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Genetically Selected Cyclic-Peptide Inhibitors of
AICAR Transformylase Homodimerization**

Ali Tavassoli and Stephen J. Benkovic*

The de novo purine biosynthetic pathway is used by virtually
all organisms for the production of purine nucleotides. The
final two steps of this pathway (Scheme 1) are catalyzed by
aminoimidazole-4-carboxamide ribonucleotide transformyl-
ase/inosine monophosphate cyclohydrolase (AICAR Tfase/
IMPCH), the two activities of a highly conserved 64 kDa
bifunctional protein (ATIC) that possesses two distinct
domains.'! The C-terminal AICAR Tfase domain (residues
200-593) catalyzes the transfer of a formyl group from N,,-
formyltetrahydrofolate (10-f-thf) to AICAR. The N-terminal
IMPCH domain (residues 1-199) catalyzes the final step of
the pathway.”

Cancer cells rely heavily on the de novo pathway for
purine biosynthesis.’l Thus, the inhibition of enzymes in this
pathway is an attractive approach for the development of
anticancer agents. As well as their potential uses in the
treatment of malignant diseases, ATIC inhibitors are used in
the treatment of inflammatory diseases, such as rheumethoid
arthritis.[¥

The AICAR Tfase activity of ATIC is dependent on its
homodimerization, whereas the IMPCH activity is not. The
recently reported crystal structure shows ATIC as a dimer
with an interface of ~ 5000 A% There is much potential for
the development of a new generation of therapeutic agents
that act by inhibiting protein—protein interactions.”! We chose
genetic selection as the means to identify small molecules that
specifically inhibit ATIC homodimerization and thereby
inhibit AICAR Tfase activity. The selected approach utilizes
whole cells as reporters of a designated intracellular event
(interruption of a protein—protein interaction) by correlating
host growth to the desired functional property of a small
molecule. An advantage of this method is the selection of
library members in vivo, which allows both affinity and
selectivity to be assayed simultaneously.

Specifically, the combination of our split intein-mediated
circular ligation of peptides and proteins (SICLOPPS)
technology (Scheme 2)/* with a bacterial reverse two-hybrid
system (RTHS) provides a method with the above character-
istics for the systematic identification of small-molecule
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Scheme 1. Final two steps of the de novo purine biosynthetic pathway catalyzed by ATIC.

inhibitors of protein—protein interactions.”) SICLOPPS
allows the intracellular synthesis of libraries containing up
to 10® cyclic peptides,® which is several orders of magnitude
larger than those possible by conventional synthetic methods.
The cyclization of peptides confers in vivo stability through
the resulting resistance to degradation by proteases.®!

Our bacterial RTHS is based on the bacteriophage
regulatory system,” which links the disruption of the fusion-
protein homodimer to the expression of three reporter genes
(Figure 1). HIS3!"! (imidazole glycerol phosphate dehydra-
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Figure 1. a) The protein fusions (X=target protein) associate (by bind-
ing to the 434 operator OR1 and OR2) to form a functional repressor
of the promoter that directs expression of the reporter genes, thus
inhibiting growth on minimal media. b) A small molecule inhibits the
protein—protein interaction, thus restoring growth by the induction of
HIS3 and Kan®.

tase) and Kan® (aminoglycoside 3'-phosphotransferase for
kanamycin resistance) are two chemically tunable, condition-
ally selective reporter genes. The third reporter gene, LacZ
(B-galactosidase), is used to quantify the protein—protein
interaction through (-galactosidase assays.
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of the reporter genes on selective
media, thus confirming the formation
of a functional repressor (Figure 1a).
To improve the selection conditions, a
new RTHS strain was constructed by integrating the ATIC
fusion onto the chromosome. The level of IPTG that leads to
optimal repression was determined to be 50 um by f-
galactosidase assays.

The first SICLOPPS library transformed into the selection
strain encoded a hexapeptide with five random residues and a
cysteine nucleophile. Approximately 107 transformants were
plated onto histidine-free minimal media supplemented with
arabinose (inducer for SICLOPPS), 3-amino-1,2,4-triazole (3-
AT, competitive inhibitor of the HIS3 product), and kana-
mycin at a density of 10° per plate (100 x 15 mm). The plates
were incubated until colonies were readily visible (approx-
imately 1 in 10°). A second library, which encoded an
octapeptide with five random residues and an invariable
SGW motif, was also tested (Scheme 2). Around 200 colonies
were picked and screened for arabinose-dependent growth
advantage and IPTG-dependent inhibition of growth to
eliminate false positive results. The expected phenotype was
further confirmed by isolating and retransforming the
selected SICLOPPS plasmids into the selection strain. The
14 remaining cyclic peptides were then ranked for activity by
spotting serial dilutions of the corresponding cells onto
selective media; the conferred growth advantage was com-
pared at each dilution level (Figure 2).

To assess the in vivo target specificity of the selected cyclic
peptides, a new RTHS strain containing a 434 repressor DNA-
binding domain fusion with the Saccharomyces cerevisiae
GCN4 leucine zipper (LZ) on its chromosome was con-
structed. The SICLOPPS plasmids of the active selectants
were transformed into the LZ RTHS strain and ranked by
drop spotting. ATIC-specific cyclic-peptide inhibitors were
expected to be inactive in the LZ strain (identical to the ATIC
RTHS strain except for the LZ homodimer). Five of the 14
selectants conferred a growth advantage (arabinose-depen-
dent) on the LZ RTHS strain and were therefore discarded.
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Scheme 2. An expressed fusion protein folds to form an active intein, which undergoes a series of rearrangements to generate