the designed glycolipid precursor 7 follows a
convergent process in which the diastereoselective preparation
of p-erythro-sphingosine (11) is followed by the successive
couplings with the fatty aminoacyl chain 10 and the galactosyl
donor 8 (Scheme 2).
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Scheme 2. Retrosynthetic analysis of the fluorescent a-GalCer — BODIPY probe 5.

Optimised conditions for the diastereoselective synthesis of
p-erythro-sphingosine (11)

The iminoglycinate 12 and (E)-2-hexadecenal (13) were prepared
according to literature procedures with some minor variations to
improve process efficiency (Scheme3).'"? The use of the
CITi(OiPr);/NEt; system instead of CITi(OEt); for the generation
of the reactive titanium enolate allowed easy conversion of
iminoester 12 and proved more convenient for multigram-scale

CO,R
_N._COEt VNR
a) — HO CisHa7
OH OH
12 14a,b : R =iPr, Et
b)
NH; NH;
Ho\/Y\/C13H27 ©) RO C/EY\VCBHU
2
OH OH
11 15a,b : R =iPr, Et

Scheme 3. Preparation of p-erythro-sphingosine (11). a) CITi(OiPr);, (E)-2-hex-
adecenal (13), NEt;, CH,Cl,, 0°C, 91 % yield of 14a,b; b) 1m HCl, THF, 20°C, 77 %
yield of 15a,b; c) LiBH,, THF, MeOH, 20°C, 84 %.
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syntheses. The NMR spectra of the products indicated that only
one diastereomer was formed (> 97 %) as a mixture of ethyl and
isopropyl esters 14ab in a 7:3 ratio. After classical acid
hydrolysis, direct hydride reduction of the ester mixture 14a,b
was performed with a 2m suspension of LiBH, in a mixture of
tetrahydrofuran (THF) and methanol at 20°C. The known b-
erythro-sphingosine (11) was thus obtained in a total yield of
59% starting from the chiral nonracemic iminoester 12.

Preparation of the new protected spacer arm 10 and the
corresponding ceramide 9

Compound 10 was prepared from commercially available 11-
aminoundecanoic acid (16) in a two-step sequence involving N-
carbamate formation and para-nitrophenylester derivatisation
(Scheme 4). The benzyl derivative was chosen to allow a one-pot
deprotection and final reduction step (Scheme 2). The coupling
of sphingosine (11) with the activated ester 10 in the presence of
a catalytic amount of 4-(dimethylamino)pyridine (DMAP) fur-
nished ceramide 9 in 76 % yield.

o

,/LF{NHR b)

16:R=H
2 ’:» 17 : R=CO,Bn

o)
NHCO,Bn

10 : R = p-nitrophenyl

<)

o NHCO,Bn
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BnO o NHCO,Bn 9
o \(\cjg
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HO&Q‘ NH s
HO
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Scheme 4. Preparation of the original o-GalCer-BODIPY, 5. a) CICO,Bn, CH,Cl,,
reflux, 15%; b) p-nitrophenol, N,N'-dicyclohexylcarbodiimide, DMAP, CH,Cl,,
20°C, 47 %; c) 11, DMAP, THF, 20°C, 76 %; d) 8, SnCl,, AgCIO,, molecular sieves,
Et,0, THF, 20°C, 37 %; e) H,, Pd/C, MeOH, 20°C, 85 %; f) 6, DMF, 20°C, 25 %.

Bn =Benzyl.

Synthesis of amino-a-galactoceramide 7

The synthesis of the new glycolipid precursor 7 is shown in
Scheme 4. The activated galactosyl donor 8 was prepared
according to previous procedures in a five-step sequence
starting from p-galactose.'® Coupling of 8 with the ceramide

ChemBioChem 2003, 4, 27 -33

9 under Mukayama’s conditions (AgClO,/SnCl,) in THF/Et,0
(9:1.5) provided the desired compound 18 albeit in only 37%
isolated yield. Despite intensive investigations, this low
yield could not be improved, mainly because of solubility
problems.

Careful NMR investigations proved the total stereocontrol of
the new glycosidic bond formation (J(1,2) =3 Hz). Final depro-
tection of all benzyl groups and double bond reduction were
achieved in one step under classical hydrogenolysis conditions
to afford the desired glycolipid 7 in pure form (85 % yield). The
synthetic sequence described above provided the new glyco-
lipid analogue 7 in three steps and an overall yield of 24%
starting from sphingosine (11).

Synthesis of the BODIPY fluorescent probe 5

The BODIPY fluorophore was coupled with compound 7 through
its succinimidyl activated ester 6. Final HPLC purification of the
crude material afforded the desired fluorescent probe 5 in 25%
yield.

Biological activity of the fluorescent probe 5

The biological activity of molecule 5 was probed in vivo and
compared to that of KRN7000 (1) by administering the reagents
by intraperitoneal (IP) injection into 8-week-old C57BL/6 mice
and monitoring the activation-induced disappearance of liver
NKT cells." This test was used because it reflects the overall in
vivo activation/apoptosis of NKT cells, with no prejudice for the
type of cytokine released, which may itself depend upon the
nature of the acyl chains.’2%

Thus, 1, 5 or 10 pug of fluorescent derivative 5 was adminis-
tered by IP injection. A similar concentration of KRN7000 (1) was
injected as a control. Liver monocytes were isolated as described
and analysed for the presence of NK1.1" TCR af} int* cells (TCR=
T-cell receptor). As little as 1 pg of molecule 5 caused a decrease
of liver NKT cells from 33% to 0.5% (cf. KRN7000; Figure 1).
Within this concentration range, the substituted molecule was
therefore as active as KRN7000 (1) for inducing in vivo apoptosis
of liver NKT cells. Similar results were obtained following
intravenous (IV) injection (data not shown). Lower concentra-
tions were not investigated.

The stability of the probe was tested by exposing 5 (10 ug)
overnight at 37°C to undiluted mouse serum containing a
suspension of total mouse liver leucocytes (shown to capture
probe 5, see below). The glycolipid material was extracted with
chloroform/methanol and analysed by HPLC followed by
fluorescence analysis of the fractions; no free BODIPY or
degradation or substituted products were detected.

a-Galactosylceramides are usually administered by IP or IV
injection. The cells that capture the molecules may vary
depending on the method of administration. We therefore
searched for fluorescent cells after IP or IV injection. We used
animals injected with phosphate buffered saline (PBS) and
unsubstituted BODIPY (BODIPY reagent 6)-injected animals as
controls. No detectable labelling of peritoneal, spleen and liver
cells was observed following IP or IV injection of the latter. One
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looked like resident macrophages or Kupffer cells. The
fluorescent dye was stored in vesicles in much the same
way as in peritoneal macrophages, with some of the
particles located next to the nucleus.

In summary, the fluorescent probe 5 was biologically
active in the same typical test as KRN7000. The in vivo
behaviour of the probe depends on the way it is injected:
most of the IP-injected material is first captured by
peritoneal macrophages; after IV injection, a significant
concentration of fluorescent material was found in adher-
ent liver and spleen cells. No overall staining was observed,
which indicates that the label was taken up by minor
subsets of cells. If the behaviour of probe 5 is representative
of the family of a-galactosylceramides to which it belongs,
we conclude that in vivo the a-GalCers are predominantly
trapped by specialised cells rather than by random cell
types.

The preferential capture of IP-injected material by
peritoneal macrophages may appear difficult to reconcile
with the effect on liver NKT cells. This can be accounted for
in two ways: either an undetectable fraction of the material
migrates towards the periphery, or loaded macrophages

Figure 1. Depletion of liver NKT cells by KRN7000 (1) and BODIPY probe 5. Left panel:

activity of KRN7000 (1): control (A) and injected mice (B). Right panel: activity of BODIPY

probe 5: control (C) and injected mice (D).

hour after IP injection of probe 5, cells were recovered by
washing the peritoneal cavity. Nearly all macrophages were
found to be stained. The staining was mostly associated with
multiple intracytoplasmic vesicles or droplets (Figure 2).

Monocytes were recovered from the liver and the spleen of
the animals treated by IP injection; adherent and nonadherent
cells were collected separately. Fluorescence-activated cell sorter
(FACS) analysis detected no positive cells in the spleen and liver.
Thus, the IP-injected fluorescent glycolipid 5 was predominantly
trapped by peritoneal macrophages.

The cells able to capture the BODIPY probe 5 following IV
injection were also determined. Liver and spleen monocytes
were isolated one hour after the injection. Adherent cells were
sorted from nonadherent cells. The fraction of positive cells in
each population was determined by image cytometry. Non-
adherent cells (NK, NKT and lymphocytes) did not incorporate a
significant amount of the labelled molecule 5. About 10% of the
adherent cells, predominantly Kupffer cells in the liver, macro-
phages and dendritic cells in the spleen, were found positive
(Figure 3). The label was located in vesicles or droplets within the
cells.

Interestingly, the staining of some spleen-adherent cells
consisted of discrete patches on the cell membrane. This
suggests that binding of the molecule to the membrane occurs
before internalisation, rather than accumulation being the
consequence of nonspecific endocytosis of glycolipid micelles.

The localisation of the fluorescent cells within the liver was
examined in frozen sections counter-stained with Evan’s blue
(Figure 4). No staining of hepatocytes as such could be seen. The
endothelial cells lining the blood vessels were not labelled either.
The label was found in cells located within sinusoids. These cells
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Figure 2. Cellular and subcellular distribution of probe 5 in peritoneal macro-
phages of IP-injected animals. Left panel: PBS-injected mice: visible light (A),
fluorescence (B), superimposition (C). Right panel: mice injected with BODIPY
probe 5: visible light (D), fluorescence (E), superimposition (F).
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Figure 3. Image cytometry of fluorescent adherent liver and spleen cells of animals IV injected with probe 5. Left panel: PBS-injected mice: adherent liver cells (A),
adherent spleen cells (B). Right panel: mice injected with BODIPY probe 5: adherent liver cells (C), adherent spleen cells (D).

washed, re-injected IV and found to induce depletion of liver NKT
cells (data not shown).

Conclusion

The novel fluorescent a-galactoceramide 5 has been prepared
from a versatile glycolipid precursor 7. The synthesis of these
original analogues of biologically active natural agelasphines or
synthetic KRN7000 (1) was achieved by using a convergent
approach. Elaboration of the key intermediates followed known
Figure 4. Histological location of fluorescent cells on liver sections. The frozen procedures with p-erythro-sphingosine (11) and benzylgalacto-
sections (5 um) of liver of mice IV injected with PBS (A) and BODIPY probe 5 (8)  fluoride 8. The novel spacer arm 10 was defined with a particular
we:’re counterstained with Evan’s blue andvobserved on an in\{erted fluorescence carbamate function, which allowed a final simultaneous olefinic
microscope. The fluorescence was located in flat cells present in the lumen of the . .
sinusoids. reduction and debenzylation step. The molecules produced
according to this novel and versatile synthetic route are about as
active as the original KRN7000 (1) in the NKT-cell apoptosis test.
migrate to the liver and unload a-GalCer in some way. In this  This extends to the original BODIPY probe 5. The biological assay
respect, IP macrophages were isolated from injected animals,  was chosen because it is independent of the pattern of cytokines
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released, which can be influenced by the nature of the fatty acyl
chains 5> 201

The fluorescent probe was used to visualise its own in vivo
behaviour, which was assumed to mimic that of KRN7000 (1). A
similar strategy has been widely used in the past with
fluorescent derivatives of other natural glycolipids. Fluorescent
probe 5 accumulated in antigen-presenting cells (APCs) regard-
less of the way it was administered. However, the type of APCs
that captured the molecule differed with the method of
administration. After IV injection, a significant concentration of
fluorescent material was recovered in spleen and liver APCs, but
not in other cell types, and particularly in spleen and liver
leucocytes, which include NKT cells.

Experimental Section

Materials:

Mice: The C57BL/6 mice used in this study were 6 -8 weeks old and
were obtained from IFFA-Credo (L'Arbresle, France).

BODIPY: Obtained from Molecular Probes (Eugene, OR).

a-Galactosylceramide: The stock solution of a-GalCer (1 mgmL~" in
PBS 20% DMSO) was diluted in polysorbate 20 (300 pL, 0.25%;
Sigma) in PBS. The vehicle control was used in all experiments. Wild-
type C57BL/6 mice were injected (IP) with a-GalCer (1, 5 or 10 pg) for
studying in vivo activity. Wild-type C57BL/6 mice were injected (IV)
with a-GalCer 5 (50 pg) for imaging fluorescent cells.

Preparation of single-cell suspensions: Single-cell suspensions
were prepared from liver and spleen. In the case of liver, total cells
were re-suspended in 80% isotonic Percoll solution (Pharmacia,
Uppsala, Sweden) and overlaid with 40% isotonic Percoll solution.
Centrifugation for 30 min at 3000 rpm resulted in concentration of
the mononuclear cells at the 40-80% interface. The collected cells
were washed once with PBS supplemented with 2% fetal calf serum
(FCS). Peritoneal cells were recovered by washing.

ABS and flow cytometry analyses: Cells were first incubated for
10 min with anti-Fc-g-lll/Il (Fcblock, 2.4G2) followed by a 30-min
exposure to anti-TCRG-APC (H57-597), NK1.1-PE (PK136) Abs
(PharMingen). After further washes, the cells were re-suspended in
PBS containing 2% FCS and analysed with a FACSCalibur BD Becton
Dickinson instrument (San Jose, CA).

Adherent cells: the cells were further applied to culture dishes for
1.5 h at 37°Cin 5% CO,. Adherent cells were studied by fluorescent
microscopy (Zeiss, axiovert 135 TV).

Histology: Mice treated with a-GalCer were randomly selected for
tissue harvesting after 1 h. Freshly isolated hepatic tissue was frozen
in liquid nitrogen by using OCT embedding compound (Sakura,
Zoeterwoude, Netherlands). Frozen sections (10 pm) were cut on a
microcom HM 505 cryostat (Microcom Lab., Walldorf), fixed with PBS
4% paraformaldehyde and stained with Evan’s blue, then photo-
graphed with an inverted microscope.

Instrumental analysis: Analytical reversed-phase high-performance
liquid chromatography (RP-HPLC) separations were performed on
Waters 2690 and 996 apparatus (module separation and photodiiode
array detector) on a Novapak C18 column. The solvent system used
was 100% methanol then methanol/water (80:20). Optical rotations
were measured at 20°C with a Perkin-Elmer 141 automatic polar-
imeter. '"H NMR and '*C NMR spectra were recorded at 300 or 400 and
75 MHz, respectively, with Bruker AC 300 and 400 spectrometers. ESI-
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MS spectra were recorded with a LCQDK Thermo-Finnigan Mass
Spectrometer. IC-MS spectra were recorded on an AEl MS-9
spectrometer. High-resolution mass spectra were obtained with a
Kratos MS 80RF spectrometer.

Carbamate 17: Benzylchloroformate (4.25 g, 25.0 mmol) was added
to a stirred suspension of 11-aminoundecanoic acid (16; 10.0g,
49.75 mmol) in dichloromethane (200 mL) at 20 °C. After stirring at
reflux for 18 h, the solvent was evaporated and the resulting crude
material was purified by flash column chromatography (cyclohex-
ane/EtOAc, 1:1) to give 17 (2549, 15%) as a white solid. 'TH NMR
(CDCly): 6=745-720 (m, 5H; Ph), 5.05 (s, TH; NH), 4.62 (s, 2H;
OCH,Ph), 3.12 (q, 2H, J=6.3 Hz; H-11), 2.28 (t, 2H, J=7.5 Hz; H-2),
1.6-1.15 (m, 16H) ppm; *CNMR (CDCly): 6 =178.1 (CO,H), 156.5
(NCO,Bn), 136.5 (aromatic), 128.4—127.0 (aromatic), 66.7, 41.2, 34.0,
29.8,29.3-29.0, 26.7, 24.7 (CH,) ppm.

Activated ester 10: Para-nitrophenol (1 g, 746 mmol), dicyclohex-
ylcarbodiimide (1.54, 746 mmol) and a catalytic amount of dimethy-
laminopyridine (30 mg) were successively added to a solution of
benzylcarbamate 17 (2.5 g, 746 mmol) in dichloromethane (90 mL)
at room temperature. After stirring for 24 h, the solvent was
evaporated and the residue was purified by flash chromatography
(cyclohexane/AcOEt, 7:3) to give pure compound 10 (1.6 g, 47 %) as a
white solid. '"HNMR (CDCl;): 6 =8.20 (d, 2H, J=9.1 Hz; aromatic),
7.30 (m, 5H; aromatic), 7.20 (d, 2H, J=9.1 Hz; aromatic), 5.10 (s, 2H;
OCH,Ph), 4.95 (s, 1H; NH), 3.12 (q, 2H, J=6.3 Hz; H-11), 2.55 (t, 2H,
J=75Hz; H-2), 1.60-1.15 (m, 16H, J=6.3 Hz; CH,) ppm; *C NMR
(CDCL,): 6 =171.2 (CO,H), 156.5 (NCO,Bn), 155.4, 145.1, 136.7, 128.4,
1279, 125.0, 122.3 (aromatic), 66.4, 41.0, 34.2, 29.8, 29.3-28.9, 26.6,
24.4 (CH,) ppm.

Ceramide 9: A catalytic amount of dimethylaminopyridine (5 mg)
was added to a solution of sphingosine (11; 110 mg, 0.37 mmol) and
activated ester 10 (170 mg, 0.37 mmol) in THF (15 mL) at 20°C. After
stirring for 48 h, the solvent was evaporated and the residue purified
by flash chromatography (CH.Cl,/MeOH, 95:5) to give pure 9
(173 mg, 76%) as a colourless wax. 'HNMR (CDCl;): =735 (m,
5H; aromatic), 6.35 (d, 1H, J=7.0Hz; NH), 5.75 (dt, 1H, J=15.3;
6.6 Hz), 5.52 (dd, 1H, J=15.3; 6.4 Hz), 5.11 (s, 2H), 4.80 (m, 1H; NH),
4.30 (m, TH), 3.95 (m, 2H), 3.70 (m, 1H), 3.18 (q, 2H, J=6.5 Hz), 3.10
(m, 1H; OH), 2.25 (t, 2H, J=7.5Hz), 2.07 (g, 2H, J=7.0 Hz), 1.80 (m,
1H; OH), 1.65-1.20 (m, 30H; CH,), 0.90 (t, 3H, J=6 Hz; CH,) ppm;
13CNMR (CDCly): 6=174.1 (NHCO), 156.5 (NCO,Bn), 134.2, 128.9-
128.6, 127.2 (aromatic), 66.7 (CH,), 62.6, 54.7 (CH), 41.2, 36.9, 324,
32.0, 30.0, 29.7, 29.2, 26.7, 25.7, 22.8 (CH,), 14.2 (CH5) ppm; elemental
analysis: calcd (%) for C3;Hg,N,O5: C 72.04, H 10.46, N 4.54; found: C
7191, H 10.67, N 4.38.

a-Galactosylceramide 18: Silver perchlorate (60.5 mg, 0.30 mmol)
and stannous chloride (55.4 mg, 0.30 mmol) were added to a stirred
suspension of pre-activated powdered molecular sieves (350 mg)
and galactosylfluoride 8 (80 mg, 0.15 mmol) in diethyl ether at 20°C
under argon. After 10 min, a solution of ceramide 9 (60 mg,
0.097 mmol) in a mixture of solvent (Et,0/THF, 6:1) was introduced
into the reaction mixture. Stirring was maintained for 4 h at room
temperature and then the reaction was quenched with acetone
(10 mL). After stirring for an additional 15 min, the solids were
removed by filtration and the filter cake was washed with several
portions of diethyl ether and ethyl acetate. Concentration of the
solution gave an oily residue, which was purified by flash chroma-
tography (cyclohexane/ethyl acetate, 8:2) to give pure compound 18
as a white wax (41 mg, 37%). [alp=+37 (c=1.2, CH,Cl,); "H NMR
(CDCly): 6 =730 (m, 5H; aromatic), 6.38 (d, 1H, J=8.1 Hz; NH), 5.66
(dt, 1H, J=16.4, 6.7 Hz), 5.42 (dd, 1H, J=15.4, 5.4 Hz), 5.10 (s, 2H),
4.76 (s, 2H), 4.75 (d, TH, J=3 Hz), 4.85 and 4.20 (2d, 2H, J=11.1 Hz),
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4.55and 4.90 (2d, 2H, J=11.4 Hz), 4.45 and 4.35 (2d, 2H, J=11.7 H2),
4,13 (m, 1H), 4.03 (dd, TH, J=9.9, 3.6 Hz; H-11), 3.95 (m, 2H), 3.88—
3.75 (m, 3H), 3.68 (dd, 1H, J=10.5, 3.8 Hz), 3.50 (m, 2H), 3.17 (q, 2H,
J=6.6Hz), 2.12 (td, 2H, J=74, 2.4 Hz), 1.95 (m, 2H), 1.60-1.20 (m,
42H), 0.87 (t, 3H, J=6.8 Hz; Me) ppm; *CNMR (CDCl,): 6 =173.2
(NHCO), 156.4 (NCO,Bn), 138.5, 138.5-136.7 (aromatic) 133.0, 129.2
(olefinic), 128.5-1274 (aromatic), 99.1, 79.3, 75.9, 74.8, 74.2 (CH),
74.5, 74.0, 73.4, 72.7 (CH,), 69.8 (CH), 69.1, 68.7, 66.7 (CH,), 52.8 (CH),
41.1,36.7,32.4, 31.9, 29.9-29.2, 26.7, 25.7, 22.8 (CH,), 14.2 (CH,) ppm.

Amino-a-galactosylceramide 7: A solution of compound 18 (30 mg,
0.046 mmol) in methanol (4 mL) and THF (2 mL) was treated with Pd/
C (5%, 30 mg) under hydrogen (1bar) at room temperature for
3 days. The catalyst was removed by filtration through a celite bed
and the filter cake was washed several times with small portions of
chloroform. The combined filtrates were concentrated, and flash
column chromatography (CH,Cl,/MeOH, 98:2 then 95:5) of the
residue gave glycolipid 7 as a white wax (16 mg, 85%). [al,=+60
(c=0.75, MeOH); 'H NMR (CD5;0D): 6 =7.20 (d, 1H, J=28.0 Hz; NH),
4.80 (d, 1H, J=6.3 Hz), 3.85-3.50 (m, 10H), 2.70 (m, 2H), 2.05 (m,
2H), 1.61-1.11 (m, 44H), 0.80 (t, 3H, CH,) ppm; '*C NMR (CD,0D):
0=176.6 (NHCO), 101.6, 72.8-70.7 (CH), 68.7, 63.2 (CH,), 55.8 (CH),
48.3 (CH,), 41.2 (CH), 37.7, 32.4- 270 (CH,), 24.2 (CH,) ppm; FAB-MS:
m/z: 647 [M+H]".

Amino-a-galactosylceramide-BODIPY 5: Compound 6 (5mg,
0.011 mmol) in dimethylformamide (DMF; 0.2 mL) was added to a
solution of a-galactosylceramide 7 (7 mg, 0.011 mmol) in DMF
(0.5 mL) at 20°C under an inert atmosphere. After stirring at room
temperature for 36 h, concentration of the solution gave an orange
residue. This residue was directly purified by HPLC (Novapak C18,
MeOH then solvent gradient MeOH/H,0, 8:2) to give a red solid
(2.5mg, 25%), which was stored at —20°C in the dark. '"H NMR
(CD50D): 6 =7.40, 7.00, 6.30, 6.20 (45, 4H), 3.90-3.40 (5m, 8H), 3.15 -
3.05 (m, 2H), 2.60 (m, 2H), 2.50 (s, 3H), 2.30 (s, 3H), 2.15 (m, 2H),
1.60-1.20 (3m, 44H), 0.80 (t, 3H, J=6 Hz; CH;) ppm; HR-MS (FAB):
m/z calcd for C,oHg;0N,F.BNa: 943.6127 [M+Nal*; found: 943.6107.
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Assembly of Designed Oligonucleotides as an
Efficient Method for Gene Recombination: A New
Tool in Directed Evolution

Dongxing Zha, Andreas Eipper, and Manfred T. Reetz*®!

A new and practical method for gene recombination with
formation of libraries of mutant genes is presented. The method
is based on the assembly of appropriately prepared oligonucleo-
tides whose design is guided by sequence information. High
recombination frequency with formation of full-length products is
achieved by controlled overlapping of the designed oligomers. This
process (ADO) minimizes self-hybridization of parental genes,
which constitutes a significant advantage over conventional family
shuffling as used in the directed evolution of functional enzymes.

Introduction

Directed evolution of functional proteins has emerged as a
powerful alternative to traditional forms of protein engineering
such as structure-based site-specific mutagenesis."! Directed
evolution involves multiple cycles of random gene mutagenesis
and expression, followed by high-throughput screening (or
selection); knowledge of the structure or mechanism of the
enzyme is not necessary. We recently demonstrated that the
methods of in vitro directed evolution can be applied success-
fully in the quest to create enantioselective enzymes for use in
synthetic organic chemistry.? Specifically, highly enantioselec-
tive lipases were evolved as catalysts in the kinetic resolution of a
chiral ester. Other examples have since followed.® This funda-
mentally new approach to asymmetric catalysis promises to
have considerable practical significance, for example, in the
synthesis of chiral intermediates for therapeutic drugs.”

The success of any attempt to apply directed evolution of
proteins depends upon the availability of efficient mutagenesis
methods!"! and rapid high-throughput screening systems.s! A
number of novel mutagenesis methods have been developed
and applied in recent years," such as error-prone polymerase
chain reaction (epPCR), saturation mutagenesis, and cassette
mutagenesis. Although epPCR is applied widely, it is not a truly
random process because only single bases are replaced within
the triplet codons, which results in amino acid bias and therefore
in limited diversity.

In earlier work the idea of assembling DNA sequences from
oligodeoxyribonucleotides (oligos) found application in DNA
synthesis and in mutagenesis (in vitro). For example, ligation was
first described as a method to assemble DNA sequences from
oligos in the 1970s,® followed by the Fokl method of gene
synthesis” and the process of self-priming PCR.® Another
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ADO was applied to the recombination of two lipase family genes
from Bacillus subtilis (LipA and LipB). In a library of 3000 lipase
variants created by this method, several were found that display
increased enantioselectivity in a model reaction involving the
hydrolysis of a meso-diacetate.
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advancement was made by the introduction of DNA shuffling, a
method of in vitro recombination that results in the formation of
gene libraries from random fragments, which in turn are
generated by partial DNasel digestion of appropriate “starting”
genes.'“ 9 Relatively high diversity is achieved, although reas-
sembly relies on homologous recombination during the PCR
step, which precludes the creation of crossovers between genes
at loci of low homology. The most severe bias toward parental
recombination is believed to occur when sequence identity is
less than 70 %. Recently, Arnold showed that conventional family
shuffling methods lead to high background self-hybridization
patterns that do not reveal any crossovers among the parental
genes.'"” According to these results, at least 20% of the created
library consists of redundant parental background, which makes
the need to screen large libraries inevitable.

Further developments concerning shuffling led to the use of
mixtures of oligos and random gene fragments in the form of
combinatorial multiple cassette mutagenesis ?® ' and of single-
step assembly of genes and entire plasmids from large numbers
of oligos.'? A different approach, the so-called staggered
extension process (StEP) was developed, that does not involve
DNA cleavage.'¥ This method relies only on PCR, but requires
high homology. The problem of low recombination rate as a
consequence of insufficient homology was addressed by several
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research groups. The method of degenerate oligonucleotide
gene shuffling, for example, does not involve gene cleavage and
was recently introduced in order to enhance the frequency of
recombination in family shuffling.'"¥ However, the authors state
several disadvantages, which include limited diversity and the
necessity to use a large number of primers, which complicates
the PCR process." Another interesting concept is the creation of
hybrid proteins by in vitro exon shuffling."

In order to recombine family genes with low, or without any,
sequence homology, Benkovic and co-workers developed a
combinatorial approach to create hybrid proteins independent
of DNA homology, termed ITCHY.'"® Later, several variations such
as Thio-ITCHY, TV-ITCHY, CP-ITCHY and SCRATCHY were also
reported.'” The Arnold group developed a related homology
independent protein recombination method called SHIPREC.I"®
Their methodology leads to fusion of parental genes in a
relatively nonbiased manner, not based on homology. However,
only two parental genes can be recombined and the created
hybrids are limited to one crossover point per library member.

A more effective family shuffling method that uses single-
stranded DNA (ssDNA) was developed by Harayama in order to
increase the recombination rate.'” In comparison to normal
double-stranded DNA shuffling, chimeric genes were obtained
at a 14-fold higher frequency. However, the process of making
ssDNA needs special phage techniques. Another method termed
RACHITT also takes advantage of single-strand hybridization.”
As opposed to the outcome of the thermocycling steps used in
PCR-based methods, the results of RACHITT demonstrate a high
recombinant rate compared to conventional DNA shuffling.

Most recently, a useful method, termed
random insertion/deletion (RID), for the
introduction of codon-based mutations at
random positions along the entire range of
a gene was developed by Sisido.”" RID
allows an arbitrary number of consecutive
bases to be deleted at random positions. At
the same time, random sequences of an
arbitrary number of bases can be inserted
into the same position. Anchor ligation to
ssDNA with an unknown terminal sequence
was successfully carried out by using an
anchor with a 10-base random tail.2"

The present study was initiated with the
aim of developing a new and practical
method for gene recombination with a
high frequency rate that can also be
applied to genes with low homology and
that results in libraries of mutant genes. A
major goal was to minimize self-hybridiza-
tion of parental genes in relevant cases,
which would constitute a significant ad-
vantage over conventional family shuffling.
Instead of cleaving and recombining two or
more family genes, we rely on the assembly
of appropriately prepared oligonucleotides
whose design is guided by sequence in-
formation. Controlled overlapping of these
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oligos leads to the full-length product with high recombination
frequency. The assembly of designed oligonucleotides (ADO) is
illustrated by its application to the recombination of two lipase
family genes from Bacillus subtilis (LipA and LipB). Moreover, we
show that in a library as small as 3000 lipase variants created by
this method, several were found that show increased enantio-
selectivity in a model reaction involving the hydrolytic desym-
metrization of a meso-diacetate.

Results and Discussion
Description of the method

The ADO method is best illustrated by considering a process
equivalent to the recombination of two genes of the same
family, with formation of a library of mutant genes, although the
technique is not restricted to this simplest case. Instead of using
the actual genes in a cleavage process, we utilize the information
stored by the sequences. This allows for the design and
preparation of appropriate oligos, which can then be assembled.
In order to assemble the full-length oligo fragments, conserved
areas need to be identified. This is achieved by gene alignment.

Figure 1 illustrates the general concept. Two strategies of
assembly can be used, depending on the homology between
the sequences. In casel, the two genes A and B to be virtually
recombined are aligned; the different colored stars in the figure
refer to different encoded amino acids. Oligonucleotide frag-
ments shown with both colored stars in the same position of the
parent gene denote the synthetic oligonucleotide fragment with
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Figure 1. General concept of ADO. Two strategies for the linking of fragments are possible: Case I: the two
genes A and B to be virtually shuffled are aligned. The different colored stars refer to codons that encode
different amino acids, while oligonucleotide fragments with both colored stars in the same position of the
parent gene denote the synthetic oligonucleotide fragment with degenerate nucleotides. The gray blocks
denote conserved regions of sequence that can be used as links for homologous recombination. Case Il:
there is no homology between flanking oligos, which can be assembled by ligation between ssDNA strands
with unknown terminal sequences.
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degenerate nucleotides. The gray blocks denote conserved
regions of sequence, which can be used as linkers in homolo-
gous recombination. In case ll, there is no homology between
flanking oligos. The ligation method of Sisido?'"! used for ssDNA
with an unknown terminal sequence can be adapted to extend
the oligos. The double and single strands with colored stars in
this case refer to designed oligos according to gene alignment.

The BLAST computer program can be used to align two
genes.” The software ClustalW is available from the European
Bioinformatics Institute?® for alignment of more than two genes.
In both cases, default parameters are used. Thereafter, oligonu-
cleotide fragments are designed according to the protein
sequence alignment and the following guidelines. If the amino
acid residues encoded in the two sequences are the same, then
the encoding nucleotide is the same and is selected in
accordance with the gene sequence. If the amino acid residues
are different at a given position, then degenerate nucleotides are
used. This strategy is related to long degenerate PCR primer
design, which means that PCR primer design software can also
be applied in a modified form.

Normal PCR primer length ranges between 15 and 70 bps,
whereas in our method, any length of oligonucleotide can be
designed to any length, as long as it can be synthesized.
Commercially synthesized oligonucleotides usually do not
exceed 140 bps. However, if a conserved
sequence exists between two flanking
fragments, then efficient assembly is to be
expected. Otherwise fragment ligation is
necessary.

The design of the oligonucleotides is
accomplished in the following way. The
amino acid sequences are divided into five
blocks according to the protein alignment
of LipA and LipB. The amino acid residues
are reversibly translated into nucleotides
according to standard code usage, while the original DNA
sequences of LipA and LipB are used as references. Five
fragments of oligonucleotides named Lip1 to Lip5 are designed
according to the block sequences. We retain codons for those
identical amino acid residues that are encoded by both the
original nucleotides. When the amino acids in the two sequences
are different, degenerate nucleotides need to be used. For
example, if serine is encoded at a certain position by one codon
(TCT) and in the second parental gene lysine is encoded at that
position by another codon (AAA), then the nucleotide for this
position is chosen to be (T/A) (C/A) (T/A). In this case, the
nucleotides that encode amino acids at this position will be
WMW according to the International Union of Biochemistry (IUB)
Code (see the Experimental Section). The five oligonucleotides
are 132 bps, 132 bps, 114 bps, 138 bps, and 81 bps long and
encode 44, 44, 38, 46, and 27 amino acid residues, respectively.
The lengths of the oligos are chosen according to the conserved
regions in the parental genes. Generally, the favored length of
the designed oligos ranges between 50 bps and 150 bps. The
orientation of the two flanked oligonucleotides is opposite, and
oligonucleotides of 18 bps to 33 bps at the end of each fragment
are overlapped by reversed complement oligonucleotides.

primer
Lip1
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The degeneracy of the genetic code may lead to the
introduction of extra coded amino acids at a given position,
for example, TA(T/A) could give a tyrosine residue or form a stop
codon and AC(T/A) could give threonine. Such “extra” amino
acids enhance coding diversity. However, this introduction of
new residues does not always occur. For example, if the codes at
a particular position in the two sequences are TTT and GTT
(phenylalanine and valine, respectively), then the degenerate
code should be (G/T)TT, and the two originally encoded amino
acids are in fact the only possibilities.

The PCR assembly of the fragments is performed in a
straightforward manner, normally in two steps. In a primerless
PCR, the synthesized oligonucleotide fragments Lip1-Lip5
represent single-stranded designed synthetic oligos. The orien-
tation of flanking fragments are opposite, for example, Lip1 is
5 -3, Lip2is 3'-5', and Lip3 is 5'-3’ again, and so on. Additional
deoxynucleotide triphosphates (dNTPs), buffer, and a polymer-
ase are processed. After several cycles of amplification, the
fragments are linked with each other and form double-stranded
DNA. Amplification of the whole gene follows (Figure 2). Full-
length gene products are ligated into the commercially available
overexpression vector pET22b(+) under the PelB signal se-
quence and are transformed into Escherischia coli BL21(DE3)
according to the method described by Jaeger et al.’?%

Lip3 Lip5

—

Lip4 «—

primer

Lip2

Figure 2. lllustration of the process of assembly of designed oligonucleotides. Lip1 - Lip5 represent the
designed oligonucleotides; arrows indicate the orientation of the fragments.

Application to the evolution of enantioselective lipase
variants

Two related lipases from Bacillus subtilis, LipA and LipB,?¥ were
chosen to test the ADO method. Following expression in E. coli
and plating on agar plates, a prescreen based on the tributyrin
plate assay® was applied to test the lipase activity of
approximately 3000 clones. About 25 of these clones turned
out to be active catalysts. This result (about 1% active clones) is
to be expected in experiments of this kind, which involve the
recombination of family genes, and is expected in traditional
DNA shuffling experiments.'e %72 The active clones (hits) were
then used as catalysts in the hydrolytic desymmetrization of 1,4-
diacetoxycyclopent-2-ene (1) to form the enantiomers (S,R)-2
and (R,S)-2 (Scheme 1). The wild-type lipA was also tested for

AcO, OAc AcO OH HO OAc
—_— +

1 (R,S)-2 (S\R)-2

Scheme 1. Lipase-catalyzed hydrolysis of meso-1,4-diacetoxy-cyclopent-2-ene
(1) to afford the enantiomers (R,S)-2 and (S,R)-2.
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comparison and showed an enantiomer-
ic excess (ee) of 38 % and a conversion of
about 40% under the conditions used.
LipB shows no activity in the test with

Table 1. Identified variants with improved enantioselectivity.l” Table 2. Amino acid substitutions in sequenced variants and their origin.
Variant Conversion [%] ee [%] Variant Amino Acid Substitutions
X From LipA From LipB Others
wild type 40 38
no. 3 3 45 no. 1 20 20 4
no. 4 15 58 no. 3 18 16 9
no.5 12 42 no. 4 21 17 8
no. 6 85 48 no. 6 42 1 1
no.7 70 54 no. 7 20 20 8
no. 13 31 56 no. 8 17 21 6
[a] ee values were determined by chiral GC; precision =+ 0.1% no. 10 19 21 >
! T no. 12 19 23 4
no. 13 17 18 12

substrate 1. Table 1 shows the six best

IEIEI
lipase variants with improved enantiose-  yn. 1 61
lectivity. Enantioselectivities were deter- T'C'-i 21
. . No.
mined by ESI MS®*! and checked by chiral ng. & 61
GC with an error of less than 0.1% ee. In  Ho.7 WoFWDETCAN 61
No.8B NDFMDETS 61

faII cases the ee value was found to be o 10 v--m:-n-" a1
independent of the degree of conver- yo. 12 61
sion. Variants number 6 and 7 (Table 1)  ¥eo. 13 61

b t acti ith | LipB ) F P40 E TGRuI 51
appear to be most active, with ee values ;7 - . 1
of 48% and 54 %, respectively I ——

In order to test whether the assembly Lip 3

of designed oligonucleotides had actual-
ly worked, sequence analyses of the
recombinant mutants were performed 122
on 15 of the variants that tested positive :gg
in the tributyrin plate assay. These 15 123
examples were chosen at random. Ta- 122
ble2 shows that recombination be- igg
tween LipA and LipB occurs with high 122
efficiency. For example, variant number 7 122
has 20 mutations from LipA and 20 from :gg
LipB. The eight other point mutations
are due to the degeneracy of the genetic
code or are introduced by PCR. The
latter eff i X nd i
E.:ltt('é effect is to. be .e pe'cted and is EIEI. AF O I"_TIEIEIII e m
similar to the situation in standard " " 181
DNA shuffling. The remarkable result 181
is the distinct recombination, that is, ! 1::
we can “cut” the gene codon by codon, SAR i | 181
which is impossible by conventional -EE HIGL) 185 TREGL NG 181
family shuffli hods. Th "-.rnﬂ FHIGLL IBEIREGL 181
amily shuffling methods. The sequences . 8 KECL NG ia1
of the variants in Table 2 are identified vHJ. GLL ISEIREGLN 181
in Figure3. No parental genes were SRICLL ig:

found among the sequenced active
mutants. This is a remarkable effect and
illustrates the efficiency of ADO. More-
over, the sequences of all of the ran-
domly selected clones are different,
which indicates that the 3000-member
library consists of individual clones. It is
also interesting to note that, in spite of
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Figure 3. Sequence alignment of clones derived from parental LipA and LipB chosen at random.
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the fact that the wild-type LipB is inactive in the catalysis of
the hydrolysis of 1, almost all of the active clones are true
hybrids. Only variant number 6 is derived mainly from one
parent (LipA).

The purpose of the present study was to develop and illustrate
the ADO method. Further optimization of enantioselectivity by
carrying out several cycles of mutagenesis/expression/screening
with ADO and/or other methods is the subject of an ongoing
study, as are kinetic experiments.

Conclusions

We have developed a practical method for gene recombination
that results in libraries of mutant genes. The process is based on
the assembly of appropriately designed synthetic oligonucleo-
tides (ADO). The design of the oligonucleotides is guided by
information derived from gene alignment. The major advantage
of the method is that self-hybridization of parental genes is
minimized or eliminated. This outcome is achieved for the first
time in the recombination of two lipase family genes from
Bacillus subtilis, but extension to more than two genes should
pose no problems.?® The exclusion of parental genes as an
undesired background increases the quality of the library in
evolution experiments and thereby reduces the effort necessary
in screening, although the oligonucleotides must be synthe-
sized. ADO can thus be expected to be an attractive method in
the directed evolution of functional proteins and in metabolic
engineering.

A paper by Richardson et. al. has just appeared in which gene
recombination based on the reassembly of oligos prepared by
restriction-enzyme-catalyzed cleavage of parental genes is
described.?” This method is different from our approach.

Experimental Section

Materials: Restriction enzymes were purchased from Roche Diag-
nostics GmbH (Mannheim, Germany) and were used according to the
manufacturer’s instructions. The expression vector pET22b(+) was
purchased from Novagen (Bad Soden, Germany) and the host strain
E. coli BL21(DE3) from Invitrogen GmbH (Karlsruhe, Germany).

Expression of the recombinant lipase gene: The recombinant
lipase mutants were cloned into the vector pET22b(+) and expressed
in E. coli BL21(DE3) under control of strong bacteriophage T7
transcription and the pel B translation signal.?¥ The recombinant
library was prescreened for activity on tributyrin agar plates; active
clones formed clear halos. Tributyrin plates were prepared as follows:
Arabic Gum (0.75 g; Sigma, Germany) was dissolved in sterilized
distilled water (7.5 mL) and mixed with tributyrin (7.5 mL; Sigma). The
mixture was added to LB agar (500 mL) and emulsified with an
Ultraturrax T25 instrument (IKA Labortechnik, Germany) for 1 min at
24000 UMin~" prior to pouring the plates.

Oligonucleotide fragment design: The oligos were designed
according to the alignment of the protein sequences of LipA and
LipB. Five fragments named Lip1, Lip2, Lip3, Lip4, and Lip5 were
synthesized (Thermo Hybrid GmbH, Germany) that together cover
the open reading frames of both LipA and LipB. For mixed bases, the
IUB Code was used M=A+C, R=A+G W=A+T,S=G+C, Y=
C+V=A+G+EH=A+C+D=A+G+B=G+T+AN=A+A +
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A+G+C+T,K=G+T). The sequences are listed as following: Lip1:
5'-CAC AAT CCA GTC GTT MTG GTT CAC GGT ATT RGT GGG GCATCA
TWC AAT TTT KYS GSA ATT AAG ARC TAT CTC RTATCT CAG GGC TGG
YMG MGT RAC AAG CTG TAT GCA RTT GAT TTT TGG GAC AAG ACA
GGC-3’; Lip2: 5'-CGC GCC CCC CAT GCT GTG AGC GAC AAT ATC CAC
TTTTTT CGC ACC CGT TTC MTY TAA AAC CYT KTS CAC AWA KCT TGM
TAATWS CGG TCC ATT GTT AWR ATT AKT GCC TGT CTT GTC CCA AAA
ATC AAY TGC ATA CAG-3’; Lip3: 5-CAC AGC ATG GGG GGC GCG AAC
ACA CTT TAC TAC ATA AAA WAT CTG GRC GGC GGA AAT AAA RTT
SMA AAC GTC GTG ACG STT GGC GGC GCG AAC SGT TTG RYG WCA
RGC AMG GCG CTT CCG GGA ACA GAT CCA AAT CAA-3’; Lip4: 5-CAG
AAG GCC GAT GTG TCC AAY GCC ATR GAK TTG AAY GTT TCT AGC
ACC WTS TAATCT TGATAA GKA ATT YAT GAC AAT CWK ATC GKY AMK
GCT GTA AAT GGA TGT GTATAA AAT CTT TTG ATT TGG ATC TGT TCC
CGG-3’; Lip5: 5-GGA CAC ATC GGC CTT CTG TMC ARC AGC CAA GTC
AAC RGC YWT ATT AAA GAA GGG CTG AAC GGC GGG GGC CWG AAT
ACG AAT-3'. Two primers were used for amplification of the
assembled gene; the primer located upstream was 5-CAC AAT
CCA GTC GTT MTG GTT CAC GGT ATT-3/, that located downstream
was 5'-AAT ACC GTG AAC CAK AAC GAC TGG ATT GTG-3'.

Fragment assembly and PCR amplification: Fragments Lip1 - Lip5
were dissolved in distilled water to a concentration of 10 um. A
primerless PCR reaction was carried out in a total reaction volume of
50 uL, which contained each fragment (2 pL), 1X Taq polymerase
buffer (75 mm tris(hydroxymethyl)aminomethane-HCI, pH 8.8,
20 mm (NH,),SO,, 0.01% (v/v) Tween 20, 1.25mm MgCl,), dNTP
(5L, 2mm), and Taq polymerase (2.5U; Eurogentec, Belgium).
20 cycles were carried out at 94°Cmin~', 50°Cmin~', and 72°C/
1.5 min. After the primerless PCR, the reaction solution (1 uL) was
taken as the template for a standard PCR experiment in a 50 pL
solution volume under the same conditions as used in the primerless
PCR but with two primers, one up- and one downstream of the
assembled fragment. The amount of recombinant DNA obtained is
similar to that usually obtained in DNA shuffling procedures.

Screening process: The mutant variants were cultured at 37 °Cin 96-
well microtiter plates filled with LB/M9 (1 mL; 10gL™" tryptone,
5gL-" yeast extract, 5gL~' NaCl, and additionally 4 gL=" glucose,
0.25gL~" MgSO,, 0.02gL~" CaCl,, 7 gL' Na,HPO,, 3.5 gL' KH,PO,,
0.5gL™" NaCl, 1 gL~" NH,Cl) with carbenicillin (100 pgmL~") as the
antibiotic. After 6 hours shaking at 37°C, lipase expression was
induced by addition of isopropyl-f-b-thiogalactosid (10 pg) and the
culture was grown overnight by shaking at 37°C. Cells were
separated from the culture by centrifugation at 5000 x g for
10 min. An aliquot (100 uL) was taken from the culture supernatant
in each well and pipetted into another 96-well microtiter plate
containing aqueous Na,HPO,/KH,PO, buffer (800 puL, pH 7.5) and the
substrate (1; 100 pL) dissolved in dimethylsulfoxide (100 mwm). After
24 hours of shaking at room temperature, the reaction solution was
extracted with ethyl acetate and analyzed by ESI MS by using the
method of Reetz etal® Those variants showing an improved
enantioselectivity were further analyzed by chiral GC. The genes
encoding lipase variants with improved enantioselectivity in the
model reaction were sequenced (Medigenomix, Martinsried, Ger-
many).

This work was funded by the European Commission under proposal

number QLK3-CT-2001-00579.
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Solution Structure and Stability of Tryptophan-
Containing Nucleopeptide Duplexes
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Covalently linked peptide —oligonucleotide hybrids were used as
models for studying tryptophan-DNA interactions. The structure
and stability of several hybrids in which peptides and oligonucleo-
tides are linked through a phosphodiester bond between the
hydroxy group of a homoserine (Hse) side chain and the 3'-end of
the oligonucleotide, have been studied by both NMR and CD
spectroscopy and by restrained molecular dynamics methods. The
three-dimensional solution structure of the complex between Ac-
Lys-Trp-Lys-Hse(p3'dGCATCG)-Ala-OH (p = phosphate, Ac = acetyl)
and its complementary strand 5'dCGTAGC has been determined
from a set of 276 experimental NOE distances and 33 dihedral
angle constraints. The oligonucleotide structure is a well-defined
duplex that belongs to the B-form family of DNA structures. The
covalently linked peptide adopts a folded structure in which the
tryptophan side chain stacks against the 3'-terminal guanine

Introduction

Molecular recognition between proteins and nucleic acids plays
an essential role in living cells. The study of the basic interactions
between these biomolecules is of great importance for under-
standing many biological processes, such as expression, repli-
cation, or repair of genetic information. The large number of
structures of DNA - protein complexes now available reveal that
different factors contribute to the recognition process. Hydro-
gen bonds, electrostatic interactions, and interactions that
involve nonpolar groups are known to be involved in protein -
DNA contacts. Aromatic amino acids are also engaged in
stacking interactions with nucleic acid bases. This kind of
interaction has been observed mainly in complexes formed by
proteins and single-stranded DNA.I'3! Although complete inter-
calation in canonical DNA duplexes is not a common mode of
interaction between proteins and DNA, stacking interactions or
partial intercalation of hydrophobic and aromatic residues are
common in complexes where kinking of the DNA double helix
occurs. [+

The effect of a particular interaction in a large protein - DNA
complex, such as stacking between an aromatic side chain and a
nucleobase, can be obscured by many other contributions. For
this reason, stacking interactions have been studied in short
oligonucleotide fragments!'® " and other model compounds.'?
The existence of stacking between aromatic side chains and DNA
nucleobases is indicated by evidence from a number of different

40 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

moiety, which forms a cap at the end of the duplex. This stacking
interaction, which resembles other tryptophan —nucleobase inter-
actions observed in some protein — DNA complexes, is not observed
in the single-stranded form of Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-
Ala-OH, where the peptide chain is completely disordered. A
comparison with the pure DNA duplex, d(5GCTACG3')-
(5'CGTAGC3'), indicates that the interaction between the peptide
and the DNA contributes to the stability of the nucleopeptide
duplex. The different contributions that stabilize this complex have
been evaluated by studying other nucleopeptide compounds with
related sequences.

KEYWORDS:

DNA  structures NMR
oligonucleotide conjugate -

spectroscopy
stacking interactions

peptide -

techniques, such as changes in the fluorescence spectra of the
aromatic residues, alterations in the circular dichroism spectra,
etc."*'8 Some models of stacking or intercalative binding
between peptides containing aromatic residues and short DNA
fragments have been proposed based on NMR data.l®-2"
However, the structural information on peptide-DNA com-
plexes that involve aromatic amino acid side chains is rather
limited.

Among the different aromatic amino acids, tryptophan has
attracted particular attention in spectroscopic studies because of
its fluorescence quenching properties.'* 2224 |n addition, its
bicyclic indole ring seems to be a good candidate for inter-
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Tryptophan-Containing Nucleopeptide Duplexes

calation between DNA bases. Trp—DNA interactions may be
better studied in model compounds where the peptide chain is
covalently linked to the oligonucleotide. Use of these com-
pounds greatly reduces the entropic cost of complexation. This
strategy was first used by Ho and co-workers in their structural
studies of an aminoacyl-capped oligonucleotide duplex.”” In
their work, the tryptophan residue was covalently attached to
the 5’-end of the oligonucleotide TGCGCAC by a peptide bond.
The tryptophan side chain did not intercalate between the
bases, but stacked against the terminal A-T base pair to form a
“cap” at the end of the double helix. However, the features
observed in this structure might be affected by the lack of a
flexible linker between tryptophan residue and the oligonucleo-
tide chain.

Nucleopeptides are peptide - oligonucleotide conjugates with
a covalent phosphodiester bond between the hydroxy group of
an amino acid side chain and the 3’- or 5'-terminal hydroxy
group of an oligonucleotide chain (Scheme 1). This kind of bond
occurs in some covalently linked protein — DNA complexes, such
as those induced by topoisomerases or the initiation complex
in the replication of some viruses,?”! thus nucleopeptides might
be used as models for the design of new anticancer or antiviral
drugs. In addition, these or other types of peptide -oligonu-
cleotide conjugates may be useful as nonradioactive labels, to

|'

. O G

,' 104
NH \I_/
CH—CHZCHz—O\P/O

(I:O O// \O_

13 14 15 16 17

(I) Ac- Lys- Trp-Lys-Hse-Ala-OH

654321
3'- GCATCG -&'
5'- CGTAGC -3'

7 8 9101112

(I)  Ac- Lys- Trp-Lys-Hse-Ala-OH

3'- GCATCG -&'

() 3- GCATCG -5'
5'- CGTAGC -3'

(IV) Ac- Lys- Trp-Lys-Hse-Ala-OH

3'- GCATGC -5'
(V) Ac- Ala- Trp-Ala-Hse-Ala-OH
3'- GCATGC -5'

(V) 3-GCATGC -5'
5'- CGTACG -3'

Scheme 1. The nucleopeptide linking site and the different compounds discussed
in this paper. Hse = homoserine, Ac = acetyl.
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improve the cellular uptake of antisense oligonucleotides,?% 2%
or to investigate the molecular requirements for enzyme
activity.*® Moreover, the fact that the peptide chain is linked
to the 3-end of the oligonucleotide chain makes these
molecules more resistant to exonucleases.*" Several potential
applications of peptide - oligonucleotide conjugates have been
reviewed recently.?

In this paper, we report the structure of the complex formed
by a tryptophan-containing nucleopeptide with its complemen-
tary oligonucleotide chain (I; see Scheme 1). The particular
sequence studied in this paper was chosen according to the
following criteria: 1) the peptide is long enough for the
tryptophan to intercalate at different base steps (GC or AT);
2) the tryptophan is flanked by two basic lysine residues, which
should favor its approach to the polyanionic oligonucleotide
chain; 3) homoserine was chosen as the linking amino acid to
prevent base-promoted degradation in the final steps of the
synthesis.?3 The thermal stabilities of | and of the duplex forms
of the related nucleopeptides IV and V with self-complementary
oligonucleotide sequences have also been studied. Finally, we
present the NMR analysis of the single-stranded form of the
nucleopeptide Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-Ala-OH (Il), and
of the two pure DNA duplexes Ill and VI, which have been
included in this study as a control.

Results
Preliminary model-building studies

The peptide sequence in compound | has been chosen to allow
the exploration of different modes of interaction between
tryptophan and the oligonucleotide. Preliminary model-building
studies were carried out with the program SYBYL to verify this
choice. Different models of the nucleopeptide in which the
indole ring of tryptophan intercalates in different positions of
the DNA duplex were constructed. As can be seen in Figure S1 of
the Supporting Information, the length of the linker between
tryptophan and the 3’-end of the oligonucleotide is sufficient to
allow for intercalation into the center of the DNA duplex (into
the 5'-TA-3' step). Intercalation at the 5'-AC-3’ or 5'-CG-3' steps is
clearly also possible. The linker region (which includes a segment
of the main peptide chain), the homoserine side chain, and the
connecting phosphate group, allow the tryptophan ring to
adopt a variety of possible orientations, either as a “cap” at the
end of the duplex, or inserted into any of the grooves.

NMR assignment

Non-exchangeable protons in both oligonucleotide strands were
assigned by using established techniques for right-handed,
double-stranded nucleic acids.?* 3% Sugar spin systems were
identified in the DQF-COSY and TOCSY spectra and connected
with their own base and their 5’-neighbor in the NOESY spectra.
These assignment pathways could be followed in the base-H1’
(see Figure 1) and in the base —H2'/H2" regions for both strands.
All exchangeable DNA protons could be assigned with the
NOESY spectra recorded in H,O, except for the amino resonances
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Figure 1. A region of the NOESY spectrum of [Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-
Ala-OH] - [p5'dCGTAGC] in H,0 (100 mm NaCl, T=5°C, pH=7, t,,=200 ms).
Sequential assignment pathways are shown for the peptide and both oligonu-
cleotide strands. Intraresidue Ha.— HN and H1'— H6/H8 cross-peaks are labeled
with the residue number (see Scheme 1 for numbering).

of guanine bases. The cross-peak patterns observed for the
exchangeable protons indicate that all bases form Watson - Crick
pairs throughout the duplex (see Figure S2 in the Supporting
Information).

Spin systems in the peptide chain were identified in TOCSY
and COSY spectra and connected by the sequential Hao —HN
NOEs observed in H,0. The assignment pathway for the peptide
chain is shown in Figure 1. Almost all peptide resonances were
assigned (see Table S1 in the Supporting Information). Stereo-
specific assignments for the HS and Hy protons of the
homoserine residue were based on the relative intensities of
the intraresidual NOE cross-peaks at low mixing times and the
pattern of J-coupling constants. No other stereospecific assign-
ments of the peptide resonances could be obtained.

Chemical shift comparison with the control duplex

An almost complete resonance assignment was carried out for
the control duplex 5'd(GCTACG) - 5'd(CGTAGC) (lll) by following
the same methodology as for the nucleopeptide complex. An
assignment list of the proton resonances is given in the
Supporting Information. The nucleotides affected by the peptide
chain in the nucleopeptide can be identified by comparing their
proton chemical shifts with those of the control duplex. The
proton with the largest shift difference is the imino proton of G6,
which is shifted by 0.4 ppm. The amino resonances of C7 and C5
are also shifted by 0.13 and 0.06 ppm, respectively (for the
hydrogen-bonded protons). The non-exchangeable protons are
also affected, mainly in residues5 and 6, as can be seen in
Figure 2. These chemical shift differences indicate that the
peptide chain only affects one end of the DNA duplex. The
chemical shift changes are not consistent with intercalation of
the tryptophan side chain into the center of the duplex.
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Figure 2. Chemical shift differences between [Ac-Lys-Trp-Lys-Hse(p3' dGCATCG)-
Ala] - [p5'dCGTAGC] and the control duplex. Top: non-exchangeable protons (o,
H6/H8; A, H5/H2/Met; @, H1'; *, H2'; o, H2"; m, H3'; x, H4'). Bottom: imino
protons.

NMR spectra of the single-stranded form of Ac-Lys-Trp-Lys-
Hse(p3'dGCATCG)-Ala-OH

The NMR spectra of the single-stranded Ac-Lys-Trp-Lys-
Hse(p3'dGCATCG)-Ala-OH (Il) were also analyzed. Sequential
assignment of the peptide was carried out following the same
procedure as for I. However, a complete resonance assignment
of the oligonucleotide moiety could not be carried out in this
case because the exchangeable protons of the oligonucleotide
moiety were not observed and many sequential connections
between spin systems of the non-exchangeable protons were
missing. In spite of this, some signals from the non-exchange-
able protons could be identified (see Figure S3 and Table S2 in
the Supporting Information). Interestingly, no NOE cross-peaks
were observed between the tryptophan residue and the
oligonucleotide, which indicates that the stacking interaction
between the tryptophan residue and guanine 6 only occurs
when the complementary strand is present and the duplex is
formed.
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Melting transitions

The melting behavior of [Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-Ala-
OH] - [p5'dCGTAGC] and of the equivalent duplex formed by
pure oligonucleotide strands was monitored by NMR spectro-
scopy. Melting temperatures for both molecules were estimated
by following the changes in the methyl resonances of the
thymine residues (see Figure 3 and Table S3). Under the exper-
imental conditions used in the NMR experiments, the nucleo-
peptide duplex melts at 46 °C, while the pure oligonucleotide
duplex melts at 40 °C. This enhanced stability of the nucleopep-
tide is not unexpected since the peptide chain contains two
lysine residues and the number of cationic residues has been
shown to be one of the main factors in the stabilization of
peptide - oligonucleotide conjugate duplexes.6!
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Figure 3. Chemical shift variation versus temperature. Top: the methyl reso-
nances of the thymine residues of [Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-Ala-OH] -
[p5'dCGTAGC] (e, T3; m, T9), and the control duplex (¥, T3; A, T9). Bottom: the
aromatic protons of the tryptophan residue (e, HE3; m, HZ2; A, HH2; ¥, HD1; o,
HZ3).

The melting behavior of the peptide moiety itself is more
interesting. Melting curves monitored by NMR spectroscopy
have the advantage that the melting behavior of different parts
of the molecule can be followed independently. The profile of

chemical shift variation for the aromatic protons of the
tryptophan residue is very similar to that of the methyl protons
in the nucleopeptide duplex (Figure 3), which indicates that the
transition from the folded peptide to a random coil structure
occurs at approximately the same temperature as duplex
dissociation.

To gain an insight into the different contributions to the
stability of I, the melting behavior of the related compounds [Ac-
Lys-Trp-Lys-Hse(p3'dGCATGC)-Ala-OH], (IV) and [Ac-Ala-Trp-Ala-
Hse(p3'dGCATGC)-Ala-OH], (V) has been studied by both NMR
and CD spectroscopy. In both cases, the oligonucleotide
sequence is self-complementary, which facilitates the interpre-
tation of the melting curves. In the case of IV, the peptide
sequence is identical to that of |, but in V the lysine residues have
been replaced by alanine residues to reduce the electrostatic
interactions between the peptide and the DNA. Analysis of the
NMR spectra of the duplex forms of these nucleopeptides
indicates that in all cases the tryptophan residue adopts a similar
conformation, stacked against the terminal GC base pair. NMR
and CD melting curves were obtained at five different nucleo-
peptide concentrations and thermodynamic parameters were
obtained from the variation of the melting temperature with the
concentration®”! (see Figure S4 in the Supporting Information).
This analysis was also carried out for the reference duplex
d(GCATGC),. The results are shown in Table 1. As in the case of I,
the presence of the peptide stabilizes the duplex. The difference
in AG values at 25°C between the nucleopeptide with cationic
residues IV and the control duplex is 4 kJmol~!, while this
difference is only 2 kJmol~" for nucleopeptide V.

Relaxation time measurements

The T, and T, relaxation times for the aromatic protons of the
tryptophan residue and the base protons of the oligonucleotide
are listed in TableS4 in the Supporting Information. The
difference between the relaxation times of the tryptophan
protons and those of the protons in the DNA is clearly within the
dispersion of T, and T, values of the DNA protons. Therefore,
there is no reason to suppose that isotropic tumbling is
not a correct approximation for this molecule, as it is for
double-stranded DNA duplexes. Consequently, a single correla-
tion time can be estimated from T, and T, by following the
procedure of Suzuki et al.®® The average 7. value obtained by
this method is 1.9 £0.3 ns. In the subsequent relaxation matrix
calculations, global correlation times of 1.5, 2.0, and 2.5 ns were
used.

Table 1. Thermodynamic parameters for duplex-to-random-coil transitions.
compound AH° [kJmol-"] AS® [Jmol~"K] AGYsg [kImol~] T, [°CI®!
[Ac-Lys-Trp-Lys-Hse(p3'dGCATGC)-Ala-OH, —193+2 —551+7 —29+2 34
[Ac-Ala-Trp-Ala-Hse(p3'dGCATGC)-Ala-OH], —207£2 —607£13 —27+1 31
d(GCATGC), —185+2 —535+£10 —25+1 28
[a] Measurements were taken at 100 mm NaCl, 25 mm phosphate, pH = 7. [b] Melting temperatures at a 100-mwm strand concentration.
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Distance constraints

The total number of meaningful experimental distance con-
straints was 276. There are 238 interproton distances in the DNA
moiety, which gives an average number per base pair of 39, with
both exchangeable and non-exchangeable protons included. A
summary of the experimental distance constraints used is shown
in Table 2. Eighteen NOEs were observed between the peptide
and the terminal residues of the oligonucleotide chain. These
peptide-DNA distance constraints are indicated schematically
in Figure 4 and listed in Table S5.

Table 2. Experimental constraints and calculation statistics.

Experimental distance constraints

intraresidue 118
sequential 82
interstrand 38
peptide 20
peptide - DNA 18
total number DNA 238
total number 276
RMSD [A]
DNA (all heavy atoms) 0.9+0.2
DNA backbone 1.0+0.2
DNA bases 0.5+0.1
peptide (all heavy atoms) 2.1+06
peptide (well-defined region)?! 0.7+£0.2
Residual violations Average Range
sum of violation [A] 23.7 22.6-26.5
max. violation [A] 0.5 03-0.6
NOE energy [Kcalmol~'] 149.0 135.0-160.0

[a] Heavy atoms for residues 14 and 16 and backbone atoms of residue 15
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Figure 4. Distribution of distance constraints. Bold numbers indicate the
sequence order. Other numbers indicate the number of intraresidue, sequential,
and interstrand distance constraints.

With the exception of Hse16, no intraresidual distance
constraints were considered in the peptide chain since these
NOE intensities could be contaminated by a minor population of
random-coil structures. In the case of the side-chain protons of
homoserine, the pattern of intraresidual NOEs observed at short
mixing times and all the J,g and J;, coupling constants indicate
that this side chain adopts a well-defined conformation (y, ~—
60°, y,~—60°). In this particular case, intraresidual constraints
were included in the calculation.
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J-coupling analysis

J-coupling constants for deoxyriboses were estimated from DQF-
COSY experiments. In most cases, the J-couplings are consistent
with sugar puckers predominantly in the Sdomain, with the
exception of the couplings of C12. In this residue, the H2" and
H2" protons are degenerated, and J-coupling analysis could not
be carried out. For all other residues, dihedral angle constraints
were included in the structure calculation to keep the deoxy-
riboses in an S-type conformation.

Structure calculation

Distance and torsion angle constraints were used to calculate
the structure of this molecule by restrained molecular dynamics.
Structures were calculated with the program DYANA 1.58% and
further refined with the SANDER module of the molecular
dynamics package AMBER 5.1.% Two different calculations were
carried out with the AMBER force field. In the first refinement,
calculations were carried out in vacuo according to a high-
temperature annealing protocol. At the end of this calculation,
all structures converged to a well-defined region of the
conformational space. The average value of the mutual root
mean square deviations (RMSDs) between the 10 final structures
is around 1 A, which indicates that reasonable convergence has
been reached after the annealing procedure.

It has recently been shown that the inclusion of explicit
solvent and a better evaluation of the electrostatic term
improves the quality of the final NMR-derived structures. !
Consequently, we have refined every final structure from in
vacuo calculations by means of 220-ps NMR-restrained molec-
ular dynamics trajectories that include explicit solvent, and by
the use of the Particle Mesh Ewald (PME) method. In the resulting
structures, final distance restraint violations, and Eyqe terms are
small (see Table 2), which shows the ability of these structures to
fulfill the experimental constraints. The 10 structures that
resulted from the final refinement in water are displayed in
Figure 5. As can be seen in this figure (and also in Table 2), the
ensemble of structures is well defined. As is usual in NMR-
derived structures, the bases are better defined than the sugar-
phosphate backbone. Both modified and unmodified strands
show similar RMSD values.

Description of the structures

The conformation of the DNA in duplex | belongs to the B family
of DNA structures. All glycosidic angles are anti and the
pseudorotation phase angles of the deoxyribose moeities are
generally in the S domain, with the exception of C12, which has
an average pseudorotation phase angle of around 90° (see
Figure 6). This value probably reflects an enhanced flexibility of
the 3'-terminal residue and not a real E-type sugar conformation.
Such values are usually observed in dynamic regions of
oligonucleotide fragments, where deoxyribose units undergo a
rapid exchange equilibrium between S- and N-type conforma-
tions with similar populations. Interestingly, this effect is not
observed at the other 3’-end, where the peptide is attached,
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Figure 5. Stereoscopic view of the superposition of the 10 refined structures of [Ac-Lys-Trp-Lys-
Hse(p3'dGCATCG)-Ala-OH] - [p5'dCGTAGC]. Each of the oligonucleotide strands is shown in a different
color. The peptide moiety is shown in red. Only the backbone (indicated in a darker color) and the well-

defined side chains are shown.
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Figure 6. Glycosidic (y) and pseudorotation phase (Ps) angles versus sequence
position in the structure of [Ac-Lys-Trp-Lys-Hse(p3 dGCATCG)-Ala-OH] -
[p5'dCGTAGC].
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which indicates that the peptide reduces the
flexibility in the terminal region of the
oligonucleotide chain.

The backbone of the peptide chain adopts
a well-defined structure between residues
Trp14 and Hse16, whilst the rest of the chain
is completely disordered. The RMSD for all
peptide heavy atoms is 2.1 A, while that for
the well-defined part of the chain (including
side chains) is only 0.7 A. Among the side
chains, only Trp14 and Hse16 present well-
defined conformations, with y, and y, values
of 32+22° and — 120+ 20° for tryptophan,
and —78 +6° and — 81+ 8° for homoserine,
respectively. Interestingly, most of the torsion
angles in the linker segment between O3’ of
G6 and the tryptophan ring present well-
defined conformations. This peptide seg-
ment fold approaches the G-C pair from
its major groove side and places the trypto-
phan residue on top of the guanine base (see
Figure 7). The two aromatic groups are al-
most parallel to each other with very little tilt, which maximizes
the stacking interaction between them.

Discussion
Structure

The structural analysis of the duplex formed by nucleopeptide
Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-Ala-OH and its complementary
oligonucleotide strand shows that the covalently linked peptide
does not give rise to large changes in the structure of the DNA.
As expected, the most significant distortions in the structure of
the oligonucleotide with respect to a B-type duplex occur in the
neighborhood of the peptide moiety, where the glycosidic angle
of G6 has an unusual value of around —80°. Also, the rise value
of 2.8 A, observed between the two terminal base pairs (C5G8 -
G6C7), is more common in A-type structures. Some distortion of
the canonical B-like double helix is also observed at the T3A10-
A4T9 step. The large roll and tilt between these two base pairs
produces a slight bending of the helix towards the major groove.
This curvature was also apparent when the distance restraints

Figure 7. Detail of the interaction between the terminal G - C base pair and the peptide moiety (the same color code is used as in Figure 5).
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were removed (data not shown) and could be related to the fact
that both the TpA and CpG steps have a strong tendency to roll,
which causes bending toward the major groove.? DNA bending
is difficult to determine with precision in NMR-derived structures
since the experimental information obtained from NMR methods
(NOEs and J-couplings) is mainly local and consequently, global
geometric parameters such as bending are poorly defined. It is
tempting to correlate the orientation of Lys15 with the slight
bending observed in the DNA, although the ensemble of
structures presented here may not be sufficiently defined to
determine the global axis with enough precision to confirm
this idea. No specific contacts are observed between the
lysine residue and the oligonucleotide but in seven out
of ten structures the lysine side chain points towards the major
groove of the DNA helix. The most negative region of the
molecular electrostatic potential (MEP) of a G- C pair is found in
the region of the N7 and 06 atoms of guanine in the major
groove.*? This negative MEP can attract the positively
charged side chain of Lys15 to 06 of G6. The approach of this
cationic residue towards the major groove might additionally be
responsible for the observed bending, in line with the idea
that electrostatic effects are the main driving force for DNA
bending.3!

The most prominent feature of the three-dimensional struc-
ture of | is the stacking interaction between the tryptophan side
chain and the terminal G-C base pair of the duplex. “Capping”
interactions with the terminal base pairs of a DNA duplex have
also been observed in the complex between 4',6-diamidino-2-
phenylindole (DAPI) and the DNA hexamer (CGATCG),, where
the indole derivative stacks on the terminal G-C base pair,*?
and in the structure of the aminoacyl-DNA duplex (W-
dTGCGCAC),, obtained by Ho and co-workers.”>! A comparison
of Ho's structure with that of | indicates that the capping
interaction occurs when tryptophan is linked to either the 3'- or
the 5-end of the oligonucleotide chain. However, the relative
position of the tryptophan side chain with respect to the
terminal base pair is different in the two structures. In the case of
(W-dTGCGCACQ),, the indole group lies on the centre of the
terminal A-T base pair, but in our structure the tryptophan is
located over the adjacent guanine base (see Figure 8), which
maximizes the overlap with the purine base. This different
orientation may be the result of the shorter and more rigid linker
between the tryptophan residue and the 5'-terminal phosphate
group in (W-dTGCGCAC), but may also reflect an intrinsic
preference of tryptophan for interaction with guanine bases.
Interestingly, a similar orientation has been found in crystallo-
graphic studies of complexes formed between tryptophan and
7-methylguanines.”

It could be argued that the orientation adopted by the
tryptophan ring on top of the terminal G- C base pair is partially
induced by the presence of lysine residues or an intrinsic folding
tendency of the peptide chain. However, the peptide moiety of |
only adopts a folded structure in the complex with its
complementary DNA strand. The same behavior was observed
in nucleopeptides IV and V. We conclude that the folding of the
peptide is induced in all cases by interactions between the
aromatic groups of Trp14 and G6.
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Figure 8. Comparison of the tryptophan interaction with the terminal base pair
in the structure of the aminoacyl-capped duplex (W-TGCGCAC),? (top) and in the
nucleopeptide [Ac-Lys-Trp-Lys-Hse(p3 dGCATCG)-Ala-OH] - [p5'dCGTAGC] (bot-
tom). The tryptophan residue is shown in black and the nucleobases in gray.

Thermodynamics

The stability of the duplexes | and IV is clearly enhanced by the
presence of two positively charged lysine residues. The two
contributions to the interaction (tryptophan stacking and lysine
electrostatic interactions) can be estimated separately from the
thermodynamic data shown in Table 1. The difference between
the AGY; values for nucleopeptide V and those of the control
duplex is 2 kJmol~', which indicates that each tryptophan-
guanine interaction stabilizes the duplex by about 1 kJmol=".
The origin of this stabilization is entirely enthalpic (AAH=
11 kJmol~"). The AAS value between V and the control duplex
is not favorable because of the entropic cost of folding the
peptide chain. On the other hand, by comparing the thermody-
namic data of IV and V and assuming that the two stabilizing
effects are independent, it can be concluded that the presence
of two lysine residues in the peptide chain stabilizes the duplex
by 2kimol~" (1kJmol~" per peptide chain). This increased
stability with respect to nucleopeptide V is entropic in nature. In
this case, the entropic cost of folding the peptide chains is
partially compensated by the release of counterions when the
lysine side chains approach the DNA. This effect has been
observed in other complexes of oligonucleotides with lysine-
containing peptides.?2 43

The stabilization induced by the tryptophan capping inter-
action in our nucleopeptide compounds is not very high but is
larger than that observed in the aminoacyl-DNA duplex (W-
dTGCGCACQ),.”! Again, this could either reflect a preference of
the tryptophan to interact with G-C rather than with A-T base
pairs or it may be the result of a more favorable orientation of
the indole ring with respect to the terminal base pair in our
compounds. The larger conformational freedom of the peptide
linker allows the tryptophan residue to adopt a conformation
that optimizes the interaction of the indole ring with the
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oligonucleotide. Examination of the relative orientation of the
dipole moments of both the guanine moiety and the indole
rings (data not shown), which has been suggested to be useful
to visually assess electrostatic complementarity in stacking
interactions,* reveals a suboptimal alignment that is probably
dictated by the hydrophobic effect, an effect that tends to bury
the largest ring surface area away from the solvent. A small
stabilizing contribution, however, can be expected from the fact
that the indole NH group is directed towards the most negative
region of the pairing cytosine residue. Overall, our results are
consistent with other studies, which show that the stability of a
DNA duplex is increased by linking large hydrophobic or
aromatic groups at the end of the helix.*”*® This effect will be
very useful in the design of more stable peptide - oligonucleo-
tide conjugates.

Biological implications

There are some interesting similarities between the stacking
interaction observed in our structure and other tryptophan-
guanine interactions found in two complexes of viral nucleocap-
side proteins with single-stranded DNA.* 5% |n both viral
complexes a tryptophan side chain stacks on top of a guanine
base. The relative orientation between these two residues is very
similar to that found between Trp14 and G6 in . Also, the same
interaction is found in the complex of an HIV-1 nucleocapsid
protein and an RNA loop.P"

Another interesting feature of our nucleopeptide structure is
that tryptophan approaches the G-C base pair on the major
groove side of the duplex. In most of the DNA-protein
complexes in which partial intercalation takes place the amino
acid residue inserts into the DNA from the minor groove side.”?
A different mode of interaction has been observed recently in
the structure of the complex of the very short repair endonu-
clease (Vsr) with a DNA duplex containing a TG mismatch.”¥ In
this complex, several aromatic residues, which include two
tryptophan residues, approach the DNA from the major groove
side and disrupt the base stacking on the side of the mismatch,
which produces a large bend in the double helix. The two
tryptophan residues, which are conserved in the Vsr family, stack
against the TG base pair in a way that largely resembles the
capping interaction observed in our nucleopeptide model.

Although the nucleopeptide models studied in this paper
have been designed to favor intercalation, the indole ring of the
tryptophan residue prefers to stack at the end of the duplex. This
result may reflect an intrinsic preference of tryptophan, since in
many protein—-DNA complexes in which so-called “partial
intercalation” takes place, the aromatic residues interact with
DNA in regions where base stacking is disrupted and nucleo-
bases would otherwise be exposed. This result may cast some
doubts on many studies on peptide — oligonucleotide complexes
in which intercalation was only supported by fluorescence
quenching or changes in NMR chemical shifts. Instead, these
effects may be the result of interactions with terminal base pairs
or exposed bases in loop regions.

ChemBioChem 2003, 4, 40-49

Methods

Synthesis and purification of nucleopeptides and oligonucleo-
tides: Nucleopeptides were assembled by following previously
described stepwise solid-phase procedures.** > Boc-Hse(DMT)-O-
HEt;N* , Boc-Lys(Tfa)-OH, and Boc-Trp(For)-OH (Boc = tert-butoxy-
carbonyl; DMT =4,4"-dimethoxytrityl; For=formyl; Tfa = trifluoroa-
cetyl) were used to assemble the peptide moiety, and the standard
commercially available (2-cyanoethyl-N,N-diisopropyl)-phosphora-
midites were used for the elongation of the oligonucleotide. Crude
nucleopeptides were obtained after overnight treatment with
concentrated aqueous ammonia/dioxane (1:1) solution at 55°C
and purified by reversed-phase medium-pressure column chroma-
tography (gradient: 0-30% B, where A=0.05m ammonium acetate
and B =acetonitrile/H,O 1:1). The nucleoside composition of nucle-
opeptide Il after enzymatic digestion with snake venom phospho-
diesterase and alkaline phosphatase was: dC 2.10, dG 1.20, dT 1.17,
dA 1.07. The following values were obtained from the MALDI-TOF MS
characterization (negative mode, 2,4,6-trihydroxyacetophenone) of
the different nucleopeptides: Compound Il, m/z: found: 2526.3 [M —
H]~; average calcd: 2529.0; Compound IV: m/z: found: 2526.9;
Compound V: found: 2413.1 [M —H]~; average calcd: 2414.1.

5'dCGTAGC3" and 5'dGCTAGC3" were assembled on controlled pore
glass on a 10-umol scale according to standard procedures and were
deprotected by reaction with concentrated aqueous ammonia at
55 °C. Both molecules were purified as described above. MALDI-TOF
MS (negative mode, 2,4,6-trihydroxyacetophenone): 5'dCGTAGC3":
m/z: 1792.5, [M — H]~; 5dGCTACG3": m/z: 1791.7 [M — H]~; average
calcd: 1792.2.

NMR spectroscopy: All NMR samples were suspended in either D,0
or H,0/D,0 (9:1). The resulting solution was buffered (10 mm
phosphate, 100 mm NaCl, pH=7.0) and had a duplex concentration
of about 2mm. NMR spectra were acquired in a Bruker AMX
spectrometer operating at 600 MHz and processed with the UXNMR
software. DQF-COSY, TOCSY,*® and NOESY®” experiments were
recorded in D,0 and in H,0/D,0 (9:1). All 2D experiments were
carried out at 5°C. The NOESY spectra were acquired with mixing
times of 100 and 250 ms in D,O, and 200 ms in H,0. TOCSY spectra
were recorded with an 80-ms mixing time. A jump-and-return pulse
sequencel® was employed in 1D H,0 experiments to observe the
rapidly exchanging protons. Water suppression was achieved in 2D
experiments in H,O by the inclusion of a WATERGATE®® module in
the pulse sequence prior to acquisition. The spectral analysis
program XEASY was used for the assignment of the NOESY
cross-peaks.

Longitudinal relaxation (T;) experiments were carried out by using
the inversion recovery method with a 180° composite pulse.®” The
intensities of the isolated peaks were fitted to the expression S(t) =
A +Be ", Spin - spin relaxation times (T,) were estimated by using
the spin-echo method. The data were fitted to a single exponential
function: S(t) =Ae .

Melting experiments: Circular dichroism spectra were collected on a
Jasco J-720 spectropolarimeter fitted with a thermostated cell holder
and interfaced with a Neslab RP-100 water bath. CD melting
experiments were recorded at 280 nm with a heating rate of 20°Ch~"
from 5°C to 90 °C. NMR melting curves were carried out by following
the changes in chemical shifts of well-resolved resonances in 1D
spectra recorded at different temperatures (5-80 °C). Both NMR and
CD melting curves were fitted with Microcal Origin 5.0 software by
assuming a two-state equilibrium. Thermodynamic parameters were
obtained from the slope of the plots of 1/T,, versus InC by assuming
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that the melting reactions take place with no appreciable net heat
capacity changes.?”)

Experimental constraints: Quantitative distance constraints were
obtained from NOESY experiments by using a complete relaxation
matrix analysis with the program MARDIGRAS.®% %3 A global isotropic
correlation time was considered in the MARDIGRAS calculation,
except for methyl groups, for which a three-state jump model was
used. To estimate the error bounds in the interprotonic distances
properly, different MARDIGRAS calculations were carried out with
two different initial models (standard A- and B-form duplexes), two
mixing times (100 and 250 ms), and three correlation times (1.5, 2.0,
and 2.5ns). Final distances and their errors were determined by
averaging upper and lower bounds in all individual runs. A loose
distance limit of 5A was set for those weak NOEs where no
quantitative analysis could be carried out.

Sums of J-coupling constants involving H1’, H2', and H2" protons
were estimated from DQF-COSY cross-peaks. The population of
major S conformers were calculated from the sums of J;,,, and J;,.
coupling constants, according to the expression derived by Rinkel
and Altona.¥ In those deoxyribose units where the population of S-
type conformer is larger than 75%, torsion angle constraints were
included. Since only the sums of coupling constants were estimated,
loose values were set for these dihedral angles.

In addition to these experimentally derived constraints, Watson -
Crick hydrogen bond restraints were used. Target values for
distances and angles related to hydrogen bonds were set as
described in crystallographic data.® No backbone angle constraints
were employed. Distance constraints with their corresponding error
bounds were incorporated into the AMBER potential energy by
defining a flat-well potential term.

Structure determination: Structures were calculated with the
program DYANA 1.55% and further refined with the SANDER module
of the molecular dynamics package AMBER 5.1.4% The eight best
DYANA structures were taken as starting points for the AMBER
refinement. Additional starting models of the nucleopeptide duplex
were built based on the A and B canonical structures' by using the
SYBYL graphics program (Molecular Simulations, 1998). A suitable
number of hydrated sodium ions were introduced to achieve
electrical neutrality. These ten structures were first minimized and
then submitted to a high-temperature restrained molecular dynam-
ics calculation that followed standard annealing protocols used in
our group,” %8 with minor variations.

The 10 structures obtained after the annealing process were further
refined by using MD simulations that included explicit water
molecules and eight neutralizing ions. Periodic boundary conditions
and the PME method® were used to account for long-range
electrostatic effects. This lengthy process allowed us to relax a few
local distortions in the structure of the DNA that appeared in the
structures derived from the simulated annealing procedure. The
structures were first minimized by using standard equilibration
protocols and were then subjected to 220 ps of restrained molecular
dynamics simulations at constant pressure (1 atm) and temperature
(300 K). The AMBER-95 force field” was used for the standard DNA
and amino acid residues, and water molecules were represented by
the TIP3P model. The RESP strategy”" was used to obtain electro-
static charges for atoms involved in the Hse-3'pG link by using
quantum mechanically derived HF/6-31G(d) molecular electrostatic
potentials.

Coordinates: Atomic coordinates have been deposited with the
Protein Data Bank (accession number 1J9N).
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Supporting information available: Figure S1: a model of compound
I with the tryptophan residue intercalated between the central AT
base pairs. Figure S2: imino region of the NOESY spectrum of
nucleopeptide I in H,O. Figure S3: fragment of the NOESY spectra of
the single-stranded form of Ac-Lys-Trp-Lys-Hse(p3'dGCATCG)-Ala in
H,0. Figure S4: CD melting curves of the duplex form of Ac-Ala-Trp-
Ala-Hse(p3'dGCATGC)-Ala at different concentrations, and plots of 7/
T, versus InC. Tables S1 and S2: assignment lists. Table S3: melting
temperatures for different protons in the nucleopeptide | and in the
control duplex Ill. Table S4: relaxation times for different protons in
compound |. Table S5: a list of peptide —DNA NOE contacts.
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Synthesis and Biological Activity of a Platinum(n)
6-Phenyl-2,2’-bipyridine Complex and Its Dimeric

Analogue

Hing-Leung Chan,”? Dik-Lung Ma,™ Mengsu Yang,*? and Chi-Ming Che*!

We have synthesized (pyridyl)-(6-phenyl-2,2'-bipyridine)platinum(i)
hexafluorophosphate (1) and its corresponding dimer, u-N,N'-
bis(isonicotinyl)-1,6-hexanediamino  bis-[6-phenyl-2,2'-bipyridine-
platinum(i)] dichloride (2). The DNA binding constants of 1 and
2 at 20°C were determined by absorption titration to be 2.25 x
10°m~" and 3.07 x 10°m~", respectively. Compound 1 showed an AT
preference, while 2 had no base preference. The binding site sizes of
2 for [poly(dA-dT)],, calf thymus DNA (ctDNA), and [poly(dG-dC)],,
as determined by fluorescence titration, were 6.6, 4.0, and 2.8 bp,
respectively. Compound 2 probably bound to [poly(dA-dT)],
through bisintercalation, and to [poly(dG-dC)], by monointercala-
tion. Binding of DNA by both complexes is favorable, since the

Introduction

The development of DNA-binding metal complexes with high
affinity and sequence specificity has been the principal objective
of most studies in the field of anticancer chemotherapy.” A
number of transition metal complexes have been utilized to
probe nucleic acid structures and to act as molecular “light-
switches” for DNA.™ Theoretically, the DNA binding constant of a
dimeric DNA-binding molecule will be the square of that of its
monomeric unit.®! In this project, a Pt" complex, (pyridyl)-(6-
phenyl-2,2"-bipyridine)platinum(i) hexafluorophosphate™ (1),

and its corresponding dimer, u-N,N'-bis(isonicotinyl)-1,6-hexane-
diamino-bis-[6-phenyl-2,2"-bipyridine-platinum(i)] dichloride (2)
were synthesized, and their interactions with DNA and their
biological activities were studied by various biophysical techni-
ques and cell-based assays.

Square-planar platinum(i) complexes containing m-aromatic
ligands are potential metallointercalators for double-stranded
DNA (dsDNA) because the aromatic ring system may insert
between DNA base pairs through ;-7 stacking interactions.”
Studies of a variety of Pt'" complexes have revealed that

62 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

binding free energies of 1 and 2 were estimated to be — 5.8 and
— 8.7 kcalmol~', respectively. The results of viscosity measurements
and gel mobility shift assay demonstrated that binding of 1 and 2
caused DNA lengthening. The cytotoxicities of the complexes in
various human cancer cell lines were determined by MTT assay.
Complex 2 exhibited cytotoxicity comparable to that of cisplatin,
and was more toxic than 1 by an order of magnitude.

KEYWORDS:
DNA

antitumor agents

bioinorganic chemistry

intercalation - platinum

[Pt(terpy)X]™ (terpy=2,2":6',2"-terpyridine, X=chloride, 2-hy-
droxyethanethiolate, 2-aminoethanethiolate, ethyl 2-mercaptoa-
cetate, or cysteine), [Pt(phen)(en)]** (phen = 1,10-phenanthro-
line, en=-ethylenediamine), and [Pt(bipy)(en)]*t (bipy=2,2-
bipyridine) can intercalate with DNA.'™™ 9 Platinum complexes
offer certain advantages as potential biological agents because
they are usually soluble in water, kinetically stable, and do not
form insoluble hydrated oxides at physiological pH values. The
tendency of planar platinum(i) complexes to form one-dimen-
sional columnar stacks in their solid lattices, the aromaticity and
sizes of the terpy, phen, and bipy ligands, the positive charge on
the complex, and its planarity all contribute to the ability of
these Pt" complexes to bind intercalatively to DNA.®

We had previously synthesized and characterized the square-
planar Pt" complex 1, which contains 6-phenyl-2,2’-bipyridine
and pyridine as the ligands.™ This complex meets all the
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DNA Intercalation by Platinum(i) Complexes

requirements of a DNA intercalator. Since the DNA-binding
properties and cytological activities of 1 had not previously been
studied, we have investigated these properties of the metal
complex here. Initial bioassay studies of 1 showed that it has
certain intercalating properties and cytotoxic effects.

DNA binding affinity should be greatly enhanced for a
bisintercalator and the biological activity of intercalating agents
has been correlated with their DNA binding affinity,” therefore it
is to be expected that a bisintercalator may have greater
cytotoxicity than its monomer. In addition, as the binding site
size of a bisintercalator is expected to be larger than that of the
monomer, the bisintercalator may potentially have an increased
sequence selectivity.® As a result, a dimeric Pt" 6-phenyl-2,2'-
bipyridine complex (compound 2) was designed and synthe-
sized.

Here we report the detailed profiles of the DNA-binding and
cytotoxic properties of the monomeric and dimeric Pt" com-
plexes.

Results and Discussion
Determination of the DNA affinities of 1 and 2

The DNA binding constants of 1 and 2 were determined by
absorption and fluorescence titrations. The monomeric and
dimeric platinum(i) 6-phenyl-2,2’-bipyridine complexes exhibit
intense optical absorption as a result of metal-to-ligand charge
transfer (MLCT) and intraligand electronic transitions.” Since
intercalative ;- stacking of the aromatic rings of the metal
complexes with the DNA bases affects the transition dipoles of
the molecules and usually leads to a reduction in its absorbance,
absorption titrations were carried out to determine the DNA
binding constants of 1 and 2. The absorption bands of both 1
and 2 were found to change with increasing concentration of
calf thymus DNA (ctDNA) in tris(hydroxymethyl)aminomethane
(Tris) buffer. Hypochromism at 334 nm and isosbestic points at
300 and 355nm were observed in the absorption titration
spectra of 1. Similarly, hypochromism at 320nm and an
isosbestic point at 297 nm were observed in the absorption
titration spectra of 2 (Figure 1). The hypochromism and the
appearance of isosbestic points are characteristics of intercala-
tive binding.'" A plot of A,/A against [DNA]/[complex] (Fig-
ure 1A, inset) shows that the binding of 2 to DNA reached a
saturated level at a [DNA]/[complex] ratio of 1.6, where A, and A
are the absorbances of 2 at 320 nm in the absence and in the
presence, respectively, of various concentrations of ctDNA, and
[DNA] and [complex] are the concentrations of ctDNA in base
pairs and of 2, respectively.

The intrinsic binding constant, K, of a metal complex to DNA
can be determined from a plot of D/Ae¢,, against D,

D D 1
_ = + —
Ag,, Ae  (Ae x K)

(M

where D is the concentration of DNA, Ae,, =| e, — & |, in which
en=Agps/lcomplex], and Ae=|ez—¢&¢|. The terms & and &
correspond to the extinction coefficients of DNA-bound com-
plex and free complex, respectively. From absorption measure-
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Figure 1. A) Absorption spectra of 2 (2.13 x 10~*m) upon addition of double-
stranded calf thymus DNA (0-3.93 x 10~>m in base pairs). Inset: absorption
titration curves monitored at 320 nm. The K value is (3.07 +1.27) x 10°m~";

B) Emission spectra of 2 (1.04 x 10-5m) in the presence of increasing amounts of
calf thymus DNA (0-3.51 x 10~*m in base pairs). Inset: Scatchard plot of the
equilibrium binding isotherm. Initial values of K and n are 1 x 10°m~" and 5 bp,
respectively, and the fit values of K and n are (1.88 4+ 0.20) x 10°m~" and 4.0 bp,
respectively.

ments of 1 and 2 at 334 nm and 330 nm, respectively, in the
presence of increasing amounts of ctDNA, the plots of D/Ag,,
against D (Figure 1A, inset) were found to be linear, and the K
values could be estimated as (2.25 +0.35) x 10*m~" and (3.07 +
1.27) x 105m~" for 1 and 2, respectively (Table 1). The & value of 1
derived from the plot (1.5 x 10*m~"cm™") is in good agreement
with that determined experimentally (1.8 x 10*m~'cm™") at
[DNA]/[complex] ratios above 9.0. Similarly, the &5 of 2 derived
from the plot (9.0 x 103m~"cm™") agrees well with that deter-
mined experimentally (8.0 x 103m~'cm~") at [DNAIl/[complex]
ratios above 1.7. The binding constants of 1 and 2 for ctDNA,
[poly(dA-dT)],, and [poly(dG-dC)], are listed in Table 1. The K
value of 1 for [poly(dA-dT)1, is larger than that for [poly(dG-dC)],
by an order of magnitude, but there are no significant difference

Table 1. DNA dffinity constants of 1 and 2 with different types of DNA,
determined by absorption and fluorescence titrations at 20°C.

Km]

ctDNA [poly(dA-dT)1, [poly(dG-dQ)],

1 225(+£035)x 10%
2.24(+0.11) x 10*
(n=2.4)"

2 307(£127)x 1099
1.88(£0.20) x 108
(n=4.0"

2.98(£0.57) x 104 4.11(£1.35) x 103

4.24(+1.61) x 109
1.00(+0.20) x 107
(n — 6.6)[b]

2.22(40.82) x 109
5.37(+£0.58) x 10°
(n=2.8)®

[a] K values were determined by absorption titration; [b] K and n values
were determined by fluorescence titration.
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in the K values of 2 for ctDNA, [poly(dA-dT)],, and [poly(dG-
dQ)],. The results indicated that 1 showed a AT preference, and
that there was no base preference for 2.

Figure 1B shows fluorescence spectra of 2 in the presence of
increasing amounts of double-stranded ctDNA. The concentra-
tion of the free metal complex was determined by Eq. (2):

G = CTM )
(1-p

where C; is the concentration of the metal complex added, C; is
the concentration of the free metal complex, and / and /, are the
fluorescence intensities in the presence and in the absence of
DNA, respectively. P is the ratio of the observed fluorescence
quantum yield of the bound metal complex to that of the free
metal complex. The value of P was obtained from a plot of //I,
against 1/[DNA] such that it is the limiting fluorescence yield
given by the y-intercept. The amount of bound metal complex
(Cg) at any concentration was equal to G;—C. A plot of r/C:
against r, where r is equal to Cg/[DNA], was constructed
according to the modified Scatchard equation [Eq. (3)] reported
by McGhee and von Hippel.'?

(1 —nr)y 717
7)4} A3

L = K(1fnr){
Cr Nn—-(m-1

In Eq.(3), K is the intrinsic binding constant and n is the
binding site size in base pairs. The binding data were fitted to
Eqg. (3) with SigmaPlot version 5.0 graph software on a personal
computer to extract the binding parameters. The values of K and
n were obtained from the best fit of the data to Eq.(3). The
Scatchard analysis plot derived from the fluorescence intensity
of 2 at 548 nm is shown in the inset of Figure 1B. The binding
constant of the metal complexes and the n value of 2 as
determined by fluorescence analysis are listed in Table 1.

The K values of 1 and 2 for ctDNA, [poly(dA-dT)],, and
[poly(dG-dC)], obtained from both absorption and fluorescence
titrations were in good agreement. Complex 2 has a DNA
binding constant larger than that of a bis-Pt(terpy) complex with
a 16-dithiohexane by an order of magnitude (K=19x
10°m~'B9), The bis-Pt(terpy) complex has a structure similar to
2, including the intercalative polypyridyl ligand and aliphatic
hydrocarbon linker. The binding site size of 1 for ctDNA was
found to be 2.4 bp, and the n values of 2 for [poly(dA-dT)],,
ctDNA, and [poly(dG-dC)], were determined to be 6.6, 4.0, and
2.8 bp, respectively. The binding site size of 2 for [poly(dG-dC)1,
was close to that of the monomer 1. The calf thymus DNA
contained 43% GC.I'¥ From the n value of 2 for DNA with a
different GC content, 2 probably bound to [poly(dA-dT)1, by
bisintercalation, while binding to [poly(dG-dC)], by monointer-
calation only, and by a mixture of bis- and monointercalation to
ctDNA. According to ref.[3c] the n values both of the bis-
Pt(terpy) complex and of its monomeric analogue (butane-1-
thiolato)-2,2":6’,2"-terpyridine)platinum(i) were 2.5bp with
ctDNA at 20°C. It is not possible that the bisintercalating
compound had the same binding site size as its monointercalat-
ing analogue. The plot of //l, against [DNA] for 1 titrated with
[poly(dA-dT)], and [poly(dG-dC)], is shown in Figure 2, and
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Figure 2. Plot of 1/, against [DNA]/[complex] for 1: [poly(dA-dT)], (filled squares)
and [poly(dG-dC)], (filled circles). Inset: Emission titration for 1.64 x 10~>m 1 with
[poly(dG-dC)], (0-8.79 x 10~°m in base pairs). The fluorescence intensity at

537 nm remain unchanged after addition of [poly(dG-dC)], in the absence (cross)
and in the presence (open triangle) of DNA.

the inset shows the emission spectra of 1 in the absence and in
the presence of [poly(dG-dC)],. The fluorescence intensity of 1
did not increase significantly upon addition of [poly(dA-dT)],
from [DNA]/[11=0-0.3, but rose linearly when [DNA]/[1] was
larger than 0.3. The two phases of binding indicated that 1
associated with DNA dominantly by a non-intercalative mode
(for example, electrostatic interaction) at low values of [DNA]/[1],
and shifted to intercalative mode at higher values of [DNA]/[1].
However, [poly(dG-dC)], cannot enhance the fluorescence of 1
even at values of [DNA]/[1] larger than 1.0. Unlike 2, 1 interacts
strongly with [poly(dA-dT)],, but weakly with [poly(dG-dC)],.
The results of absorption and fluorescence titrations provide a
good estimation of the binding constant for the interaction of
the metal complexes with DNA. The DNA binding constant of 1
(K=2.25x 10*m~" at 20°C) is comparable wit/h\the K values of
other metallointercalators such zis\[Pt(dppz)(tN Q1?* (dppz=di-
pyrido[3,2-a:2',3'-clphenazine, tN CH = 4-tert-butyl-2-phenylpyr-
idine) (K=13x10*m~" at 20°C) and [Pt(terpy)OH]* (K=7 x
10*m~" at 25°C).'" The DNA binding constant of 2 was greater
than that of the monomer by two orders of magnitude.
Significant enhancement in the DNA binding constant of the
dimeric Pt"(CANAN) complex was observed, but the K value is less
than that predicted theoretically (in the order of 108m~"). Similar
observations have been made with other bisintercalating agents
such as bis-daunorubicin®¥ and bis-Pt(terpy) complexes.d

Thermodynamic parameters of DNA binding of 1 and 2

The melting temperature (T,,,) of ctDNA alone was found to be
77.0°C, while the T, values of ctDNA in the presence of 1 and 2
were increased to about 85.5°C and 86.0°C, respectively (Fig-
ure 3).

The thermodynamic profiles of the DNA binding of the two
metal complexes were constructed. The DNA binding constants
of 1 at 85.5°C and of 2 at 86.0 °C were determined by McGhee's
equation [Eq. (4)],1"

1 1Y _ (A In (14 KL)Vn )
(T&7Tm> - ( R )” -

where T9, is the melting temperature of ctDNA alone, T, is the
melting temperature in the presence of metal complex, AH,,, is
the enthalpy of DNA melting (per bp), R is the gas constant, K is
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Figure 3. Plots of A/A, against temperature for 1.07 x 10~*m (in base pairs) calf
thymus DNA alone (open triangles) and for calf thymus DNA in the presence of 1
(open squares) and 2 (filled circles), with a 1:1 ratio of DNA base pair to metal
complex in 5 mm Tris, 50 mm NaCl, at pH 7.2.

the DNA binding constant at T,,, L is the free ligand concen-
tration (approximated at T,, by the total ligand concentration),
and n is the binding site size. A value of AH,,,=7.0 + 0.3 kcalmol~!
was used.*@ On the basis of the fluorescence measurement and
neighbor exclusion principle, the values of n for 1 and 2 were
assumed to be 2.0 bp and 4.0 bp, respectively. By substitution of
the required parameters into Eq. (4), K was determined to be 96 m™!
at 85.5°C for 1 and 180m~" at 86.0°C for 2.

The standard enthalpy and standard entropy of the binding of
1 and 2 to ctDNA were determined by van't Hoff's equation
[Eq. (5)] and the standard free energy change [Egs. (6) and (7)],

K, (AH") T, — T,

() - (%))
K, R T,

AG® = —RTInK (6)

AG® = AH°—TAS® (7)
where K; and K, are the DNA-binding constants of the metal
complex at temperatures T, and T,, respectively, and AG®, AH°,
and AS° are the standard free energy change, standard enthalpy,
and standard entropy of the metal complex binding to DNA,
respectively. Complete thermodynamic parameters for the bind-
ing of 1 and 2 to ctDNA derived from the above equations are
listed in Table 2. For the dimeric complex, the favorable binding
free energy (—8.7 kcalmol™") results from the difference be-
tween the negative enthalpic contribution (—30.9 kcalmol~T)
and the unfavorable entropic contribution (TAS°=
—39.6 kcalmol~") at 20°C. The value of AH for the dimer is
twice that for the monomer, which indicates that both mono-
meric units in the dimer bind to DNA. The negative entropy

Table 2. Thermodynamic parameters estimated by absorption titration and
by the DNA melting study.

1 2
T [°C] 85.50! 86.00

K at Tm[M_1]1 0.96 x 10? 18 %102
Kat20°Cn '] 225 % 10° 3.06 x 10
AG® [keal mol-1] _58 —87

AH° [kcal mol~] —174 —30.9

AS° [calmol~TK™"] —39.6 —135.2

[a] The T, of calf thymus DNA alone was 77.0°C; [b] The T,, of calf thymus
DNA in the presence of metal complexin a 1:1 ratio of base pair to complex.
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values for both monomer and dimer indicate that the degree of
freedom of the compounds is decreased after the binding, and
that the DNA conformational freedom is also reduced upon
ligand -DNA binding. In the following section, the conforma-
tional change of DNA induced by the binding of the Pt”(CANAN)
complexes is discussed.

DNA conformational changes induced by binding of the Pt
complexes

The conformational changes of DNA induced by binding of 1
and 2 were investigated by viscosity measurements, gel mobility
shift assay, and restriction endonuclease fragmentation assay.

A fixed volume of the Pt'" complex solution was added to a
solution of sonicated ctDNA (approximately 200 bp). After
thorough mixing, the relative viscosity of the resulting mixture
was recorded. The relative viscosity ratio (1/1,), where  and 7,
are the relative viscosities of DNA in the presence or in the
absence of ligand, respectively, was plotted against r-bound, and
the results are shown in Figure 4.

A
A A
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— A IR &
J AA n o
< 1.02 2 oM
= a o
am 0 ¢
g s}
1008 ° o o ° ° o o
0 0.01 0.02 0.03
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Figure 4. The relative specific viscosity of sonicated calf thymus DNA (~ 200 bp)
in the presence of ethidium bromide (diamonds), H33342 (circles), 1 (squares),
and 2 (triangles), shown as a function of the binding ratio.

The viscosity of DNA samples is proportional to P for rodlike
DNA of length LI'® Intercalators generally increase the hydro-
dynamic length of DNA, while groove binders do not lengthen
the DNA molecules.l'”! Viscosity measurement can sensitively
detect the lengthening and unwinding of the DNA helix induced
by the binding of intercalators,”"® and thus provides evidence of
intercalation of small DNA-binding molecules. The viscosity of a
5.0 x 10~*m DNA solution increased by 2.5%, 2.5%, and 4.6% in
the presence of 1.2 x 10~°m ethidium bromide (EB), 1, and 2,
respectively, while remaining unchanged in the presence of the
same concentration of H33342.

The gel mobility shift assay technique is also sensitive to
changes in DNA length or conformation, since the electro-
phoretic mobility of nucleic acid is proportional to the length of
the nucleic acid molecules." The results of gel electrophoresis
of a 100-bp DNA ladder are shown in Figure 5A. Lanes 1 and 8
are the DNA ladder alone. In the presence of EB (lane 2),
retardation of DNA movement in the gel was observed, while in
the presence of H33342 (lane 3) no shift in DNA mobility relative
to lanes 1 and 8 was found. Mobility retardation, smearing, and
tailing were observed in lanes 4-7. In the presence of 1 and 2,
the mobility shift of DNA increased with the concentration of
metal complexes. Both the viscosity and the gel mobility shift
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Figure 5. A) Electrophoresis of a 100-bp DNA ladder in a 1.5 % (w/v) agarose gel
showing the mobility of DNA (1.52 x 10~3m in base pairs) in the absence (lanes 1
and 8) and in the presence (lanes 2 - 7) of the indicated compounds. B) Electro-
phoresis of a 10.7-kbp plasmid (pDR2) in 1% (w/v) agarose gel after restriction
enzyme (Apal) digestion in the absence (lane 3) and in the presence (lanes 4 -
12) of various compounds, labeled with the molar ratio of compound to DNA
base pairs. Lane 2 is the undigested DNA.

experiments confirmed that both the monomeric and the
dimeric Pt" complexes bind with DNA through intercalation.
Restriction enzymatic DNA cleavage is inhibited when the
local conformation of the enzyme binding site changes or the
restriction site is altered upon the binding of a ligand.?? The
results of restriction enzyme digestion of a plasmid DNA (pDR2)
in the absence and in the presence of various DNA binding
agents are shown in Figure 5B. Two bands corresponding to
supercoiled and nicked DNA are observed in the undigested
DNA (lane 2). After Apal digestion of pDR2 (lane 3), five to six
bands corresponding to DNA fragments of 8, 5, and 2 kbp are
observed, together with bands for supercoiled and nicked DNA.
In the presence of a classical intercalator (EB), a minor groove
binder (H33342), and an intrastrand crosslinker (cisplatin),
digestion of plasmid was inhibited. In the presence of high
molar ratios of 1 or 2 to DNA base pair, complete inhibition of
Apal digestion was found, while partial inhibition was observed
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at lower molar ratios. The results indicated that the restriction
enzymatic digestion of plasmid could be inhibited by DNA-
binding molecules including intercalators, groove binders, and
covalent crosslinkers.

From the above in vitro experiments, it is clear that 1 and 2
can intercalate with DNA and induce significant conformational
change of the DNA, particularly for the dimer. Subsequently,
their cytotoxicity against human carcinoma cell lines was
examined and the mechanisms of cell death induced by the
complexes were investigated.

Cytotoxicities of the Pt" complexes

The cytotoxicities of the Pt”(Cf\N/\N) complexes and of cisplatin in
various human cell lines were determined by standard MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide) assay (Ta-
ble 3).2" Cisplatin has a growth inhibitory concentration (ICs)
in the range of 4.07 x 107° to 1.05 x 10~>m for the five different
human cancer cell lines tested. As listed in Table 3, 2 exhibits
cytotoxicity comparable with that of cisplatin, and it is more
toxic than 1 by an order of magnitude in the cell lines studied.

Cell death can be divided into two types: necrosis (“acciden-
tal” cell death) and apoptosis (“programmed” cell death).??
Necrotic cells undergo cell lysis and lose their membrane
integrity, and severe inflammation is induced.”?®! Apoptotic cells,
however, are transformed into small membrane-bound vesicles
(apoptotic bodies) which are engulfed in vivo by macrophages,
and no inflammatory response is found.?” Harmless removal of
cells (cancer cells, for example) is one consideration in chemo-
therapy.?® Therefore, induction of apoptosis is one of the
considerations in the development of anticancer drugs. Most of
the cytotoxic anticancer drugs in current use have been shown
to induce apoptosis in susceptible cells.l®!

The type of cell death induced by 1 and 2 was investigated by
two apoptosis assays: acridine orange/ethidium bromide (AO/
EB) staining, and DNA ladder analysis. The AO/EB staining assay
can detect the difference in membrane integrity between
necrotic and apoptotic cells.””? AO is a vital dye and can stain
both live and dead cells. EB stains only cells that have lost their
membrane integrity. Under the fluorescence microscope, live
cells appear green. Necrotic cells stain red, but have a nuclear
morphology resembling that of viable cells. Apoptotic cells
appear green and morphological changes such as cell blebbing
and formation of apoptotic bodies will be observed. In Fig-
ure 6 A, the nucleoli of living cells in the untreated sample were
stained as bright green spots in the nucleus. However, cells
irradiated with 60 mJcm—2 Ultraviolet-C (UV-C) or treated with

Table 3. Cytotoxicities of 1, 2, and cisplatin against various human carcinomas.

1Csoe ]

Cell lines KB-3-1 KB-V1

1 3.88(+1.21) x 107* 6.54(+£2.39) x 10~
2 2.44(£2.13) x 10-° 7.11(£3.42) x 10~°
Cisplatin 5.47(£243) x 10°° 4.07(£2.02) x 106

HL60

1.04(£0.30) x 10~*
3.16(£1.21) x 10°°
4.16(+£1.89) x 10°¢

CNE3

1.35(£0.36) x 10~*
1.60(£0.12) x 107°
1.05(+£0.27) x 1072

Hep G2

4.50(+1.29) x 10~°
3.66(+£0.13) x 10~°
1.05(+0.06) x 10~°

[a] ICs, values are given as the mean + standard error of the mean.
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Figure 6. A) KB-3-1 cells were stained by AO/EB and observed by laser scanning
confocal microscopy: a) KB-3-1 cells without treatment; b) irradiated with

60 mJcm~2 UV-C; c) in the presence of 1 (ICs); d) in the presence of 2 (ICs,);
incubated at 37°C, 5% CO, for 72 h. Cells indicated by arrows are apoptotic cells.
B) Electrophoretic analysis of genomic DNA extracted from KB-3-1 cells subjected
to different treatments: 60 mJcm~2 UV-C irradiation (lanes 3 -5), incubation in
the presence of 1 (IC;,; lanes 6 -8), and incubation in the presence of 2 (ICs,;
lanes 9 - 11). Genomic DNA of the treated cells was collected at different points in
time during the incubation: 6 h (lanes 3, 6, and 9), 12 h (lanes 4, 7, and 10), and
24 h (lanes 5, 8, and 11). Lane 1 is a 100-bp DNA ladder (Amersham Pharmacia
Biotech). Lane 2 is DNA extracted from untreated cells.

either 1 or 2 for 72 h exhibited green apoptotic cells with
apoptotic bodies. In the DNA ladder analysis,?® the characteristic
feature of apoptosis—the appearance of DNA fragments of
multiples of 180 bp—was found in the UV-induced apoptotic
sample as well as in the samples treated with the two
compounds (Figure 6B). Significant numbers of apoptotic cells
were found in the populations treated with 1 and 2. The results
of the cell morphological study and DNA ladder analysis
demonstrate that the two compounds can induce apoptosis in
the cell lines studied. In order to understand how the
compounds affect cellular metabolism and regulation on a
genomic scale,” experiments involving the gene expression
profiling of the KB-3-1 cell line on treatment with the metal
complexes are underway in our laboratory.

Experimental Section

Materials: Reagent grade solvents and chemicals were used without
purification unless otherwise noted. ctDNA was purchased from
Sigma Chemical Co. and purified before use by the method reported
in ref. [30]. DNA concentrations per base pair were determined by
absorption spectroscopy by using the molar extinction coefficient of
12800mM~'cm~"bp~' at 260nm.B" A 100-bp DNA ladder was
purchased from Amersham Pharmacia Biotech Asia Pacific Ltd.
(Hong Kong). Plasmid DNA, pDR2 (10.7 kb), was purchased from
CLONTECH Laboratories, Inc. (Palo Alto, USA). DNA binding experi-
ments were carried out in aerated Tris buffer solutions (5 mm Tris,
50 mm NaCl, pH 7.2), unless stated otherwise.

6-Phenyl-2,2-bipyridine (C N N)32 and Pt(C N N)CI®¥: These
compounds were synthesized according to the methods described
in refs. 32 and,®¥ respectively.
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(Pyridyl)-(6-phenyl-2,2’-bipyridine)platinum(un)  hexafluorophos-
phate (1): A mixture of [Pt(C N N)CI] (0.10g, 0.22 mmol) and
pyridine (0.11 mL, 0.22 mmol) in MeCN/H,O (1:1) was stirred for 3 h.
A clear orange solution was obtained, and treatment with NH,PF,
gave a yellow precipitate, which was washed with diethyl ether.
Recrystallization by diffusion of diethyl ether into acetonitrile
solution afforded yellow crystals. Yield: 0.11g, 80%; 'HNMR
(300 MHz, [Dgldimethylsulfoxide, 25°C, tetramethylsilane(TMS)):
0=6.36 (m, TH), 712 (m, 2H), 753 (m, 1H), 7.70 (m, 4H), 7.87 (m,
1H), 8.01 (m, 2H), 8.20 (m, 2H), 8.94 (m, 2H) ) ppm; MS-FAB: m/z (%):
505 (100) [M]*; elemental analysis: calcd (%) for C,,H,¢N;PF4Pt (764.4):
C38.8, H 2.5, N 6.5; found: C 38.8, H 2.5, N 6.5.

p-N,N'-Bis(isonicotinyl)-1,6-hexanediamino-bis-[6-phenyl-2,2'-bi-
pyridine-platinum(n)] dichloride (2): Linker (0.07 g, 0.21 mmol) in
H,O was added dropwise to Pt(C N N)CI (0.2 g, 0.43 mmol) in MeCN/
H,O (1:1). The mixture was stirred at room temperature overnight
and was evaporated to dryness. The product was extracted with
ethanol and purified by recrystallization from ethanol. Yield: 0.09 g,
34%; '"H NMR (270 MHz, CD,Cl,, 25 °C, TMS): 6 = 0.91 (quint, 2H; CH,),
1.45 (quint, 2H; CH,), 3.46 (q, 2H; CH,), 6.57 (m, TH), 7.12 (m, 1H),
723 (m, 1H), 742 (m, 1H), 7.54 (m, 5H), 797 (m, 3H), 8.15 (m, 1H),
8.71 (d, 2H; =CH), 9.10 ppm (m, 1H); ES-MS: m/z (%): 589 (40) [M]**,
752 (100) [C34H,sNgO,Ptl™; elemental analysis: calcd (%) for
CsoHasNsO,Cl,Pt, (1250.0): C 48.0, H 3.5, N 9.0; found: C 47.8, H 3.4,
N 8.8.

N,N’-Bis(isonicotinyl)-1,6-hexanediamine (the linker): A mixture of
methyl isonicotinamide (5.2 mL, 38 mmol) and 1,6-hexanediamine
(1.92 g, 17 mmol) in MeOH (30 mL) was heated under reflux in the
presence of ammonium chloride (0.15 g) for 4 h. A pale yellow solid
was formed. The product was purified by recrystallization from
MeOH. Yield: 4.04 g, 75 %; "H NMR (300 MHz, CD,Cl,, 25°C, TMS): 0 =
0.87 (quint, 2H; CH,), 1.48 (quint, 2H; CH,), 3.53 (q, 2H; CH.), 6.55 (m,
1H; NH), 7.66 (d, 2H; =CH), 8.74 ppm (d, 2H; =CH); MS-FAB: m/z (%):
327 (100) [M+H]*; elemental analysis: calcd (%) for C,gH,,N,O,
(326.4): C66.3, H 6.7, N 17.2; found: C 66.1, H 6.6, N 17.0.

Absorption and fluorescence titrations: All absorption and
fluorescence spectra were recorded on a Perkin - Elmer Lambda 19
UV/Visible spectrophotometer and a Jobin Yvon Horiba Spex
FluoroMax-3 spectrofluorimeter, respectively. Titrations were per-
formed by keeping the concentration of metal complex constant
while varying the nucleic acid concentration. Either the absorbance or
the fluorescence intensity was recorded after each addition of DNA.

UV melting study: UV melting studies were carried out with a
Perkin —Elmer Lambda 19 UV/Visible spectrophotometer equipped
with a Peltier temperature programmer (PTP-6). Solutions of ctDNA
in the absence and presence of compound, with a DNA base pair to
compound ratio of 1:1, were prepared in Tris buffer. The temperature
of the solution was increased by 1°Cmin~', and the absorbance at
260 nm was continuously monitored.

Viscosity experiments: Rodlike DNA samples of approximately
200 bp in length were prepared for viscosity measurements by
sonication.?¥ The method used by Suh and Chaires!"” was employed
in this study. Viscosity experiments were performed on a Cannon—
Manning Semi-Micro Viscometer, immersed in a thermostated water
bath maintained at 27 °C. Titrations of ligand were carried out by
addition of small volumes of concentrated stock solutions to the
DNA sample in BPE buffer (6 mm Na,HPO,, 2 mm NaH,PO,, 1 mm
Na,EDTA, pH 7.0) in the viscometer. Solutions in the viscometer were
mixed by bubbling nitrogen through the solution. DNA concen-
trations of approximately 5 x 10~*m in base pairs were used. Relative
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viscosities for DNA either in the presence or in the absence of ligand
were calculated from the relationship
(t —t)

= — (8)
to

where t is the observed flow time of the DNA-containing solution,
and t, is the flow time of buffer alone.

Gel mobility shift assay: A 100-bp DNA ladder (Amersham
Pharmacia Biotech) (1.52 x 103m in base pairs) was mixed with
various compounds and incubated at 37 °C for 5 min. The mixtures
were analyzed by gel electrophoresis. The gel was stained by
immersion in a bath of ethidium bromide (0.5ugmL~") after
electrophoresis.

Restriction endonuclease fragmentation assay: Digestion of a
plasmid, pDR2 (10.7 kb), with a restriction enzyme (Apal, Boehringer
Mannheim) was performed by mixing the DNA (3.0 X 10~*m in base
pairs) in 1 x SURE/Cut Buffer A (Boehringer Mannheim) with Apal
(1 unitpuL™"), followed by incubation at 37°C for one hourB% A
mixture of compound and plasmid pDR2 (10.7 kbp, 3.0 x 10~*m in
base pairs) in digestion buffer was first incubated at room temper-
ature for 5 minutes before the addition of Apal. Two controls with
PDR2 in the absence and in the presence of Apal were also prepared.
After digestion, the samples were analyzed by electrophoresis.

MTT assay: Standard procedures were used.?! Cells were plated in
96-well microassay culture plates (10*cells per well) and grown
overnight at 37°Cin a 5% CO, incubator. Test compounds were then
added to the wells to achieve final concentrations ranging from 106
to 10~*m. Control wells were prepared by addition of culture medium
(100 pL). Wells containing culture medium without cells were used as
blanks. The plates were incubated at 37°C in a 5% CO, incubator for
72 h. Upon completion of the incubation, stock MTT dye solution
(20 uL, 5mgmL~") was added to each well. After 4 h incubation,
buffer (100 uL) containing N,N-dimethylformamide (50%) and so-
dium dodecyl sulfate (20%) was added to solubilize the MTT
formazan. The optical density of each well was then measured on a
microplate spectrophotometer at a wavelength of 570 nm. The ICs,
value was determined from plots of % viability against dose of
compound added. Five different human carcinomas were the
subjects in this study: KB-3-1 (oral epidermal), KB-V1 (oral epidermal),
CNE3 (nasopharyngeal), Hep G2 (hepatocellular), and HL60 (pro-
myelocytic leukaemia).

Acridine orange/ethidium bromide (AO/EB) staining: Cell cultures
of a monolayer of KB-3-1 cells were incubated in the absence and in
the presence of 1 or 2 at their IC;, values (the concentrations that
gave 30% inhibition) at 37 °C and 5% CO, for 72 h. After 72 h, 1 mL
cell culture was stained with AO/EB solution (40 uL; 50 pgmL~" AQ,
50 ugmL~" EB in phosphate buffer).?”! Samples were observed
immediately under a laser confocal microscope (Zeiss Axiovert
100M).

DNA ladder analysis: KB-3-1 cells were cultured at a concentration
of approximately 2 x 10° cellsmL~". Compounds 1 and 2 were added
to the cultures at their IC;, values. Other flasks of cells were irradiated
with 60 mJcm~2 UV-C to induce apoptosis. An untreated sample was
used as a negative control. After treatment, all the cultures were
incubated at 37°C, 5% CO,. Cells were collected at three different
time points: 6, 12, and 24 h. Their genomic DNA was extracted®” and
analyzed by electrophoresis.
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Design of a Composite Ethidium - Netropsin -
Anilinoacridine Molecule for DNA Recognition

Carolina Carrasco,” Philippe Helissey,™ Michelyne Haroun,®! Brigitte Baldeyrou,?!
Amélie Lansiaux, Pierre Colson,' Claude Houssier, Sylviane Giorgi-Renault,*®!

and Christian Bailly*®!

Control of gene expression is a cherished goal of cancer chemo-
therapy. Small ligand molecules able to bind tightly to DNA in a
well-defined configuration are being actively searched for. With this
goal in mind, we have designed and synthesized the trifunctional
molecule R-132, which combines a bispyrrole skeleton for minor
groove DNA recognition and two different chromophores, anili-
noacridine and ethidium. The affinity and mode of binding of
R-132 to DNA were studied by a combination of complementary
biochemical and biophysical techniques, which included absorp-
tion and fluorescence spectroscopy and circular and linear
dichroism. A surface plasmon resonance biosensor analysis was
also performed to quantify the kinetic parameters of the drug-
DNA interaction process. Altogether, the results demonstrate that

Introduction

Small molecules that recognize specific DNA sequences may be
of great value to the rational development of novel antitumor
agents." 2 The ultimate goal is to design drugs able to control
gene expression in cancer cells. To this end, a complete
understanding of the molecular rules that govern drug-DNA
sequence recognition is essential. Over the past decades,
different chemical strategies have been elaborated to design
molecules endowed with a high affinity for DNA and a sharp
sequence selectivity. One approach that we pioneered twelve
years ago consisted of covalently attaching a DNA intercalating
agent to a DNA minor-groove binder to combine DNA affinity
and sequence recognition. 4 Several series of hybrid molecules
called combilexins have been synthesized and their DNA-
binding/reading properties investigated.® ¢ The different series
of combilexins reported to date by us and others contain either a
planar chromophore (acridine, ellipticine, porphyrin) for inter-
calation between two consecutive base pairs of DNA or a
photosensitizer (anthraquinone, isoalloxazine, phenazine-di-N-
oxide) for DNA breaks, coupled to a crescent-shaped minor-
groove binder. In most cases, the minor-groove binder is a
polyamide heterocyclic structure related to the antibiotics
netropsin and distamycin; less frequently, a peptide or an
unfused aromatic system is used.’=?% In general, these hybrid
molecules have a more or less pronounced selectivity for AT-rich
DNA sequences and their affinity for DNA is only slightly superior
to that of the individual partners.

50 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the three moieties of the hybrid molecule are engaged in the
interaction process, thus validating the rational design strategy. At
the biological level, R-132 stabilizes topoisomerase-Il- DNA cova-
lent complexes and displays potent cytotoxic activities, which are
attributable to its DNA-binding properties. R-132 easily enters and
accumulates in cell nuclei, as evidenced by confocal microscopy.
R-132 therefore provides a novel lead compound for the design of
gene-targeted anticancer agents.

KEYWORDS:

antitumor agents
drug design - enzymes

cytotoxicity

DNA recognition

Some molecules in the combilexin series also revealed potent
cytotoxic activities and in a few cases an in vivo anticancer effect
was observed. This was the case with the combilexin molecule
NetGA, which comprises a bispyrrole unit (an analogue of
netropsin) linked through a glycine residue to an anilinoacridine
moiety (an analogue of the antitumor drug amsacrine;
Scheme 1). The pharmacology of this molecule was investigated
in detail. We have previously shown that, 1) both the netropsin
and acridine moieties play a role in the interaction with DNA,B 271
2) the drug easily enters into the nucleus of cancer cells,”?® and
3) the molecule inhibits topoisomerasell to stimulate DNA
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A New Trifunctional DNA Ligand
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Scheme 1. Structures of amsacrine, ethidium, netropsin, NetGA and R-132.

cleavage and has antitumor activity against P388 leukaemia in
mice.® Despite these interesting biological activities, the drug
only has a relatively weak affinity for DNA, roughly equal to that
of the unsubstituted acridine moiety. In an extension of this work
and to reorient the chemical strategy towards drug-forming
stable drug - DNA complexes, we have now covalently attached
a phenylphenanthridinium chromophore to the terminal amino-
pyrrole ring of NetGA. The resulting tripartite hybrid molecule
(R-132 in Scheme 1) bears two different chromophores, anili-
noacridine and ethidium, connected through a bispyrrole
skeleton for minor-groove DNA recognition. To our knowledge,
this is the first example of a rationally designed DNA-targeted
combilexin equipped with three different well-defined function-
alities. Here we report the design and synthesis of this
combilexin and biochemical, biophysical, and biological studies
aimed at characterizing the drug-DNA interaction and the
cytotoxic properties of the new molecule R-132.

Results
Chemistry

In the design of the tripartite hybrid R-132, we decided to link
the terminal aminopyrrole of NetGA to the phenanthridinium

ChemBioChem 2003, 4, 50-61
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moiety by a polymethylenic chain
in order to allow the intercalation
of the second chromophore. A
pentamethylenic chain was chosen
by reference to a previously descri-
bed monohybrid.?? In the case of
ethidium, the intercalation model
suggests that the pendant phenyl
ring lies in the DNA minor
groove.”! Consequently, the linker
was introduced through a peptide
bound to this phenyl moiety
(Scheme 1). The hybrid R-132 was
obtained by a three-step conver-
gent synthesis starting from 4-(9-
acridinylamino)-N-glycylaniline (5),
the oligopyrrolecarboxamide 16,
and the 3,8-diamino-6-(4-carboxy-
phenyl)-5-ethylphenanthridinium
salt 10; these key derivatives were
prepared independently by multi-
step  syntheses outlined in
Schemes 2 -4. The acridinyl deriva-
tive 5 was synthesized according to
the method described by Héni-
chart®@ with some modifications
(Scheme 2). We preferred to pre-
pare compound 2 by acylation of
the commercially available glycine-
4-nitroaniline (1) instead of by
acylation of p-nitroaniline by Boc-
glycine. After catalytic hydrogena-
tion of 2 over palladium on acti-
vated charcoal the resulting amine
3 was condensed with the 9-chloroacridine (4) in the presence of
phenol. We used 20 equivalents of a 10-% solution of concen-
trated HCl in acetone for the workup instead of 10 equiva-
lents; this allowed the isolation of the dihydrochloride 5 in one
step by simultaneous deprotection of the primary amino groups.
In this way, derivative 5 was obtained in three steps with an
overall yield of 56 %.

NHSO,CHj
HsCO

amsacrine

1:X=NH, R=NO,
a) 86%
2:X =Boc-NH R = NO,

XJI\ U b) 90%
3 X =Boc-NH R = NH,

H

N+

c)72% (\ A

3+</ _ N
i O

Scheme 2. Synthesis of 4-(9-acridinylamino)-N-glycylaniline. a) (Boc),0, DMF,
Et;N; b) H,, Pd/C, MeOH, c) C;H;OH, 70-80°C, then HCI, acetone, 40°C. Boc =
tert-butyloxycarbonyl; DMF = dimethylformamide.

51





BIO

Two synthetic pathways have been described for the synthesis
of the 3,8-diamino-6-(4-carboxyphenyl)-5-methylphenanthridini-
um salts. The N-methyl analogue of 10 was described for the first
time by Dervan,"32 but without any experimental detail.
Letsinger™®! (16% yield) and Konakahara®¥ (29% yield) later
published methods starting from 6-(4-cyanophenyl)-3,8-dinitro-
phenanthridine (6) that afforded the final N-methyl derivative in
three or four steps: quaternization, partial or total hydrolysis of
the nitrile groups, and chemical reduction of the nitro functions
(iron-hydrochloric acid was used). In the same patent by
Dervan,2 the N-ethyl derivative 10 was mentioned but again
without any details. With the aim of avoiding chemical reduction
and subsequent difficult purification, we decided to reduce the
nitro groups of 6 before quaternization (Scheme 3). Conse-
quently, it was possible to use catalytic hydrogenation to obtain
7 and then protect the amino groups. The resulting carbamate 8
was reacted with diethyl sulfate to afford 9 in 68% yield.
Removal of the protecting groups was achieved by acidic
treatment and nitrile hydrolysis to give the required zwitterionic
compound 10. Thus, 10 was obtained in four steps without
purification of the uncharged intermediates.

=N c) 68% =N+
§ ) )"
NC v
6: X = NO 9: X =NHCO,Et Y =CN, EtSO4
X=NO2 g 460 |:
3 89%[ 146% [ 10:x=NH, Y=cO5
7: X = NH,

b) 95%
8: X = NHCO,Et

Scheme 3. Synthesis of 3,8-diamino-6-(4-carboxyphenyl)-5-ethylphenanthridini-
um. a) H,, Pd/C, MeOH; b) CICO,Et, pyridine, 15°C; c) Et,SO,, DMF, 130°C;
d) H,S0,, 130°C.

The pentamethylenic carboxamido linker between the oligo-
pyrrolecarboxamide and the phenanthridine moieties was
introduced into the oligopyrrole before condensation with the
two chromophores. The fully protected amino oligopyrrolecar-
boxamide ester 15 was obtained by peptide condensation of the
amino ester 12 and 6-tert-butyloxycarbonylaminohexanoic acid
(14), which were respectively synthesized by reduction of the
nitro derivative 11535 and acylation of the commercially available
6-aminohexanoic acid (13). Saponification of the ester 15
afforded the acid 16 (Scheme 4).

The final sequence of the synthesis entailed formation of an
amide linkage between the primary amino group of 5 and the
carboxylic function of 16 (Scheme 5), quantitative removal of the
Boc group by reaction with trifluoroacetic acid (TFA) on the
resulting 17, and a final peptide coupling between 18 and the
acidic function of the phenanthridinium moiety 10 in the
presence of EDC, HOBt, and Et;N to give, after treatment with
chlorhydric acid, R-132 in reasonable yield.
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Scheme 4. Synthesis of the oligopyrrolecarboxamide moiety. a) H,, Pd/C, MeOH;
b) (Boc),0, dioxane, H,0, NaOH, then HCI; c) 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC), DMF; d) NaOH, EtOH, H,0O, reflux, then HCI.
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i
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17: R = Boc-NH
b)100%[

18: R=*NH; CF3CO7

¢) 32%
R-132

Scheme 5. Condensation of the three moieties to give the hybrid compound R-
132. a) EDC, 1-hydroxybenzotriazole (HOBt), Et;N, DMF; b) TFA, 0°C; ¢) 10, EDC,
HOBL, Et;N, DMF, RT, then HCl.

DNA affinity

Figure 1 shows the absorption spectra of R-132 in the absence
and presence of calf thymus DNA. The specific absorption bands
of the three moieties of the hybrid compound can be easily

netropsin

1.5 +

T 1

absorbance

amsacrine

f

0.5 ethidium

250 350 450 550 650
wavelength / nm —=

Figure 1. Absorption spectra of a 20-um solution of R-132 (solid line) in the
absence and (dashed line) in the presence of calf thymus DNA at a DNA-
phosphate/drug (P/D) ratio of 20. The absorption measurements were performed
in BPE (6 mm Na,HPO,, 2 mm NaH,PO,, 1 mm EDTA) buffer at pH 7.0.
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distinguished. The band centred at 310 nm corresponds essen-
tially to the netropsin moiety, whereas the two chromophores
anilinoacridine and ethidium absorb at higher wavelengths
around 430 and 530 nm, respectively. These spectral properties
will be very useful for investigation of the specific contribution of
each moiety of the hybrid to interaction with DNA. Upon binding
to DNA, a significant hypochromism is observed in the three
bands, which suggests that the all three moieties of the hybrid
ligand participate in the interaction.

To estimate the relative affinity of the hybrid compared to its
individual constituents, a melting temperature (T,,) study was
performed with calf thymus DNA and the polynucleotide
poly(dAT),. The results of the T,, measurements on the synthetic
polymer (which gives higher T, values than the natural DNA)
carried out in BPE buffer (16 mm Na* ions) at different drug/DNA-
phosphate (D/P) ratios are presented in Figure 2. It can very
clearly be seen that the hybrid ligand stabilizes duplex DNA
against heat denaturation much more strongly than netropsin,
amsacrine, or ethidium. For example, at a D/P ratio of 0.05, R-132
gave a T, value (T,,=Templex — TONA) of 23°C, whereas the T,
values with the three reference compounds did not exceed 3 °C.
This was the first indication that the hybrid molecule binds much
more tightly to DNA than its individual components.

O R-132 O ethidium

B amsacrine @ netropsin

T
L

H-

51 |—|:

o1 —h_'

0.01 0.02 0.05 0.1
drug/DMNA ratio

Figure 2. Variation of the melting temperatures AT,,, (T,,drg-DNAcomplex _ T _DNAdlone
in °C) of the complexes between poly(dAT), and the hybrid compound R-132 or its
individual components ethidium, netropsin, and amsacrine. The T,, measure-
ments were performed at four P/D ratios: 0.01, 0.02, 0.05, and 0.1. The DNA
concentration was fixed at 20 um (T, for DNA alone = 42°C) while the drug
concentration varied from 0.2 to 2 um. T,, measurements were performed in BPE
buffer (6 mm Na,HPO,, 2 mm NaH,PO,, 1 mm EDTA; pH 7.0) in 1-cm quartz cuvettes
at 260 nm with a heating rate of 1°Cmin~".

We then tried to estimate the binding constant for interaction
of R-132 with calf thymus DNA by means of fluorescence
spectroscopy and by taking advantage of the ethidium moiety
whose fluorescence is significantly increased upon binding of
the drug to DNA (Figure 3). The fluorescence at 610 nm
corresponding to the ethidium moiety of R-132 is indeed largely
enhanced when the drug binds to DNA but the fluorescence
yield is weak compared to that observed with ethidium bromide.
Therefore, we were not able to measure the binding affinity by

ChemBioChem 2003, 4, 50-61
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Figure 3. Fluorescence spectra of (a) R-132 and (b) ethidium bromide bound to
calf thymus DNA. In both cases the drug concentration was maintained at 5 um
while the DNA concentration increased from 0 to 300 um (bottom to top curves at
600 nm). Excitation wavelengths: 480 nm for R-132 and 500 nm for ethidium, in
BPE buffer at pH 7.0.

this method. Nevertheless, this approach attested that, as
expected, the ethidium moiety is involved in the interaction
process, even though its orientation in the complex may well be
different from that of ethidium bromide. The extent of stacking
between the base pairs and the phenanthridinium ring may be
distinct.

Surface plasmon resonance (SPR) experiments were conduct-
ed with a streptavidin-coated sensor chip to quantify the
interaction of R-132 with DNA. The 5’-biotin-labelled hairpin
oligomer used for these experiments contained the duplex
sequence d(CGAATTCG),, which should provide a good sub-
strate for the hybrid in which the netropsin moiety interacts with
the central AT pairs, and the two flanking chromophores insert
near the terminal GC pairs. The oligonucleotide was immobilized
on the sensor surface through streptavidin - biotin coupling and
a blank flow cell was used as a control. To provide a signal
directly proportional to the amount of bound compound, the
reference response of this blank cell was subtracted from the
response in the DNA channel. A set of SPR sensorgrams at
different concentrations of R-132 binding to the hairpin
oligonucleotide is shown in Figure 4. Similar experiments were
performed in parallel with ethidium bromide.

The hybrid compound R-132 binds considerably more
strongly to the CGAATTCG duplex than ethidium, in agreement
with the T,, data reported above. The sensorgram results were
fitted in the steady-state region as described in the Experimental
Section and binding constants (K,) are collected in Table 1. The
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Figure 4. SPR sensorgrams for binding of (a) ethidium bromide and (b) R-132 to a hairpin DNA oligonucleotide
containing the duplex sequence (CGAATTCG), and a TCTC loop sequence. The unbound drug concentrations in the
flow solutions range from 100 nm in the lowest curve to 1 um in the top curve. HBS-EP buffer was used in the
experiment performed at 25 °C. Fitting of the sensorgrams results in the steady-state region provided data for
determination of compound binding constants, as described in the Experimental Section. These constants are

collected in Table 1.
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The sensorgrams for R-132 with
the AATT sequence fit quite well
with a model with one drug bind-
ing site per DNA hairpin (Lang-
muir 1:1, global kinetic model pro-
vided with the BlAcore software),
in which the obtained residuals are
very small (data not shown). It is
gratifying to see that the binding
constant determined by the ratio
of k,/ky4 is very close to the value
determined by using the more
accurate steady-state fitting meth-
od (Table 1). There is no doubt that
R-132 forms stable complexes
with DNA, which validates the drug
design strategy.

1000 1500 2000

time /sec —p»

0 500

Mode of binding to DNA

Table 1. Binding and kinetic constants for ligand binding to the sequence 5'-

CGAATTCG. Two spectroscopic methods with polarized light were applied to
Ko D 1 P P Kk, o] d.eﬂne.more precisely the binding process for R-.1.32. Circular
dichroism (CD) measurements showed that a positive band at
Ethidium 1.95 x 10° -~ —tal .
310 nm and negative band centred at 450 nm appeared upon
R-132 4.81x10° 7.92 x 10* 0.0216 3.7 x 106

addition of calf thymus DNA (Figure 5). These two CD bands

ments were performed in HBS-EP buffer.

[a] Association (k,) and dissociation (k,) too fast to be measured. Experi-

reflect the orientation of the netropsin (positive CD) and acridine
(negative CD) moieties bound to the double helix and are

binding constant for R-132 binding to the duplex
DNA is 25times higher than that calculated for
ethidium under exactly the same experimental
conditions. Therefore, the SPR measurements
agree with the T, experiments and confirm that
the hybrid exhibits a high affinity for DNA. The
enhanced binding reflects the role of the netrop-
sin—anilinoacridine moiety (NetGA), which serves
to anchor the drug on the DNA helix. This is a
strong indication that the different moieties of the
hybrid participate in the DNA interaction.

As can be seen in Figure 4, both association and
dissociation rates of ethidium to/from the DNA
duplex are very fast, whereas the kinetics are
considerably slower with R-132. The hybrid com-
pound binds to the CGAATTCG target sequence in
a concentration-dependent way and the associa-
tion phase reaches a steady-state plateau in about
400 s (7 min), whereas it takes only a few seconds
to reach the equilibrium with ethidium. The same
observation can be made for the dissociation. R-
132 -oligonucleotide complexes dissociate slow-
ly, whereas the dissociation of ethidium from the
duplex is instantly obtained just by injecting
buffer solution. Consequently, the kinetic param-
eters could not be measured for ethidium but we
were able to calculate precisely the association (k,)
and dissociation (k4) constants for R-132 (Table 1).
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Figure 5. CD spectra of R-132 bound to calf thymus DNA. Panel A shows the full spectra from
310-500 nm, whereas panel B shows only a portion of the spectra from 400 -500 nm. The
variations of the CD amplitudes (AA) as a function of the P/D ratios are presented in panels C
(310 nm) and D (450 nm). The solutions (3 mL) of drug bound to calf thymus DNA in sodium
cacodylate buffer (1 mm, pH 7.0) were scanned in a 2-cm-pathlength quartz cuvette.
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consistent with their orientation in the minor A)
groove and between the base pairs, respec-
tively. No CD signal was observed in the
ethidium absorption band at 530 nm.

Electric linear dichroism (ELD) measure-
ments are very useful to estimate the orienta-
tion of the compound with respect to the DNA
helix. In these experiments, the DNA is ori-

i L A L L i

ented by an electric field and the respective 0
orientation of the molecules bound to DNA is
probed with linearly polarized light. The ELD
spectra of R-132 bound to calf thymus DNA
and the polynucleotides poly(dAT), and poly-
(dGQ), are shown in Figure 6, and the depend-
ence of the reduced dichroism AA/A as a
function of the electric field strength is shown
in Figure 7. With all three types of nucleic acids,

330 380 430 480
wavelength /nm —

530

Figure 6. Reduced ELD (AA/A) spectra of R-132 bound to (m) calf thymus DNA,
(0) polyd(A-T),, or (A) polyd(G-C),. ELD data were recorded in the presence of
200 um polynucleotide and 10 um drug, in 1 mm sodium cacodylate buffer at
pH 7.0 under a field strength of 14 kVcm~='.

the reduced dichroism AA/A is negative in the 440 and 530 nm
bands corresponding to the anilinoacridine and ethidium
absorption bands, respectively. In contrast, the reduced dichro-
ism is positive in the netropsin absorption band at 310 nm. The
positive or negative ELD signals are weaker with poly(dGC), than
with poly(dAT),, which suggests that the latter polymer is
preferred over the former; however, stable complexes were
obtained in both cases. With calf thymus DNA, which can

176-mer from pTUC

E /kVcm™? —

10 150 5 10 150 5 10 15
E /kVcm™ — E /kVcm™ —

Figure 7. Dependence of the reduced dichroism AA/A on the electric field strength for R-132 bound
(A) to calf thymus DNA, (B) to poly(dAT),, or (C) to poly(dGC),. The ELD measurements were performed
either with (#) DNA alone at 260 nm or with the drug - DNA complex at (o) 310 nm, (») 440 nm, and (o)
530 nm. P/D=20 (200 um DNA, 10 um drug), in 1 mm sodium cacodylate buffer at pH 7.0.

provide a large variety of binding sites with all sorts of AT/GC
base pair (bp) combinations, the reduced dichroism values
measured at 440 and 530 nm are not as negative as those
measured for DNA alone at 260nm. At first sight, this
observation suggests that the two acridine and phenanthridine
chromophores are not oriented parallel to the DNA base pairs.
Alternatively, it is possible that the two chromophores are fully
intercalated between the base pairs but that the DNA helix axis is
locally bent at the drug binding sites. The exact structure of the
R-132-DNA complex cannot be fully determined by this
spectroscopic method; however, these ELD data are entirely
consistent with the T,,, fluorescence, SPR, and CD data, which all
suggest that the three moieties of the hybrid are engaged in the
interaction with DNA.

Sequence preference

A 32P-labeled DNA restriction fragment of 176 base pairs was
used as a substrate for the DNase | footprinting experiments. A
sequencing gel used to fractionate the products of partial
digestion of the DNA fragment complexed with R-132 is shown
in Figure 8. At concentrations below 1 pm there was practically
no inhibition of DNase | cutting, whereas at 2.5 pm the hybrid
molecule strongly affected the cleavage of the DNA substrate by
the nuclease. At 5um no more DNA cutting was observed,

ACGAC ATAGGGC GTACCGG TCGAG ACGGTAT AGCTT
I L P P rrrrd AL frrrrrsl L rrrd (Frrrrry
LB L T
U SR B L TR TR T |
0 e s e l
Pl M en uc
Wi iy B ll-.-
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100 80 80 70 &0 50 40 3o

Figure 8. DNase | footprinting gel obtained with a radiolabeled 176-bp DNA restriction fragment in the presence of graded concentrations of R-132. The DNA was 3'-
end labeled with [a->*P]dATP (ATP = adenosine triphosphate) in the presence of AMV reverse transcriptase. The drug concentrations vary from 0.3 to 5.0 um. The products
of nuclease digestion were resolved on an 8% polyacrylamide gel containing 7 m urea. The control track (cont) contained no drug. Guanine-specific sequence markers
obtained by treatment of the DNA with dimethylsulfate followed by piperidine were run in the lane marked G. Numbers at the bottom of the gel refer to the standard
numbering scheme for the nucleotide sequence of the DNA fragment. Bars and sequences indicate the sites of reduced cleavage by DNase | in the presence of the drug at
2.5 um.
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presumably as a result of the tight and nonspecific association of
the drug with the DNA, but an additional direct interaction with
the enzyme cannot be excluded. At 2.5 pv, the drug protects a
number of short sequences (5-7 bp in length) from DNase |
cleavage. These sequences correspond essentially to GC-rich
sites, as indicated in Figure 8. Attempts to identify specific
binding sites were unsuccessful. The drug can obviously interact
with a large variety of DNA sequences without precise selectivity.

Topoisomerase Il inhibition

The effect of the hybrid compound on the catalytic activity of
human topoisomerases| and Il was investigated by using a
conventional plasmid DNA relaxation assay.*® As shown in
Figure 9A, the hybrid strongly perturbs the electrophoretic
mobility of the DNA in the presence of topoisomerasel;
however, it does not act as a poison for this enzyme. R-132
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Figure 9. Effect of increasing concentrations of compound R-132 on the
relaxation of plasmid DNA by (A) topoisomerase | and (C) topoisomerase Il, or
without enzyme (B). In (A), native supercoiled pKMp27 DNA (0.5 ug; lane DNA)
was incubated with topoisomerase | (4 units) in the absence (lane Topol) or
presence of R-132 at the indicated concentration (um). Reactions were stopped
with sodium dodecylsulfate and treatment with proteinase K. DNA samples were
separated by electrophoresis on a 1% agarose gel and then stained with ethidium
bromide. In (B), the same experiment was performed without enzyme. In (C),
supercoiled pKMp27 DNA (0.5 ug; lane DNA) was incubated with topoisomerase Il
(4 units) in the absence (lane Topoll) or presence of the drug at the indicated
concentration (um). Etoposide (Etop) was used at 20 and 100 um, as indicated.
Reactions were stopped by treatment with SDS and proteinase K. DNA samples
were separated by electrophoresis on an agarose gel containing ethidium
bromide (1 ugmL~'). The gels were photographed under UV light. Lin, linear; Rel,
relaxed; Sc, supercoiled.
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does not promote single-stranded DNA cleavage by the enzyme.
At concentrations of 5-10 um, the amount of nicked DNA
molecules remains minimal, which indicates that the drug does
not stabilize topoisomerase-l-DNA covalent complexes. The
observed unwinding effect is typical of an intercalating agent
(Figure 9B).

The DNA relaxation assays performed with human topoiso-
merase |l reveal that R-132 behaves as a poison for this enzyme
(Figure 9C). The stimulation of double-stranded DNA cleavage
manifests itself by the appearance of a band in the gel (between
the nicked and supercoiled forms) corresponding to linear DNA
(Figure 9C). A similar band also appears in the presence of the
hybrid although its intensity is weaker than with the antitumor
drug etoposide, which is known to efficiently stabilize top-
oisomerase-Il - DNA complexes. If we compare these results with
previous data obtained with the netropsin-anilinoacridine
hybrid NetGA,"” it appears that the new trifunctional hybrid is
equally efficient at inhibiting topoisomerase Il compared to its
parent compound. The capacity of the anilinoacridine derivative
to inhibit topoisomerasell is preserved when the ethidium
moiety is incorporated.

Intracellular distribution and cytotoxicity

The fluorescence of ethidium bromide and the ethidium moiety
of R-132 is significantly increased upon binding of the drugs to
DNA (Figure 3). This property can be very useful to locate the
drug molecules in cells providing that they can easily cross the
cell membranes. It is well known that the plasma membrane
strongly limits the uptake of ethidium bromide into cells and
little, if any, fluorescence of DNA-bound ethidium bromide
molecules can be detected in the nuclei if the cells are not
permeabilized. In sharp contrast, no permeabilization is required
for R-132 to enter cells and stain nucleic acids. P388 leukemia
cells were treated with R-132 prior to the analysis of the
intracellular distribution profile of the drug by means of confocal
microscopy. The typical image presented in Figure 10 clearly
shows that the bright red fluorescence is specifically located in
the cell nuclei. These cells are thus fully permeable to R-132,
whereas parallel experiments performed with ethidium bromide
under identical conditions showed practically no intracellular

Figure 10. Intracellular distribution of R-132 (10 um) in P388 murine leukemia
cells visualized by confocal fluorescence microscopy (x 63) after 18 h incubation.
Red fluorescence indicates localization of the drug predominantly in the nuclei.
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fluorescence, unless the cells were permeabilized with ethanol.
The acridine - netropsin moiety of R-132 is probably responsible
for the enhanced uptake, since the drug NetGA has been shown
to enter cells very easily.?®

The cytotoxic potential of R-132 was assessed by a conven-
tional cell growth inhibition assay after 3 days continuous
exposure to P388 mouse leukaemia cells. IC,, values of 0.7, 1.0,
and 0.4 um were measured with R-132, amsacrine, and ethidium,
respectively. The cytotoxic potential of the hybrid compound is
thus comparable to that of the related mono-intercalating
agents.

Discussion

Over the past ten years, we have developed different series of
combilexin molecules containing two distinct DNA-interacting
groups for minor groove binding and intercalation in DNA. 3
We initiated the design of bifunctional molecules that associate a
netropsin/distamycin-like minor-groove binder with a planar
chromophore such as acridine or an ellipticine derivative. We
have also elaborated more complex molecules containing a
DNA-threading intercalator and/or a DNA-cleaving agent.” 20 261
Here, we have extended the strategy to incorporate two
different intercalating agents disposed on both sides of a
crescent-shaped minor-groove binder. The pentamethylenic
carboxamido bispyrrole unit of compound R-132 was selected
to serve as a linker between the acridine and phenanthridine
nuclei while maintaining both the isoconcavity required to
optimally complement the DNA minor groove surface and the
necessary flexibility for intercalation of the second chromophore.
The three DNA-binding groups in R-132 were chosen for their
DNA-binding properties but also for their spectral properties.
The ethidium, anilinoacridine, and netropsin moieties absorb
light at different wavelengths with relatively little overlap, thus
enabling an estimation of their specific interaction with DNA
through the use of different spectroscopic techniques.

The combined UV, CD, ELD, and fluorescence measurements
indicate that the three moieties of the hybrid ligand R-132 are all
implicated in the DNA interaction. It is not possible at the
present time to determine the architecture of the drug-DNA
complex with any greater detail but nevertheless the data are
fully compatible with a model in which the central bispyrrole
unit of the composite molecule occupies the minor groove of
the double helix, with the two appended chromophores
intercalated between adjacent base pairs. The T,, and SPR
measurements reveal that the affinity of the hybrid for DNA is
considerably higher than that of its individual components,
which provides evidence that the three moieties of the hybrid
are engaged simultaneously in the DNA interaction. BlAcore
technology proved extremely useful to determine the kinetic
parameters of the drug-DNA interaction. The fact that the
complex between R-132 and DNA dissociates much more slowly
than the corresponding DNA complex with ethidium is a strong
indication that all the different moieties of the hybrid are
engaged in the interaction. We can safely conclude that we have
succeeded in designing and synthesizing a ligand that binds
tightly to DNA in a concerted intercalation and minor-groove-
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binding mode. However, if both the affinity and stability of the
drug - DNA complex have been significantly increased, this is at
the expense of sequence selectivity because the new hybrid
does not appear to recognize any precise DNA sequence. In our
earlier attempts at designing bifunctional molecules built on the
netropsin intercalator concept, we have always observed that
the AT-selectivity of the netropsin/distamycin moiety was
reduced when an intercalating agent was coupled to the
minor-groove-binding element, whatever the length and flexi-
bility of the linker. Here, the additional gain of DNA affinity is
accompanied by a loss of sequence selectivity. The fact that the
netropsin moiety of R-132 does not play the fully expected role
of recognizing specific sequences suggests that it is probably
not deeply inserted into the minor groove and thus it may not
engage molecular contacts with AT base pairs.

Conclusion

The geometry of the linker has to be optimized in future drug
design with this series. It may be preferable to replace the rigid
bispyrrole linker with a more flexible tether that could better
adapt to the conformational and dynamic characteristics of the
target DNA sequences. For this reason, we are currently
synthesizing new trifunctional hybrid analogues of R-132 that
incorporate peptide linkers able to direct the binding in the DNA
major groove.?”!

At the biological level, the hybrid R-132 shows interesting
properties. It behaves as a conventional poison capable of
stabilizing topoisomerase Il enzyme —DNA covalent complexes.
R-132 produces a significant amount of topoisomerase-II-
mediated double-stranded DNA breaks, as previously observed
with the hybrid NetGA.”! Apparently, the incorporation of the
ethidium moiety has no influence on the capacity of the drug to
inhibit topoisomerase Il. The cytotoxicity of R-132 can thus be
attributed to at least two types of molecular action: DNA binding
and topoisomerase Il inhibition. Several of the most familiar
drugs in the cancer chemotherapeutic arsenal (e.g. daunomycin,
amsacrine, mitoxantrone) are thought to act in this way, by
disorganizing the structures and functions of DNA and top-
oisomerase Il. The preliminary biological evaluation reported
here indicates that R-132 is a potent cytotoxic agent and is
encouraging for the future development of this series of
combilexin molecules.

Experimental Section

Chemical synthesis:

General: Melting points were determined on a Maguenne apparatus
and are uncorrected. The IR spectra were recorded on a Perkin—
Elmer FTIR 1600 spectrophotometer and only the principal sharply
defined peaks are reported. The NMR spectra were recorded on a
Bruker AC-300 spectrophotometer (1H, 300 MHz; '3C, 75 MHz). DCI
mass spectra were measured on a Nermag R10-10C, a quadrupole
instrument, and ESI/HR spectra were acquired on a QTOF/Micromas
mass spectrometer. Thin-layer chromatography was carried out on
Merck GF 254 silica gel plates. Flash chromatography was performed
on silica gel (Silice 60 ACC, 35-70 um).
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4-Nitro-N-(tert-butyloxycarbonylglycyl)aniline (2): Di-tert-butyldi-
carbonate (2.40 g, 11 mmol) and Et;N (1.68 mL, 12 mmol) were added
to a solution of 4-nitro-N-glycylaniline (1; 1.95g, 10 mmol) in DMF
(10 mL). The reaction mixture was stirred at room temperature for
12 h. After addition of water, the precipitate was filtered off, washed
with water, dried, and purified by flash chromatography (dichloro-
methane/MeOH, 100:0-95:5) to give 2 as a yellow powder (2.54 g,
86%). M.p.: 210 °C (Ref. [30]: m.p.: 210°C).

4-Amino-N-(tert-butyloxycarbonylglycyl)aniline (3): A suspension
of nitro derivative 2 (1.8g, 6.10 mmol) in MeOH (300 mL) was
hydrogenated for 4 h at room temperature under a 5-bar pressure in
the presence of 10% Pd on activated charcoal (1 g). The catalyst was
then removed by filtration and the MeOH was evaporated under
reduced pressure. The resulting residue was washed with Et,O to
give 3 as a white solid (1.46 g, 90%). M.p.: 150°C (Ref. [30]: m.p.:
143-145°C).

4-(9-Acridinylamino)-N-glycylaniline dihydrochloride (5): 4-Ami-
no-N-(tert-butyloxycarbonylglycyl)aniline (3; 1.50 g, 5.65 mmol) was
added to a solution of 9-chloroacridine (4; 1.2g, 5.65 mmol) in
phenol (15 mL) at 70-80°C. The reaction mixture was stirred for 1 h
at 75 °C and then cooled to 40 °C. After addition of concentrated HCl
(10 mL) and acetone (100 mL), the stirring was continued for 1 h at
room temperature. The resulting brick-red precipitate was filtered
off, washed with acetone, and then purified by flash chromatog-
raphy (dichloromethane/MeOH, 85:15 to 50:50) to give compound 5
(1.69.9, 72%). M.p.: 258°C [Ref. [30]: m.p.: 258 -260°C (HCI and TFA
salt)].

3,8-Diamino-6-(4-cyanophenyl)phenanthridine (7): A suspension
of compound 684 (2.22g, 6.00mmol) in MeOH (600 mL) was
hydrogenated for 48 h at room temperature under a 5-bar pressure
in the presence of 10% Pd on activated charcoal (1 g). The catalyst
was then removed by filtration and the solvent was evaporated
under reduced pressure to give a brown-red solid (1.66 g, 89%),
which was used without further purification for the next step. IR
(KBr): 7=3410, 3311, 3225, 2224 cm~"; 'H NMR ([Dg]DMSO): 6 =5.60
(4H, brs; 2NH,), 6.88 (1H,d, J=2Hz;H, orH,), 705 (1H,dd, J=2,J=
9 Hz; H, or Hy), 7.08 (1H, d, J=2 Hz; H, or H,), 722 (1H, dd, J=2, J=
9 Hz; H, or Hy), 784 (2H, d, J=9 Hz; H,, Hy), 8.06 2H, d, J=9 Hz; Hs,
Hs), 8.29 (1H, d, J=9 Hz; H, or H,,), 8.40 (1H, J=9 Hz; H; or H,,) ppm;
13C NMR ([DDMS0): 6 = 108.2 (CH), 110.9 (CH), 111.9 (Cg), 116.3 (Cq),
118.9 (CH), 119.8 (CN), 122.4 (CH), 123.0 (CH), 123.6 (CH), 125.1 (Cq),
125.9 (Cq), 131.4 (2CH), 133.2 (2CH), 144.2 (Cq), 145.9 (Cq), 1476 (Cq),
148.9 (Cq), 158.2 (Cq) ppm; MS (DCI/NHs): m/z: 311 [MH]*.

6-(4-Cyanophenyl)-3,8-diethoxycarbonylaminophenanthridine

(8): Ethyl chloroformate (0.9 mL, 9.50 mmol) was added to a solution
of derivative 7 (1.5 g, 4.85 mmol) in pyridine (40 mL) at 15°C. The
reaction mixture was stirred at room temperature for 4.5 h. Addition
of water gave a precipitate, which was washed with water and then
purified by heating at reflux in water (500 mL) for 2.5 h. The resulting
hot suspension was filtered off and the precipitate was washed with
water to provide 8 as a yellow powder (2.09 g, 95%). This product
was used without further purification for the next step. An analytical
sample was purified by flash chromatography (dichloromethane/
MeOH, 90:10). M.p.: 275 -276 °C; IR (KBr): # = 3334, 2232, 1714cm~;
"HNMR ([Dg]DMSO): 6 =1.24 (3H, t; CH,CH,), 1.31 (3H, t; CH,CH,),
414 (2H, q; CH,CH,), 421 (2H, q; CH,CH;), 7.85 (1H, dd, J=2, J=
9 Hz; H, or Hy), 7.92 (2H, d, J=9 Hz; H,, H), 8.00 (1H, dd, J=2, J=
9Hz; H, or H,), 8.10 (2H, d, J=9 Hz; Hy, Hs), 8.21 (1H, d, J=2 Hz; H,
or H,), 8.25 (1H, d, J=2 Hz; H, or H,), 8.67 (1H, d, J=9Hz; H, or Hy,),
877 (1H, d, J=9Hz; H, or Hyy), 10.02 (1H, s; NH), 10.07 (1H, s;
NH) ppm; *C NMR ([D¢g]DMSO): 6 = 15.5 (2CH,), 61.4 (20CH,), 112.4
(Cq), 115.3 (CH), 1175 (CH), 119.7 (CN, Cq), 120.4 (CH), 123.8 (CH),
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123.9 (CH), 124.3 (CH), 125.0 (Cq), 129.2 (Cq), 131.6 (2CH), 133.3
(2CH), 139.1 (Cq), 140.5 (Cq), 144.2 (Cq), 145.1 (Cq), 154.6 (2CO),
159.7 (Cq) ppm; elemental analysis calcd (%) for CyH,,N,O,-1H,0
(472.5): C 66.09, H 5.12, N 11.86; found: C 65.66, H 5.18, N 11.79.

6-(4-Cyanophenyl)-3,8-diethoxycarbonylamino-5-ethylphenan-
thridinium ethyl sulfate (9): A solution of compound 8 (600 mg,
1.32 mmol) and diethyl sulfate (3 mL, 22.9 mmol) in DMF (6 mL) was
heated at 130 °C for 6 h. After cooling, the precipitate was filtered off.
A further amount of diethyl sulfate (1 mL, 7.64 mmol) was added to
the filtrate. After 6 h of heating, a new precipitate was filtered off. The
combined precipitates were washed with a mixture of dichloro-
methane/MeOH (50:50) and then with dichloromethane. Purification
by flash chromatography (dichlomethane/MeOH, 95:5 to 90:10)
yielded a yellow powder (546 mg, 68%). M.p.: 294°C (decomp.); IR
(KBr): 7=3250, 2234, 1728 cm~'; 'H NMR ([Dg]DMSO): 6 =1.10 (3H, t;
CH,CH;), 1.20 3H, t; CH,CH,), 1.30 (3H, t; CH,CH,), 1.50 (3H, t;
CH,CHs), 3.80 (2H, q; CH5CH,50,), 4.15 (2 H, q; OCH,CH,), 427 (2H, q;
OCH,CHs), 4.62 (2H, q; NCH,CH,), 762 (1H, d, J=2 Hz; H,), 8.05 (3H,
m; H,, H,, Hg), 8.35 (3H, m; Hy, Hy, Hs), 8.77 (1H, d, J=2 Hz; H,), 9.06
(1H, d, J=9 Hz; Hp), 9.11 (1H, d, J=9 Hz; H,), 10.25 (1H, s; NH), 10.55
(1H, s; NH) ppm; *CNMR ([Dg]DMSO): 6 =14.8 (CH,), 15.4 (2CH,),
16.2 (CH,), 51.8 (NCH,), 61.9 (OCH,), 62.2 (20CH,), 1074 (CH), 115.0
(Cq), 117.8 (CH), 119.2 (CN), 122.2 (Cq), 122.8 (CH), 124.7 (CH), 126.3
(Cq), 126.4 (CH), 129.7 (CH), 130.6 (2CH), 131.0 (Cq), 134.4 (2CH),
134.7 (Cq), 136.9 (Cq), 141.0 (Cq), 143.3 (Cq), 154.4 (CO), 154.7 (CO),
161.9 (Cq) ppm; elemental analysis calcd (%) for C3,H;,N,O5S - 1H,0
(626.7): C 5749, H 5.47, N 8.94; found: C 5744, H 5.35, N 8.93.

3,8-Diamino-6(4-carboxyphenyl)-5-ethylphenanthridinium (10): A
solution of phenanthridinium salt 9 (517 mg, 0.850 mmol) in 75%
sulphuric acid (8.0 mL) was heated to 130 °C for 7 h. After cooling, the
reaction mixture was poured onto ice and concentrated NaOH was
added until a pH value of 5 was reached. The mixture was
evaporated and the resulting residue was triturated with a mixture
of dichloromethane/MeOH (50:50) and then filtered off. After
removal of the solvent, the residue was purified by flash chroma-
tography (dichloromethane/MeOH, 95:5 to 90:10) to give acid 10 as
a red-purple powder (140 mg, 46 %). M.p.: 217 -218°C; IR (KBr): 7=
3308, 3194 (broad bands), 1618 cm~'; 'TH NMR ([Dg]DMSO): 6 = 1.45
(3H, t; CH,CHs), 4.48 (2H, q; CH,CHs), 5.90 (2H, brs; NH,), 6.23 (1H, d,
J=2Hz; H,),6.35 (2H, brs; NH,), 735 (2H, m; H,, H,), 7.55 (1H, dd, J =
2 Hz, J=9Hz; H), 7.82 (2H, d, J=9 Hz; Hy, Hy), 8.25 (2H, d, J=9 Hz;
Hs, Hs), 8.63 (1H, d, J=9Hz; H,(), 8.68 (1H, d, J=9Hz; H,) ppm;
13C NMR ([Dg]DMSO): 6 = 14.7 (CH,), 50.3 (CH,), 99.4 (CH), 108.7 (CH),
118.6 (Cq), 121.1 (CH), 123.7 (CH), 125.7 (CH), 125.8 (Cq), 128.6 (Cq),
129.0 (CH), 130.0 (2CH), 131.1 (2CH), 133.9 (Cq), 135.2 (Cq), 137.3 (Cq),
149.1 (Cq), 152.2 (Cq), 158.5 (Cq), 167.8 (CO) ppm; MS (DCI/NH;): m/z:
358 [MH]*.

6-tert-Butyloxycarbonylaminohexanoic acid (14): Di-tert-butyldi-
carbonate (13.1 g, 60 mmol) was added to a solution of 6-amino-
hexanoic acid 13 (6.55 g, 50 mmol) in a mixture of 2m NaOH (75 mL),
water (125mL) and dioxane (200 mL). The reaction mixture was
stirred at room temperature for 12 h, and then concentrated. After
acidification with concentrated HCI, the aqueous phase was
extracted with dichloromethane. The combined organic phases
were washed with water, dried over Na,SO,, and evaporated to
afford pure 14 (11.1 g, 96 %). M.p.: 44-46°C, IR (KBr): ¥=3384, 1711,
1687 cm~"; 'TH NMR (CDCl,): =1.40 (13H, m; C(CHs);, 2CH,), 1.55
(2H, m; CH,), 2.28 (2H, t; CH,CO), 3.05 (2H, m; NHCH,), 4.50 (1H, m;
NHCH,), 10.30 (1H, s; OH) ppm; *C NMR (CDCL): 6 = 24.3 (CH,), 26.2
(CH,), 28.4 (3 CH,), 29.6 (CH,), 33.9 (CH,), 40.3 (CH,), 79.2 (0—C), 156.1
(CO), 178.9 (CO) ppm; elemental analysis calcd (%) for C;;H,;NO,
(231.3): €57.12,H9.15,N 6.06; found: C 56.84, H 9.26, N 6.21; MS (ESI):
m/z: 254 [M+Na]*.
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Ethyl 1-methyl-4-[1-methyl-4-[ (5-tert-butyloxycarbonylaminopentyl)-
carboxamido]pyrrole-2-carboxamido]pyrrole-2-carboxylate (15):
A suspension of nitro compound 115 (2.08 g, 6.5 mmol) in MeOH
(600 mL) was hydrogenated for 5h at room temperature under a
5-bar pressure in the presence of 5% Pd on activated charcoal (1 g).
The catalyst was then removed by filtration, and the MeOH
eliminated under reduced pressure. Acid 14 (1.70g, 736 mmol)
and EDC (1.41 g, 737 mmol) were added to the solution of the
resulting oily amine 12 (1.77 g, 94%) in DMF (30 mL). The reaction
mixture was stirred at room temperature for 24 h, and the DMF was
then removed under reduced pressure. The resulting oil was purified
by chromatography (ligroin/EtOAc, 50:50 to 0:100). Compound 15
was purified by dissolution in EtOAc and precipitation by addition of
cyclohexane to give a white solid (2.15 g, 70%). M.p.: 148 -150°C; IR
(KBr): 7=3353, 3309, 3250, 1716, 1702, 1685cm~'; 'HNMR
([DJDMSO): 6 =1.29 (5H, m; CH,CHs, CH,), 1.38 (11H, m; C(CHs),,
CH,), 1.57 (2H, m; CH,), 2.23 (2H, t; CH,CO), 2.90 (2H, m; NHCH,), 3.83
(3H, s; NCH5), 3.85 (3H, s; NCH5), 421 (2H, g; CH,CH,), 6.80 (1H, t;
NHCH,), 6.90, 6.93, 7.19, 745 (4H, 4s; 4pyrrolic H), 9.78 (1H, s; NH),
9.90 (1H, s; NH) ppm; '*C NMR ([DJDMSO0): 6 = 15.3 (CH), 26.1 (CH,
27.1 (CH,), 29.3 (3CHs), 30.4 (CH,), 36.7 (CH,), 37.0 (NCH5), 37.1 (NCH;
39.8 (CH,), 60.4 (OCH,), 78.3 (0—C), 105.1 (CH), 109.5 (CH), 119.3 (CH
119.9 (Cq), 121.6 (CH), 123.2 (Cq), 123.5 (Cg), 123.9 (Cq), 156.6 (CO),
159.4 (CO), 161.4 (CO), 170.5 (CO) ppm; elemental analysis calcd (%)
for CpsH,NsO, (503.6): C 59.63, H 741, N 13.91; found: C 59.51, H 7.34,
N 13.88; MS (ESI): m/z: 526 [M+Na]*.
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1-Methyl-4-[1-methyl-4-[ (5-tert-butyloxycarbonylaminopentyl)-
carboxamido]pyrrole-2-carboxamido]pyrrole-2-carboxylic  acid
(16): A solution of NaOH (0.68 g, 17 mmol) in water (30 mL) was
added to a solution of ester 15 (1.72 g, 3.42 mmol) in MeOH (20 mL).
The mixture was heated at 60 °C for 3 h, cooled, and then acidified to
pH 2 with 6m HCI. After addition of water and stirring overnight, the
precipitate was filtered off, washed with water, and dried to give 16
as a white solid (1.46 g, 90%). M.p.: 180-182°C; IR (KBr): 7=3587,
3392, 3284, 1691, 1689 cm~'; '"H NMR ([Dg]DMSO): 6 =1.28 (2H, m;
CH,), 140 (11H, m; C(CH,);, CH,), 1.58 (2H, m; CH,), 2.24 (2H, t;
CH,CO), 2.91 (2H, m; CH,NH), 3.84 (6H, s; 2NCH,), 6.86 (3H, m;
2 pyrrolic H, NHCH,), 7.17, 745 (2H, 2s; 2 pyrrolic H), 9.80 (1H, s; NH),
9.90 (1H, s; NH), 10.61 (1H, s; COOH) ppm; *C NMR ([D¢]DMSO): 6 =
26.2 (CH,), 27.1 (CH,), 29.3 (3CH,), 30.4 (CH,), 36.7 (CH,), 37.0 (NCH,),
37.1 (NCH5), 39.8 (CH,), 78.3 (OC), 105.1 (CH), 109.5 (CH), 119.2 (CH),
120.6 (Cq), 121.3 (CH), 123.2 (Cq), 123.7 (2Cq), 156.6 (CO), 159.5 (CO),
163.0 (CO), 170.5 (CO)ppm; elemental analysis calcd (%) for
C,3Hs5NsO; (475.5): C 58.09, H 6.99, N 14.73; found: C 57,69, H 6.91,
N 14.36; MS (ESI): m/z: 498 [M+Na]*.

4-(9-Acridinylamino)-N-[4-[[4-[[ (5-tert-butyloxycarbonylamino)-

pentyllcarbonylamino]-1-methylpyrrole-2-yllcarbonylamino]-1-

methylpyrrole-2-carbonyllglycylaniline (17): A solution of acid 16
(1.26 g, 2.65mmol), EDC (924 mg, 4.82 mmol), HOBt (651 mg,
4.82 mmol), acridine 6 (1g, 241 mmol), and Et;N (1.10 mL,
791 mmol) in DMF (50 mL) was stirred at room temperature for
24 h. After removal of the DMF under reduced pressure, the resulting
oil was dissolved in MeOH. Addition of Et,O afforded a precipitate
that was purified by flash chromatography (dichloromethane/MeOH,
95:5 to 85:15) to give 17 as an orange solid (1.31 g, 62 %). M.p.: 227 -
228°C; IR (KBr): 7=3274, 1682, 1636 cm~'; 'TH NMR ([Dg]DMSO): 6 =
1.30 (2H, m; CH,), 1.41 (11 H, m; C(CHs);, CH,), 1.59 (2H, m; CH,), 2.27
(2H, t; CH,CO), 2.92 (2H, m; NHCH,), 3.84 (6 H, s; 2NCH,), 4.05 (2H, d;
NHCH,CO), 6.83 (1H, t; NHCH,), 6.92, 7.00, 7.18, 7.28 (4H, 4s;
4pyrrolicH), 742 (4H, m; arH), 781 (2H, m; arH), 8.01 (4H, m; arH),
8.25 (2H, m; arH), 8.43 (1H, t; NHCH,), 9.80 (1H, s; NH), 9.97 (1H, s;
NH), 10.40 (1H, s; NH), 11.40 (1H, s, NH) ppm; 3C NMR ([Ds]JDMSO):
0=26.2 (CH,), 27.1 (CH,), 29.3 (3CH,), 30.4 (CH,), 36.6 (CH,), 37.1
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(2NCH;), 40.1 (CH,), 43.9 (CH,), 78.4 (0O—C), 105.2 (CH), 105.8 (CH),
114.8 (2Cq), 119.2 (CH), 119.4 (CH), 120.1 (2CH), 121.1 (2CH), 123.1
(Cq), 123.3 (2Cq), 123.7 (Cq), 124.4 (2CH), 125.9 (2CH), 126.8 (2CH),
135.8 (2CH), 1374 (Cq), 139.2 (Cq), 141.2 (2Cq), 155.8 (Cq), 156.6 (CO),
159.5 (CO), 162.7 (CO), 169.1 (CO), 170.6 (CO)ppm; elemental
analysis calcd (%) for CyHNoOg (799.9): C 66.07, H 6.17, N 15.76;
found: C 65.81, H 6.34, N 15.52; MS (ESI): m/z: 800 [MH]*.

4-(9-Acridinylamino)-N-[4-[[4-[ (5-aminopentyl)carbonylamino]-1-
methylpyrrole-2-yllcarbonylaminol-1-methylpyrrole-2-carbonyll-
glycylaniline trifluoroacetate (18): A suspension of derivative 17
520 mg, 0.65 mmol) in TFA (26 mL) was stirred at 0°C for 35 min.
After removal of TFA, the residue was triturated with Et,0. The
resulting precipitate was filtered off and washed with Et,O to afford
an orange powder (525 mg, 100%). M.p.: 198-199°C; IR (KBr): 7=
3266, 3095, 1678 cm~'; 'TH NMR ([Ds]DMSO): 6 =1.36 (2H, m; CH,),
1.58 (4H, m; 2CH,), 2.26 (2H, t; CH,CO), 2.79 (2H, m; CH,—"NH;), 3.84
(6H, s; 2NCH,), 4.02 (2H, d; NHCH,CO), 6.89, 7.00, 7.17, 7.25 (4H, 4s;
4pyrrolic H), 747 (4H, m; arH), 7.66 (3H, brs; NH,), 7.80 (2H, m; arH),
8.00 (4H, m; arH), 8.22 (2H, m; arH), 8.39 (1H, t; NHCH,), 9.81 (1H, s;
NH), 9.92 (1H, s; NH), 10.24 (1H, s; NH), 11.45 (1H, s; NH) ppm;
13C NMR ([Dg]DMSO): 6 = 25.9 (CH,), 26.6 (CH,), 27.9 (CH,), 36.6 (CH,),
37.1 (2NCH,), 39.8 (CH,), 43.9 (CH,), 105.1 (CH), 105.8 (CH), 114.8
(2Cq), 119.2 (CH), 119.4 (CH), 120.2 (2CH), 121.2 (2CH), 123.1 (Cq),
123.3 (2Cq), 123.8 (Cq), 124.5 (2CH), 125.9 (2CH), 126.7 (2CH), 136.1
(2CH), 1374 (Cq), 139.2 (Cq), 141.2 (2Cq), 155.9 (Cq), 159.5 (CO), 162.7
(CO), 169.5 (CO), 170.4 (CO) ppm; MS (ESI): m/z: 700 [M — CF,CO,]*.

R-132: A solution of phenanthridinium acid 10 (154 mg,
0.338 mmol), EDC (130 mg, 0.676 mmol), HOBt (91 mg, 0.676 mmol),
amine 18 (314 mg, 0.338 mmol), and Et;N (0.141 mL, 1.015 mmol)
was stirred at room temperature for 20 h. After addition of Et,O, the
precipitate was filtered off. R132 was purified by flash chromatog-
raphy (dichloromethane/MeOH/1m HCl in MeOH, 90:10:0 to
75:25:0.1) to give R-132 as a red solid (120 mg, 32%). M.p.: 302 -
304°C (decomp.); IR (KBr): 7=3334, 1644 (broad bands)cm-7;
"HNMR ([DgIDMSO): 6 =1.40 (5H, m; NCH,CH,, CH,), 1.65 (4H, m;
2CH,), 2.30 (2H, t; CH,CO), 3.40 (2H, m; NHCH,), 3.81 (3H, s; NCH5),
3.82 (3H, s; NCH,), 4.05 (2H, m; NHCH,CO), 4.46 (2H, m; *NCH,CH5),
6.00 (2H, brs; NH,), 6.25 (1H, m; arH), 6.45 (2H, brs; NH,), 6.92, 6.98,
7.20,7.26 (4H, 4s; 4arH), 745 (7H, m; arH), 7.81 (4H, m; arH), 8.00 (2H,
m; arH), 8.10 (2H, m; arH), 8.25 (4H, m; arH), 8.42 (1H, t; NHCH,), 8.65
(2H, m; arH), 8.90 (1 H, t; NHCH,), 9.90 (1H, s; NH), 10.00 (1H, s; NH),
10.50 (1H, s; NH), 11.60 (1H, s, NH), 11.90 (1H, s, NH) ppm; '*C NMR
([Dc]DMSO): 6 =14.7 (CH5), 26.2 (CH,), 27.3 (CH,), 30.0 (CH,), 36.6
(CH,), 37.1 (2NCHS,), 40.3 (CH,), 43.9 (CH,), 50.2 (NCH,), 99.3 (CH),
105.2 (CH), 105.8 (CH), 108.7 (CH), 114.7 (2Cq), 118.5 (Cq), 119.2 (CH),
119.4 (CH), 120.2 (2CH), 121.3 (3CH), 123.1 (Cq), 123.3 (Cq), 123.4
(Cq), 123.6 (Cq), 123.7 (CH), 124.5 (2CH), 125.7 (2CH), 125.9 (Cq),
126.1 (2CH), 126.8 (2CH), 128.5 (Cq), 129.0 (CH),129.1 (2CH), 129.6
(2CH), 135.2 (Cq), 135.6 (Cq), 136.0 (2CH), 137.3 (Cq), 137.4 (Cq), 139.4
(Cq), 141.2 (2Cq), 149.1 (Cq), 152.2 (Cq), 156.0 (Cq), 158.8 (Cq), 159.5
(CO), 162.6 (CO), 166.1 (CO), 169.6 (CO), 170.6 (CO) ppm; HRMS: m/z
calcd for [M — 2Cl1**: 520.2405; found: 520.2382.

Chemicals and biochemicals: Calf thymus DNA and the double-
stranded polymers poly(dAT), and poly(dGC), were purchased from
Sigma Chemical Co. (La Verpilliere, France). Calf thymus DNA was
deproteinized with SDS. All other chemicals were analytical grade
reagents.

Absorption spectra and melting temperature studies: Melting
curves were measured with an Uvikon 943 spectrophotometer
coupled to a Neslab RTE111 cryostat. For each series of measure-
ments, 12 samples were placed in a thermostatically controlled cell-
holder, and the quartz cuvettes (10 mm pathlength) were heated by
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circulating water. Measurements were performed in BPE buffer (6 mm
Na,HPO,, 2 mm NaH,PO,, 1 mm ethylenediaminetetraacetate (EDTA);
pH 7.0). The temperature inside the cuvette was measured with
a platinum probe; it was increased over the range 20-100°C with
a heating rate of 1°Cmin~". The “melting temperature” (T,) was
taken as the midpoint of the hyperchromic transition. The Uvi-
kon 943 spectrophotometer was also used to record the absorption
spectra.

Determination of binding constants by surface plasmon reso-
nance (SPR): The 5"-biotin-substituted hairpin DNA oligonucleotide
used for the SPR studies (5-biotin-dCGAATTCGTCTCCGAATTCG-3',
hairpin loop underlined) was obtained as an HPLC-purified product
from Eurogentec. Ethidium bromide (Aldrich) is readily soluble in
water. A stock solution (80 um) of the drug R-132 was prepared in
water. Surface plasmon resonance (SPR) measurements were
performed with a four-channel BlAcore 3000 optical biosensor
system and streptavidin-coated sensor chips (SA). To prepare the
sensor chips for use, they were conditioned with several consecutive
1-min injections of 1m NaCl in 50 mm NaOH followed by two 1-min
injections of 0.1% SDS in 3.5 mm EDTA and extensive washing with
HBS-EP buffer (0.01m 2-[4-(2-hydroxyethyl)-1-piperazinyllethanesul-
fonic acid, pH 7.4, 0.15m NaCl, 3 mm EDTA, 0.0005% Surfactant P20,
sterile filtered and degassed buffer obtained from Biacore). Nearly
the same amounts of 5'-biotinylated oligomers (25 nm) in HBS-EP
buffer were immobilized on the surface by noncovalent capture with
one of the flow cells left blank as a control. Manual injection was
used with a flow rate of 2 uL min~" to achieve long contact times with
the surface and to control the amount of DNA bound to the surface.
Solutions of compound with known concentrations were prepared
in filtered and degassed buffer by serial dilutions from stock solution
and passed over the immobilized DNA surfaces for a predetermined
time period (typically 10-20 min) at a flow rate of 30 uL min~" and at
25°C. Buffer flow alone over 20 min was sufficient to dissociate the
drug from the DNA for surface regeneration.

Average fitting of the sensorgrams at the steady-state level was
performed with the BlAevaluation 3.0 program. To obtain the affinity
constants, the results from the steady-state region were fitted with a
one-site interaction model by using Kaleidagraph for nonlinear least
squares optimization of the binding parameters from the following
equation:

r= (nKeq X Cfree)/“ “F Keq X Cfree)

where r represents the moles of bound compound per mole of DNA
hairpin duplex, K., is the macroscopic binding constant, G, is the
compound concentration in equilibrium with the complex fixed by
the concentration in the flow solution, and n is the number of
compound binding sites on the DNA duplex. The r values are
calculated from the ratio RU/RU,,., where RU is the steady-state
response at each concentration and RU,,., is the predicted RU value
for binding of a single compound to the DNA on a flow cell. The
RU,.x Value is determined from the DNA molecular weight, amount
of DNA on the flow cell, the compound molecular weight, and the
refractive index gradient ratio of the compound and DNA.B® The
Kvalues are determined for each set of sensorgrams by nonlinear
least square fitting of r versus Cq.. plots for compound bound to each
DNA.

Circular dichroism: CD spectra were recorded on a Jobin - Yvon CD6
dichrograph interfaced to a microcomputer. Solutions of drugs,
nucleic acids, and their complexes (3 mL in 1 mm sodium cacodylate
buffer, pH 7.0) were scanned in 2-cm quartz cuvettes. Measurements
were made by progressive dilution of drug - DNA complex at a high
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P/D (phosphate/drug) ratio with a pure ligand solution to yield the
desired drug/DNA ratio. Four scans were accumulated and automati-
cally averaged.

Electric linear dichroism measurements (ELD): ELD measurements
were performed with a computerized optical measurement system
by the procedures previously outlined.®? All experiments were
conducted with a 10-mm-pathlength Kerr cell with a 1.5-mm
electrode separation. The samples were oriented under an electric
field strength varying from 1 to 14 kVcm~'. The drug was present at
10 um concentration together with the DNA or polynucleotide at
200 um concentration unless otherwise stated. This electro-optical
method has proved most useful to determine the orientation of the
drugs bound to DNA. It has the additional advantage that it senses
only the orientation of the polymer-bound ligand. Free ligand is
isotropic and does not contribute to the signal.*%

DNase | footprinting: The 176-bp DNA fragment was prepared by
3'-[*2P]-end labeling of the EcoRI - Pvull double digest of the plasmid
pTUC with a-[*?P]-dATP (3000 Cimmol~', Amersham, Buckingham-
shire, England) and AMV reverse transcriptase. DNase | footprinting
experiments were performed essentially as previously described.*!
Briefly, samples (3 pL) of the labeled DNA fragment were incubated
with the buffered solution (5 plL) containing the ligand at appropriate
concentration. After 30 min incubation at 37 °C to ensure equilibra-
tion of the binding reaction, the digestion was initiated by the
addition of a DNase | (2 uL, 0.01 unitmL™"). After 3 min, the reac-
tion was stopped by freeze-drying. Samples were lyophilized
and resuspended in an 80% formamide solution (5pL) con-
taining tracking dyes. The DNA samples were then heated at
90°C for 4min and chilled in ice for 4 min prior to electro-
phoresis.

Topoisomerase-mediated DNA relaxation: Supercoiled pKMp27
DNA (0.5 pg) was incubated with 4 units human topoisomerase | or Il
(TopoGen) at 37°C for 1h in relaxation buffer (50 mm tris(hydrox-
ymethyl)aminomethane (pH 7.8), 50 mm KCI, 10 mm MgCl,, 1 mm
dithiothreitol, 1T mm EDTA and ATP) in the presence of varying
concentrations of the test compounds. Reactions were terminated
by addition of SDS to 0.25% and proteinase K to 250 pgmL~". DNA
samples were then added to the electrophoresis dye mixture (3 pL)
and were electrophoresed in a 1% agarose gel containing ethidium
bromide (1 ug mL~") at room temperature for 2 h at 120 V. Gels were
washed and photographed under UV light.

Cell cultures and survival assay: Murine P388 murine leukemia cells
were grown at 37 °C in a humidified atmosphere containing 5% CO,
in RPMI 1640 medium, supplemented with 10% fetal bovine serum,
glutamine (2 mm), penicillin  (100lUmL-") and streptomycin
(100 ug mL~"). The cytotoxicity of the drug was assessed by using a
cell proliferation assay developed by Promega (CellTiter 96 Aqueous
One Solution Cell Proliferation Assay). Briefly, 2 x 10* exponentially
growing cells were seeded in 96-well microculture plates with
various drug concentrations in a volume of 100 uL. After 72 h
incubation at 37 °C, the aqueous soluble tetrazolium dye (20 uL of
MTSH2) was added to each well and the samples were incubated for
a further 3h at 37°C. Plates were analyzed on a Labsystems
Multiskan MS (type 352) reader at 492 nm.

Fluorescence microscopy: The cells (20000 cellscm=2) were incu-
bated at 37 °C with R-132 (10 um) for 18 h. The medium was removed
and cells were rinsed with ice-cold phosphate-buffered saline for
10 min prior to fixation with a 2% paraformaldehyde solution for
20 min at 4°C. A drop of antifade solution was added and the treated
portion of the slide was covered with a glass coverslip. The
fluorescence of the drug was detected and localized by confocal
microscopy with a Leica DMIRBE microscope controlled by a Leica
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TCS-NT workstation (Leica Microsystems, Bensheim, Germany) with a
63 x 1.32 NA oil objective, equipped with a 75 mW argon-krypton
laser line.
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Synthesis and Biological

Evaluation of

Pyrazolylnaphthoquinones as New Potential
Antiprotozoal and Cytotoxic Agents

Norma R. Sperandeo* and Reto Brun™®

The importance of American trypanosomiasis (Chagas’ disease) in
human pathology is widely known. The prognosis of this disease is
poor and the choice of effective medicines limited, thus study of
new drugs is absolutely necessary. In this work, the activities of
three new pyrazolylnaphthoquinones, heterocyclic naphthoqui-
nones bearing 3-aminopyrazole rings, were evaluated on Trypa-
nosoma cruzi, the etiological agent of Chagas’ disease. These
activities were compared with those of three 5-aminoisoxazole
analogues. In addition, since these compounds belong to a family
of antiprotozoal and cytotoxic/antitumor agents, the activities of
all six against Plasmodium falciparum, Trypanosoma brucei
rhodesiense, and murine (-6 cells were also investigated. In the
biological tests, five of the compounds showed significant in vitro

Introduction

American trypanosomiasis (Chagas’ disease) is caused by the
hemoflagellate Trypanosoma cruzi and transmitted by reduviid
bugs. It is the most lethal parasitic disease in the tropics and
subtropics of North and South America and causes over one
million cases of infection annually and more than 50000 deaths
per year. Currently, there are between 16 - 18 million chronically
infected carriers of Chagas’ disease, and more than 100 million
people at risk.["

Despite its epidemiological importance, the chemotherapy of
Chagas’ disease is still an unsolved problem. In fact, there is
neither a vaccine nor a recommended drug available to prevent
the disease."" Moreover, once the infection has progressed to its
later stages, no medication has proven to be effective. The drugs
currently available, benznidazole and nifurtimox, although very
helpful when given during the acute stage of infection, are
ineffective in the chronic period and produce adverse side
effects because of their toxicity.” More research to discover and
develop new drugs to cure the chronic stage of the infection is
therefore needed.

The broad spectrum of biological activities of quinones, either
natural or synthetic, has been extensively studied, and ranges
from antimicrobial® to antineoplastic properties."”

Our group’s interest in quinone chemistry prompted us to
give special attention to the synthesis™ and biological properties
of isoxazolylnaphthoquinones.'? We found that several members
of the series were active against Trypanosoma cruzi, although at
higher concentrations than needed for other quinones.®!

ChemBioChem 2003, 4, 69-72 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

trypanocidal activities against T. cruzi, with activities similar to that
of benznidazole. Two of the 5-aminoisoxazole analogues also
showed good activities, in one case highly selective, against the K1
and NF54 strains of P. falciparum (ICs, < 0.12 ugmL~'"). Three of the
compounds were cytotoxic to murine -6 cells (IC;,=0.21-
0.50 ugmL~"). The results suggested that the three pyrazolylnaph-
thoquinones and one of the 5-aminoisoxazole analogues could be
starting points for lead optimization programs against T. cruzi and
P. falciparum, respectively.

KEYWORDS:

antimalarial agents - antiprotozoal agents - biological activity
- heterocycles - quinones

In order to identify derivatives with the best activities, the
influence of a different heterocyclic substituent on the activity of
isoxazolylnaphthoquinones against T.cruzi was investigated.
Here, the activities of three new heterocyclic naphthoquinones
derived from 3(5)-aminopyrazole (1)—the pyrazolylnaphthoqui-
nones 3-5 (Scheme 1)—were therefore evaluated in vitro
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3
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Scheme 1. Reagents and conditions for the synthesis of pyrazolylnaphthoqui-
nones 3-5.
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against T cruzi and compared with those of three 5-amino-
isoxazole analogues (6 - 8). In addition, since 3 -8 belong to the
quinone family, their antiprotozoal and cytotoxic activities
against Plasmodium falciparum, Trypanosoma brucei rhodesiense,

and murine -6 cells were also tested.
‘#’H ‘#
M M

Me Me

Results
Chemistry

Preliminary experiments investigating the reaction between 1
and sodium-1,2-napthoquinone-4-sulfonate (2) showed that the
reaction pathway was governed by the medium.

Basic, neutral, and mildly acidic conditions

The synthesis of 3 (Scheme 1) proceeded readily in buffer
phosphate (pH 10.4), in distilled water (pH 7.0), and in citrate -
phosphate buffer (pH 4.0 and 2.0). The reaction was monitored
by TLC (in different adsorbent and solvent systems) and paper
electrophoresis, which showed that 3 was a chromatographically
and electrophoretically homogeneous product.

Acidic conditions

When the reaction between 1 and 2 was carried out in aqueous

HCI (0.5n) at room temperature, a mixture of 3 (20%), 4 (5%),

and 5 (40 %) was obtained (Scheme 1). Compounds 4 and 5 were

also found to be chromatographically and electrophoretically
homogeneous products.

The structures of 3-5 were verified by analytical and
spectroscopic data obtained by MS, FTIR spectroscopy, and 'H,
3C, and 2D NMR spectroscopy. The following trends in the
"H NMR spectra (DMSO-d,) of 3 -5 were observed:

1) The chemical shift of the NH-pyrazole proton was large (0 =
12.5, exchangeable by D,0), which is consistent with
literature data.”

2) The pyrazole protons appeared as doublets, with the H-5'
proton resonance at lower field than its H-4' counterpart, as
observed in other pyrazole derivatives.

3) Spectra obtained at different concentrations (0.04m and
0.16m) did not show duplicated signals, fractional integra-
tions, or concentration effects, which suggests that no
tautomeric mixtures or self-association were present in
DMSO.
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Biological and cytotoxic activities

The results of the biological evaluation of 3-5 against T. cruzi,
T. b. rhodesiense, and P. falciparum are presented in Table 1, which
also contains data for the isoxazolylnaphthoquinones 6 -8 for
comparison.

Table 1. In vitro antiprotozoal and cytotoxic activities of 3-8 against T. cruzi,
T. b. rhodesiense, P.falciparum, and murine 1-6 cells.l’!

Compound T.cruzi T.b.rhodesiense P. falciparum Cytotoxicity
K1 NF54 L-6 cells

Standard 0.56® 0.0061 0.067' 0.003 -
0.0015% 0.0028

3 087 1.2 2.31 2.95 1.35

4 069 04 1 1.46 0.21

5 043 04 0.84 1.36 0.21

6 456 3.64 8.78 >10 4.5

7 0.65 047 0.1 0.16 0.5

8 1285 0.92 0.12 0.19 51

[a] The figures reported are ICs, values in ugmL~". IC5, =the concentration
required to give 50% inhibition. Standards: [b] benznidazole, [c] melarso-
prol, [d] chloroquine, [e] artemisinin.

Compounds 3-5 exhibited good inhibitory activity against
T. cruzi, with 1Cs, values in a range comparable to that of
benznidazole (ICs,: 0.56 ug mL™"). It is noteworthy that 3-5 are
more active than 6 (ICsy: 4.56 pgmL~'), the prototype of this
group of drugs, which was previously® found to be active
against T. cruzi in vitro and in vivo without inducing toxic effects
on Balb/c mice even at doses of 1300 mgkg~". It is also
remarkable that 4 and 7, which are 1,2-quinones, were more
potent than the quinone imines 3 and 6, which suggests that
different mechanisms of action may be involved.”’

Activity against T. b. rhodesiense was less pronounced and far
weaker than the activity of the standard drug melarsoprol.
However, 4, 5, and 7 were more active than the other derivatives
tested, with ICs, values < 0.5 ugmL~" (Table 1).

In terms of their antimalarial activity, 3-6 were found to be
inactive against the P. falciparum strains K1 (resistant to chlor-
oquine and pyrimethamine) and NF54 (sensitive to all known
drugs). Their ICs, values were in a range (0.84 to > 10 ugmL~")
outside the threshold set for activity (0.5 pgmL™"). In contrast, 7
and 8 showed good antimalarial activity, with 1Cs, values below
0.2 ug mL=". Compound 8 is of particular interest because it has a
highly selective activity against P. falciparum, shows no cytotox-
icity, and is also structurally distinct from existing antimalarial
agents (Table 1).

All the compounds except for 8 showed some degree of
cytotoxicity for the -6 cells. Examination of the data in Table 1
shows that 3 -5 were more cytotoxic than 6 -8. Compounds 4
and 5 have to be considered cytotoxic (ICs: 0.21 ugmL~").
Compound 7 was slightly less cytotoxic (ICsy: 0.50 ug mL~") than
4 and 5, but its good antiparasitic activities could also lack
specificity. In contrast, 8 showed no cytotoxicity for the -6 cells
(ICs: 51 pgmL").
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Discussion

These results provide evidence of in vitro activity of the
compounds under investigation against T. cruzi and P falcipa-
rum. On the basis of their promising activity against T. cruzi,
compounds 3-5 could have potential as leads, provided that
their cytotoxicity can be circumvented. Likewise, the highly
selective activity of 8 against P. falciparum warrants investigation
of its potential as an antiplasmodial agent, which should be
taken as the starting point for a lead optimization program
against this parasite. Previous studies® have reported the
susceptibility of P.falciparum to naphthoquinones, but there
are no previous descriptions of antiplasmodial activity of 8.

Modification of the heterocyclic substituent on the C-2 and
N positions of 6 -8, studied here, indicated that such substitu-
tion can increase the antiprotozoal and cytotoxic effect in vitro. If
the activity of 3-8 against -6 cells is compared with the
trypanocidal activity, the correlation is highly significant. In this
context, it was previously observed® " that some isoxazolyl-
naphthoquinones affected T. cruzi in a similar way to o-quinones,
which inhibit growth and DNA synthesis in T. cruzi and stimulate
oxygen uptake and superoxide anion generation by the para-
sites epimastigotes, although direct inhibition of enzyme
reactions could also take place. These results support the idea
that the effects of 6 and 7 were mostly connected with the o-
quinone function. In contrast, it seems that the degree of
cytotoxic and antiprotozoal activity in 3-5 was mainly depend-
ent on the heterocyclic moiety. In fact, 3 was more cytotoxic than
6, while 5 showed cytotoxicity, quite the opposite of 8, which is
not cytotoxic. These findings offer some insight into the design
of more efficacious drugs by suggesting that the trypanocidal
and the cytotoxic activities might be separated by molecular
modification. On the other hand, the cytotoxic action of 3-5
raises some interesting questions concerning their potential as
antitumor molecules, since it is known that several therapeutic
drugs, such as lapachona'” azaserine, and mechloroetha-
mide," have simultaneously shown antiparasitic and anticancer
activities, though through different mechanisms. Thus, further
studies are necessary to evaluate the possible correlation
between the antiprotozoal and the cytotoxic activity of this
family of compounds.

Experimental Section

Melting points (m.p.s) were determined by differential scanning
calorimetry (DSC) on a MDSC 2920 differential scanning calorimeter
(TA Instruments, Inc.) Yields of solids refer to crude products. IR (KBr),
mass, and NMR spectra were recorded on Nicolet 5-SXCFTIR,
Finningan 3300, and Bruker AC 200 (equipped with an Aspect 3000
computer) spectrometers, respectively. '*C NMR spectra (broad-band
decoupled and destortionless enhancement by polarization transfer
(DEPT)) were taken with approximately 0.16 m solutions; the center of
the solvent peak was used as an internal standard, which was related
to tetramethylsilane (TMS) [0 = 39.50 ppm for DMSO-d]. The 'H and
13CNMR signals were assigned by comparing chemical shifts of
model substances described in the literature [3(5)-aminopyrazole
(@also run in DMSO-d¢ in order to obtain values suitable for
comparison), pyrazole,”! pyrazole derivatives,® and isoxazolylnaph-
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thoquinones”!], and also by selective proton decoupling and 2D
NMR spectroscopy [HETCOR experiment]. The NMR and FTIR spectra
were processed by use of the Mestre-C [Magnetic Resonance
Companion, J.C. Cobas, J. Cruces, and FJ. Sardina (1996 -1998)]
and OMNIC 1.0 programs, respectively. High-resolution mass spectra
(HRMS) were obtained at the McMaster Center for Mass Spectrom-
etry, Canada. 3-Aminopyrazole (98% purity) was purchased from
Aldrich, Co. Compounds 6-8 were synthesized and purified by a
reported procedure.’>?

2-Hydroxy-N-[3(5)-pyrazolyl]-1,4-naphthoquinone-4-imine (3): A
solution of 1 (0.083 g, 1 mmol) in water (10 mL) was added to a
solution of 2 (0.260 g, T mmol) in phosphate buffer (pH 10.4, 50 mL).
The reaction mixture was stirred for 30 min at room temperature.
After that, the mixture was filtered off, washed with water, and dried
to give 3 (0.169 g, 71 % yield). The crude product was recrystallized
from dimethyl sulfoxide (DMSO)/water. M.p. (DSC): 264.6°C (dec.);
H NMR (200 MHz, DMSO-d,, 25 °C, TMS): 6 =6.35 (d, 1H; H-4'), 6.87
(brs, 1H; H-3), 7.70 (td, 1H; H-6), 7.83 (d, 1H; H-5), 7.86 (td, 1H; H-7);
8.03 (dd, 1H; H-5), 8.38 (dd, 1H; H-8), 9.88 (brs, 1H; 2-OH, disappears
with D,0), 12.84 (brs, 1H; NH, disappears with D,0) ppm; *C NMR
(200 MHz, DMSO-d,, 25 °C, TMS): 6 =98.8 (C-4'), 102.9 (C-3), 123.6 (C-
8), 127.9 (C-5), 129.5 (C-9 and C-5), 130.8 (C-10 and C-6), 133.9 (C-7),
147.2 (C-3'), 151.5 (C-2), 176.6 (C-4), 180.8 (CO) ppm; IR (KBr): 7=
3237/3138 (NH, OH), 1693 (CO), 1606/1532 (C=N) cm~'; MS (70ev):
m/z (%): 239 (80) [M]*, 240 (100) [M+11*, 212 (50)[M — 271", 27 (18);
HRMS: m/z found: 239.067 [M]*; C,5HoN;0, calcd: 239.0694.

N-(3(5)-Pyrazolyl)-1,2-naphthoquinone-4-amine (4) and 2-N-(3(5)-
pyrazolylamino)-1,4-naphthoquinone-4-imine (5): A solution of 1
(1.66 g, 20 mmol) in water (50 mL) was added to a solution of 2
(2.60 g, 10 mmol) in aqueous HCl (0.5N, 70 mL). The mixture was
stirred for 30 min at RT and then extracted three times with ethyl
acetate. The organic extracts were collected and then extracted with
aqueous NaOH (0.05 n), washed with water, dried with Mg,SO,, and
evaporated under reduced pressure to give a deep red crude
product, which was purified by radial preparative chromatography
on silica gel. Compound 4 was eluted with benzene/ethyl acetate
(4:1) and 5 with benzene/ethyl acetate (3:2). Both solids were
recrystallized from absolute methanol.

Compound 4: M.p. (DSC): 251.7°C; 'HNMR (200 MHz, DMSO-d,
25°C, TMS): 6 =6.38 (d, 1H; H-4'), 740 (s, 1H; H-3), 7.68 (d, 1H; H-5),
777 (m, 1H; H-6), 7.85 (m, 1H; H-7), 795 (m, 1H; H-5), 8.05 (m, 1H;
H-8), 9.54 (brs, 1H; 4-NH, disappears with D,0), 12.52 (brs, 1H; NH,
disappears with D,0) ppm; '>*C NMR (200 MHz, DMSO-d,, 25 °C, TMS):
0=96.9 (C-4'), 106.5 (C-3), 125.2 (C-5), 126.1 (C-8), 129.1 (C-9*), 130.4
(C-5'), 132.6 (C-10%), 132.5 (C-6), 134.8 (C-7), 143.3 (C-3), 148.7 (C-4),
181.9 (CO), 182.6 (CO) ppm (*:interchangeable); IR (KBr): 7=3263
(NH), 1676/1628 (CO), 1608/1533 (C=N) cm~'; MS (70ev): m/z (%): 240
(23) [M+1]*, 213 (25)[M+1 —27]*, 68 (33), 44 (100); HRMS: m/z
found: 239.069 [M]*; C,;H.N;0, calcd: 239.0694.

Compound 5: M.p. (DSC): 270.2°C (dec.); '"H NMR (200 MHz, DMSO-
dg, 25°C, TMS): 0 = 6.27 (d, 1H; H-4'%), 6.37 (d, 1H; H-4""%), 7.66 (s, 2H;
H-3 and H-5'), 7.77 (td, 1H; H-6), 7.84 (td, 1H; H-7), 8.16 (dd, 1H; H-5),
8.43 (d, 1H; H-5""%),8.50 (dd, 1 H; H-8), 9.34 (brs, 1H; 2-NH, disappears
with D,0), 12.48 (brs, 1H; NH, disappears with D,0), 12.96 (brs, 1H;
NH, disappears with D,0) ppm (* interchangeable); 'C NMR
(200 MHz, DMSO-dg, 25°C, TMS) 6 =96.0 (C-4’ and C-4"), 101.4 (C-
3), 124.7 (C-5" and C-8), 125.9 (C-5), 128.7 (C-10%), 128.9 (C-5), 129.9
(C-9%), 130.3 (C-6), 133.4 (C-3'and C-7), 135.1 (C-3"), 139.1 (C-2), 149.2
(C-4), 180.6 (CO) pm (*: interchangeable); IR (KBr): 7 = 3296 (NH), 1656
(CO), 1605/1533 (C=N) cm~'; MS (70ev): m/z (%): 304 (94) [M]*+, 305
(100) [M+11*, 277 (11) [M — 27]*, 83 (42), 41 (67), 27 (33); HRMS: m/z
found: 304.104; C,¢H;,N4O calcd: 304.107.
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Biological screening tests:

T. cruzi: Rat skeletal myoblasts (-6 cells) were seeded in 96-well
microtiter plates at 2000 cells/well/100 pL in RPMI 1640 medium with
10% fetal bovine serum and L-glutamine (2 mm). After 24 hours,
5000 trypomastigotes of T. cruzi (Tulahuen strain C2C4 containing
the (-galactosidase (lac Z gene)) were added (100 uL per well) with
serial drug dilutions. The plates were incubated at 37°C in 5% CO,
for 4 days. After 96 hours, the substrate (CPRG/Nonidet) was added
to the wells. The color reaction, which developed during the
following 2-4 hours, was read photometrically at 540 nm. Optical
density values were expressed as percentages of the control, and ICs,
values were calculated from the sigmoidal inhibition curve.

T. b. rhodesiense: Minimum essential medium (MEM; 50 uL), supple-
mented according to Baltz et al."? with 2-mercaptoethanol and 15 %
heat-inactivated horse serum, was added to each well of a 96-well
microtiter plate. Serial drug dilutions were added to the wells,
followed by a trypanosome suspension (T. b. rhodesiense STIB 900,
50 uL). After incubation for 72 hours at 37°C under a 5% CO,
atmosphere, Alamar Blue (10 puL) was added to each well, and
incubation was continued for a further 2-4 hours. The plate was
then read with a Millipore Cytofluor 2300 instrument by use of an
excitation wavelength of 530 nm and an emission wavelength of
590 nm.!"3! Fluorescence development was expressed as percentage
of the control and the ICs, values were determined.

P. falciparum: Antiplasmodial activity was determined with the
P. falciparum strains K1 and NF54. A modification of the [HI-
hypoxanthine incorporation assay™ was used. Briefly, infected
human red blood cells were exposed to serial drug dilutions in
microtiter plates for 72 hours. Viability was assessed by measuring
the incorporation of [*H]-hypoxanthine during the final 24 hours of
incubation by liquid scintillation counting. Counts were expressed as
percentages of the control and presented as sigmoidal inhibition
curves. ICs, values were calculated by linear interpolation with
selection of values above and below the 50% mark, according to
Hills et al.l'™

Cytotoxicity for L-6 cells: The determination of the cytotoxicity was
performed with -6 rat skeletal myoblast cells according to a
previously reported procedure.!"s! Briefly, -6 cells were seeded in 96-
well microtiter plates at a density of 10° mL~" in MEM supplemented
with 10% heat-inactivated fetal bovine serum. A three-fold serial
dilution ranging from 90 to 0.123 ug mL~" in test medium was added.
The plates were incubated as described for the antitrypanosomal
assay. After 70 hours, Alamar Blue (10 pL) was added to each well and
incubation was continued for a further 2-4 hours. The plate was
then processed in the same way as described for T. b. rhodesiense.
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Conformational Features of Human Melanin-
Concentrating Hormone: An NMR and

Computational Analysis

Rosa Maria Vitale,® Laura Zaccaro,® Benedetto Di Blasio,! Roberto Fattorusso,®!
Carla Isernia,® Pietro Amodeo,” Carlo Pedone,? and Michele Saviano*®

The conformational features of human melanin-concentrat-
ing hormone (hMCH) [Asp1-Phe2-Asp3-Met4-Leu5-Arg6-cyclo-
(S—=S)(Cys7-Met8-Leu9-Gly10-Arg11-Val12-Tyr13-Arg14-Pro15-

Cys16)-Trp17-GIn18-Val19], in water and in a CD;CN/H,0 (1:1 v/v)
mixture at 298K, have been determined by NMR spectroscopy
followed by simulated annealing and molecular dynamics analyses
to identify conformer populations. Backbone clustering analysis of
NMR-spectroscopy-derived structures in the 7-16 peptide region
led to the identification of a single representative structure in each
solvent. Both root mean square deviation clustering and secondary
structure analysis of the final conformers in both solvents show
substantial convergence of most conformers into a single fold in
the 4- 17 region, with a limited variability around Gly10 and Tyr13

Introduction

Melanin-concentrating hormone (MCH), a hypothalamic, heter-
odetic, cyclic peptide, was initially identified in teleost fish as a
regulator of pigmentary changes in background adaptation." 2
MCH was later also found in mammals, in which it plays a
particular role in the regulation of food intake behaviour and
associated pathologies such as obesity.5® This peptide also
appears to be involved in numerous biological functions, such as
regulation of the hypothalamic- pituitary-adrenal axis and
energy balance.™® Considerable interest has been focused on
the role of MCH in regulation of feeding behaviour, because
pharmacological and genetic evidence in rodents suggests that
compounds capable of mimicking or inhibiting the action of
MCH might be useful in the treatment of eating disorders."”

An MCH-specific receptor, found mainly in the hypothalamus,
has been detected in humans and recognized as a member of
the G-protein-coupled receptors (MCH-1R).'"-'® Recently, a
second receptor specific for human MCH has been identified
and named hMCH-2R.'”-'"1 MCH-2R has approximately 38%
sequence identity with MCH-1R. The discovery of the MCH-1R
receptor was the starting point for the identification of the
ligand binding domains on the receptor protein, the design of a
molecular model of the MCH receptor, and the docking of the
cyclic MCH ligand into the putative transmembrane binding
domain.

Several studies have been carried out on human MCH peptide
(hMCH; Scheme 1) in order to determine the residues important for
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on going from CD;CN/H,O to pure water. The main feature
deduced from the analysis of secondary structures is the occurrence
of an N-terminal o helix of variable length, which spans an overall
residue range of 2-9. A comparative analysis in the two solvents
highlights that these structures are substantially different from that
reported in the literature for the cyclic MCH(5-14) subunit of
salmon MCH, which was used to perform a molecular character-
ization of the MCH/receptor complex. Our conformational data call
for a critical revision of the proposed MCH/receptor complex
model.

KEYWORDS:

conformation analysis - hormones -
NMR spectroscopy - simulated annealing

molecular dynamics -

D‘FDMLR(IZMLGRVYRPJCWQV19

DlTMR(IZMVGRVYRP(l?WQV”

Scheme 1. Amino acid sequences of human (top) and salmon (bottom) MCHs.

receptor binding.!"" 2231 |n particular, these studies underline the
importance for biological activity of the residues Arg6, Met8,
Arg11, and Tyr13, and also of the disulfide S—S bridge between
the Cys residues.l's! Recently, the biological activity of a peptide
incorporating the hMCH cyclic segment (6-16) was report-
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ed.”> 24 This peptide showed biological activity identical to that
of full-length hMCH for both receptors (MCH-1R and MCH-2R),
which indicates that the N-terminal sequence (1-5) is not
important for binding to receptors. Despite these numerous
studies, only one conformational investigation, on salmon MCH
(Scheme 1), by NMR spectroscopy and molecular dynamics (MD)
has been reported in the literature.?> 20 This analysis, carried out
in D,0 and dimethyl sulfoxide (DMSO) on the cyclic MCH(5 - 14)
subunit, showed only intraresidue and a few adjacent-residue
connectivities in D,0 and a small number of interresidue 1D NOE
enhancements in DMSO. In addition, the MD analysis was
obtained as the product of a 50-ps trajectory, a computing time
insufficient to analyze the conformational space in detail. This
study indicated that the Tyr11 phenolic hydrogen atom is close
to the Cys5 and Met6 carbonyl oxygen atoms. This important
structural feature may provide the hydrogen bond that is
necessary to stabilize the entire peptide conformation.

Recently, the complex of the MCH receptor (modeled on
bacteriorhodopsin) and hMCH (constructed from the MD and
NMR studies of salmon MCH ) was described.?”? This model
showed a direct interaction between the side chains of Asp123
in the receptor and Arg11 in MCH as a key requirement for
agonist-mediated receptor activation.

In view of the fact that the molecular modeling was carried
out by conformational studies on salmon MCH, it is crucial to
obtain detailed information on the conformational behaviour of
hMCH in order to validate the proposed model.

In this paper we describe a high-field 2D-NMR analysis of
hMCH in water and in a CD;CN/H,O (1:1 v/v) mixture at 298 K,
followed by simulated annealing (SA) and MD analyses to
identify conformer populations. In addition, we report the results
of a circular dichroism (CD) investigation under the same solvent
conditions as used for NMR experiments.

Results
Peptide synthesis

The linear precursor of hMCH peptide was synthesized by the
solid-phase method by use of standard 9-fluorenylmethoxycar-
bonyl (Fmoc) chemistry. The overall yield of the peptide cleaved
from the resin by trifluoroacetic acid (TFA) treatment was 79 %.
Cyclization of the linear product was achieved by air oxidation at
room temperature and the cyclic peptide was purified by
reversed-phase high performance liquid chromatography (RP-
HPLC). The yield of the final product was 8%. The purity and
identity of the resulting hMCH peptide were confirmed by
analytical RP-HPLC and MALDI-TOF mass spectrometry.

CD analysis

The conformational properties of the hMCH peptide were
preliminarily investigated by CD spectroscopy (Figure 1). In
order to study the conformational preferences of the peptide
under the same solvent conditions as used in the NMR
experiments, the CD spectrum was recorded in CH;CN/H,O
(1:1 v/v).
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Figure 1. CD spectrum of the hMCH peptide in CH;CN/H,0 (50:50 v/v). [0] is
expressed as mean residue molar ellipticity.

Analysis of the CD spectrum shows some secondary structure
content. Spectral deconvolution was performed with the aid of
the SELCON3, CONTIN, and CDSSTR programs.”?®! The averaged
secondary structure percentages were 19%, 22 %, 28 %, and 31 %
for helical, turn, extended, and random coil conformations,
respectively.

NMR analysis

Spin system identification and assignment of individual reso-
nances of hMCH in H,0 and CD,CN/H,0 solutions were carried
out by using a combination of TOCSY and DQF-COSY spec-
tra.l?% 3% Sequence-specific assignment was obtained by NOESY
experiments,®" according to the standard procedures.*? Proton
chemical shifts for all the resonances at 298 K and in both solvent
systems are listed in Table 1.

The 1D spectra show sharp and well-resolved resonances both
in H,0 and CD;CN/H,0 solutions. Interestingly, the amide NH
proton resonance of Phe2 resonates at low field in both solvents,
while the NH proton signals of the Val12, Trp17, GIn18, and Val19
residues remain at high field. The other NH protons are spread
over 85-9.0ppm in CD,CN/H,0 and 8.5-9.2 ppm in H,0.
However, some overlap is observed in the amide proton region
of the spectrum in water, which produces nearly identical NH
proton chemical shifts for residues 17 -19.

3J(NH,aCH) coupling constants extracted from the 1D spec-
trum and from DQF-COSY are reported in Table 2, along with
temperature gradients. The temperature variations of amide
proton signals in CD;CN/H,0 and in H,O were measured over the
298-310-K range and the plots were found to be linear; a
positive gradient was found for Trp17 in CD;CN/H,0. The amide
protons of residues 5, 10, 12, and 18 showed lower values in
CD;CN/H,0, those of residues 12 and 18 in H,0. This behavior
reveals minor overall structural order in the 5- 10 region in H,0O if
compared to the CD;CN/H,0 medium.

As far as the Arg14-Pro15 tertiary peptide bond conforma-
tion is concerned, similar behaviour is observed in both solvents.
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Table 1. 'H NMR chemical shifts for the hMCH peptide in H,O0/CD;CN (50:50 v/v) and in H,0 at 298 K.

H,0/CD,CN H,0
AA NH aCH  BCH yCH Others NH aCH BCH yCH Others
Asp1 - 455  3.00/2.79 - 419 2.83/2.77
Phe2 863 453 3.4 2,6H7.17 871 460 3.08/3.00 2,6H 7.12
3,4,5H 7.08 3,4,5H 6.73
Asp3 812 450 272 837 457 2.79/2.70
Met4 810 43 2.05 259/252  CH, 1.68 822 436 206/1.97  2.55/248  &CH, 1.80
Leus 780 420 166 133 5CH, 0.89/0.94 807 432 1.68 1.59 5CH, 0.88/0.86
Arg6 787 395 172 162/150  NH 7.23 6CH, 3.07 812 444 1.65 156/145  NH 7.05 6CH, 2.98
Cys7 800 450  3.18/3.06 856 468 3.11/2.92
Met8 809 440 206 259/249  CH, 1.72 840 455 192175 222 £CH, 157
Leu9 799 434 170 162 5CH, 0.86 844 442 159/142 148 5CH, 0.85
Glylo 796 390 869  3.72/3.94
Arg11 792 407 188173 158 NH 7.17 6CH, 3.16 852 422 1.93/1.74 159 NH 7.15 6CH, 3.16
Val12 754 410 201 0.79 766 421 2.08 0.86
Tyr13 788 457  2.98/2.89 26H70835H676 832 473 2.86 2,6H 7.02 3,5H 6.74
Argld 776 444 172 1.57/146  NH 7.12 6CH, 3.09 827 456 1.72 1.53/146  NH 7.06 6CH, 3.08
Prol5 - 43 201/146 186 5CH, 3.53/3.36 - 435 208/136  1.89 5CH, 3.60/3.36
Cys16 818 443  3.02/292 846 444 3.05/2.90
Trp17 756 465 324 2H 7.7 785 462 331/3.24 2H 7.24
4H 7.56 4H 7.56
5H 7.05 5H 7.11
6H 7.16 7H 7.46
7H 7.43 6H 7.21
NH 10.0 NH 10.2
GIn18 772 430  197/1.75  214/203  ONH, — 785 425 1.93/166  201/1.89  ONH, —
Val19 769 414 212 093 786  4.09 213 0.88

Table 2. 3J(NH,a.CH) vicinal coupling constants and temperature coefficients for the amide NH protons of the h(MCH peptide in H,O/CD5CN (50:50 v/v) and H,O at

298 K1

H,0/CD,CN H,0
AA AS/AT 3J(NH,aCH) ) AS/AT 3J(NH,aCH) ¢
Phe2 - 63 —165; —80; 40; 80 -58 6.8 —160; —80; 50; 70
Asp3 -37 6.0 —165; —75; 40; 80 -67 6.9 —160; —80; 60
Met4 —47 5.8 —170; —75; 35; 85 -68 63 —165; —80; 40; 80
Leus —26 59 —170; —75; 35; 85 -60 63 —165; —80; 40; 80
Arg6 —5.4 6.0 —165; —75; 40; 80 -70 6.9 —160; —80; 60
Cys7 -35 6.4 —165; —80; 40; 80 -95 8.2 —150; — 95
Met8 —57 6.8 —160; —80; 50 ;70 -78 8.0 —~150 ; —90
Leud —46 6.9 —160; —80; 60 -83 83 —150; —95
Gly10 -29 - - 120 - -
Arg11 — 41 7.1 —160; —85 -93 7.0 —160; —80; 60
Val12 —34 8.4 —145; —95 —35 8.6 —145; —95
Tyr13 -65 7.9 —150; —90 -88 6.1 —165; —75; 40; 80
Arg14 —35 65 —165; —80; 40; 80 -85 8.1 —150; —90
Cys16 —65 6.3 —165; —80; 40; 80 —9.1 6.9 —160; —80; 60
Trp17 0.67 7.8 —150; —90 -67 7.4 —155; —85
GIn18 —25 7.8 —150; —90 —25 74 —155; — 85
Val19 —44 84 —145; — 95 —67 7.9 —150; —90

[a] Coupling constants are given in Hz, temperature coefficients in ppb K=", and ¢ in degrees.

Indeed, a trans conformation is adopted in CD;CN/H,0 solution,
as determined from diagnostic H,/H,., and HN/HJ,,, cross-
peaks between the Arg14 and Pro15 residues in the NOESY
spectrum. This peptide bond is also trans in H,O solution, as
shown by HB/HJ,,, cross-peaks between the Arg14 and Pro15
residues in the NOESY spectrum, since the characteristic H,/Hs;.+
and HN/HJ,, , cross-peaks are not detectable.

The amide proton regions of the 2D NOESY spectra in H,0 and
CD;CN/H,0 solutions are shown in Figure 2. They both show
some strong HN/HN;,; NOE cross-peaks, indicative of a helical
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content in solution. In CD;CN/H,O solution, four HN/HN,,,
connectivity ranges have been assigned to Phe2-Asp3,
Met4 - Met8, Arg11-Tyr13, and Cys16-GIn18; pattern breaks
at Asp3-Met4 and Leu9-Arg11 are due to cross-peak overlaps.
In H,0 the NOESY amide proton region shows the following HN;/
HN.,, connectivity ranges: Phe2 - Asp3, Met4 - Leu5, Arg6 - Cys7,
Leu9-Tyr13 and Cys16-Trp17. To estimate similarities and
differences between the peptide conformations in the two
solvents, a comparative analysis of NOE effects was performed.
This analysis highlighted that, although the average intensity of
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Figure 2. NOESY spectra (200 ms) recorded at 600 MHz in CD;CN/H,0 (1:1 v/v) (left) and in H,O (right) for the h(MCH peptide; the amide NH proton region is shown.

NOEs in water appears to be reduced, the signal pattern is
strikingly similar to that in CD;CN/H,0. Interestingly, the long-
range NOE correlations HN-HN 9-12, 7-14, 10- 16, and HB/HO
6-13 are retained in the two different environments, which
suggests an intrinsic conformational preference for the peptide.

Computational analysis

A total of 122 (in CD,CN/H,0) or 98 (in H,0) observed NOEs,
mostly sequential or intraresidue, were used in structure
calculations. Distance restraints derived from intraresidue,
sequential, and medium-range NOEs (see the Supporting
Information) were introduced in SA torsion-space calculations
performed by use of the DYANA package.B¥! The best 20 struc-
tures in terms of root mean square deviation (RMSD) were
selected from the 100 structures sampled in torsion space
simulated annealing/energy minimization (TSSA/EM) calcula-
tions for each solvent. These conformers have no dihedral
restraint violations and no distance restraint violations greater
than 0.2 A.

Backbone clustering analysis in the 7 - 16 sequence region led
to the identification of a single representative structure in each
solvent. This was subjected to the Cartesian space simulated
annealing (CSSA)/EM protocol, which produced 50 new con-
formers from each starting structure.

The most relevant result from preliminary structural analyses is
the substantial similarity of the backbone conformations in
CD;CN/H,0 and in H,0 observed by both computational
procedures. Both RMSD clustering and secondary structure
analysis of TSSA/EM and CSSA/EM conformers in both solvents
show substantial convergence of most conformers into a single
fold in the 4-17 region (Figure 3 and Figure 4), with a limited
variability around Gly10 and Tyr13 on going from CD;CN/H,0 to
pure water (see the Supporting Information).

Analysis of secondary structures shows the occurrence of an
N-terminal o helix of variable length that spans residues 2-9.
Analysis of the residue distribution in the helical conformation
was performed by classifying conformers on the basis of the
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observed helical range and by grouping in the same class all
ranges differing by one residue in the starting and/or in the final
position (i.e., range i/j- k/I potentially includes ranges i-k, i-|,
j-k, and j-I. In particular, in CD;CN/H,0, CSSA/EM gives the
following populations of helical conformers (given in parenthe-
ses as percentages of the total conformers for each observed
range): 2/3-7 (42%), 2-8 (24%), 2-9 (18%), 5-8 (12%), 4-9
(2%), 2-5 (2%); in TSSA/EM the distribution is: 5/6 — 8/9 (40%),
4-7 (5%), 3-7 (5%). In water, the corresponding populations
are: 6/7-9 (50%), 4-7 (46 %), 2-7 (4%) for CSSA/EM and 6-9
(65 %) for TSSA/EM. Interestingly, a totally unrestrained CSSA/EM
calculation predicts the following helix distribution: 2/3-9/10
(20%), 5-8/9 (14%), 2/3-6/7 (10%), 4-6 (10%), 4-8/9 (4%), 6/
7-9(4%),5-12 (2%), 10-12 (2%).

In order to check whether the fluctuation in the helical pattern
observed in experimentally restrained models derives from
intrinsic conformational behaviour of the peptide rather than
from inconsistency in or lack of NMR data, 1-ns unrestrained MD
simulations of the best conformers obtained from CSSA/EM
calculations in both solvents were run in water. These simu-
lations show that the sampled conformations are substantially
stable on the simulated timescale, but that they exhibit local
fluctuations in the helical pattern on a 10-11-ps timescale.
These fluctuations are fully comparable to those observed within
the TSSA and CSSA structure sets.

Hydrogen bond analysis (see the Supporting Information)
shows that, in spite of the different relative magnitudes of
atomic interactions expected in vacuo (CSSA, TSSA) and with
explicit solvent (MD in water), a substantially convergent picture
of the interaction pattern is obtained. Indeed, in CD;CN/H,0 the
identified O;-H,,, a-helical pattern involves residues from Asp1
to Met8, with a possible C-terminal locking through the
formation of O;,—H;,; hydrogen bonds up to the Cys7-Gly10
pair. A fairly frequent O;-H,,; hydrogen bond also occurs
between the Gly10 and Tyr13 residues. The observed pattern in
pure water shows a shifted, shorter, but more stable a-helical
pattern, which ranges from Met4 to Gly10. In addition, a long-
range hydrogen-bond interaction is detected in one or more

ChemBioChem 2003, 4, 73-81





Conformation of Human Melanin-Concentrating Hormone

Figure 3. Stereo drawings of the backbone superposition (residues 7 - 16 of the hMCH peptide) of: a) 50 structures obtained after CSSA/EM from CD;CN/H,O data, b) 20
structures obtained after TSSA/EM from CD;CN/H,0 data, c) 50 structures obtained after CSSA/EM from H,O data, and d) 20 structures obtained after TSSA/EM from H,O
data. The Cys side chains are represented by dashed lines.
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Figure 4. a) Stereo drawing of the backbone superposition (residues 7 - 16 of the h(MCH peptide) of the
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receptor complex (Arg6, Met8, Arg11, and

Tyr13; Figure 5). In particular, it may be

noted that:

a) Met8 is found in the og-helical con-
formation in all cases

b) Arg11 is a-helical in CD;CN/H,0 sol-
ution and a-helical/semi-extended in
water solution

c) Arg6 is semi-extended or ag-helical

d) the Tyr13 residue is in the semi-
extended or the 3,, helix conforma-
tion

e) the Arg6, Tyr13, and Arg11 side chains
are in close spatial proximity. In par-
ticular, the aromatic ring of Tyr13 lies
between the two side chains of Arg6
and Arg11, very close to Arg6. The two
Arg residues, together with the Arg14
side chain, form a positively charged
triangle, with Tyr13 protruding out of
this otherwise hydrophilic face of the
molecule, where the Asp3 is also
located

f) the Met8 side chain points in the
opposite direction with respect to the
plane in (e), and is located in the
middle of a hydrophobic surface al-
most parallel to the hydrophilic one.
It is important to note that the side

chains of the residues critical for the

biological activity overlap well along the

cluster in CD;CN/H,O and in water sol-

ution. These structural elements are po-

tentially important for defining the three-

dimensional surface for the peptide in-

teraction with its receptor.

=

Discussion

representative structures obtained from CD;CN/H,0 data after CSSA/EM and TSSA/EM; the side-chain atoms of

Cys residues are represented as filled circles. b) Cartoon models of the representative structures of the main
clusters for the 7 - 16 region of the MCH peptide obtained from CD;CN/H,O data after CSSA/EM and TSSA/EM.

structural sets: Cys7 - Cys16 (CSSA/EM in both solvents, MD in
H,0), Gly10-Cys16 (TSSA/EM in H,0), or Arg6 - Tyr13 (CSSA/EM
in CD;CN/H,0).

Comparative analysis of ¢, torsion angles in the two solvents
shows that: 1) Gly10 is found in the yturn conformation in
CD;CN/H,0 and in the y turn/3,y_helix in pure water, 2) Val12 is
in an aghelix in CD;CN/H,O and in an o4 helix/extended
conformation in water, 3)Arg14 is found in the extended
conformation, 4) Cys16 is og-helical in CD;CN/H,O and og-
helical/semi-extended in pure water, and 5) Trp17 is 3,,.-helical
in CD;CN/H,0 and semi-extended in water.

The conformational analysis of the representative structures of
the main clusters for h(MCH shows some common features for
the residues required for the formation of the MCH peptide/
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The three-dimensional structural deter-
mination of MCH is mainly aimed towards
obtaining reliable structure - activity rela-
tionships for subsequent modeling of complexes with the
receptor and/or for the design of new bioactive analogues. We
characterized the hMCH solution structure by NMR spectroscopy
in two different environments (pure water and a CD;CN/H,0 (1:1
v/v) mixture), which usually gives rise to substantial conforma-
tional differences in small and medium-sized peptides. We
minimized any conformational biasing deriving from the com-
putational method by using several computational approaches
with widely varied relative weights of theoretical versus
experimental information, and we specifically aimed the final
analyses of the resulting structures towards checking of model
robustness and identification of common and unequivocal
conformational features of this peptide in different solvent
environments. In addition, the CD data analysis in CD;CN/H,0O
gives a helical content (19%) that is in good agreement with the
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Figure 5. Side-chain orientations of selected MCH residues. The van der Waals surface of the
representative conformer of the most populated cluster in CD;CN/H,O is shown. Both biologically
relevant (bold labels) and polar residues are labeled (with one-letter amino acid code and residue
number) and shaded as follows: Arg residues are shown in dark grey, Met8 and Tyr13 in medium-dark
grey, Asp in medium grey, GIn18 in light grey, and the other (hydrophobic) residues in very light grey.

findings obtained from NMR spectroscopy and computational
results.

Our results indicate the existence of a stable fold of hMCH,
relatively insensitive to experimental conditions. Therefore,
these findings represent an important step towards an under-
standing of the structure —activity relationship for this class of
bioactive molecules.

A careful comparison of the structures obtained in the two
solvents shows that these structures are substantially different
from that reported by Brown and co-workers?> ¢! for the cyclic
MCH(5 - 14) subunit of salmon MCH, and later used to perform a
molecular characterization of the MCH/receptor complex.?” In
particular, the NMR and MD data for our structures do not
confirm the structural element that stabilizes the protein: the Tyr
phenolic OH group is not close to the Cys and Met carbonyl
oxygen atoms and is not involved in any hydrogen bonds with
these atoms. This finding is in agreement with the good activity
of the [Phe13]MCH analogue and the involvement of the residue
at position 13 in hydrophobic interactions with the receptor.??

The major difference between the structures in the two
environments is the extension of the N-terminal helix. This
evidence confirms that the structure of residues 1-5 is not
important for the binding activity, as reported in the litera-
ture.’” 24 |In contrast, the substantial conformational similarities
of the hMCH cyclic segments in CD;CN/H,0 and H,O suggest a
possible biological importance of the three-dimensional struc-
ture obtained.

In conclusion, these conformational data require a critical
revision of the proposed MCH/receptor complex model.?”
Modeling of both MCH receptors and their complexes with
hMCH is currently in progress.
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Experimental Section

Peptide synthesis: The hMCH peptide was
synthesized by solid-phase methods, by use of
standard Fmoc chemistry on a model PSSM8
(Shimadzu) peptide synthesizer. The peptide was
obtained by starting from 2-chlorotrityl resin
(0.83 mmol g~").34

The a-amino acids were activated in situ by the
standard  benzotriazol-1-yloxy-tris-pyrrolidino-
phosphonium/1-hydroxybenzotriazole/N,N-diiso-
propylethylamine (DIEA) procedure;® in the
cases of the difficult couplings of Asp1, Phe2,
Asp3, Met4, Arg6, Cys7, Arg14, Pro15, Cys16,
Trp17, and GIn18 the more effective 2-(1H-9-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um/DIEA mixture was used.® Each residue was
subjected to the coupling conditions twice for
1h followed by 5-min treatment with acetic
anhydride and pyridine in N,N-dimethylforma-
mide to cap unreacted amine groups.

The final peptide deprotection and cleavage
from the resin was achieved by use of a TFA/H,0/
phenol/thioanisole/ethanedithiol/triisopropylsi-
lane mixture (80:5:5:5:2.5:2.5 v/v, 3 h). The resin
was filtered and the filtrate was concentrated.
The peptide was then precipitated with cold
diethyl ether, dissolved in the water/acetonitrile
mixture and lyophilized.

The linear crude peptide was analyzed by RP-HPLC performed on a
Shimadzu LC instrument equipped with a SPDM AV-10 diode array
and a SIL-10A autosampler. A Phenomenex C;gcolumn (4.6 x
250 mm, 5 um, 300 A) was used, eluted with a H,0/0.1% TFA (A)
and CH,CN/0.1% TFA (B) linear gradient (from 20 to 70% B over
30 min, at 1 mLmin~" flow rate). The analysis showed a main peak
with R,=17.3. The peptide identity was confirmed by mass MALDI-
TOF spectrometric analysis, which gave the expected molecular ion
peak [M — H]* of 2388.

The linear peptide was dissolved in H,O/CH;CN (70:30) before
purification because of solubility problems and was cyclized by air
oxidation under strong agitation for 48 h at room temperature and
pH 8.0.

The reaction mixture, analyzed by RP-HPLC, showed a main peak
with R,=16.3. It was then purified on a Waters Delta Prep 4000
instrument equipped with a Waters model 441 UV detector (Vydac
Cys column, 220 x 150 mm, 15 um, 300 A) with the linear gradient
described above.

The collected fractions containing the peptide were lyophilized and
analyzed by use of the MALDI-TOF Perseptive spectrometer, which
gave a molecular ion peak [M — H]™ of 2386.

CD experiments: The CD spectra were obtained at room temper-
ature on a Jasco model J-710 spectropolarimeter. The spectra were
collected over the 192 - 260-nm range in a 1-cm path-length cuvette.

The peptide solution was prepared by starting from a stock solution
(1.32 x 10—3m), the concentration of which was calculated spectro-
photometrically from the reported extinction coefficients at 280 nm
for Tyr (1490 mol~'dm3*cm~") and Trp (5500 mol~'dm3*cm~").5” The
stock solution was then diluted with CH;CN/H,0 (1:1 v/v) to give the
final concentration of 6.91 x 10=6m.

NMR experiments: Two solutions of peptide MCH of about 1.3 x
103m concentration were prepared for the NMR studies by
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dissolving the samples either in the H,O (10% D,0)/CD;CN mixture
(500 pL, 50:50 v/v) or in neat H,0 (10% D,0O; 500 uL). All deuterated
solvents were purchased from Isotec Inc. (Milwaukee, WI, USA).
CD;CN had a 99.96 % relative isotopic abundance of deuterium. NMR
experiments were carried out on a Varian Inova 600 MHz spectrom-
eter, operating at a 'H resonance frequency of 600 MHz, equipped
with a triple axis PFG probe optimized for 'H detection (located at
the Istituto di Biostrutture e Bioimmagini, CNR, Napoli (Italy)). All 2D
spectra were recorded by the States-Haberkorn method; water
suppression was obtained by presaturation of the solvent line during
the recycle delay (2.5 s) or by the WATERGATE PFG technique.

2D-TOCSY experiments were recorded at 298, 302, and 307 K by the
use of a MLEV17 mixing scheme of 70 ms (spectral width 7000 Hz
both along f, and f,, 4096 x 256 data points in t, and t;, respectively,
16 scans per t, increment). The 2D-NOESY spectra used to derive the
geometric constraints were measured at 298 K by the standard pulse
sequence with mixing times of 200 and 250 ms (spectral width
7000 Hz both along f; and f,, 4096 x 256 data points in t, and t,
respectively, 64 scans per t, increment). The 2D-ROESY spectrum was
recorded at 298 K with a mixing time of 100 ms and the continuous
wave method for mixing (spectral width 7000 Hz both along f, and f,,
4096 x 256 data points in t, and t;, respectively, 64 scans per t,
increment). The 2D DQF-COSY experiment was obtained with
saturation of the water signal during the relaxation period (spectral
width 7000 Hz both along f, and f,, 4096 x 256 data points in t, and
t,, respectively, 256 scans per t, increment).

The data were typically apodized with a square cosine window
function and zero-filled to 1 K in f, prior to Fourier transformation.
Chemical shifts were referenced to CD;CN to 2.0 ppm and, in the
case of H,0/D,0 solution, to external tetramethylsilane (6 =0 ppm).
The complete assignments of the peptide have been deposited at
the BioMagResBank under accession number 5523.

Measurements of coupling constants were obtained from 1D data,
collected with a spectral width of 7000 Hz, 16 K data points zero-
filled to 32K prior to Fourier transformation, and from DQF-COSY,
after zero-filling to 8K in w,.

The possible occurrence of aggregation was tested by measuring
chemical shifts in the 1D spectrum and analyzing the cross-peak
patterns in two NOESY spectra recorded with a peptide concen-
tration of 0.5 mm.

Data were transformed with the standard Varian software and then
processed with the XEASY program.3®

Computational details: Experimental distance restraints for struc-
ture calculations were derived from cross-peak intensities in NOESY
spectra (200 ms) recorded in H,0 and H,0/CD;CN. NOESY cross-
peaks were manually integrated by use of the XEASY program and
converted to upper distance constraints according to an inverse sixth
power peak volume-to-distance relationship for the backbone and
an inverse fourth power function for side chains by use of the CALIBA
module of the DYANA program. Additional upper and lower distance
limits were inserted between the two Cys thiol groups. Distance
constraints were then used by the GRIDSEARCH module, also
implemented in DYANA, to generate a set of allowable dihedral
angles. Constraints that involved fixed distances and inviolable
constraints were removed, and the structure calculation was carried
out with the macro ANNEAL, by use of torsion angle dynamics.
100 structures were calculated by TSSA, starting with a total of
4000 MD steps and a default value of maximum temperature
(8target function units per degree of freedom). The 20 best
structures in terms of target function were refined by 2000 restrained
EM steps with a combination of steepest descent and conjugate
gradient algorithms, by use of the SANDER-CLASSIC module of
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AMBER 6.05% with the AMBER all-atom 1991 parameterization, a
distance-dependent dielectric constant £ =r;, and a cut-off radius of
8 A for nonbonded interactions. A reduced net charge on charged
residues (20% of its original value) was used to mimic the solvent
shielding effect. Distance restraints are represented by a well with a
square bottom with 0.5-A-thick parabolic sides (force constant of

20 kcalmol=" A7), which is then smoothly converted into linear form.

The selected structures were also subjected to unrestrained EM, by
using the same protocol and parameters, in order to identify
potential trapping of the models in high-energy conformations and
to detect any large inconsistencies due to conformational equilibria
and/or wrong assignments. For the same purpose, and to character-
ize the intrinsic conformational preferences of the peptide in the
selected simulation conditions, a set of totally unrestrained CSSA/EM
calculations was also run. In each set, the sampled structures were
clustered by best-fitting of the backbone atoms of residues from
Cys7 to Cys16 with the program MOLMOL.Y Representative
structures of the most populated clusters were used as starting
structures for restrained CSSA. SA cycles of five runs of 500000
molecular dynamics (MD) steps each were run with a time step of
0.0015 ps and T,,,,=800K. Data were collected for analysis every
50000 steps. The SHAKE procedure,*"! which performs bond-length
constraints, was used for all calculations. Each CSSA cycle produced
50 structures, which were used after EM for clustering and analysis.

To identify further potential inconsistencies and high-energy minima
problems, and to characterize the intrinsic conformational prefer-
ences of the peptide under the selected simulation conditions, a set
of totally unrestrained CSSA/EM calculations was also run.

The representative structures of the main clusters identified in CSSA/
EM runs were solvated in isometric truncated octahedron boxes of
TIP3 water molecules®®? (box size 478 A, which corresponds to
2605 water molecules for the structure in H,0, and a box size of
48.3 A, which corresponds to 2699 water molecules for the structure
in CD,CN/H,0) with a clearance of 10A in each direction after
addition of a CI~ ion to ensure electrostatic neutrality. An initial round
of constrained EM (2000 steps) and MD (100 ps) equilibration was
used to relax the solvent, followed by 250 ps of restrained MD with a
force constant of 8kcalmol-'A~", 250ps of unrestrained MD
equilibration and, finally, 1 ns of unrestrained MD production run,
collecting coordinates, velocities, and energies every 500 steps for
analysis. Both the last 200 ps of restrained MD and 1 ns of unre-
strained MD were subjected to subsequent analysis.

MD in a solvent box was performed with the SANDER module of the
AMBER 6.0 package, with the AMBER all-atom 1994 parameter-
ization,”¥ a dielectric constant é=1, and a cut-off radius of 8 A for
nonbonded interactions. The Particle Mesh Ewald approach was
used to allow for long-range electrostatic interactions,*! with a
charge-grid density of 0.95 A, cubic spline interpolation, and a direct
sum tolerance of 107°. Covalent bonds involving hydrogen atoms
were constrained to constant values by use of the SHAKE algorithm,
which allowed the use of a 2-fs integration time step. Simulations
were performed in the NTP ensemble (T=300K and p=1 atm).

The analysis modules of both the AMBER6.0 package and the
MOLMOL program were used for structural analysis, while the
validation of the final structures was obtained with the aid of the
PROCHECK 3.5.4 program.

This work was supported by the National Research Council
“Progetto Biotecnologie: Biotecnologie Industriali e Metodiche
Innovative, Legge 95/95”. Dr. Giuseppe Perretta, Mr. Leopoldo Zona,
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Optimization of Electrochemical and
Peroxide-Driven Oxidation of Styrene with
Ultrathin Polyion Films Containing
Cytochrome P450_,.,, and Myoglobin

Bernard Munge,”® Carmelita Estavillo,”® John B. Schenkman,® and

James F. Rusling*® P!

The catalytic and electrochemical properties of myoglobin and
cytochrome P450,,,, in films constructed with alternate polyion
layers were optimized with respect to film thickness, polyion type,
and pH. Electrochemical and hydrogen peroxide driven epoxida-
tion of styrene catalyzed by the proteins was used as the test
reaction. lonic synthetic organic polymers such as poly(styrene
sulfonate), as opposed to SiO, nanopatrticles or DNA, supported the
best catalytic and electrochemical performance. Charge transport
involving the iron heme proteins was achieved over 40-320 nm
depending on the polyion material and is likely to involve electron
hopping facilitated by extensive interlayer mixing. However, very

Introduction

A powerful and general method for layer-by-layer construction
of ultrathin enzyme films held together by a polyion “glue”
emerged during the 1990s.'3 To illustrate the approach, first
consider an enzyme in a buffer with a pH value less than its
isoelectric point, so that the enzyme has a positive surface
charge. A solid surface with an adsorbed layer of polyanions,
such as poly(styrene sulfonate) (PSS), is immersed into this
solution, and a layer of enzyme is adsorbed. For appropriate
enzyme concentrations (usually 1-3 mgmL-"), cationic amino
acid residues are exposed at the interface with the solution after
adsorption. The surface charge on the solid is altered to that of
the new outer layer, being effectively reversed in this case. This
solid is washed with water, then immersed into a polyanion
solution, in which a new layer is adsorbed, returning the surface
to the negative charge. Repetition of these cycles of enzyme and
polyion adsorption alternately with intermediate washing pro-
vides multilayer films with reproducible amounts of enzyme in
each layer and namometer-scale control of thickness. If the
enzyme is negatively charged, polycations are used for the
alternating layers. The technique provides stable films and
facilitates increases in the loading of enzyme per unit surface
area by increasing the number of layers.

More than 20 enzymes and proteins have been incorporated
into films by this electrostatic layer-by-layer self-assembly
technique.” 3 Synthetic polyions, metal oxide nanoparticles,

82 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thin films (ca. 12-25nm) gave the largest turnover rates for the
catalytic epoxidation of styrene, and thicker films were subject to
reactant transport limitations. Classical bell-shaped activity/pH
profiles and turnover rates similar to those obtained in solution
suggest that films grown layer-by-layer are applicable to turnover
rate studies of enzymes for organic oxidations. Major advantages
include enhanced enzyme stability and the tiny amount of protein
required.

KEYWORDS:

cytochromes - electrolysis - epoxidation -
thin films

metalloenzymes -

and biological polyions such as DNA have been used to alternate
with the enzyme layers.2* In general, enzymes retain their
native structures and activities in these films and can be used for
catalysis. Films of a few enzyme/polyion bilayers contain only
tiny amounts of enzyme, often considerably less than 10 nmol.
The method is also amenable to the incorporation of several
enzymes in films for sequential catalytic reactions.> #

Several years ago, our group was the first to achieve reversible
electron exchange with metalloproteins in such films on
electrodes. We constructed layered films of myoglobin (Mb)
and cytochrome P450,,,, (cytP450.,) with polyions and em-
ployed them for enzyme catalysis, driven either electrochemi-
cally or by addition of hydrogen peroxide.*! Cyt P450,,,, and
Mb were used in these films to epoxidize styrene and cis-methyl
styrene. The electrochemical catalytic processes is initiated by
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Ultrathin Protein-Containing Polyion Films

reversible electrochemical conversion of heme Fe'/Fe" in the
protein films. The Fe' enzyme binds dioxygen and this complex
is electrochemically reduced to give hydrogen peroxide, which
subsequently mediates the enzyme-catalyzed oxidations of
organic reactants. The key activating role of hydrogen peroxide
was confirmed by the absence of products in the presence of
catalase, which destroyed all the hydrogen peroxide. Human
cyt P4503A4 in films on electrodes converted the drugs
verapamil and midazolam into their expected liver metabolites
in peroxide-dependent electrochemical processes.' Using a
quartz crystal microbalance and atomic force microscopy, we
recently found that cytP450s orient specifically on polyion
layers.!"

These early results suggested that electrostatic layer-by-layer
self-assembly of enzyme films may be a promising new
alternative for traditional enzymology studies, as well as for
biosensor and bioreactor fabrication. Major advantages include
improved enzyme stability and the tiny amounts of enzyme
used. For membrane-bound enzymes such as mammalian
cyt P450s,1'> 13 catalytic reactions in these films mimic nature
by having the enzymes bound to a surface. The films facilitate
reasonably fast and reversible heme Fe''/Fe" conversion of the
enzymes, which allows catalytic reactions to be driven electro-
chemically.”! This cannot be done efficiently with enzymes
dissolved in solution because of very slow Fe''/Fe" conversion at
electrodes.

Our earlier papers on catalysis with heme enzymes in layer-by-
layer polyion films®® % employed a single pH value and films
containing one or two enzyme/polyion bilayers. In this paper, in
order to establish optimum conditions for construction and use of
these films, we evaluate the influence of the number of enzyme
layers (i.e., film thickness), the nature of the alternating polyion,
and the effect of the pH value of the reaction buffer on turnover
rates in these multilayer films. We employed the epoxidation of
styrene catalyzed by cytP450., and Mb as a test reaction.
Catalyst turnover rate was controlled by film thickness, the pH
value of the external solution, and the type of polyion used.

Results
Film assembly and characterization

Films of Mb with PSS, DNA, and SiO, nanoparticles (45 nm
diameter) and films of cyt P450,,,, with poly(ethyleneimine) (PEI)
were used in this work. They are denoted (protein/polyion),,
where n is the number of protein/polyion bilayers. The term
“(Mb/PSS, 0.5m NaCl),” indicates that PSS was adsorbed from
0.5m NaCl, which coils PSS to give thicker films.”! Construction of
the films on quartz crystal microbalance (QCM) resonators was
used to monitor the quality of film formation.>3&9 The
Sauerbrey equation gives the relation between adsorbed mass
and frequency shift AF (Hz) of the quartz resonator. For 9-MHz
quartz resonators the film mass per unit area M/A (g cm~2) for our
resonators of A = 0.16 +0.01 cm? on one side is given by Eq. (1):1'4

M —AF 0
A (1.83x109)
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The nominal thickness (d) of dry films can be estimated from
Eqgn. (2), confirmed by high-resolution scanning electrochemical
microscopy cross-sections: 3 4
dinm) = —(0.016 £ 0.002)AF(Hz) (2)

QCM monitoring of film formation is illustrated for (cyt-
P450,,./PEl), films. Reproducible decreases in AF were observed

as adsorbed layers were added to the film (Figure1),
8000 f e
: +
T 6000 | %
-AF | Hz 3 1
4000 | I
cyt P450 °
cam
» it
2000 - ‘. — PEI
PSS
i d
0 ® | I L P
0 5 10 15 20

no. of adsorbed layers —»

Figure 1. QCM frequency changes as a function of the number of adsorbed
layers during monitoring of the growth of (cyt P450,,,/PEl),, films on gold
resonators.

which indicates regular and reproducible layer formation. The
AF values®™ 9 together with Egs. (1) and (2) gave the following
nominal average thicknesses and amounts of proteins for
bilayers on gold: (Mb/PSS, 0.5m NaCl) = 12nm, 2x
107"molcm=2%; (Mb/PSS) = 6nm, 1.1 x 10""molcm~%; (Mb/
Si0,) = 40nm, 1.7 x 107" molcm=2; (Mb/DNA) = 7 nm, 1 X
10~ molcm=2; (cyt P450,,.,/PEl) = 15nm, 1 x 10-"®molcm2
Film thicknesses and total amount of protein are obtained by
multiplying these bilayer values by n.

Cyclic voltammograms (CVs) were obtained after each bilayer
adsorption cycle during assembly of protein/polyion films on
rough pyrolytic graphite (PG) electrodes. Well-defined chemi-
cally reversible CV peaks similar to those reported previously!®
were observed, as illustrated for (cyt P450,,,/PEl), in Figure 2.
Here, all the electrochemically active Fe" enzyme is reduced on
the forward scan, and the Fe" enzyme is oxidized on the reverse
scan. Peak currents varied linearly with scan rate from 0.05 to
2.0 Vs~ for both Mb and cyt P450,,,, films, but had nonzero peak
separations and peak widths exceeding the ideal 90 mV,
consistent with nonideal thin layer electrochemistry.” '3

The charge (Q) obtained by integration of forward-scan
voltammograms for one-electron reduction of the Fe" proteins
is related to the amount of electroactive protein per unit
electrode area (I';) by Equation (3):!

Q = FAI; 3)
where F is Faraday’'s constant and A is electrode area. I';

increased with increasing number of protein/polyion bilayers
(Figure 3) and depended on the type of polyion. For (Mb/PSS),,
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I/ pA

E/V vs SCE —»

Figure 2. Cyclic voltammograms at 0.3 Vs~' for (cyt P450cam/PEl),, on rough PG
electrodes in acetate (50 mm, pH 5.5)+ NaCl (100 mm) purged with nitrogen. The
numbers on the curves denote n.
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Figure 3. Influence of number of protein layers (n) on amount of electroactive
protein (I) for (Mb/PSS),, (m), (Mb/SiO,),, (A), (Mb/DNA), (e), and (cyt P450.,/PEl),,
(o) films, measured by CV at 0.3 Vs~' at pH5.5. The numbers near data points are
film thicknesses estimated from QCM results for the given n value.

(Mb/DNA), saturation was achieved at n = 7. For (Mb/SiO,),,
electroactivity extended up to n = 8, which represents electron
transport across a 320-nm thick film. For (cyt P450,,/PEl),,
increases in I't were found up to n = 7. For all films, CV scans
were reproducible and films were stable in buffer for at least two
weeks.

Influence of pH on voltammetry

CV peaks for Mb and cytP450,,, films shifted to negative
potentials with increasing pH value, as illustrated for Mb
(Figure 4). [I; values for (protein/polyion)s films were
essentially constant between pH 3.0 and pH 11, with average
values of: (Mb/PSS, 0.5m NaCl);, 8.5+0.2 x 10-"molcm~?;
(Mb/Si0,)s, 5.240.2 x 107 molcm=2; (Mb/DNA)s, 2.4-+0.1 x
107" molcm~2; (cyt P450,,/PEl)s, 1.8 +0.2 x 10~ molcm~2. Di-
vision of these values by the total mass of protein in each film
estimated by QCM gave the following percentages of electro-
active protein in each film: (Mb/PSS, 0.5m NaCl);, 70%; (Mb/
Si0,)s, 50%; (Mb/DNA)s, 40%; and (cyt P450,,.,/PEl)s, 30%. All
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Figure 4. Cyclic voltammograms at 0.3 Vs~' for (Mb/PSS)s film on PG electrode
at several pH values (buffers + 100 mm NaCl and purged with nitrogen).

changes in CV peak shapes and potentials were reversible for
both Mb and cyt P450,,,, films. For example, CVs for Mb and
cyt P450,,,, films at pH 7 were reproduced after immersion of the
films in pH 3 buffer and then returning of the films to the pH 7
buffer.

Formal potentials (E*) of the heme Fe"/Fe'" redox couples of
Mb and cyt P450,,, in the films were estimated as the midpoint
between CV reduction and oxidation peak potentials. All £
values were linear at pH values over the pH range 3-11
(Figure 5). Average slopes in mVpH~" were: (Mb/PSS)s, —49;
(Mb/DNA),, —48; (Mb/SiO,)s, —50; (cytP450,,/PEl)s, —45.
These slopes are slightly smaller than the theoretical value of

400 -

T 200 |

E° /mV vs SCE . \

-400 *0-%\

-600 . L L . )
2

pH —»

Figure 5. Influence of pH value on formal potential (E’) obtained from CV at
0.3 Vs~ for (Mb/PSS); (@), (Mb/SiO,)s (A), (Mb/DNA) (m), and (cyt P450.,,,/PEl)s
(0) films on PG electrodes (buffers + 100 mm NaCl and purged with nitrogen).

—59mVpH-! at 25°C for a reversible one-electron transfer
coupled to proton transfer during electrochemical reduction.®
Reduction and oxidation peak separations (AE,), which are
inversely related to the efficiency of electron transfer in the
films® and are also influenced by redox-coupled conformational
changes,'”? were at a maximum between pH4 and 6 and
decreased to constant values at pH > 8.5 (Figure 6).

Catalytic activity for oxidation of styrene

The oxidation of styrene to styrene oxide can be catalyzed by
cyt P450,,,, and Mb in solution® ™ and by use of films on

ChemBioChem 2003, 4, 82-89
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Figure 6. Influence of pH value on separation of reduction and oxidation peak
potentials (AE,) from CV at 0.3 Vs~' for (Mb/PSS), (), (Mb/SiO)s (m), (Mb/DNA)s
(A), and (cyt P450,,,,/PEl)s (0) films on PG electrodes.

electrodes.®”? Scheme 1 shows that the reaction can be
accomplished either by an electrochemical pathway producing
H,0,, or driven by addition of H,0, without electrolysis.

+e~ 0,
H* + PFe"‘ ——“? PFe" _—>PF9”-02
2e, 2H*

H20,

PFe'V=0 + H;K/Hzog + PFe"
active oxidant

)

PFe + @L\

Scheme 1. Suggested pathway for electrochemical and chemical catalysis of
styrene epoxidation with iron heme proteins (PFe).

In films on electrodes, the PFe'/O, complex is formed after
PFe" is reduced in the presence of oxygen. Electrochemical
reduction of PFe'/O, gives hydrogen peroxide at the Fe'/Fe"
redox potential. This catalytic reduction can be detected by CVas
an increase in reduction current in the presence of oxygen
(Figure 7) and the disappearance of the oxidation peak for PFe',
consistent with its fast reaction with oxygen. An increase in the
amount of oxygen in the buffer increased the height of the
catalytic reduction peak because of the increased reaction rate.
The catalytic reduction is approximately 0.5 V more positive than
direct reduction of oxygen (Figure 7). Catalytic efficiency, ex-
pressed as I/l;, the ratio of reduction peak currents in the
presence (I) and absence (I,) of oxygen, was optimum for two
protein layers, as illustrated for (Mb/PSS) in Figure 8.

All turnover studies were done at 4°C to protect the proteins
from damage from hydrogen peroxide.” Gas chromatography
shows that the product of the enzyme-catalyzed process is
styrene oxide, while benzaldehyde is a product of the reaction of
styrene with H,0,.” ' As illustrated for (Mb/PSS, 0.5m NaCl)
films, turnover rates from the electrolyses decreased with
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Figure 7. Cyclic voltammograms at 0.3 Vs~' in pH 5.5 buffer in a sealed cell for:
a) (cyt P450,,/PEl)s film with no oxygen present, b) (cyt P450.,,/PEl)s film after
injection of 20 mL oxygen into the buffer, c) (cyt P450,,,,/PEl)s after injection of
40 mL oxygen, d) PEl monolayer on PG without oxygen present, and e) PEI
monolayer after injection of 40 mL oxygen.
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Figure 8. Influence of film thickness on catalytic efficiency, 1/, for (Mb/PSS),
(n = 1.7) films in buffer (4 mL, pH 5.5), where |, is the CV reduction peak current in
buffer without oxygen and | is the CV reduction peak current after injection of
40 mL oxygen into the buffer in a sealed cell.

increasing number of protein layers and film thickness (Table 1).
The turnover rate decreased between one and four protein
layers and then leveled out for five and six protein layers. The
mass yields for styrene oxide, however, increased with film
thickness to a maximum at 49 nm (four bilayers), then decreased
as film thickness increased further. Amounts of H,0, found after
1 hr were relatively unaffected by film thickness.

In view of the thickness dependence described above, all
further experiments were done with two protein layers. The
effect of polyion type was examined at neutral pH. PSS was
deposited from water with no added salt to achieve thinner films
and higher turnover rates. To illustrate this effect, the turnover
rate for 25 nm thick (Mb/PSS, 0.5m NaCl), was 2 hr' (Table 1),
while that of 13 nm (Mb/PSS), deposited without use of salt was
3.9 hr~'. Amongst the three different Mb films, (Mb/PSS), gave
the best catalytic efficiency for both electrochemical and H,0,
driven oxidation of styrene. The H,0, driven oxidation with (Mb/
PSS), gave the highest turnover rate at 74 hr=". Similar mass
yields of styrene oxide were found for the electrochemically
enzyme driven catalysis when using either (Mb/PSS), or (cyt-
P450.,./PEl), films, but cyt P450,,,, gave the best turnover rate
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nominal thickness (n) Amount protein

Table 1. Influence of the thickness of a (Mb/PSS, 0.5m NaCl), film on a carbon cloth cathode on the electrochemical catalytic activity for styrene epoxidation.”

Styrene oxide found

Benzaldehyde found Turnover rate [H,0,] found

[nm] [nmol] [nmol] [nmol] [hr=1]®! [mm]
13 (1) 8.7 30.6+04 30.3+0.2 3.5 10
25 (2) 15.7 31.7+0.7 249+1.0 2.0 10
37 (3) 25.9 39.94+3.6 3554+13 1.5 10
49 (4) 36.1 494+0.5 37.24+0.5 14 10
61 (5) 45.1 253+13 15.7+£0.8 0.6 9
73 (6) 52.6 38.0+1.5 26.0+0.8 0.7 9
Control, PSS 0 1.44+0.3 3.5+06 - 3

was measured as moles styrene reacted per mole Mb per hour.

[a] Product yields were determined by GC. Oxygen was bubbled through the reactor for 20 min before and at the beginning of each experiment, followed by
oxygen blanketing throughout the 1-hr electrolysis period. Applied potential: — 0.6 V vs. SCE at 4 °C. Buffer: 50 mm Tris 4+ 50 mm NaCl, pH 7.4. [b] Turnover rate

(6.3 hr™"). To put this value into context, we performed a solution
assay of styrene oxidation at 4°C with cyt P450,,, and with
putidaredoxin with NADH as electron donor and obtained a
turnover rate of 10 hr='.

In all electrolyses with protein present, the amount of
hydrogen peroxide found was significantly higher than seen in
the control experiments with no protein (compare Table 1 and
Table 2). In all the films studied, styrene oxidation for 1 hr by
aerobic electrolysis at 4°C resulted in decomposition of roughly
20% of the protein, as estimated by voltammetry.

The influence of the pH value of the external buffer on
turnover rate was investigated for (Mb/PSS),, (Mb/SiO,),, and
(cyt P450,,,,/PEl),. Activity/pH profiles for Mb films were differ-
ent, depending on whether the reaction was driven by
electrolysis or by H,0O, addition (Figure 9). For electrolyses, an
increase in the pH resulted in a decrease in the turnover rate for
styrene oxidation, but this was correlated with the amount of
hydrogen peroxide formed (numbers beside points). On the other
hand, addition of hydrogen peroxide at 10 mm produced an
activity/pH profile with a maximum in the physiological pH range.

Electrolytic and H,O, driven epoxidations of styrene with
(cyt P450,,./PEl), films gave activity/pH profiles of similar shapes
(Figure 10). In this case, 10 mm H,0, was found at the end of the
1 hr electrolyses at all pH values. The electrolytic turnover rates
were slightly larger than the peroxide-driven values.

10 -

T 10mmH20z
8| ¥

turnover rate

/he”!
6
4|
2|
0 L~ 1 [ Ll 1 | )

3 4 5 6 7 8 9 10

Figure 9. Influence of pH value on turnover rate as moles styrene oxide per mole
protein per hour for 1-hr reactions at 4°C for oxidation of styrene to styrene oxide
catalyzed by (Mb/PSS), films on carbon cloth electrodes by electrolysis (o) or by
addition of 10 mm H,0, (A), and by (Mb/SiO,), films by electrolysis (o). The
electrolysis potential was — 0.6 V vs. SCE at 4°C and oxygen was bubbled through
the reaction mixture for the first 20 min of electrolysis. H,O, mediated reactions
were performed under an atmosphere of air. The numbers above the data points
for electrolysis results represent amount (mm) H,0, found at the end of the 1-hr
reaction. Controls run in the absence of Mb at all pH values gave 1-10% of the
amount of styrene oxide found in the catalytic reactions.

Table 2. Effect of polyion type on catalytic activity for styrene epoxidation.

Film Amount protein Styrene oxide found®™ Benzaldehyde found®! Turnover Rate® [H,0,] found
[nmol] [nmol] [nmol] [hr 1] [mm]

Electrolyses:

PSS(Mb/PSS), 5.8 22.7+06 23.1+£1.8 39 10

DNA(Mb/DNA), 4.2 8.0+1.7 89415 1.9 6

PSS/PDDA/SIO, (Mb/SiO,), 37 3.7+03 6.7+0.9 1.0 10

PEl(cyt P450,,,/PEl), 16 102+0.1 153+36 6.3 10

Control electrolyses:

PSS 0 14+03 35+0.6 3

PEI 0 14+£0.2 3.5+0.6 3

DNA 0 1.1+£0.1 22404 3

PSS/PDDAY/SiO, 0 0.8+0.1 24+04 3

Chemical reactions:™

PSS(Mb/PSS), + 10 mm H,0, 5.8 43.1+6.2 10.2+25 74 10

PSS+ 10 m H,0, (control) 0 20403 1.5+0.2 10

[a] Products determined by GC for reactions carried out at 4 °C at pH 7.4 by electrolysis at — 0.6 vs. SCE under oxygen (see Table 1) or by addition of H,O, under

air. Buffer: 50 mm Tris 4+ 50 mm NaCl. [b] As defined in Table 1. [c] PDDA = polydimethyldiallyammonium chloride.
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Figure 10. Influence of pH value on turnover rate as moles styrene oxide per
mole protein per hour for 1-hr reactions at 4°C for oxidation of styrene to styrene
oxide catalyzed by (cyt P450,,,/PEl), films on carbon cloth electrodes by
electrolysis (o) or by addition of 10 mm H,O, (A). The electrolysis potential was
— 0.6 V vs. SCE at 4°C and oxygen was bubbled through the reaction mixture for
the first 20 min of electrolysis. H,O, mediated reactions were performed under an
atmosphere of air. Electrolyses at all pH values gave 10 mm H,0, at the end of the
1-hr reaction. Controls run without enzyme at all pH values gave 10-30% of the
amount of styrene oxide found in the catalytic reactions.

Discussion
Influence of polyion materials

The above results show that the electrochemical and catalytic
activity of films of heme proteins made by the layer-by-layer
electrostatic method depend on the polyion used in the
assembly procedure, on film thickness, and on pH conditions.
Data for Mb constructed with SiO,, PSS, and DNA as the polyion
show that all films gave chemically reversible electron transfer
for Fe''/Fe" (Figures2 and 4). However, the type of polyion
influenced the amount of protein incorporated into the film
(Figure 3), the fraction of protein that is electroactive, and the
redox potential (Figure 5). For example, (Mb/PSS), films had the
most negative formal potentials among the Mb films, but
contained the largest amount of protein, and 70 % of the Mb was
electroactive. About half of the Mb in DNA and SiO, films of six
bilayers was electroactive, and only 30% cytP450cam was
electroactive in six-bilayer films with PEI.

It has been observed before for other types of metalloprotein
films that the redox potential in general depends on film
composition, and this was attributed to protein-film interac-
tions and electrode double-layer effects.”” The polyion material
used here also influenced catalytic activity, with the best
turnover rates for styrene epoxidation being obtained for films
made with synthetic polyions, rather than DNA or SiO, (Table 2).
Lower yields in DNA films may be related to the reaction of
styrene oxide with guanine and adenine bases in the DNA in the
films.129

Influence of film thickness
Voltammetry showed that electron transfer extends out to six or

more layers of protein for all the films built on rough PG
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(Figures 2 and 3). Charge transport involving the iron heme
proteins was achieved over 40 nm for (Mb/DNA)¢ and 320 nm for
(Mb/SiO,)g in the various films, and is likely to involve electron
hopping facilitated by extensive interlayer mixing. We previously
suggested that the roughness of the electrode acts as a
disordering template, which facilitates overlap of the layers in
the film®2" and brings protein molecules closer together
(estimated 4-6 nm average inter-heme distances) so that they
can participate in an electron hopping pathway. Even on smooth
surfaces, extensive mixing of neighboring layers was demon-
strated by neutron reflectance analysis in films of PSS and
polycations, and PSS and Mb.* 22 Thus, although the films are
constructed one layer at a time, the final structure features
considerable intermixing, which facilitates charge transport
through the film.

Voltammetric catalytic efficiency data for reduction of oxygen
(Figure 8) and turnover rates for epoxidation of styrene (Table 1)
are consistent with the onset of reactant mass transport
limitations as the films get thicker. An increase in the number
of layers increases the film thickness and the amount of catalyst
available. Thus, if control by reaction kinetics is assumed, the
observed increase in I/l for catalytic reduction of oxygen and an
increased yield of styrene oxide is predicted as film thickness
increases. However, an increase in the number of layers of
catalyst increases the probability that the protein closest to the
electrode will become less available to reactant molecules due to
decreased permeation, and may thus limit the rate of reaction.®!
Competition between increased protein loading and decreased
mass transport efficiency leads to a maximum in catalytic
efficiency for oxygen reduction as film thickness increases. For
styrene epoxidation, the most efficient catalysis is found with the
thinnest films. In this case, however, it is practically useful to
employ thicker films in order to obtain larger material yields
(Table 1). Similar mass transport limiting effects of thickness on
voltammetric catalytic efficiency and turnover rates were found
in the conversion of dibromocyclohexane to cyclohexene by
films of cobalt corrin-polylysine covalently bound to PG electro-
des.l24

Influence of pH

The pH value of the external solution strongly influenced redox
potential (Figures4 and 5). The pH conditions had a small
influence on CV peak separation, which is inversely related to
electron transfer efficiency™ and is also influenced by redox-
coupled conformational changes.l"”? The amount of electroactive
protein in the films did not depend on pH value. The reversible
changes of E” and AE, values with changing pH level clearly
show that the redox properties of the proteins in the films are
controlled by the pH value of the external buffer. The linear plots
of E° against pH between pH 3 and pH 11 (Figure 5) had slopes
close to the theoretical value of —59 mVpH~" expected at 25°C
for reversible proton-coupled electron transfer. The charged
outer layers of the films should not be influenced to any great
extent by pH changes, especially since 0.1 m NaCl was used in all
buffers to maintain nearly constant ionic strength so Donnan
membrane potential effects should not be a major factor in the
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pH dependence of the E°' value. We can therefore rationalize the
E”"/pH dependence of Mb and cyt P450 reduction in these films
as coupled with a proton transfer throughout the entire pH
range.

The E”/pH behavior in the films evaluated here was very
different from that of Mb and cyt P450,,, in films of insoluble
lipids and surfactants. In these lamellar liquid crystal films,
linearity was found between pH4.6 and pH 11 for Mb and
between pH 6 and pH 11 for cyt P450,,,,, with slopes close to
59 mVpH~', which suggests proton-coupled electron transfer
within these pH ranges.”>-?”! At lower pH values, however, Mb in
the lipid films had an E” value nearly independent of pH
conditions, and the slope for cyt P450,,,, was about half that at
higher pH values. These results were correlated with protonation
and partial denaturation of the proteins in the low-pH range, as
confirmed by IR and visible absorption spectroscopy.?> 2"
Furthermore, the amount of electroactive proteins in the lipid
films depended strongly on pH value, which is not the case in the
polyion films. We recently obtained circular dichroism and visible
absorbance spectra and voltammetric data on layered, cross-
linked Mb/PSS films2® that showed that Mb retains a near-native
conformation and good catalytic activity for reduction of H,0,,
0,, and trichloroacetic acid at pH values as low as 2. That is, the
structure of the polyion-protein films appears to impart
remarkable protection against acid denaturation of the protein.
This could explain the linear £°’/pH behavior extending into the
low pH range. If the protein is held in the same conformation at
low pH values as in neutral solutions, then the one-proton/one-
electron reduction mechanism should remain the same. Thus, £
should, as observed (Figure 5), shift with changing pH at the
same rate throughout the entire pH range.

Typical bell-shaped activity/pH profiles with maxima at close
to physiological pH values were found both for H,O, driven
styrene oxidation catalyzed by Mb and cytP450, and for
electrolytic styrene oxidation catalyzed by cyt P450,,,, (Figures 9
and 10). Furthermore, the maximum turnover rate for cyt P450,,
is in the same range as the turnover rate of 10 hr~" at 4°C for the
natural dissolved putidaredoxin - cyt P450,,,,, system. The slightly
higher value in solution is probably a consequence of full
utilization of the dissolved enzyme, compared to the films, which
show the influence of mass transport limitations even for two
layers of protein.

The pH-dependent results are reasonable in view of the
several steps in the cyt P450 catalytic mechanism that utilize
protons,!'% 132939 and these results support the view9 that
enzymes in these films have catalytic functionality similar to
enzymes in solution. The amount of hydrogen peroxide was the
same in all these experiments (about 10 mm). On the other hand,
for electrolytic styrene oxidation catalyzed by Mb, turnover rate
decreased with increasing pH value but was also correlated with
the amount of hydrogen peroxide produced by catalytic
reduction of oxygen (see Scheme 1) during the reaction (Fig-
ure 9). Thus, we tentatively conclude that, despite the conforma-
tional stabilization of the protein at low pH values described
above, protonation - deprotonation reactions essential to cata-
lytic activity occur in the films in a fashion consistent with
established ideas of enzyme kinetics.
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Summary and Conclusions

We have reported, for the first time, the influence of polyion
material, film thickness, and pH value on the electrochemical and
catalytic activity of polyion - protein films constructed layer-by-
layer with Mb and cyt P450,,,,. Synthetic organic polyions such
as PSS supported the best catalytic and electrochemical
performance and facilitated electron transport through 70 nm
films (Figure 3). Electrons can be transported relatively efficiently
over this film thickness, and over 320 nm with SiO, as the
polyion. However, much thinner films (ca. 12—25 nm) gave the
highest rates for catalytic electrochemical or hydrogen peroxide
driven epoxidation of styrene. Classical bell-shaped activity/pH
profiles (Figures 9 and 10), turnover rates at 4 °C similar to those
in solution, and products of cyt-P450-catalyzed drug oxidation
the same as those found previously! suggest that this
approach is applicable to turnover rate studies of heme
enzymes, and other enzymes as well. A major advantage is the
very small amount of protein required: only 1.6 nmol or 75 ug
P450,,.,, was required for each turnover rate experiment.

Experimental Section

Materials: Lyophilized horse-heart myoglobin (Mb, MW 17 400) from
Sigma was dissolved in acetate buffer (10 mm, pH 5.2) and filtered
through YM30 (Amicon, 30000 MW cut-off) filters.F" Cytochro-
me P450,,., (MW 46500) was from Pseudomonas putida expressed
in Escherischia coli DH52a. containing P450,,,, cDNA and was isolated
and purified as described previously.?”! Putidaredoxin was obtained
and purified as described previously.?? Polyions were: PSS, average
MW 70000, Aldrich; PDDA, MW 200000-350000, Aldrich; PEI,
average MW 70000, Wako, Japan; calf thymus double-stranded DNA,
Sigma (type XV). Silica nanoparticles of average diameter 45 nm in
pH 10 solution were from Nissan Kagaku, Japan. Styrene, styrene
oxide, and benzaldehyde were from Sigma. The buffers used were:
acetate (0.05m, pH 4.0-5.5); citrate (0.05m, pH 3.0 - 7.0); tris(hydroxy-
methyl)laminomethane (Tris; 0.05m, pH7.0-9.0); borate (0.05m,
pH 9.0-10.0); phosphate (0.05m, pH 1.5-3.0, 7.0-8.0, and 11.0); all
contained NaCl (0.1 m). Water was purified to a specific resistance of
approximately 18 u2cm=". All other chemicals were reagent grade.

Film assembly: Multilayer films were grown on basal plane pyrolytic
graphite (Advanced Ceramics) disk electrodes and on gold-coated
quartz crystal microbalance resonators (9 MHz, AT-cut, International
Crystal Mfg. Co., gold area 0.16 cm?). Prior to film assembly, the PG
electrodes were abraded with 600-grit SiC paper (Buehler) while
flushing with water, then roughened on medium Crystal Bay emery
paper (PH3M 001K) and washed extensively. The electrochemically
determined surface area was 0.21 cm2.2% For electrolyses, films were
grown on carbon cloth (Zoltek Corp, 1.5 x 6.0 cm) with an active
electrochemical area of 230 cm?. Clean Au-coated QCM resonators
were coated before film formation by immersion in 3-mercaptopro-
pionic acid (0.3 mm) and 3-mercapto-1-propanol (0.7 mm) in ethanol
to give a uniform negative surface that mimics graphite.”!

Aqueous solutions for film construction were PSS or PDDA
(3mgmL~"), PEl 2mgmL-"), DNA (1 mgmL-'), and SiO, (0.02m,
pH 9.0) nanoparticle solutions. Cyt P450,,., (pl = 4.6)"? was adsorbed
at 1 mgmL~" in Tris buffer (10 mm, pH 7.4), in which it is negatively
charged, while Mb (pl~7)B4 was adsorbed at 3 mgmL~" in acetate
buffer (10 mm, pH 5.5), in which it is positively charged. Films were
grown by repeated 20-min adsorption to achieve saturation'® of
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negative and positive polyions or proteins in alternate cycles to give
films denoted as (Mb/polyion),, and (Cyt P450,,,.,/polyion),, and (Mb/
SiO,),, Where n is the number of protein/polyion bilayers. Films were
washed with water and dried under a stream of nitrogen after each
bilayer adsorption step before voltammetric or QCM analyses. In
some cases, the adsorption of polyions was carried out from salt
solutions and is denoted with salt concentration (for example, PSS
(0.5m NaCl)). For (Mb/SiO,), films, the first layer of SiO, was adsorbed
on a PSS/PDDA precursor bilayer adsorbed on the electrode. The first
layer on the rough PG or carbon cloth in all the different film
architectures was always polyion rather than protein, to avoid the
denaturation and low activity possible with an initial protein layer.?"

Quartz crystal microbalance: QCM resonators (9 MHz, AT-cut,
International Crystal Mfg. Co.) covered by 100 nm evaporated gold
electrodes (0.16 cm?) were used with a QCM from USI Systems, Japan.
Films were prepared on resonators as described above. The
resonator was immersed in a given adsorbate solution, washed,
and dried in a stream of nitrogen, and the frequency change was
measured at ambient temperature.

Voltammetry: A CHI 430 electrochemical workstation was used for
cyclic voltammetry and controlled potential electrolysis. The three-
electrode voltammetric cell contained a saturated calomel reference
electrode (SCE), platinum wire counter-electrode, and a PG disc
working electrode. Ohmic drop was compensated to < 0.5 mV by the
CHI 430. Prior to CV, solutions were purged with purified nitrogen,
unless otherwise noted, and the temperature was 25 +0.2°C.

Epoxidation of styrene: Catalytic oxidation of styrene was per-
formed with films made on both sides of carbon cloth electrodes.
Electrolyses were done at an applied potential of —0.6 V with respect
to SCE at 4°C in a divided cell equipped with a spectroscopic carbon-
rod counter electrode and an SCE reference, with compartments
separated by an agar - NaCl salt bridge. Oxygen was passed through
the reaction solution for the first 20 min, followed by oxygen
blanketing above the solution for the remainder of the reaction.
Alternatively, hydrogen peroxide was added to the cell without
electrolysis with the vessel open to air. After 1 hr, 10-mL samples
were extracted with hexane and the extract was analyzed by gas
chromatography. The chromatographic assay and the estimation of
H,0, was described previously.® ! All reactions were run in triplicate.
Oxidation of styrene with enzyme dissolved in solution was done at
4°C by a published method,™ with the molar ratio cyt P450cam/
putidaredoxin/putidaredoxin reductase 1:8:2, and NADH (1 mwm).
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contents are solely the responsibility of the authors and do not
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Novel Trifluoromethyl Ketones as Potent Gastric

Lipase Inhibitors

George Kokotos,*@ Stavroula Kotsovolou,” and Robert Verger™®

Novel inhibitors of human digestive lipases, lipophilic trifluoro-
methyl ketones, were developed. These analogues of the natural
triacylglycerol substrates of lipases were designed to contain the
carbonyl group of the trifluoromethyl ketone functionality in place
of the carbonyl group of the scissile ester bond at the sn-1 position.
The ester bond at the sn-3 position was replaced by an ether bond,
while the secondary hydroxy group was either esterified or
etherified. The inhibitors were prepared starting from solketal.

Introduction

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) constitute a diverse
family of enzymes that catalyze the hydrolysis of triacylglycerols
(TAGs) and find attractive applications in biotechnology.™ In
humans, gastric and pancreatic lipases play an important role in
nutrition processes and are the main enzymes in the digestive
tract involved in the hydrolysis of dietary TAGs. The conversion of
TAGs into monoacylglycerols and free fatty acids starts in the
stomach, where gastric lipase is secreted, and is completed by
pancreatic lipase in the small intestine, where absorption of
lipolytic products occurs.” Therefore, potent and specific
inhibitors of digestive lipases are of interest because they may
find applications as antiobesity agents. Tetrahydrolipstatin
(Orlistat), a B-lactone-containing inhibitor, is now a registered
drug for weight reduction.!

Synthetic inhibitors of lipases® also provide a powerful tool
for understanding the molecular mechanisms involved in the
catalytic activity of lipases. Both human pancreatic (HPL) and
human gastric lipase (HGL) possess a catalytic machinery
consisting of a classical catalytic triad (Ser-His-Asp) homologous
to that found in serine proteases.”! A key mechanistic feature of
many serine protease inhibitors is the presence of an activated
carbonyl group (transition-state isostere) in place of the scissile
amide bond.

Rational design of lipase inhibitors requires that the inhibitor
consists of two parts: a nucleophilic susceptible function, which
may react with the active-site serine residue, and a lipophilic
segment containing chemical motifs necessary for specific
interactions and proper orientation in the enzyme binding cleft.
We have recently demonstrated that lipophilic 2-oxo amides®
and 2-oxo amide and bis-2-oxo amide triacylglycerol analogues”
are effective inhibitors of digestive lipases. We now describe the
use of the trifluoromethyl ketone group as the reactive
functionality of the inhibitor. Peptidyl trifluoromethyl ketones
have been reported to inhibit various serine proteases and some

90 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The inhibition of human pancreatic and gastric lipases by the
trifluoromethyl ketones was studied by the monolayer technique.
5,5,5-Trifluoro-1-(dodecyloxymethyl)-4-oxopentyl decanoate is the
best synthetic inhibitor of human gastric lipase ever reported
(inhibition constant o.;,= 0.003).

KEYWORDS:

enzymes - inhibitors - ketones - lipases -

monolayers

of them have entered clinical trials.®! Various fatty alkyl
trifluoromethyl ketones have been reported to inhibit cytosolic
phospholipases A, (group IVA PLA,) and calcium-independent
phospholipase A, (group VI PLA,),! enzymes that contain a Ser
residue in their active site."

Results and Discussion

The novel inhibitors were designed taking into consideration the
structure of TAGs, which are the natural substrates of lipases
(Scheme 1). The ester carbonyl group at the sn-1 position of the
TAG substrate was replaced by the activated carbonyl group of
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Scheme 1. Structures of inhibitors in comparison with triacylglycerols, the
natural substrates of lipases.
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the trifluoromethyl ketone functionality. The carboxy ester bond
at the sn-3 position was replaced by an ether bond, while the
carboxy ester bond at the sn-2 position was either maintained or
replaced by the nonhydrolyzable ether bond. Both digestive
lipases show a preference for the hydrolysis of ester bonds at the
external positions (sn-1 and sn-3) of TAGs. Therefore, the carboxy
ester bond that involves the secondary hydroxy group is not
anticipated to undergo enzymatic hydrolysis.

Solketal (1) was used as starting material for the synthesis of
the target inhibitors. The hydroxy group of 1 was protected by
treatment with benzyl bromide and the isopropylidene group
was removed (Scheme 2). Etherification with 1-bromododecane

OH OBn OBn OBn
i i, ii
O% —|> o) —_ = + 012H25O
7&0 XO OC1oHas OC1,Hos
1 2 3 4
iv{
OBn
/
chlg\ﬂ/o%
0 OCi2Hzs
5

Scheme 2. i) CyHsCH,Br, Bu,NHSO,, 50% NaOH/C4H,, 45°C; ii) 4N HCl/MeOH;
iii) C,,HysBr, Bu,;NHSO,, 50% NaOH/CyHj, 45°C; iv) C,H,;COOH, DCC, DMAP,
CH,Cl,.

in a biphasic system of benzene/aqueous sodium hydroxide in
the presence of a catalytic amount of Bu,NHSO, produced a
mixture of monoalkyl (3, 40%) and dialkyl (4, 26 %) derivatives,
which were separated. Compound 3 was then coupled with
decanoic acid by using the 1,3-dicyclohexylcarbodiimide (DCC)/
4-dimethylaminopyridine (DMAP) method.'"! The benzyl group
of 4 or 5 was removed by catalytic hydrogenation (Scheme 3)
and compounds 6 a,b were then oxidized to the corresponding
aldehydes by NaOCl in the presence of the 4-acetamido-2,2,6,6-
tetramethyl-1-piperidinyloxy free radical (AcNH-TEMPO).'? Wit-
tig olefination of the aldehydes with Ph;P=CHCOOtBu produced
compounds 7 a,b. After catalytic hydrogenation and removal of
the tBu group, the carboxylic acids 8a,b were converted into
chlorides, which were subsequently converted into trifluoro-
methyl ketones 9a,b by treatment with (CF,C0O),0 and CsHsN.!'
(R)-9b was prepared similarly, starting from (R)-solketal.

The use of the monolayer technique!™ is advantageous for the
study of lipase inhibition since conventional emulsified systems
do not allow control of the interfacial quality of the system.
However, an accurate kinetic study of the hydrolysis reactions
requires that the lipids used form a stable monomolecular film at
the air/water interface. Figure1 shows the molecular area/
surface pressure dependency of compounds 9a and 9b spread
as monomolecular films over a buffered subphase at pH 8.0. The
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Scheme 3. i) H,, 10% Pd/C; ii) NaOCl, ACNH-TEMPO, NaBr, PhCH,/EtOAC/H,0,
—10°C; iii) PhyP=CHCOOtBu, THE 65°C; iv) 50 % CF,COOH/CH,Cl,; v) (COCI),,
DMF, nCgH, 3 Vi) (CF5C0),0, CsHsN, 0°C; vii) Hy0, 0°C. DMF = dimethylformamide.
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Figure 1. Molecular area/surface pressure curves for compounds 9a(x) and
9b(m). The aqueous subphase was composed of Tris/HCI (10 mm, pH 8), NaCl
(150 mwm), CaCl, (21 mm), and EDTA (1 mm). The continuous compression experi-
ment was performed in the rectangular reservoir of a “zero order” trough."¥

trifluoromethyl ketone derivatives formed stable monomolecu-
lar films at the air/water interface.

The inhibition of HPL and HGL was studied by means of the
monomolecular film technique!™ with mixed films of 1,2-
dicaprin that contained variable proportions of each inhibitor.
The inhibition studies were performed at a constant surface
pressure of 25 mNm~" for HPL and 27 mNm~" for HGL. Under
these experimental conditions, HPL and HGL were active and
linear kinetics were recorded.

The remaining lipase activity was plotted as a function of the
inhibitor molar fraction (a). The data obtained for HPL and HGL
are presented in Figure2 and Figure 3, respectively. The
inhibition constants for all the inhibitors tested, expressed as
molar fractions (asy), are summarized in Table 1. The as, value is
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Figure 2. Effect of increasing concentrations of 9a (x), 9b (m), and (R)-9b () on
the remaining activity of HPL acting upon 1,2-dicaprin monolayers maintained at
a constant surface pressure of 25 mN m~'. The aqueous subphase was composed

of Tris/HCI (10 mm, pH 8), NaCl (100 mm), CaCl, (21 mm), and EDTA (1 mm). The
kinetics of the hydrolysis were recorded over 15-20 min.
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Figure 3. Effect of increasing concentrations 9a (x), 9b (m), (R)-9b (o) on the

remaining activity of HGL acting upon 1,2-dicaprin monolayers maintained at a
constant surface pressure of 27 mNm~". The aqueous subphase was composed of

CH;COONa (10 mm, pH 5), NaCl (150 mm), CaCl, (21 mm), and EDTA (1 mm). The
kinetics of the hydrolysis were recorded over 15-20 min.

025 03

Table 1. Inhibition constants (as,) of the trifluoromethylketone inhibitors
tested on HPL and HGL with the monolayer technique.

Compound s

HPLE HGL®!
9a 0.111+£0.010 0.020 +0.004
9b 0.103+0.011 0.003 +0.0004
(R-9b 0.090 +0.007 0.003 +0.0004

[a] Surface pressure 25 mNm~". [b] Surface pressure 27 mNm~".
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defined as the molar fraction of inhibitor that reduces the initial
rate of lipolysis by 50 %.

As shown by these data, all the trifluoromethyl ketone
compounds were found to be potent inhibitors of HGL, whereas
they moderately inhibited HPL. Compound 9a was a fivefold
better inhibitor of HGL as compared to HPL, whereas compound
9b was a 30-fold better inhibitor for HGL. No significant
differences in the as, values of the different compounds were
observed for HPL. On the contrary, HGL showed a strong
preference (sevenfold) for the ester derivatives (9b and (R)-9b)
as compared to the ether derivative (9 a). The observation that a
carboxy ester bond involving the secondary hydroxy group
(corresponding to the sn-2 position of the natural TAG sub-
strates) is important for the inhibition of HGL is in agreement
with previous findings on bis-2-oxo amide triacylglycerol
analogue inhibitors.”” The results obtained with compounds
9b and (R)-9b showed that the chirality did not affect their
inhibitory effect on either HPL or HGL. It was previously
reported®! that the best phosphonate inhibitors of HPL and
HGL are levorotatory enantiomers and that a highly enantiose-
lective discrimination was observed. However, in this case, the
chiral center was at the reactive phosphorus atom, whereas in
the present study, the chiral center is the chemically nonreactive
asymmetric carbon atom at which the esterified secondary
hydroxy group is attached. The trifluoromethyl ketone 9b is the
best synthetic inhibitor of HGL ever reported. It exhibits an as,
value equal to that reported for the registered antiobesity drug
tetrahydrolipstatin.!’!

In conclusion, we have developed a novel class of potent
human gastric lipase inhibitors. The trifluoromethyl keto group is
thus a valuable ester bond surrogate for future design and
synthesis of powerful inhibitors of lipolytic enzymes.

Experimental Section

General: Solketal, methyl (4S)-2,2-dimethyl-1,3-dioxolane-4-carbox-
ylate, and AcNH-TEMPO were purchased from Aldrich. 1,2-Dicaprin
was purchased from Sigma. Analytical TLC plates (silica gel 60F,s,)
and silica gel60 (70-230 mesh) were purchased from Merck.
Visualization of spots was effected with UV light and/or phospho-
molybdic acid and/or ninhydrin, both in ethanol stain. HPL and HGL
were purified in the laboratory by using previously described
procedures. Et,O was dried by standard procedures and stored over
Na. Et;N was distilled over ninhydrin. All other solvents and chemicals
were of reagent grade and used without further purification. Melting
points were determined on a Buchi 530 apparatus and are uncor-
rected. 'H, 3C, and "°F NMR spectra were recorded in CDCl; on a
Varian Mercury spectrometer operating at 200, 50, 188 MHz,
respectively. Chemical shifts for °F are reported in ppm relative to
trifluoroacetic acid (TFA). Mass spectra were obtained on a VG
Analytical ZAB-SE instrument. Elemental analyses were performed on
a Perkin-Elmer 2400 instrument.

4-[(Benzyloxy)methyl]-2,2-dimethyl-1,3-dioxolan'®!  (2): Com-
pound 1 (20 g, 150 mmol) was added to a stirred solution of 50%
NaOH (600 mL), benzene (600 mL), Bu,NHSO, (12.7 g, 37.5 mmol),
and benzyl bromide (55 mL, 450 mmol). After vigorous stirring for 4 h
at 45-50°C, the reaction mixture was allowed to equlibrate to the
ambient temperature and EtOAc and water were added. The organic
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phase was washed with brine and dried (Na,SO,). The product was
purified by column chromatography (petroleum ether 40-60°C,
petroleum ether 40-60°C/EtOAc 8/2). Yield: 20 g (60%); 'H NMR:
& =735 (m, 5H; C4Hs), 4.60 (s, 2H; CH,CeHs), 4.36 (m, 1H; CH), 4.08 (t,
J=85Hz, 1H; CHHO), 3.78 (t, J=8.5Hz, 1H; CHHO), 3.58 (m, 2H;
CH,0), 1.48 (s, 3H; CH,), 1.42 (s, 3H; CH,) ppm; 3C NMR: 6 = 1377,
128.2, 127.5, 127.2, 109.0, 74.5, 73.1, 70.7, 66.5, 26.5, 25.1 ppm.

Deprotection and etherification of 2: Compound 2 (20 g, 90 mmol)
was treated with 4N HCl in MeOH (135mL) for 1h at room
temperature. The solvent and the excess acid were evaporated
under reduced pressure and the residue was evaporated twice from
Et,0. The product was added to a stirred solution of 50% NaOH
(350 mL), benzene (350 mL), Bu,NHSO, (6.8 g, 20 mmol) and 1-bro-
mododecane (108 mL, 500 mmol). After vigorous stirring for 4 h at
45-50°C, the reaction mixture was allowed to obtain the ambient
temperature and EtOAc and water were added. The organic phase
was washed with brine and dried (Na,SO,). The products were
separated by column chromatography (petroleum ether 40-60°C,
petroleum ether 40-60 °C/EtOAc 12/1, petroleum ether 40-60 °C/
EtOAc 7/3).

1-(Benzyloxy)-3-dodecyloxypropan-2-ol'”! (3): Yield: 12 g (40%);
THNMR: 6 =735 (m, 5H; CHs), 4.60 (s, 2H; CH,CgHs), 4.00 (m, 1H;
CHOH), 3.75-3.38 (m, 6 H; 3 x CH,0), 1.62 (m, 2H; CH,CH,0), 1.42-
1.18 (m, 18H; 9 x CH,), 0.88 (t, J=6.2 Hz, 3H; CH;) ppm; *C NMR:
0=1379,128.2,127.5,127.2,73.2,71.7,71.5,71.3,69.4, 31.8, 29.5, 25.9,
22.5, 14.0 ppm; MS (FAB): m/z (%): 373 (100) [M+Nal*, 351 (32)
[M+H]*; elemental analysis calcd (%) for C,,H;30; (350.5): C 75.38, H
10.93; found C 75.14, H 10.99.

Benzyl 2,3-bis(dodecyloxy)propyl ether!'® (4): Yield: 12 g (26%);
THNMR: 6 =7.35 (m, 5H; C,Hs), 457 (s, 2H; CH,CHs), 3.62-3.41 (m,
9H; CH, 4 x CH,0), 1.58 (m, 4H; 2 x CH,CH,0), 1.38—1.18 (m, 36H;
18 x CH,), 0.9 (t, J/=6.8 Hz, 6H; 2 x CH;) ppm; *CNMR: 6 =1384,
128.2, 1274, 1271, 77.8, 73.2, 71.6, 70.6, 70.5, 70.2, 31.9, 30.0, 29.6,
29.5, 29.3, 26.1, 22.6, 14.0 ppm; MS (FAB): m/z (%): 519 (22) [M-+H]*,
91 (100); elemental analysis calcd (%) for C3,H¢,05 (518.8): C 78.80, H
12.04; found: C 78.52, H 12.31.

2-(Benzyloxy)-1-(dodecyloxymethyl)ethyl decanoate (5): DCC
(8.2g, 40 mmol) in CH,Cl, (68 mL) was added dropwise to a stirred
solution of compound 3 (12g, 34 mmol), decanoic acid (5.9g,
34 mmol), and DMAP (1.7 mg, 1.7 mmol) in CH,Cl, (1770 mL) at 0°C.
The reaction mixture was kept at 0°C for 30 min then stirred at room
temperature for 24 h, filtered to remove the white precipitate,
concentrated under reduced pressure, and purified by column
chromatography (petroleum ether 40-60°C/EtOAc 9/1). Yield: 159
(89%); '"HNMR: 6 =7.35 (m, 5H; C¢Hs), 5.20 (m, 1H; CHOCO), 4.58 (s,
2H; CH,CeHs), 3.64 (m, 4H; 2 x CH,0), 3.41 (m, 2H; CH,0), 2.35 (t, J=
74 Hz, 2H; CH,CO), 1.60 (m, 4H; CH,CH,CO, CH,CH,0), 1.44-1.18 (m,
30H; 15 x CH,), 0.9 (t, J=6.0 Hz, 6H; 2 x CH,) ppm; 3CNMR: 6 =
173.3, 138.0, 128.2, 127.7, 127.2, 73.1, 71.5, 71.1, 69.1, 68.7, 34.4, 31.8,
29.6, 294, 29.2, 29.0, 26.0, 22.6, 14.0 ppm; elemental analysis calcd
(%) for Cs,HsO, (504.8): C 76.14, H 11.18; found: C 76.48, H 11.25.

General procedure for the removal of the benzyl group: 10% Pd/C
catalyst (0.042 g) was added to a solution of compound 4 or 5
(1 mmol) in EtOH (2.5 mL) through which N, had been passed for
5 min. The reaction mixture was stirred under H, for 5h at room
temperature. The catalyst was removed by filtration through a pad of
Celite and the filtrate was evaporated under reduced pressure. The
product was purified by column chromatography (petroleum ether
40-60°C/EtOAC 8/2).

2,3-Bis(dodecyloxy)propan-1-ol'? (6a): Yield: 0.32 g (75%); m.p.:
37-39°C; 'HNMR: 0=3.68-3.37 (m, 9H; 3 x CH,0, CH,0OH, CH),
1.55 (m, 4H; 2 x CH,CH,0), 1.38-1.15 (m, 36H; 18 x CH,), 0.88 (t,
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J=6.0Hz, 6H; 2 x CH) ppm; *CNMR: 6 =776, 72.0, 71.0, 70.6, 63.2,
31.9, 29.8, 29.6, 29.5, 29.3, 26.1, 22.6, 14.0 ppm; elemental analysis
caled (%) for C,;Hsc0; (428.7): C 75.64, H 13.17; found: C 75.99, H
13.51.

2-Hydroxy-1-(dodecyloxymethyl)ethyl decanoate (6b): Yield:
0.249g (58%); m.p.: 34-36°C; '"HNMR: 6 =4.98 (m, 1H; CHOCO),
3.79 (d, J=6.0 Hz, 2H; CH,0H), 3.60 (d, J=6,0 Hz, 2H; CHCH,0), 3.4
(t, J/=6.0Hz, 2H; CH,0), 2.35 (t, /=74 Hz, 2H; CH,CO), 1.58 (m, 4H;
CH,CH,CO, CH,CH,0), 1.45-1.15 (m, 30H; 15 x CH,), 0.88 (t, J=
6.0 Hz, 6H; 2 x CH;) ppm; *CNMR: 6 =173.7, 72.9, 71.8, 69.9, 62.8,
34.3, 31.8, 29.6, 29.4, 29.3, 29.2, 29.0, 26.0, 25.0, 22.6, 14.1 ppm;
elemental analysis calcd (%) for C,sHs,O, (414.7): C 72.41, H 12.15;
found C 72.79, H 12.52.

General procedure for the preparation of the unsaturated
compounds 7a,b: A solution of NaBr (0.12 g, 1.1 mmol) in water
(0.5mL) and subsequently AcNH-TEMPO (2 mg, 0.01 mmol) were
added to a solution of compound 6a or 6 b (1.0 mmol) in a mixture of
EtOAc/toluene 1:1 (6 mL) at —10°C. A solution of NaOCI (0.08 g,
1.1 mmol) and NaHCO; (0.08 g, 1.0 mmol) in H,O (0.7 mL) was added
dropwise to the resulting biphasic system under vigorous stirring at
—10°C over a period of 15 min. After stirring at —10°C for 10 min,
EtOAc (15 mL) and water (5 mL) were added. The organic layer was
washed with 1% aqueous citric acid (10 mL), which contained Kl
(0.5 g), with 10% aqueous Na,S,0; (10 mL), and with brine and dried
over Na,SO,. The solvent was evaporated under reduced pressure
and the aldehyde was used in the next step without any purification.
Ph;P=CHCOOtBu (0.37 g, 1.1 mmol) was added to a solution of the
aldehyde (0.21g, 1.0mmol) in dry THF (5mL) and the reaction
mixture was refluxed for 1 h. The solvent was evaporated under
reduced pressure and the residue was purified by column chroma-
tography (petroleum ether 40-60°C/EtOAc 85/15).

tert-Butyl (E)-4,5-bis(dodecyloxy)-2-pentenoate (7 a): Yield: 0.42 g
(80%); '"HNMR: 6=6.75 (dd, J/=15.8, J=5.8 Hz, 1H; CH=CHCOOt-
,5.97 (dd, J=15.8, J=0.8 Hz, 1 H; CH=CHCOOtBu), 4.02 (m, 1H; CH),
3.56-3.35 (m, 6H; 3 x CH,0), 1.60-1.44 (m, 13H, 2 x CH,CH,0,
C(CH5)3), 1.36-1.13 (m, 36H, 18 x CH,), 0.88 (t, J=6.6 Hz, 6H; 2 x
CH;) ppm; *CNMR: 6 = 165.5, 142.6, 124.2, 80.4, 78.2,72.9, 71.7,70.1,
31.9, 29.8, 29.6, 29.4, 29.3, 28.1, 28.0, 26.0, 22.6, 14.0 ppm; MS (FAB):
m/z (%): 547(5) [M+Nal*, 57 (100); elemental analysis calcd (%) for
C33Hsq0, (524.9): C 75.52, H 12.29; found: C, 75.78, H, 12.01.

tert-Butyl (E)-4-(decanoyloxy)-5-(dodecyloxy)-2-pentenoate (7 b):
Yield: 0.29g (56%); '"HNMR: 6 =6.76 (dd, J=15.4, J=59Hz, 1H;
CH=CHCOOtBu), 591 (dd, J=15.4, J=1.2Hz, 1H; CH=CHCOOtBu),
5.58 (m, 1H; CHOCO), 3.59-3.38 (m, 4H; 2 x CH,0), 2.37 (t, /=74 Hz,
2H; CH,CO), 1.76-1.38 (m, 13H; C(CH,);, 2 x CH,), 1.37-1.17 (m,
30H; 15 x CH,), 0.88 (t, J=6.0 Hz, 6H; 2 x CH,) ppm; *C NMR: 6 =
172.8, 165.0, 141.6, 124.4, 80.6, 71.6, 71.3, 70.8, 34.3, 31.8, 29.6, 294,
29.2,28.1, 28.0, 26.0, 24.8, 22.6, 14.1 ppm; MS (FAB): m/z (%): 533 (15)
[M+Nal*, 57 (100); elemental analysis calcd (%) for C5;Hs305 (510.8):
C 72.89, H 11.45; found: C 72.63, H 11.74.

General procedure for the preparation of the carboxylic acids
8a,b: 10% Pd/C catalyst (0.04g) was added to a solution of
compound 7a or 7b (1 mmol) in EtOH (2.5 mL) through which N,
had been passed for 5 min. The reaction mixture was stirred under H,
for 24 h at room temperature. The catalyst was removed by filtration
through a pad of Celite and the filtrate was evaporated under
reduced pressure. The product was purified by column chromatog-
raphy (petroleum ether 40-60 °C/EtOAc 9/1) and then treated with
TFA (3.5 mL) in CH,Cl, (3.5mL) for 1h at room temperature. The
solvent and the excess acid were evaporated under reduced pressure
and the residue was crystallized from Et,0.
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4,5-Bis(dodecyloxy)pentanoic acid (8a): Yield: 0.42 g (90%); m.p.:
39-40°C; '"HNMR: 6 =3.62 (m, 1H; CH), 3.43 (m, 6H; 3 x CH,0), 2.48
(t, J=72Hz, 2H; CH,COOH), 1.85 (m, 2H; CH,CH,COOH), 1.55 (m, 4H;
2 x CH,CH,0), 1.40-1.09 (m, 36H; 18 x CH,), 0.88 (t, /J=6.0 Hz, 6H;
2 x CH;) ppm; *CNMR: 6 =179.5, 774, 73.0, 71.6, 70.4, 31.9, 30.0,
29.6,29.5, 29.3, 28.1, 28.0, 26.1, 22.7, 14.0 ppm; MS (FAB): m/z (%): 493
(30) [M+Nal*, 471 (25) [M+H]; elemental analysis calcd (%) for
CaoHs50, (470.8): C 73.99, H 12.42; found: C 74.11, H 12.69.

4-(Decanoyloxy)-5-(dodecyloxy)pentanoic acid (8b): Yield: 0.41 g
(90%); m.p.: 42-43°C; 'HNMR: 6 =5.03 (m, 1H; CHOCO), 3.41 (m,
4H; 2 x CH,0), 2.37 (m, 4H; 2 x CH,CO), 1.98 (m, 2H; CH,CH,COOH),
1.54 (m, 4H; CH,CH,COO, CH,CH,0), 1.40-1.02 (m, 30H; 15 x CH,),
0.88 (t, J=6.0 Hz, 6H; 2 x CH;) ppm; *CNMR: 6 =176.4, 173.2, 71.3,
71.0, 65.6, 34.2, 31.7, 294, 29.3, 29.2, 29.1, 29.0, 25.6, 24.8, 22.5,
14.9 ppm; MS (FAB): m/z (%): 479 (30) [M+Na]*, 457 (35) [M+H]*;
elemental analysis calcd (%) for C,;Hs,05-0.5H,0 (465.7): C 69.63, H
11.47; found: C 69.55, H 11.68.

General procedure for the synthesis of the trifluoromethyl
ketones 9a,b: DMF (40 pL) and oxalyl chloride (0.42 mL, 4.8 mmol)
were added to a solution of carboxylic acid 8a or 8b (1.0 mmol) in
hexane (40 mL). The solution was stirred for 1 h at room temperature.
After filtration of the white solid and evaporation a colorless oil was
produced (acid chloride), which was solubilized in CH,Cl, (10 mL).
TFAA (0.84 mL, 6.0 mmol) and dry pyridine (0.62 mL, 8.0 mmol) were
added dropwise to this solution at 0°C consecutively. The solution
was stirred vigorously for 30 min and then H,0 (2 mL) was added.
The solution remained for 30 min at 20 °C and was then washed with
a solution of brine and dried over Na,SO,. The solvent was
evaporated under reduced pressure and the product was purified
by column chromatography (CH,Cl.).

1,1,1-Trifluoro-5,6-bis(dodecyloxy)-2-hexanone (9a): Yield: 0.29g
(55%); '"HNMR: 6 =3.58-3.32 (m, 7H; CH, 3 x CH,0), 2.85 (t, J=
70Hz, 2H; CH,CO), 1.89 (m, 2H; CH,CH,CO), 1.54 (m, 4H; 2 x
CH,CH,0), 1.41-1.12 (m, 36 H; 18 x CH,), 0.88 (t, /=6.0 Hz, 6H; 2 x
CH,) ppm; *CNMR: 6 =191.0, 115.3, 774, 72.6, 71.7, 70.2, 34.3, 31.9,
29.6, 29.5, 29.3, 26.1, 22.7, 14.1 ppm; F NMR: 6 =—1.4 (CF;); MS
(FAB): m/z (%): 523 (12) [M+H]*, 337 (8), 169 (9); elemental analysis
calcd (%) for CsoHs,F505 (522.8): C 68.93, H 10.99; found: C 69.22, H
11.27.

5,5,5-Trifluoro-1-(dodecyloxymethyl)-4-oxopentyl decanoate (9b):
Yield: 0.20 g (40%); '"H NMR: 6 =5.04 (m, 1H; CHOCO), 3.51 -3.37 (m,
4H; 2 x CH,0), 2.78 (t, J="7.2 Hz, 2H; CH,COCF,), 2.30 (t, J=7.1 Hz,
2H; CH,COO0), 2.02 (m, 2H; CH,CH,COCF,), 1.67-1.44 (m, 4H;
CH,CH,COO, CH,CH,0), 1.42-1.12 (m, 30H; 15 x CH,), 0.88 (t, J=
6.0 Hz, 6H; 2 x CH,) ppm; *CNMR: 6 =191.2, 173.4, 115.3, 71.7, 71.4,
70.7, 343, 323, 31.9, 29.6, 29.4, 29.2, 26.0, 25.0, 22.7, 14.1 ppm;
F NMR: 0 = — 1.4 (CF;). MS (FAB): m/z (%): 509 (6) [M+H]*, 323 (20),
169 (13); elemental analysis calcd (%) for C,¢Hs,F;0, (508.7): C 66.11, H
10.11; found: C 66.12, H 10.47.

(R)-9b: Spectroscopic data identical to those obtained for com-
pound 9b. [a]l,=6.3 (c=1.5 in EtOAC).

Monomolecular film experiments: Surface pressure-area curves
were measured in the rectangular reservoir compartment of a “zero
order” trough (14.8 cm wide and 24.9 cm long). Before each experi-
ment the trough was first washed with tap water, then gently
brushed in the presence of distilled ethanol, washed again with
plenty of tap water and finally rinsed with double-distilled water. The
lipidic film was spread with a Hamilton syringe as a solution in CHCI,
(approximately 1 mgmL-") over an aqueous subphase of tris(hy-
droxymethyl)laminomethane (Tris)/HCI (10 mm, pH8.0), NaCl
(100 mm), CaCl, (21 mm), and ethylenediaminetetraacetate (EDTA;
1 mm). The above buffer solution was prepared with double-distilled
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water and filtered through a 0.22-um Millipore membrane. Before
each utilization, residual surface-active impurities were removed by
sweeping and suction. The force/area curves were automatically
recorded at a continuous compression rate of 4.8 cmmin—".

Enzyme kinetics experiments: The inhibition experiments were
performed by using the monolayer technique. The surface pressure
of the lipid film was measured by the platinum Wilhelmy plate
technique coupled with an electromicrobalance. The principle of this
method has been described previously by Verger et al.l'*

The method of “mixed monomolecular films” was used for the
inhibition studies. This method involves the use of a “zero-order”
trough that consists of two compartments: a reaction compartment,
where mixed films of substrate and inhibitor are spread, and a
reservoir compartment, where only pure films of substrate are
spread. The two compartments are connected to each other by
narrow surface channels. HPL (final concentration 7.4 ngmL-") and
HGL (final concentration 81 ngmL~") were injected into the sub-
phase of the reaction compartment, where efficient stirring was
applied. In the case of HPL the aqueous subphase was composed of
Tris/HCI (10 mm, pH 8.0), NaCl (100 mwm), (CaCl, 21 mm), and (EDTA
1 mm). In the case of HGL the aqueous subphase was composed of
CH;COONa/HCI (10 mm, pH 5.0), NaCl (100 mm), CaCl, (21 mm), and
EDTA (1 mm). When the surface pressure decreased as a result of the
lipolytic action of the enzyme, a mobile barrier moved over the
reservoir compartment to compress the film and thus keep the
surface pressure constant. The surface pressure was measured in the
reservoir compartment. The surface of the reaction compartment
was 100 cm? and its volume 120 mL. The reservoir compartment was
14.8 cm wide and 24.9 cm long. The lipidic films were spread from a
chloroform solution (approximately 1 mgmL-"). The kinetics were
recorded for 20 min. Linear kinetics were obtained in all cases. Each
experiment was duplicated.

This work was supported by the Greek Secretariat for Research and
Technology and the French Foreign Ministry.
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Evaluation of Lipopolysaccharide Aggregation
by Light Scattering Spectroscopy

Nuno C. Santos,*? Ana C. Silva,” Miguel A. R. B. Castanho,™ < J. Martins-Silva,?

and Carlota Saldanha®™

Lipopolysaccharides (LPS) are cell wall components of Gram-
negative bacteria. These molecules behave as bacterial endotoxins
and their release into the bloodstream is a determinant of the
development of a wide range of pathologies. These amphipathic
molecules can self-aggregate into supramolecular structures with
different shapes and sizes. The formation of these structures occurs
when the LPS concentration is higher than the apparent critical
micelle concentration (CMC,). Light scattering spectroscopy (both
static and dynamic) was used to directly characterize the
aggregation process of LPS from Escherichia coli serotype
026:B6. The results point to a CMC, value of 14ugmL-" and the
existence of premicelle LPS oligomers below this concentration.
Both structures were characterized in terms of molecular weight

Introduction

Lipopolysaccharides (LPS), cell wall components of Gram-
negative bacteria, behave as bacterial endotoxins and determine
the development of a wide range of pathologies. During an
infection, these pathologies result from LPS release into the
blood stream, which leads to fever, flush, diarrhea, inflammation,
altered metabolic utilization of sub-
strates (glucose, fatty acids, and ami-
noacids), impaired microcirculation,
and, in some situations, hemorrhage,
collapse, shock, coma, and death."
A LPS molecules (Figure 1) consist of
three components (for a review see,
for example, Rietschel et al.”?): lipid A
— (@ phosphoglycolipid responsible for
B LPS toxicity, immunomodulation, and
— insertion into a membrane or mi-
celle), a core region (a structurally
conserved hetero-oligosaccharide),
c and the O-specific chain (a highly
variable polysaccharide that acts as
an important surface antigen). De-
L spite extensive knowledge about LPS
molecular structure and the biomed-
ical relevance of the solubility of LPS
in an aqueous environment, little is
known about the aggregation be-
havior of LPS molecules.

Figure 1. Schematic repre-
sentation of the molecular
structure of a lipopolysac-
charide. A: O-specific chain.
B: Core region. C: Lipid A.
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(5.5x 10° and 16 x 10°gmol~' below and above the CMC,,
respectively), interaction with the aqueous environment, gyration
radius (56 and 105 nm), hydrodynamic radius, (60 and 95 nm) and
geometry of the supramolecular structures (nearly spherical). Our
data indicates that future in vitro experiments should be carried out
both below and above the CMC,. The search for drugs that interact
with the aggregates, and thus change the CMC, and condition LPS
interactions in the bloodstream, could be a new way to prevent
certain bacterial-endotoxin-related pathologies.

KEYWORDS:

aggregation - bacteria
lipopolysaccharide - supramolecular chemistry

light scattering spectroscopy

In dilute solution, amphipathic molecules such as LPS usually
act as normal solutes and occur as monomers. However, at fairly
well-defined concentrations, abrupt changes take place in
several physical properties, such as osmotic pressure, turbidity,
electrical conductance, and surface tension.® The rate at which
osmotic pressure increases with concentration becomes abnor-
mally low and the rate of increase in turbidity with concentration
is enhanced, which suggests that considerable association is
taking place. Moreover, the association usually results in
organized aggregates (micelles). The concentration above which
micelle formation becomes appreciable is termed the critical
micelle concentration (CMC). Simple micelles have lipophilic
hydrocarbon chains oriented towards the core and hydrophilic
groups in contact with the aqueous medium. Aggregation can
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also lead to the formation of different types of larger lamellar
structures. Intermolecular attraction between carbon chains as
well as minimal contact between carbon chains and aqueous
solvent, are responsible for the stabilization of these aggregates.
The size and shape of the aggregates depend on the size, shape,
and molecular interactions of the constituent monomers.
Typically, micelles and lamellar structures tend to be approx-
imately spherical over a fairly wide range of concentrations
above the CMC, but there are often marked transitions to larger,
nonspherical liquid-crystal structures, mainly at high concen-
trations.

Knowledge about the micellar behaviour of natural amphi-
pathic molecules such as lipid derivatives is crucial to an
understanding of the structural dynamics of living cells and
organelles. The free energies of transition between micellar
phases tend to be small and, consequently, the phase diagrams
for these systems tend to be complex and sensitive to
additives.®! Micelle formation is of practical importance in the
formulation of pharmaceutical and other products that contain
water-insoluble components, and in detergency, emulsion
polymerization, and micellar catalysis of organic reactions.

Critical micelle concentrations can be determined by measur-
ing any micelle-influenced physical property as a function of
surfactant concentration. Surface tension, electrical conductivity,
and dye solubilization are among the most popular.™ However,
light scattering techniques are far more powerful because
information concerning the sizes and shapes of micelles is
obtained,™ ¢ as well as more accurate CMC determinations than
with other techniques™.

In the build-up from surfactant monomers to micelles, the
transitory existence of intermediate levels of aggregation is to be
expected. The existence of submicelle aggregates is possible,
although in trace amounts in some cases.® Apparent critical
micelle concentrations (CMC,) can be detected in other cases,
and premicelle oligomers have been studied both from the
experimental and theoretical points of view.®! However, the role
of such structures in biological systems is yet unknown.

The main objective of the present work was to study the
physical properties of the process of aggregation in supra-
molecular structures of the LPS from Escherichia coli serotype
026:B6 in Dulbecco’s phosphate buffered saline (PBS; pH 7.4).
This study was carried out by light scattering spectroscopy
techniques (both static and dynamic light scattering), which
enabled 1) calculation of the apparent critical micelle concen-
tration, 2) evaluation of the possible existence of LPS premicelle
oligomers, and 3)evaluation of the shape, size distribution,
average molar weight, average gyration radius, and average
hydrodynamic radius of the LPS monomers (or premicelle
oligomers) and micelles, below and above the CMC,, respec-
tively.

Results

The standard CONTIN method™ allows both calculation of the
average hydrodynamic radius (or diameter) and determination
of the size distribution of the sample under evaluation. Figure 2
presents the size distribution obtained for one of the studied
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Figure 2. Size distribution obtained for the LPS aggregates by dynamic light
scattering by using the CONTIN method (c=80 ugmL~'; 6 =90°).

concentrations of lipopolysaccharide from Escherichia coli sero-
type 026:B6 (80 pgmL~") in Dulbecco’s PBS (pH 7.4) at 37°C. The
broadness of the sample size distributions was quantified by
using the polydispersion index calculated by the method of
cumulants.' The values obtained for the different LPS concen-
trations under evaluation are presented in Figure 3. The lowest
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Figure 3. Polydispersion indexes obtained by dynamic light scattering and the
method of cumulants at different LPS concentrations.

polydispersion indexes were obtained at the higher LPS
concentrations, which points to the formation of organized
supramolecular systems. Polydispersion is higher close to
14 ngmL~" (this parameter typically increases in the region of
the apparent critical micelle concentration). The polydispersion
index ranges from 3.86 % at 14 ugmL~", to 0.49% at 100 ug mL~".

The variation of the maxima of the size (hydrodynamic
diameter) distributions obtained by dynamic light scattering
(DLS) with LPS concentration as found by the CONTIN method is
presented in Figure 4. The lower limit of the transition region in
this distribution can be used to calculate the apparent critical
micelle concentration and gives a value of approximately
14 ngmL~", in agreement with the polydispersion data. There
was no significant scattering angle (6) dependence of the DLS
results. Additional use of the Debye method, as described in the
Methods section, further confirmed an apparent critical micelle
concentration value of 14 pgmL-".
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Figure 4. Variation of the maxima of the size distributions (hydrodynamic
diameter) obtained by dynamic light scattering by using the standard CONTIN
method. The two horizontal lines represent the average hydrodynamic diameters
of the premicelle oligomers (119 nm) and large aggregates (190 nm). The two
vertical dashed lines define three concentration regions: A) only premicelle
oligomers are present; B) transition range; the coexistence of premicelle
oligomers and larger aggregates leads to apparent intermediate diameters as a
result of the balance of the light scattering contributions from the two
supramolecular species in the calculations of the diameter; C) the light scattering
information arises (almost) exclusively from the larger aggregates.

The values obtained by static and dynamic light scattering for
all the different parameters under evaluation—molecular weight
(M,), second virial coefficient (A,), gyration radius (R,), hydro-
dynamic radius (R,), and p—below and above the CMC,, are
presented in Table 1.

Table 1. Values obtained by light scattering spectroscopy for the various
parameters under evaluation, below and above the apparent critical micelle
concentration.[!

c<CMC, c>CMC,
M,/10° [gmol~] 55+06 160+ 16
A,/10-* [cm? molg~2] —428+2.1 —0.68+0.03
R, [nm] 5647 105+ 13

R, [nm] 60+3 9545
p=R/R, 0.86 +0.11 1.104+0.14
CMC, [pg mL~"] 14

[a] Measurements were made on the lipopolysaccharide from Escherichia
coli serotype 026:B6 at 37 °C in PBS (pH 7.4). Error boundaries given are the
typical standard deviation.

Discussion

To the best of our knowledge, this work presents the first direct
characterization of the physical properties of the aggregation
process of the LPS from E. coli serotype 026:B6. It is also the first
aggregation process study carried out with any LPS type at
37°C. The use of this human physiological temperature is a
key issue because of the considerable influence that temper-
ature may have on the formation of LPS supramolecular
aggregates.'

Aurell and Wistrom!? used a rather indirect experimental
technique that involved fluorescence spectroscopy of mixed
micelles of LPS and a fluorescent probe and suggested a change
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in the aggregation of the LPS from E. coli serotype 026:B6 at c=
14 pgmL~" at 25 °C. This value is identical to the CMC, obtained
by us at 37°C, both by static and dynamic light scattering
spectroscopy.

Static light scattering data allow calculation of the M,,, A,, and
R, values, both below and above the CMC, (Table 1). Moreover,
the CMC, value itself could be determined. The M, value
obtained below the CMC, represents either the effective
molecular weight of the monomer or the presence of LPS
dimers or higher-order oligomers even below the CMC,
(premicelle oligomers). The M,, value obtained above the CMC,
is (approximately) three times that obtained below the CMC,,
which suggests the formation of trimers of the units present
below the CMC,. Moreover, the M,, value below the CMC, is
considerably higher than those obtained for other LPS types
(summarized by Aurell and Wistrom!'?). Both observations
strongly suggest that LPS is dispersed in premicelle oligomers
below the CMC,. The M,, value calculated for the LPS aggregates
is of the same magnitude as those indicated for the aggregates
of other LPS types.'> 4

Based on thermodynamics, the negative second virial coef-
ficient values obtained indicate a poor interaction between LPS
and the aqueous solvent (that is, a tendency towards self-
association). The increase of the A, value above the CMC,
indicates a better interaction with the solvent, possibly as a
result of the expected (better) shielding of LPS hydrophobic
components from the aqueous environment and increase of the
intermolecular interactions upon micelle formation.

The diameters obtained by dynamic light scattering spectro-
scopy for the LPS aggregates from E. coli serotype 026:B6 at
37°C are higher than the values obtained for other LPS types at
room temperature with the same techniquel™ ' as well as by
microscopy imaging methods.!'> ™ The data presented in Fig-
ure 4 indicates that well above the CMC,, the increase of LPS
concentration results in more aggregates, without any change in
their dimensions. The apparent transition range and the hyper-
bolic-like distribution of the data points arise from the coex-
istence of two supramolecular species, which leads to an
apparent intermediate diameter and to asymptotic behavior
(Figure 4) as a result of a balance of the light scattering
contributions from the premicelle oligomers and from the larger
aggregates in the calculations of the average diffusion coef-
ficient (and thus, the average diameter).

The value of p=0.86 obtained below the CMC, is in agree-
ment with a nearly spherical geometry, when the increase in p
values to be expected for polydisperse samples is considered
(Figure 3). The change in this parameter observed above the
CMC, indicates a different aggregate geometry at those
concentrations. Theoretical equations'®'” can be used to
estimate Ry and R, values (and, therefore, p) if geometry and
dimensions are known. However, the geometry and axial
dimensions published by Aurell etal.'™™ lead to estimates that
are not in agreement with our experimental results. However,
comparison of the two studies is hampered by the fact that
different LPS types and temperatures were used. Moreover, no
indication of the aggregation state of the sample (namely, below
or above the CMC,) is provided by Aurell et al.™.
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There is a possible correlation between our findings and the
LPS concentration-dependent physiological functional effects,
which could be explained by a better accessibility of recognition
structures to CD14 and/or LBP (LPS-binding proteins required for
cell activation) in the smaller premicelle oligomers. This hypo-
thetical differential accessibility can be simply related to the
difference between the surface curvature of the two supra-
molecular structures. Our data indicates that (within the studied
concentration range) there are no significant concentration-
dependent alterations of the dimensions of the supramolecular
structures below the CMC, (only a decrease in the number of
aggregates). Concentration-dependent decrease in endotoxin
action can also be related to the variation of the maxima of the
size distributions (hydrodynamic diameter) obtained by dynamic
light scattering (Figure 4) and to the difference between the A,
values obtained below and above the CMC, (different solvent
interactions). A full characterization of the binding of LBP and
CD14 to the different LPS supramolecular structures (similar to
the study carried out by Tobias etal.™) will be essential to
further evaluate this hypothesis. A future characterization of the
aggregation of biologically active rough mutant LPS could also
further clarify this idea.

The combination of static and dynamic light scattering
spectroscopy enables direct characterization of the LPS aggre-
gation process. Our data strongly suggest that future in vitro
studies with LPS strains should be carried out both below and
above their CMC, (14pgmL~" for this strain) in order to
distinguish between the pathological effects caused by LPS
large aggregates and those caused by the premicelle oligomers.
Future research should be carried out to study the molecules
that influence the LPS aggregation process and thus control
partition of LPS in the bloodstream. The results presented open
new perspectives for alternative therapeutic strategies. The
search for drugs that interact with the aggregates and change
the CMC, value could be a new way to overcome certain
bacterial-endotoxin-related pathologies.

Methods

Apparatus: In light scattering experiments, light from a laser
impinges on the scattering sample and is partially scattered.
The position of a detector defines the scattering angle ()
and scattering volume (Figure 5). Light scattering measure-
ments were carried out in a BI-2030AT apparatus with a 128-
channel digital autocorrelator (Brookhaven Instruments
Corporation, Holtsville, NY, USA), equipped with a Spectra-
Physics He —Ne Laser, model 127 (632.8 nm, 35 mW).

Static light scattering: Static light scattering (SLS) measure-
ments were carried out using the Zimm method"® in order
to obtain Ry, M,,, and A, values. The statistical weighting of
these average values was previously described.!” The Zimm
method is based on the following equation:

K xc 167°n3R3 /6 1
= (1 +—————sin? (—)) (——l— 2A2> (1)
R, 3] 2))\Wm,

where c is the weight concentration, R, is the Rayleigh ratio
(@ parameter proportional to the scattering intensity,
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KC/Rg

Laser
Detector

Autocorrelator

Figure 5. Schematic representation of the light scattering apparatus. The
detector is mounted on a goniometer in order to carry out the scattering
intensity measurements at different scattering angles. The presence of the
autocorrelator is only necessary for pretreatment of the dynamic light scattering
data (in order to obtain the intensity correlation functions).

obtained by SLS for each ¢ and 0 value), n, is the refractive index
of the solvent and K is defined by Eq. (2).

dn\ ?
47°n3 (—)
K = _ \de/ )]

N A

Here, dn/dc is the specific refractive index increment of the solution,
N, the Avogadro number, and A the wavelength of the laser. A plot of
(K-0)/R, against sin%(6/2) +k'-c (where k' is an arbitrary constant
chosen purely for graphical convenience) gives a grid plot (Figure 6)
known as the Zimm plot. This plot is made of two sets of lines, which
consist of the angular measurements at each concentration and the
concentration measurements at each 6 value. Extrapolation of the
angular and concentration measurements to zero gives the values of
A,, Ry, and M,,. Our measurements were carried out at scattering
angles from 45 - 150°. The experimental determination of dn/dc, was
hampered by the need for considerably higher LPS concentrations.
Thus, a value of dn/dc=0.15cm*g~" was used in the present work,
as previously determined for several polysaccharides and phospho-
lipids in aqueous solution or suspension.’2%

A simplification of the Zimm method, called the Debye method, was
also used to determine the CMC,. The scattering intensities were

1.5 —

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

sin® (#/2) + 4000¢

—_—

Figure 6. Zimm plot. The extrapolated lines used for the calculation of each static light
scattering parameter are indicated.
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measured at € =90° for a range of concentrations that included the
CMC, and the values obtained were used to produce a (K-c)/Ry
versus ¢ plot. In accordance with Eq.(3), the different A, and M,,
values found below and above the CMC, lead to the occurrence of
two straight lines.

K xc 1

= —+2Ac (©)
Ry M,

The value of the CMC, is indicated by the concentration at the
intersection of the two lines generated by the plot.

Dynamic light scattering: DLS techniques provide information on
the dynamical properties of the scattering molecules or aggregates
on a microsecond time scale by performing an autocorrelation with
the scattering intensity data. As long as the scattered field time
function is Gaussian, the intensity correlation function obtained, g(t),
is related to the field correlation function g,(t) by the Siegert
equation,'®

g,() = 1+4Pg,(0 4

where f3 is a constant (ideally 3 = 1). For small particles or spheres of
any size,

gt = e’ (5)

I = Dg’ (6)
4mn, 0

qg = 7 smE (7)

D is the translational diffusion coefficient. For diluted solutions (such
as those used in the present work), D can be used to calculate the
hydrodynamic radius, Ry, by using the Stokes - Einstein equation,

kT
6anRy,

~
~

(8)

where k is the Boltzmann constant, T the absolute temperature, and
1 the solvent viscosity.

Since we are dealing with polydisperse samples, the size distribu-
tions of the samples were obtained by using the standard CONTIN
method,” considered to be the most suitable approach for the study
of systems with broad size distributions (its potentialities and
drawbacks were tested and reviewed by Johnsen and Brown2").

Static and dynamic light scattering information were combined to
calculate the value of p:2%

i ©)
P = R,
This value is a structure-dependent parameter, which usually varies
from 0.775 for a homogeneous sphere (lower values are also
possible) to p > 2.0 for long rigid rods (a complete set of p values and
equations according to specific structures was presented by
Burchard?3),

Sample preparation: All the laboratory material used for the
preparation of light scattering samples was treated with a chromo-
sulfuric mixture (in order to remove lipids or other traces that can
retain “dust” particles on the material inner surfaces) and thoroughly
rinsed with distilled water, previously filtered through 0.2 um
cellulose nitrate membranes (MFS, Dublin, CA, USA). Samples were
prepared in a syringe and filtered through Millipore Millex-HV 0.8-um
disposable filter units directly into cylindrical light-scattering tubes.
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To remove the remaining “dust” particles (which could lead to biased
light scattering results), an additional mild centrifugation (45 min,
1300 g) was performed to sediment the particles in the bottom of
the cell. Afterwards, the tubes were handled with extreme care.

In the present study, we used 18 different concentrations of lipo-
polysaccharide from Escherichia coli serotype 026:B6 (Sigma, St.
Louis, MO, USA), in the range 1-100pugmL-". These solutions
(suspensions) were prepared in Dulbecco’s PBS, pH 7.4, from a 100-
pgmL=" stock solution. All the measurements were carried out at
37°C.

This work was supported by Fundacdo para a Ciéncia e Tecnologia
and by Fundagdo Calouste Gulbenkian (Portugal).
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Analysis of Protein Tyrosine Kinase Inhibitors in
Recombinant Yeast Lacking the ERG6 Gene

Daniel D. Clark and Blake R. Peterson*[!

Studies of small-molecule—protein interactions in yeast can be
hindered by the limited permeability of yeast to small molecules.
This diminished permeability is thought to be related to the unique
sterol composition of fungal membranes, which are enriched in the
steroid ergosterol. We report the construction of the novel
Saccharomyces cerevisiae yeast strain DCY250, which is compat-
ible with yeast two-hybrid-based systems and bears a targeted
disruption of the ERG6 gene to ablate ergosterol biosynthesis and
enhance permeability to small molecules. The small-molecule
inhibitors of protein tyrosine kinases (PTKs) PP1, PP2, herbimycin A,
and staurosporine were investigated with yeast tribrid systems that
detect the activity of the PTKs v-Abl and v-Src. These tribrid systems

Introduction

Protein tyrosine kinase (PTK) enzymes activate complex intra-
cellular signal transduction pathways by catalyzing the transfer
of the gamma phosphoryl group of adenosine triphosphate
(ATP) to tyrosine residues of target proteins. The resulting
phosphotyrosine residues typically serve as docking sites for
cognate phosphotyrosine-binding proteins that participate in
the transmission of signals to the cell nucleus. These signals
control diverse cellular functions, which include cellular prolif-
eration, differentiation, and apoptosis."? Up-regulation of
specific signaling pathways by members of the Abl and Src
families of PTKs control the proliferation of certain cancers by
activating Ras oncoproteins." >4 Aberrant activation of Ras is
implicated in a large number of human malignancies® and PTKs
therefore represent major therapeutic drug targets.®

Given the importance of PTKs in human disease, novel classes
of potent and selective PTK inhibitors are a widely sought after
class of drug candidates (reviewed in refs. [6 - 8]). The majority of
PTK inhibitors described to date are mimics of ATP, target the
enzyme active site, and block phosphoryl transfer to target
proteins. As shown in Scheme 1, this class of inhibitors includes
the structurally divergent small molecules PP1 (1), PP2 (2),
herbimycin A (3), and staurosporine (4).°-'? Although numerous
inhibitors of PTK activity are known,’* the common mechanism
of action of ATP mimicry has limited the identification of the
highly specific compounds necessary for effective chemother-
apy.'"? Hence, novel approaches to evaluate diverse PTKs in a
high-throughput screening format are sought to discover
alternative types of small-molecule inhibitors.

Inhibitors of PTKs are typically investigated through evalua-
tion of cell extracts by ELISA techniques or through analysis of

ChemBioChem 2003, 4, 101-107 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

function by expression of the PTK, a B42 activation domain fused to
the phosphotyrosine-binding Grb2 SH2 domain, a DNA-bound
LexA-GFP-(AAYANAA), universal PTK substrate, and a lacZ reporter
gene. Yeast genetic systems that lack functional ERG6 were found
to be as much as 20-fold more sensitive to small-molecule
inhibitors of PTKs than systems with ERG6, and these deficient
systems may provide a useful platform for the discovery and
analysis of small-molecule - protein interactions.

KEYWORDS:

antitumor agents - high-throughput screening - molecular

recognition - signal transduction - yeast
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Scheme 1. Structures of protein tyrosine kinase inhibitors that engage the ATP
binding site.

compounds against purified kinases in vitro.® However, these
methods can often be expensive and time-consuming, and often
require radioactive probes. As a potentially inexpensive, rapid,
and nonradioactive alternative, we are investigating the utility of
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yeast two-hybrid-based assays for detection and anal-
ysis of PTK inhibitors. Towards this end, we recently
reported the construction of a yeast tribrid system that
employs a potentially universal PTK substrate that is
efficiently phosphorylated by the v-Abl and v-Src
enzymes (Figure 1).'3 Here, we report modifications
of this yeast genetic system to enable analysis of
inhibitors of this important class of enzymes.

Yeast genetic systems have emerged as powerful
tools for the study of small-molecule - protein inter-
actions(reviewed in refs. [14-17]). Recent reports have
described the use of yeast one- and two-hybrid systems
to investigate ligand - receptor interactions,'®2”) and to
discover inhibitors of protein — protein interactions.l28-3%
Other reports utilize yeast three-hybrid systems that
employ dimeric small-molecule ligands that serve to
dimerize protein ligand-binding domains and reconsti-
tute functional transcriptional activators that activate

HO

™ prk v_fr?"‘"
Inhibitor &

E\al K\

»5:”@

%E:D

|

. PTK, ATP ‘Grb2
: GFP  (yv-Abl or v-Src) B2 SH2

b P To— AD
S R Ef;s —
ava'aVYae -?'_i\ AD d “~ Vs
K ANA Grb2 LacZ
LexA SH2 LexA

Figure 1. Schematic depiction of a yeast tribrid system incorporating a universal
PTK substrate. This assay was designed to detect cell-permeable PTK inhibitors by
reduction of lacZ reporter gene expression.

reporter gene expression.?'¢ Yeast have also been recently
reported as sensors for the detection of small molecules that
stabilize receptor folding.’”? However, a major limitation asso-
ciated with yeast-based analysis of small molecules involves the
limited permeability of yeast compared with mammalian cells.['™
This difference in permeability has been largely attributed to
differences in cellular membrane composition. Mammalian cell
membranes are highly enriched in the steroid cholesterol,
whereas fungal membranes substitute the structurally related
steroid ergosterol (Scheme 2), which primarily differs from
cholesterol by the presence of a methyl substituent on C-24.
Previous studies have elucidated the components of the
ergosterol biosynthetic pathway in Saccharomyces cerevi-
siae.341 As shown in Scheme 2, one particularly interesting
gene in this pathway is ERG6, which encodes the C-24 sterol
methyltransferase responsible for installation of the C-28 methyl
group late in the sterol biosynthetic pathway. The ERG6 gene
product catalyzes the conversion of zymosterol to fecosterol,
and deletion of ERG6 has been shown to ablate ergosterol
production without dramatically affecting cellular viability.2
Moreover, yeast that lack functional ERG6 (ergéA strains) have
been reported to be more permeable to small molecules,?> 43-50
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Scheme 2. Key elements of the yeast ergosterol biosynthetic pathway.

which has recently been attributed to increased rates of passive
diffusion across cell membranes.”® Here, we describe analysis of
PTK inhibitors in a modified yeast tribrid system that bears a
targeted deletion of the ERG6 gene carried out to enhance
permeability to small molecules. Deletion of this gene was found
to enable detection of specific PTK inhibitors with more than 20-
fold greater sensitivity than the parent yeast strain, FY250. This
approach may be useful for high-throughput identification and
analysis of pharmaceutically relevant PTK inhibitors.

Results and Discussion
Targeted deletion of ERG6 in S. cerevisiae strain FY250

The ERG6 gene of yeast is critical for the biosynthesis of
ergosterol.*? Targeted disruption of this gene to yield ergé64
yeast strains can enhance permeability to a variety of small
molecules.?> 43-500 Yet, to our knowledge, only one report has
described inactivating mutations in this gene in conjunction
with yeast two-hybrid assays used to detect pharmacologically
relevant small molecules.?® We hypothesized that an erg6A4
yeast strain harboring the tribrid (modified two-hybrid) PTK
assay shown in Figure 1 would enable improved detection of
functionally diverse small-molecule inhibitors of the v-Abl and
v-Src PTKs.

As shown in Figure 2, the ERG6 gene was disrupted in yeast
strain FY250 to yield the erg6A4 yeast strains DCY001 and
DCY250. Gene deletion involved homologous recombination of
a TRP1 cassette flanked with loxP recombination sites into the
ERG6 locus. This insertion resulted in deletion of more than 75%
of the ERG6 gene to afford the strain DCY001. TRPT was chosen
for selection of this initial erg6A strain because FY250 yeast are
auxotrophic for tryptophan, and trp14, ergéA strains fail to grow
under normal (30 °C) aerobic culture conditions due to decreases
in tryptophan uptake.*? However, this growth impairment is
known to be obviated by aerobic culture at 37 °C."*?! Recovery of
the tryptophan selection marker by Cre-loxP site-specific
recombination®" to afford strain DCY250 was found to confer
this temperature-sensitive phenotype when the yeast were
grown in 5-10mL cultures under aerobic conditions. Fortu-
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Figure 2. Disruption of the ERG6 gene in yeast strain FY250. A) Schematic
depiction of insertion of TRP1 at the ERG6 locus to afford strain DCY001 followed
by Cre-mediated excision of TRP1 at loxP sites to yield strain DCY250.

B) Analytical PCR analysis of ERG6 genes from genomic DNA of FY250, DCY001,
and DCY250 yeast. (bp = base pairs).

itously however, this temperature-sensitivity was not observed
with cells grown on 96-well microtiter plates under aerobic
conditions at 30°C, and under these conditions growth was
indistinguishable from that of the parent strain FY250. The ability
of DCY250 yeast to grow on microtiter plates at 30°C enabled
direct comparisons of the activities of small molecules in FY250
and DCY250 systems. These genetic modifications were validat-
ed by analytical PCR methods (Figure 2).

To compare the permeability of DCY250 and FY250 to small
molecules, their sensitivity to various antimicrobial agents, such
as the protein synthesis inhibitors cycloheximide and G-418, and
their resistance to the antibiotic nystatin were examined.
Cycloheximide and nystatin are known to exhibit differential
effects on erg6A yeast strains compared with ERG6 competent
strains.*? As shown in Table 1, DCY250 was found to be
significantly more sensitive than FY250 to the growth inhibitory
effects of cycloheximide and G-418. In addition, DCY250 was
substantially more resistant to nystatin, which exerts antifungal
effects by binding to ergosterol in yeast membranes. These
results confirmed that disruption of ERG6 in FY250 yeast to yield
DCY250 provided a yeast strain with enhanced permeability to
small molecules.

ChemBioChem 2003, 4, 101-107

Table 1. Comparison of the growth inhibition effects of antimicrobial agents
on yeast strains DCY250 and FY250./°!

DCY250®! FY250m®! Fold Al
Cycloheximide 0.0037 0.045 12.2
G-418 1.3 22.1 17.0
Nystatin 56.9 2.6 —-219

[a] Data shown represent the mean of duplicate experiments. Typical
standard errors of the mean (SEM) were <3%. [b]Values represent
concentrations (ug mL~") that inhibit growth by 50% (ICs,), calculated from
dose -response curves. [c] Fold A represents growth inhibitory effects of
compounds with respect to DCY250.

Modification of the yeast tribrid system

We previously reported a yeast tribrid system that detects
intracellular tyrosine phosphorylation by the v-Abl and v-Src
PTKs by using a universal substrate.l® This system was modified
to facilitate the detection of small-molecule inhibitors by
reducing the expression level of the two enzymes. Toward this
end, the high-copy (20-50 copies per cell) episomal 2u-origin
plasmids previously employed for kinase expression were
substituted with low-copy (1-2 copies per cell) centromeric
plasmids (CEN4/ARS1) bearing the galactose-inducible GALT7
promoter and LEU2 selection marker. These low-copy kinase
expression vectors were transformed into the yeast strains
DCY250 and FY250 with the previously described plasmids,
which express the B42-Grb2 SH2 protein, LexA-GFP-(AAYANAA),
protein, and a lacZ reporter gene.'¥ Expression of PTKs from
either episomal or centromeric plasmids in tribrid assays did not
result in significant differences in overall lacZ reporter gene
expression (data not shown).

Analysis of PTK inhibitors with yeast tribrid systems

The small molecules PP1 (1), PP2 (2), herbimycin A (3), and
staurosporine (4) were chosen as the known inhibitors of v-Abl
and v-Src enzymes to be investigated. The former two inhibitors
(1, 2) are synthetic compounds whereas the latter two (3, 4) are
natural products. Literature 1Cs, values?®? for inhibition of these
two enzymes are shown in Table 2. These compounds were
chosen to encompass diverse functionality, such as the presence
of a protonated amine at physiological pH values (staurosporine)
and different molecular weights ranging from 281 daltons (PP1)
to 574 daltons (herbimycin A), factors deemed likely to influence
compound permeability to yeast cells.

The yeast tribrid system employed here for analysis of PTK
inhibitors is illustrated schematically in Figure 1. In this system,
reporter-gene expression is controlled by PTK-mediated phos-

Table 2. IC;, values obtained from literature sources.?->%
Inhibitor 1Cs, (v-Abl) 1Cs4 (v-Src)
PP1 (1) 5 um 0.3 um
PP2 (2) N/A N/A
Herbimycin A (3) 5um 12 um
Staurosporine (4) 80 nm 6 nm
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phorylation of a LexA — GFP tetrameric universal substrate bound
to DNA via the LexA DNA-binding protein. Conversion of
tyrosine into phosphotyrosine in the substrate produces a
high-affinity ligand of the B42-Grb2 SH2 protein, which results in
recruitment of the B42 activation domain to LexA DNA binding
sites of the reporter gene and activation of reporter gene
expression. This gene expression should be reduced in a dose-
dependent fashion by addition of a cell-permeable PTK inhibitor.

Four separate yeast tribrid assays (Figure 1) expressing the
v-Abl or v-Src PTKs in FY250 or DCY250 (erg6A4) yeast were
investigated with the PTK inhibitors shown in Scheme 1. These
inhibitors were also analyzed with control yeast strains that
constitutively activate reporter gene expression by expression of
a LexA -B42 fusion protein. These control experiments enabled
nonspecific effects on reporter gene expression to be distin-
guished from specific effects on tyrosine kinase activity. As
shown in Figure 3, dose-dependent effects of inhibitors on
reporter gene expression were quantified, and IC;, values were
determined (Table 3).

The results shown in Figure 3 and Table 3 demonstrate that
deletion of the ERG6 gene renders the DCY250 yeast strain
substantially more sensitive to PTK inhibitors than strain FY250.
Whereas only the low-molecular-weight PP1 (1) and PP2(2)

125, DCY250 v-Abl 125, FY250 v-Abl
&=
1004 TlOO .
754 > 757
=
504 3 507
<
257 S 259
04 k4 04
0.01 0.1 1 10 100 0.01 0.1 1 10
[Inhibitor] / pm—> [Inhibitor] / pm—>
1251 DCY250 v-Src 1254 FY250 v-Src
1001 TlOOf
757 2 757
=
501 3 507
<
259 S 259
04 04
0.01 0.1 1 10 100 0.01 01 1 10
[Inhibitor] / pm—> [Inhibitor] / pm—>
125 DCY250 LexA-B42 125 FY250 LexA-B42
100 TlOO
75 > 75
=
50 S 50
<
25 S 25
0 0
0.1 1 10 100 0.01 0.1 1 10

[Inhibitor] / pm—> [Inhibitor] / pm—>

Figure 3. Dose - response curves for yeast genetic systems treated with inhibitors o PP1(1),
m PP2(2), & Herbimycin A(3), and & Staurosporine (4). A) Expression of v-Abl in DCY250 (left)
and FY250 (right) yeast tribrid systems. B) Expression of v-Src in yeast tribrid systems.

C) Control yeast one-hybrid systems that constitutively activate reporter gene expression of
a LexA - B42 fusion. Percentage activity represents normalized data with respect to the
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Table 3. IC;, values measured in yeast systems.[

DCY250 Yeast FY250 Yeast

Inhibitor v-Abl v-Src LexA-B42 v-Abl v-Src  LexA-B42
PP1 (1) 12 7.6 > 100 20 >100 >100
PP2 (2) 42 45 > 100 25 >100 >100
Herbimycin A (3) 52 058 >10 >10 >10 >10
Staurosporine (4) 44 3.1 >10 >10 >10 >10

[a] Values represent concentrations (um) required to inhibit reporter gene
expression in yeast PTK tribrid assays by 50 % (ICs), calculated from the data
shown in Figure 3.

compounds had significant effects against FY250, all of the
inhibitors (1-4) conferred dose-dependent reductions in re-
porter gene expression in the ERG6-deficient DY250 strain.
Importantly, all four inhibitors exhibited only minor effects on
the control LexA-B42 assay at the highest concentrations
examined (Table 3). Remarkably, although herbimycin A exhibits
the lowest potency in vitro (Table2) and is of the highest
molecular weight, this compound proved to be the most potent
compound against the DCY250 PTK assays. Herbimycin A was
approximately 20 times more potent in the DCY250 strain than
in FY250. This observation may relate to irreversible inhibition of
PTKs by this compound.™ In contrast, the other
compounds (1-3) are reversible PTK inhibitors.

The effects of compounds 1-4 on yeast growth
were quantified in order to examine whether inhibition
of cellular growth might contribute to effects on
reporter gene expression. In these experiments (Ta-
ble 4) cells were grown in the presence of test
compounds for 16 hours and cell density was deter-
mined from absorbance values. Over this time interval,
the growth of DCY250 was affected by all of the
inhibitors, but most profoundly by staurosporine (3),
which was highly toxic to both DCY250 and FY250.
However, these effects on cellular growth are not likely
to significantly influence the inhibitor data shown in
Figure3 and Table3 because the inhibitors were
analyzed after treatment of yeast for only 4 hours. This
conclusion is supported by comparison with the
corresponding control experiments with the LexA-
B42 fusion protein.

To confirm that inhibitors 1-4 influence the activity
of PTKs in whole yeast cells, the DCY250 strain that
expresses v-Src was analyzed by immunoblotting with
antiphosphotyrosine (Figure 4). These experiments re-

100

100

Table 4. Inhibition of yeast growth by PTK inhibitors.!

100 % Inhibition of growth

DCY250 FY250

PP1 (1, 100 pm) 78 0
PP2 (2, 100 pm) 43 0
Herbimycin A (3, 10 uwv) 30 0
Staurosprorine (4, 10 um) 100 95

[a] Data shown represent the mean of duplicate experiments

lowest concentration of inhibitor shown. Data presented are the average of at least
duplicate experiments. Error bars represent SEM values. Typical errors were <5 %.
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with typical SEM values of <1%.
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Galactose (2%) + + + + + -
PP1 (100 um) — + - - . _
PP2 (100 um) — - + - = L
Herbimycin A (10 um) — — = + e o
Staurosporine (10 um) — - - -+ -
MW,
98 Kd

Figure 4. Immunoblot analysis of the DCY250 v-Src tribrid assay by detection of
phosphorylated proteins with antiphosphotyrosine. Each lane was loaded with
equivalent amounts of cell extract after treatment with inhibitor for 4 hours.

vealed that all of the inhibitors reduce v-Src activity and
herbimycin A (10 uv) confers the greatest effect on phosphor-
ylation. These results are consistent with the transcriptional
tribrid dose-response data from Figure 3 and Table 3.

The results presented here demonstrate that yeast strains
without the ERG6 gene can be employed in two-hybrid-based
assays to identify pharmacologically relevant small molecules
that are normally impermeable to yeast. Given the importance of
protein tyrosine kinases in human disease, the modified yeast
tribrid assays reported here may be useful for the discovery of
drug leads in high-throughput screening assays.

Experimental Section

General: Standard techniques for plasmid construction,® yeast
transformation,®” and amplification of yeast genomic DNAP® were
employed. The compounds PP1, PP2, and G-418 were obtained from
Calbiochem. Herbimycin A, staurosporine, cycloheximide, nystatin,
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich.
5-Fluoroorotic acid (5-FOA) was purchased from Toronto Research
Inc. DNA oligonucleotides were from Integrated DNA Technologies.
Restriction endonucleases and deoxynucleotide triphosphates were
from New England Biolabs. GeneChoice Taqg polymerase was
purchased from PGC Scientific, and Pfu polymerase was purchased
from Stratagene. DNA isolation and purification kits were from
Qiagen. Microbiological media were from Difco and gBiogene.
Prepoured solid yeast selection media was purchased from KD
Medical. All new DNA constructs were confirmed by automated
dideoxynucleotide sequencing at the Pennsylvania State University
Nucleic Acid Facility. Data analysis was performed with the GraphPad
Prism 3.0 program (GraphPad Software, Inc. San Diego, CA).

Bacterial and yeast strains: Escherichia coli DH5-a (Clontech) was
employed for plasmid construction. Saccharomyces cerevisiae FY250
(MATa, ura3-52, his34200, leu2A41, trp1463) was a generous gift of
Prof. M. Ptashne (Memorial Sloan-Kettering). Yeast strains DCY0O01
(MATa, ura3 - 52, his34200, leu2A1, trp1463, erg6:loxP-TRP1-loxP) and
DCY250 (MATa, ura3 -52, his34200, leu2A1, trp1A463, erg6:loxP) were
constructed as described within this study.

Plasmid construction: The yeast tribrid plasmids pJG4 -5 Grb2 SH2,
pAMLexA2 GFP-(AAYANAA),, pAMLexA2 GFP-(AAFANAA),, and the
reporter vector pSH18-34 were described previously." To reduce
the expression levels of the v-Abl (amino acids 237 -630) and v-Src
(amino acids 137-526) PTKs, these genes were expressed from
vector pYCDC. pYCDC is a GALT-inducible, LEU2-selectable, centro-
meric plasmid constructed from pYCplac111®? (a gift from R.D.
Gietz) by digestion with EcoRI/Hindlll and ligation to a Mfel - GAL1
promoter-HA tag-EcoRI/Xhol-ADH1 terminator-Hindlll (HA =hemag-
glutinin epitope tag) fragment derived from pRF4 -6, a derivative of
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pJG4 -5 that lacks the B42 activation domain and SV40 nuclear
localization sequence®. The control plasmid for expression of the
constitutively active LexA-B42 AD fusion protein was prepared by
ligation of a Mfel-SV40 NLS-B42 AD-HA tag-Xhol fragment derived
from pJG4-51% into pAM423LexA.l"3!

PCR from the template plasmid pDC2 ERG6-loxP2-TRP1-ERG6
generated the disruption cassette used to construct yeast strain
DCYO001. This plasmid included loxP sites amplified by PCR from the
plasmid pU6H3HA®? (a gift from A. De Antoni) and cloned into
pDC2™ to afford pDC2 loxP2. The forward loxP site included the
hexameric 6 x His and trimeric HA tag sequences of pU6H3HA®?
flanked by in-frame 5’ Kpnl and 3’ Mfel restriction sites. The reverse
loxP site was amplified to include flanking in-frame 5’ Xhol and 3’ Pstl
restriction sites. The ERG6 gene sequences of the disruption cassette
were generated by PCR amplification of yeast genomic DNA.
Homology to N-terminal ERG6 sequences included 270 bp upstream
and 129 bp downstream of the ERG6 start codon, flanked by in-frame
5" BamHI and 3’ Kpnl restriction sites. Homology to C-terminal ERG6
sequences included 129 bp upstream and 270 bp downstream of the
ERG6 stop codon, flanked by in-frame 5’ Pstl and 3’ Hindlll restriction
sites. These ERG6 gene fragments were cloned into pDC2 loxP2 to
create pDC2 ERG6-loxP2-ERG6. The TRPI selection marker was
amplified from pJG4-5© flanked by in-frame 5’ EcoRl and 3’ Xhol
restriction sites and cloned into EcoRl/Xhol-digested pDC2 ERG6
loxP2 to afford the final disruption template.

Targeted disruption of ERG6: Yeast strain FY250 was transformed
with a DNA cassette amplified by PCR from plasmid pDC2-ERG6-
loxP2-TRP1-ERG6 to include 149 bp of ERG6 homology flanking each
of the loxP sites. Homologous recombination yielded colonies that
grew on solid synthetic-defined (SD) media (2% glucose) that lacked
tryptophan (trp-). Isolation and PCR analysis of individual yeast
colonies provided the DCY001 strain.

DCY001 was transformed with the Cre expression plasmid pSH475"
and transformants were selected on solid SD media (2% glucose)
lacking uracil (ura-) and tryptophan (trp-). Selected transformants
were inoculated into liquid yeast peptone media (2% galactose,
YPGal) to induce Cre recombinase expression and incubated with
shaking at 30°C for 17 hours. Approximately 500 yeast cells were
plated on solid SD media (2% glucose, ura-) and incubated at 30°C
for 6 days. The most well-defined colonies were patched to solid SD
media (2% glucose, trp—, ura-) to verify auxotrophic markers, and to
solid SD media (2% glucose, ura~) for further analysis, and were
incubated at 37°C for 1 day. Analytical PCR identified colonies with
the appropriate genomic mutations. These colonies were patched to
5-FOA (1 mgmL-") plates and incubated at 37°C for 2days to
remove the pSH475" plasmid. The resulting colonies were patched
to solid yeast peptone media (2% dextrose, YPD) to obtain single
colonies for final PCR analysis. A colony was selected based on PCR
analysis and good growth characteristics and was patched to solid
SD media (2% glucose, ura~) and solid SD media (2% glucose, trp-)
and incubated at 37°C to confirm auxotrophic markers. The strain
derived from this colony was named DCY250. It should be noted that
some of the media described above were supplemented with
ergosterol (0.02mgmL-" final concentration added from a 1:1
ethanol/tergitol NP-40 200X stock solution) in an attempt to improve
growth characteristics at 30 °C. However, aerobically cultured yeast
cannot incorporate exogenously supplied ergosterol®® 3% and ergo-
sterol supplementation is not likely to have influenced yeast growth.

Yeast tribrid f-galactosidase reporter gene assay: Yeast tribrid
assays for S. cerevisiae FY250 and DCY250 yeast were performed
essentially as described previously."® Briefly, yeast harboring the
appropriate plasmids were grown for 16 hours in SD liquid media
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(2% raffinose, ura-, trp-, his—, leu”). Aliquots of saturated yeast
cultures (80 uL) were added to a sterile 96-well microtiter plate
followed by SD liquid media (100 pL, 4% galactose, ura-, trp~, his~,
leu”) with a 10X stock solution of the PTK inhibitor (20 uL, 10%
DMSO in H,0). The plate was incubated with shaking at 30°C for
4 hours and assayed for (-galactosidase reporter gene activity as
previously described.!™ Values reported here represent the mean of
at least duplicate experiments and were normalized to the activity
calculated for wells containing the lowest concentration of the
inhibitor shown. ICs, values were calculated by nonlinear regression
with a one-site competition model (GraphPad Prism 3.0 software).
Side-by-side comparisons with a nonphosphorylated phenylalanine
analogue of the universal substrate (LexA-GFP-(AAFANAA),) typically
provided less than 5% of the activity of the tyrosine-containing
universal substrate. Error bars in the figures represent standard errors
of the mean.

Immunoblotting: Yeast colonies picked for the DCY250 v-Src tribrid
assays were grown 16 hours in SD media (2% raffinose, ura-, trp-,
his—, leu~) and aliquotted (0.8 mL) onto a 24-well plate containing SD
media (0.1 mL, 20% galactose, ura~, trp~, his-, leu”) and PTK
inhibitors (0.1 mL, 10X stocks in 10% DMSO in H,0) then incubated
with shaking at 30°C for 4 hours. Preparation of cell lysates and
immunoblotting was performed as previously described,"¥ but the
immunoblots were developed with a CN/DAB substrate (Pierce).

Evaluation of growth inhibition: The growth inhibitory effects of
compounds on FY250 or DCY250 yeast strains were determined by
calculating the change in cell density after incubation with
compounds for 16 hours. Briefly, aliquots of freshly inoculated YPD
media (157.5 pL) and compounds (17.5 pL, 10X stocks in 10% DMSO
in H,0) were arrayed on 96-well plates and the initial cell density was
determined by absorbance measurements at 590 nm. The plates
were incubated with shaking at 30°C for 16 hours and the final cell
density was determined. Cell growth was calculated as the difference
in cell densities. Values reported represent the mean of duplicate
experiments and were normalized to cell growth in control wells (1%
DMSO). ICs, values were calculated by nonlinear regression with a
sigmoidal dose-response model (GraphPad Prism 3.0 software).
Errors quoted correspond to standard errors of the mean.
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Urdamycin L: A Novel Metabolic
Shunt Product that Provides
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Biosynthetic Pathway of
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The antitumor antibiotic urdamycin A (1; Scheme 1) produced by
the soil bacteria Streptomyces fradiae TU 2717 is one of the most
prominent members of the angucycline family. Over the past few
years, significant progress has been made in elucidation of the
biosynthetic pathway of this polyketide compound.'-* However,

Rabelomycin (2)

Urdamycin L (3)

Scheme 1. Structure and numbering of the minor metabolite urdamycin L (3) of
mutant strain Streptomyces fradiae TU 2717 AM, the major metabolite
rabelomycin (2), and the principle product of the wild-type strain Streptomyces
fradiae TU 2717 urdamycin A (1).
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some obscurity remained with regard to the early post-polyke-
tide-synthase tailoring steps, which involve p-quinone forma-
tion, C-glycosylation, and a 12b-hydroxylation step, and their
sequence of events. Recently, we described the characterization
and inactivation of the urdGT2 and urdM genes from the
urdamycin gene cluster,” which led to the identification of
UrdGT2 as a glycosyltransferase responsible for the C-glycosidic
attachment of p-olivose to the aglycon.”! It was also found that
urdM encodes a bifunctional enzyme with a C-terminal reductase
domain and an N-terminal flavin-dependent oxygenase domain
that is responsible for the 12b-hydroxylation in the biosynthetic
pathway of urdamycin A (1).”! Here, we provide further evidence
for the mechanism of this unusual hydroxylation step.

The original investigations showed rabelomycin (2), a well-
known angucyclinone,’® 7 to be the single main (shunt) product
of the urdM-inactivated mutant. We here report the finding and
structure elucidation of a second compound, urdamycin L (3),
which allows some interesting conclusions to be made about the
mechanism of this 12b-hydroxylation step. This new shunt
product is formed in trace amounts (<1mglL™") and was
therefore initially overlooked in the AM mutant strain. Reinves-
tigations led to the identification of 3 in the S.fradiae AM
mutant, but it was neither detectable in the S. fradiae wild-type
nor in any of the other S. fradiae mutant strains.

The structure of urdamycin L (3) shows significant similarities
to that of rabelomycin (2); in fact, the only difference is the
presence of a seven-membered lactone moiety in 3 (ring A)
instead of a six-membered carbocycle as in 2. In order to depict
the differences in the NMR spectra more clearly, the complete set
of data for rabelomycin was acquired and all '*C NMR signals for
this compound were assigned for the first time (Table 1). Most
signals are essentially the same for both compounds, however,
two major differences in the *C NMR data were found: the C-1
carbonyl carbon atom of 3 shows, compared to that of 2, an
upfield shift from 6 = 196.2 to d = 170.7 ppm, which indicates an
ester (or lactone) carbonyl group instead of a ketone. Also, the
C-12b signal of 3 is shifted significantly downfield to 6 =154.7
(from 0=129.0), which indicates the presence of a directly
bound O atom. While the hydroxy groups in the 3-, 6-, and
8-positions were visible, additional D,O exchangeable downfield
'H NMR signals were absent. MS data showed a molecular ion
peak for 3 (m/z=354) that is 16 amu higher than that of 2. These
NMR spectroscopy and MS results prove ring A to be a seven-
membered lactone and not an open-chain carboxylic acid
analogue as found, for example, in fridamycin E® or vineomy-
cin B,.”! Structure 3 is also consistent with all other observed
NMR data (Table 1).

The fact that a compound with an oxygenated 12b-position
was found in the urdM inactivation mutant at all was at first
surprising, since all previous data strongly suggested that UrdM
is responsible for this oxygenation step.” However, the structure
of urdamycin L (3) reveals that 3 cannot be an intermediate of
urdamycin A biosynthesis, but could be a shunt product, which
is likely to derive from compound 5 by spontaneous oxidation to
the quinone and loss of water (Scheme 2). The structure of
lactone 5 in turn suggests it is an intermediate of the bio-
synthesis of 1, generated from UWM®6 (4)"" through a
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Table 1. 'H NMR and *C NMR data for rabelomycin and urdamycin L™
BCNMR HMBC
21b] 3l 21b] 3ld 20 3ld
1 196.2 170.7
2 2.95d (15) 2.98 m 53.9 441 1,3,412b 1,3,3-CH,;, 4
3.04d (15)
3 723 89.4
3-CH, 149 s 1.66 s 30.0 26.6 1,2,3,4 4a 2,3,4
3-OH 1.88 s(br) 4,05 s
4 3.09s 3.24d (19, 2) 44.2 40.4 2, 3, 3-CH;, 4a, 5,6, 63, 123, 12b 2, 3,3-CH,, 4a, 5, 12b
3.66d (19, 2)
4a 150.6 145.2
5 7.00 s 7.29s 1221 122.0 4,6,6a, 7, 12a,12b 4,6, 63, 12b
6 163.8 159.4
6-OH 12.30 s 12.60 s 5, 6, 6a
6a 116.9 1121
7 192.6 192.5
7a 1151 116.6
8 162.0 162.3
8-OH 11.66 s 12.15 sl 73, 8,9
9 7.26 dd (8, 2) 7.31dd (8, 1) 124.0 123.2 7a, 8,10 7a, 8,11
10 7.68 dd (8, 8) 7.81 dd (8, 8) 137.7 137.5 8,9 1a, 12 8, 11a
n 7.65dd (8, 2) 7.74 dd (8, 1) 120.1 119.1 73,9, 12 73,9, 12
Ta 135.5 135.1
12 183.3 179.6
12a 138.0 1143
12b 129.0 154.7
[a] '"H NMR measurements were made at 300 MHz and 500 MHz for rabelomycin and urdamycin L, respectively, and *C NMR data were taken at 75.5 MHz and
125 MHz, respectively. NMR data are relative to internal tetramethylsilane and J values are given in Hz. Assignments are based on HSQC, HMBC, and H,H-COSY
experiments. [b] In CDCl;. [c] In [d¢]acetone. [d] Exchangeable with D,O.

Baeyer - Villiger oxygenation reaction, which, however, is only an
incomplete process with regard to the overall 12b-hydroxylation
step. We assume that the native UrdM protein catalyzes two
distinct steps: the Baeyer-Villiger oxygenation to form an
¢ lactone in ring A and a subsequent, base-assisted rearrange-
ment of ring A that re-establishes the six-membered carbocycle
to yield alcoholate 6. This rearrangement happens either in a
concerted fashion (as indicated in Scheme 2) or stepwise with a
carbanion intermediate, which is mesomerically stabilized by the
aromatic system and the 6-carbonyl group. This second catalytic
step involves the formal reduction of an ester carbonyl group to
a keto carbonyl group. Alcoholate 6 is finally protonated to form
12b-hydroxy-UWM 6 (7), the likely natural substrate for either the
UrdGT2 glycosyltransferase or the UrdE oxygenase (responsible
for p-quinone formation).® Although we cannot completely rule
out other enzymes/routes with this “whole organism” approach,
we believe that the production of 3 can be best explained by
residual activity of a modified UrdM enzyme, which can still
catalyze the Baeyer - Villiger reaction but is unable to perform
the rearrangement step.!""! This hypothesis is consistent with
the chosen inactivation method of the urdM gene, which
involves an in-frame deletion of a large part of the C-terminal
reductase domain but does not affect the N-terminal oxygenase-
encoding domain of urdM." This process apparently led to a
truncated and most likely partially misfolded protein with
greatly reduced Baeyer-Villiger oxygenase activity and no
activity regarding the second rearrangement step, possibly
because of the absence of the hypothesized general base in the
active site.
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Alternative mechanisms, such as epoxidation or dioxygena-
tion of an enolated 1-carbonyl species, would lead to the
formation of a hydrated 1-carbonyl molecule, followed by the
loss of water. Therefore, one would expect the carbonyl O atom
to derive partly (up to 50%) from aerial oxygen and partly from
acetate. However, previous labeling experiments with 80,
showed the incorporation of an 'O atom only at the 12b-
position and not in the 1-position. Feeding of '®0O-labeled
acetate, on the other hand, gave a particularly strong enrich-
ment at the 1-position.''? Thus, the incorporation experiments!'?
offer further support for the Baeyer - Villiger initiated two-step
process discussed above. Also, enzymatic epoxidation reactions
are typically carried out by cytochrome P-450 oxygenases
(CYP450s). Amino acid sequence investigations of the urdM
oxygenase domain,”! however, reveal no resemblance of this
domain to CYP450s and only weak homologies with dioxyge-
nases, but strong homologies with flavin-dependent monoox-
ygenases. Moreover, a closer look at the amino acid sequence
reveals a characteristically invariant aspartic acid residue five
amino acids upstream of the N-terminal flavin adenine dinucleo-
tide (FAD) binding site motif, which has been hypothesized to be
indicative of type-1 Baeyer - Villiger monooxygenases (FAD and
reduced nicotinamide adenine dinucleotide phosphate depen-
dent)."3

In summary, we here describe the characterization of the
novel shunt product urdamycinl (3), whose lactone ring
structure provides evidence for the hypothesis that the 12b-
hydroxylation step catalyzed by the UrdM enzyme during
urdamycin A (1) biosynthesis by Streptomyces fradiae TU 2717
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Scheme 2. Mechanistic suggestion for the biosynthetic pathway to urdamycin A:
12b-hydroxylation catalyzed by oxygenase UrdM. Enz. = enzyme.

involves a Baeyer-Villiger monooxygenation reaction. This
hypothesis is further supported by the results of earlier labeling
experiments and gene sequence alignment studies. Although
similar Baeyer - Villiger oxygenations have been discussed for
several other polyketides,!® % 41l this study represents to our
knowledge the first case (in the context of polyketide biosyn-
thesis) in which a lactone has been isolated to provide direct
evidence for a Baeyer - Villiger mechanism. As a consequence of
this Baeyer-Villiger mechanism, we postulate an unusual
subsequent rearrangement of the seven-membered lactone
ring, which leads to the reestablishment of the six-membered
carbocycle and the generation of the 12b-hydroxy group, both
of which are observed in the biosynthetic pathways of many
angucycline-group antibiotics,”? such as urdamycin A.

Experimental Section

The generation of the S. fradiae TU 2717 AM mutant strain has been
described elsewhere. A spore suspension of a freshly sporulated
culture on an M,Ca0 (M=malt extract) agar plate was used to
inoculate the main culture of the same media, which was grown for
72 h at 30°C. The agar was ground and extracted with ethyl acetate.
The extracts were evaporated, redissolved in methanol and analyzed
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on silica gel plates (Merck) by TLC (chloroform/methanol =9:1). The
observed R; values for 2 (yellow) and 3 (orange) are 0.56 and 0.28,
respectively, and 3 showed a characteristic yellow fluorescence
under UV light (A =366 nm). Compounds were subsequently purified
by column chromatography on silica gel (chloroform/methanol =
9:1) and Sephadex LH20 (methanol; methylene chloride), and
submitted to NMR and MS analysis.

Rabelomycin (2): C;gH;,04 (M,,=338); '"HNMR and *C NMR: see
Table 1.

UrdamycinL (3): C;oH;,0;, (M,,=354); 'HNMR and CNMR: see
Table 1; IR (Methanol): 7= 3453 (br; OH, H-bonded), 2923 (alkyl C—H),
2854 (alkyl C—H), 1781 (lactone C=0), 1674 (p-quinone C=0), 1432
(CH,), 1175 (e-lactone C=0), 1120 (C—OH) cm~'; UV/Vis (Methanol):
Amax(€) =487 (5110), 287 (5790), 249 (10810), 232 (22380) nm;
positive mode EI MS: m/z: 354 (10; high resolution: calc. for
CyoH1405: 354.0740, found: 354.0746) [M*], 336 (6) [M+—H,0], 310
(100) [M™—CO,], 308 (10) [M™—H,0—CO], 292 (70) [MT—CO,—
H,0].

This work was supported by grants from the US Department of
Defense and the National Institutes of Health (to J.R.) and from the
European Community (Grant no. EC00095 to A.B.). We thank Drs.
M. Walla and W. Cotham, Department of Chemistry and Biochem-
istry, University of South Carolina, for the high-resolution mass
spectra.
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Metal complexes of N,N'-bis(salicylaldehydo)ethylenediamine,
usually referred to as salens, represent a powerful group of
versatile catalysts for the oxidation of polymers.! These
tetradentate Schiff bases are routinely used for the epoxidation
of olefins. Over the past decade, the applications of these
molecules have greatly expanded and they are now used in
biological studies, in particular as probes to study nucleic acids
chemistry. Different series of salen — metal complexes have been
designed to induce DNA damages and include Ni, Co, Cr, Fe, Mn,
Ru, and Cu complexes, which can all be used as DNA cleaving
agents under appropriate activation conditions.? We have
shown previously that the functionalized salen-Cu" complex 1
binds to DNA and induces strand scission in the presence of
mercaptopropionic acid (MPA).B! A self-activated nuclease was
designed by equipping the salen 1 with hydroxy groups in the
ortho, meta, or para position of each of the two salicylidene
units, which provided complexes capable of cleaving DNA in the
absence of activating agents.”! The para isomer 2 was found to
be particularly efficient at promotion of DNA cleavage. The
mechanism proposed to explain the DNase activity of the
nuclease involves the formation of an oxidizing Cu" species. On
the basis of electrochemistry and electron spin resonance
experiments we reasoned that the hydroquinone system can
cooperate with the redox metal system to trigger DNA
cleavage ™ In an extension of this work, we now present further
spectroscopic evidences that 2 forms a stable complex with
Cu". In addition, we show that this complex can also function as
a powerful ribonuclease to induce site-specific cleavage of the
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1 Place Verdun, 59045 Lille (France)
Fax: (+33) 320-16-92-29
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hairpin-loop trans-activation-responsive region (TAR) RNA from
HIV-1.

X-ray absorption near-edge structure (XANES) spectra of 2 at
the copper K edge were recorded for the solid state and an
ethanol solution of the complex. A transition was observed at
8981.2 eV only with the solid state species and the main edge
was shifted by 2.3 eV (from 8996.6 to 8998.9 eV) for the solution
complex compared to the solid-state species. This characteristic
energy shift reflects the formation of Cu" redox state species.”
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Figure 1. A) Normalized EXAFS spectra of 2 in (solid line) the solid state and
(dashed line) in solution (1 mm in ethanol). B) A = solid state, © =in solution.
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The Cu" complex in the solid state is
oxidized to a Cu" species in the pres-
ence of molecular oxygen in the ethanol
solution, in agreement with our previ-
ous hypothesis.® Experimental and
Fourier-transformed extended X-ray ab-
sorption fine structure (EXAFS) spectra
of 2 in the solid and liquid states are
shown in Figure 1. In both cases, the first
shell copper coordination was fitted
satisfactorily with a single backscatter-
ing. Multiple backscattering was negli-
gible within a distance of 0-3 A from
the first nitrogen/oxygen shell coordi-
nation. The oxygen and nitrogen phases
and amplitudes were computed (with
the FEFF ab initio program) by using
Cu-0 and Cu-N distances obtained
from the crystallographic data of a Cu-
salen complex.® The first shell of copper
coordination with nitrogen and oxygen
atoms for the complex in the solid state
is in perfect agreement with the pub-
lished X-ray data. Cu-O and Cu-N
distances of 1.92 and 1.96 A, respective-
ly, were calculated. The analysis of the
first coordination shells indicates the
presence of an additional “neighbor” for
the complex in solution. The simulation
suggests that this neighbor is an addi-
tional oxygen atom ligated to the
copper (at 1.89 &), which forms a po-
tential superoxo species.

The TAR RNA of HIV-1 was used as a substrate to evaluate the
capacity of the hydroxysalen - Cu complexes to cleave RNA. This
60-nt RNA sequence, which is located at the 5’-end of all nascent
HIV-1 transcript, adopts a hairpin secondary structure consisting
of a highly conservative 6-nt loop and a 3-nt pyrimidine bulge
flanked by 2 double-stranded stems (Figure 2). The cleavage
experiments were initially performed with the unsubstituted
complex 2, which is sparingly soluble in water. To increase
solubility in aqueous buffers and thus facilitate the handling of
the metal complex for the biochemical experiments, we
synthesized complex 3, which bears a morpholino side chain.
No difference was observed between 2 and 3 in terms of RNA
cleavage and subsequent experiments were performed with 3 to
limit the technical difficulties caused by the precipitation of the
metal complex. Interestingly, significant RNA cleavages were
detected in the absence of the reductant when relatively high
concentrations (100 um) of 3 were used (Figure 2A). A specific
and well-resolved cleavage site was detected at the uridine
residue at position 40, located opposite the UUU bulge. A much
weaker and more diffuse set of cleavage sites was also identified
around position 24 in the UUU bulge region. Some background
RNA damage at U31 caused by the fragility of the apical loop is
also evident, even in the absence of the metal complex. This
hypersensitive site is rendered less susceptible to cleavage in the

c
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Figure 2. Cleavage of the TAR RNA by 3 (A) in the absence and (B) in the presence of an equimolar amount of
MPA. C) Cleavage of the AU-TAR RNA mutant, which lacks the uridine bulge. The control track labeled “(AU)TAR
RNA” contained no metal complex. The secondary structure of the wild-type TAR RNA is shown with an arrow
pointing to the main cleavage site at U40.

presence of the metal complex, perhaps because of a ligand-
induced conformational change of the RNA. No specific cleavage
site was observed in the presence of free copper or with the
metal-free salen derivative. When MPA was added, 3 exhibited
significantly more cleavage activity and the band corresponding
to U40 could be detected at lower concentrations (20 - 50 um;
Figure 3a). The cleavage around U24 was also promoted by MPA.
The extent of RNA cleavage at U40 is most pronounced with the
para isomer 3. The cleavage was almost insignificant with the
corresponding meta isomer whereas the ortho isomer showed
an intermediate behavior, with a cleavage capacity about 30%
inferior to that of the para isomer 3 (Figure 3b). In terms of
cleavage efficacy, the results obtained with the TAR RNA parallel
those previously reported with DNA.™

The results suggest that the uridine bulge plays an important
role in the cleavage of the RNA by 3. To verify this idea, we
produced a 57-nt AU-TAR RNA analogue that lacks the
pyrimidine bulge. The deletion of the UUU bulge completely
prevents the cleavage of the RNA by the metal complex
(Figure 2C). Even at a high concentration (500 um), 3 has
absolutely no effect on the integrity of AU-TAR RNA and the
addition of the reductant does not restore the cleavage site at
U40 seen with the wild-type RNA. Therefore, the pyrimidine
bulge that separates the two duplex regions in the RNA is
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Figure 3. Extent of RNA cleavage at the U40 reactive site within TAR RNA, (A)
with 3 in the absence (o) and presence (®) of an equimolar concentration of MPA,
and (B) with the para isomer 3 (@) or the related ortho (0) and meta (m) isomers.
Data are compiled from quantitative analysis of three series of phosphor images
such as those shown in Figure 2 and must be considered as a set of averaged
values.

required for the cleavage of TAR RNA by 3. The metal complex
must fit into the cavity created by the trinucleotide bulge to
produce RNA-reactive species directed at the opposite U40
reactive site. The specificity of 3 clearly differs from that of a Ni'' -
Gly-Gly-His metallopeptide” and a nonapeptide - cyclen con-
jugate,® both of which cleave the TAR RNA within the C29 - G36
apical loop. In contrast, the specificity of our salen-Cu complex
is reminiscent of that of the rhodium complex Rh(phen),phi®*,
which induces specific cleavage at residues C39 and U40.1'%

In conclusion, the present study conveys two important pieces
of information. First, the combined results of XANES and EXAFS
spectroscopy confirm that the hydroxysalen ligand forms a
stable complex with Cu" in solution. Second, we show that this
unusual Cu" complex functions as a site-specific ribonuclease
capable of inducing precise cutting of the TAR RNA at the uridine
bulge. These findings open a new avenue to the design of
ribonucleases to probe specific structures of RNA.

Experimental Section

The syntheses of the salen—Cu complex 1 and its para hydroxy
derivative 2 have previously been described®* and the same
procedure was used to obtain the morpholino derivative 3.

The procedure used for the XANES and EXAFS measurements is
given in the Supporting Information.

In vitro transcription of TAR RNA was performed as previously
described."” The cleavage conditions are described in the Support-
ing Information.
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Rebeccamycin (3, Scheme 1), an antitumor antibiotic produced
by the bacterium Saccharothrix aerocolonigenes, is a prototype of
a class of complex natural products called indolocarbazoles. The
indolocarbazole alkaloids are an emerging class of natural
products that are now typically divided into two major classes
according to their structure and mechanism of action.!" The first
class, exemplified by staurosporine and K252a, possess an
indolocarbazole subunit wherein the indole nitrogens are
bridged by glycosyl linkages; these compounds are potent
protein kinase C inhibitors.” The second group, exemplified by
rebeccamycin,® typically carry a single 5-glycoside unit, which is
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Figure 3. Extent of RNA cleavage at the U40 reactive site within TAR RNA, (A)
with 3 in the absence (o) and presence (®) of an equimolar concentration of MPA,
and (B) with the para isomer 3 (@) or the related ortho (0) and meta (m) isomers.
Data are compiled from quantitative analysis of three series of phosphor images
such as those shown in Figure 2 and must be considered as a set of averaged
values.

required for the cleavage of TAR RNA by 3. The metal complex
must fit into the cavity created by the trinucleotide bulge to
produce RNA-reactive species directed at the opposite U40
reactive site. The specificity of 3 clearly differs from that of a Ni'' -
Gly-Gly-His metallopeptide” and a nonapeptide - cyclen con-
jugate,® both of which cleave the TAR RNA within the C29 - G36
apical loop. In contrast, the specificity of our salen-Cu complex
is reminiscent of that of the rhodium complex Rh(phen),phi®*,
which induces specific cleavage at residues C39 and U40.1'%

In conclusion, the present study conveys two important pieces
of information. First, the combined results of XANES and EXAFS
spectroscopy confirm that the hydroxysalen ligand forms a
stable complex with Cu" in solution. Second, we show that this
unusual Cu" complex functions as a site-specific ribonuclease
capable of inducing precise cutting of the TAR RNA at the uridine
bulge. These findings open a new avenue to the design of
ribonucleases to probe specific structures of RNA.

Experimental Section

The syntheses of the salen—Cu complex 1 and its para hydroxy
derivative 2 have previously been described®* and the same
procedure was used to obtain the morpholino derivative 3.

The procedure used for the XANES and EXAFS measurements is
given in the Supporting Information.

In vitro transcription of TAR RNA was performed as previously
described."” The cleavage conditions are described in the Support-
ing Information.
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The Biosynthesis of Indolocarbazoles
in a Heterologous E. coli Host
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Rebeccamycin (3, Scheme 1), an antitumor antibiotic produced
by the bacterium Saccharothrix aerocolonigenes, is a prototype of
a class of complex natural products called indolocarbazoles. The
indolocarbazole alkaloids are an emerging class of natural
products that are now typically divided into two major classes
according to their structure and mechanism of action.!" The first
class, exemplified by staurosporine and K252a, possess an
indolocarbazole subunit wherein the indole nitrogens are
bridged by glycosyl linkages; these compounds are potent
protein kinase C inhibitors.” The second group, exemplified by
rebeccamycin,® typically carry a single 5-glycoside unit, which is
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critical to their interaction with DNA topoisomerase.”” Members
of both classes have entered clinical trials in the search for novel
antitumor therapies and, more recently, have been noted for
their antiviral properties.”

Given the importance of these metabolites, significant effort
has been put forth to generate indolocarbazole derivatives with
enhanced biological properties.® Yet, challenges in developing
scalable fermentation processes for natural indolocarbazoles still
represent a bottleneck to preclinical and clinical development.
The ability to induce and/or manipulate the biosynthesis of
complex indolocarbazoles in an established heterologous host
might significantly benefit indolocarbazole-based drug develop-
ment. Moreover, since precursors anticipated for rebeccamycin
production are standard to the well-developed host Escherichia
coli, host engineering, like that required for producing other
complex natural products in E. coli/” should not be necessary.
Thus, an E. coli strain transformed with a plasmid harboring the
rebeccamycin gene locus might be capable producing rebecca-
mycin and providing a system for generating potentially useful
indolocarbazole derivatives through standard bioengineering.

To test this hypothesis, a S. aerocolonigenes genomic cosmid
library in E.coli was generated. The ngt gene, previously
demonstrated to encode an indolocarbazole N-glycosyltransfer-
ase in S. aerocolonigenes,® served as the basis for our rebecca-
mycin locus screen. Four hundred colonies from the genomic
library were screened from which a single positive clone carrying
the ngt gene was found. This clone (pJST2301), shown to carry an
insert of roughly 35Kb in size by restriction mapping, was
submitted to shotgun sequencing. Sequence data obtained
from forward and reverse readings of 700single random
subclones assembled into three large contigs. The largest of
these three, contig 1, (28658 bp) contained the putative rebec-
camycin locus (Scheme 1) based upon DNA sequence analysis.”

2 3 4 rebG O D C

]
1kB RbmC, (B,
D, E), J
Trp .
HO\ TH
Hco HO 3 2

Scheme 1. The rebeccamycin locus and the postulated late biosynthetic intermediates. Dark shades
represent proposed structural genes, light shades represent possible genes for transport and

resistance, and white shapes represent nearby genes outside the locus.
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During this time an independent report of cloning the identical
locus was reported.'® Thus, our gene nomenclature was
reassigned to be consistent with this previously published work.

Based upon database comparison and the recently published
work by Sanchez etal.'? it is likely five gene products are
essential for forming the indolocarbazole core—RebD is a
homologue of VioB,!"" suggested to catalyze the decarboxylative
fusion of two tryptophans en route to violacein; RebO belongs
to the flavin-containing amine oxidases and could be involved in
deamination or amination; RebH is a putative tryptophan
halogenase; and RebC falls among the flavin-dependent mono-
oxygenases while RebP is a cytochrome P450 homologue, both
of which may play a role in ring oxidation or oxidative ring
closure. In addition, this analysis revealed two gene products
consistent with the final modification steps—RebG is the N-
glycosyltransferase (Ngt) homologue while RebM is an S-
adenosylmethionine dependent sugar methyltransferase. Of
the remaining gene products, RebR belongs to the family of
adenosine triphosphate dependent transcriptional activators;
RebF is a putative flavin mononucleotide:reduced nicotinamide
adenine dinucleotide oxidoreductase and may thereby be
essential for providing reducing equivalents for one or more
Reb biosynthetic enzymes; and RebU/T are integral membrane
transporters probably involved in resistance and/or secretion.

To test production in a heterologous host, strain pJST2301/
E. coli XL-1 Blue was analyzed for its ability to produce rebecca-
mycin and/or relevant biosynthetic intermediates with HPLC-MS.
As a control, an E. coli strain harboring the control plasmid
pBluescript (pBS/E. coli XL-1 Blue) was analyzed for metabolites
in a similar manner. In comparison to the control, three new
species were identified in the pJST2301 strain (Figure 1). The
major component among these three was indistinguishable
from 3 by coelution with a commercially available standard. Of

the two minor new species identified, the first

was consistent with rebeccamycin aglycon 2,
5 based both on HRMS and on coelution with
hydrolytically generated rebeccamycin agly-
con.'? The second minor constituent was most
consistent with the proposed biosynthetic inter-
mediate 1. Another signature in this analysis was
the distinguishing isotopic enrichment found in
all three species, consistent with dichlorinated
structures for 1-3.

From this analysis, two refinements of the
postulated rebeccamycin biosynthetic pathway
can be introduced (Scheme 1). First, halogena-
tion apparently occurs prior to completion of
aglycon closure which could occur either at the
monomer level (for example, upon tryptophan or
tryptophan-derived monomers) or during the
early stages of the first ring fusion. Second, the
first ring closure and aromatization in the biosyn-
thesis of 3 apparently occurs prior to the
formation of the final pyrrolocarbazole ring.
While the present study is consistent with the
incorporation of tryptophan, indolepyruvic acid,
and indoleacetaldehyde observed in previous
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Figure 1. Analysis of production strain extracts by HPLC. (A) Control strain pBS/
E. coli. (B) Producing strain pJST2301/E. coli.

indolocarbazole metabolic labeling studies,!'® it contrasts earlier
speculation of N,N-dimerization as an early biosynthetic step.!'>d

More importantly, this is the first production of 3 and the
corresponding analogues in the heterologous host E. coli. The
availability of a heterologous expression system indicates rapid
advancement in several important areas. First, the ease of
protein and metabolic engineering of E. coli expression systems,
in comparison to the poorly understood and slow-growing wild-
type producer S. aerocolonigenes or the Streptomyces heterolo-
gous systems, clearly lends itself to enhancing the availability of
novel and potentially superior indolocarbazoles. On the same
basis, it should now also be possible to rapidly advance the
mechanistic dissection of this unique pathway in a 'user-friendly’
host, thereby setting the stage for indolocarbazole glycoran-
domization.!'¥

Experimental Section

Materials: All culture media and biochemical reagents were
purchased from Difco (Detroit, MI), Fisher Scientific (Pittsburgh,
PA), or Sigma (St. Louis, MO). HPLC was performed on a Varian
Dynamax SD-200 instrument controlled with Dynamax HPLC soft-
ware. Routine mass spectra were recorded on a PE SCIEX API 100
LCMS mass spectrometer and HRMS was accomplished by the
Riverside Mass Spectrometry Facility of the University of California.

Library production: Chromosomal DNA isolated from S. aerocoloni-
genes (American type culture collection strain 39243) was partially
digested with Sau3Al for the optimal production of 30-40kb
fragments. These fragments were size-selected, ligated with calf
intestinal phosphatase-treated BamHI-digested SuperCos (Strata-
gene, La Jolla, CA) and packaged in vitro by using Gigapack II-XL 4
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extracts (Stratagene) and transduction of E. coli XL1-Blue MR per-
formed as recommended by the manufacturer.

Library screening: Each of 400 ampicillin resistant clones from the
genomic library was separately inoculated in 1.5-mL eppendorf
tubes that contained Luria-Bertani broth (500 uL) containing ampi-
cillin (100 pguL="). After overnight growth, liquid (30 uL) from
50 distinct tubes was combined in a new 1.5-mL tube, to give a
total of 8 samples. The purified plasmid DNA from each of these
8 samples was suspended in distilled water (100 pL) and submitted
to PCR screening. The primers for this screen were NGT-F (5'-
CTACCGTCGGACCATATGGGGGCACGAGTG-3') and NGT-R (5'-GAT-
CAGTCGACGCCTCGAGGACCGCGTCG-3'), designed to amplify a 1.2-
Kb cassette harboring the entire ngt gene. Sample 3 revealed a
positive PCR fragment of the appropriate size. Fifty plasmid samples
were subsequently prepared from plating a portion of sample 3
culture broth following colony selection growth. A second PCR
screen of these 50 samples revealed a single positive (sample 23).

DNA sequencing and gene functional assignments: Intact cosmids
were mechanically sheared, and fragments in the size range of
1-3 Kb were purified by preparative agarose gel electrophoresis and
subcloned into Smal-digested plasmid Bluescript Il SK-. Purified
plasmid subclones were submitted to double-stranded DNA auto-
mated sequencing by the University of Wisconsin-Madison Ge-
nome Center. Assembly and analysis was accomplished with the
DNASTAR DNA analysis package. Putative functions of open reading
frames were determined by comparison to protein sequences
present in the GenBank nonredundant database by using the BLAST
protein database search software available at http://www.ncbi.nlm.
nih.gov. The sequence was submitted under GenBank accession
number AF534707.

Production in E. coli: For each strain (in triplicate), a single colony
(strain pJST2301/E. coli XL-1 Blue) from a plate of Luria-Bertani broth
containing ampicillin (LB/amp) was used to inoculate a culture
(100 mL) of LB/amp (100 pg mL~") which was grown overnight, with
shaking, at 37 °C. This culture was then used to inoculate a fresh LB/
amp culture (1 L) enriched with 1 mm tryptophan which was grown
for 48 hr, with shaking, at 26°C. The culture was extracted with an
equal volume of EtOAc, and the organic layer was isolated, dried
(NaSO,), filtered, and evaporated to dryness. The remaining residue
was resuspended in EtOAc (50 pL) and submitted for HPLC analysis.

Product isolation and characterization: Samples (20 uL) were
analyzed by reversed-phase chromatography (Microsorb-MV C-18;
4.6 x 250 mm; 80% 0.1 % trifluoroacetic acid (TFA)/H,O, 20% CH,CN
to 25% 0.1 % TFA/H,0, 75 % CH,CN; 20 min gradient, 1 mLmin="; 1 =
316 nm) on an instrument coupled to a photodiode array detector.
Eluted peaks were collected and submitted for HRMS. HRMS: 1: calcd
for C,H;Cl,N,0, 380.0119, found m/z 381.0201 [M + HJ; 2: calcd for
CyoHsClLN;0, 393.0072, found m/z 394.0150 [M+ H]; 3: HRMS calcd
for C,,H,,Cl,N;0; 569.0757, found m/z 570.0833 [M + H]. Production
of 3 (based upon peak integration) was 0.3-0.5mgL~".

This work was supported in part by the National Institutes of Health
(Grant nos.: GM58196, CA84374, and Al52218). J.S.T. is an Alfred P.
Sloan Fellow.
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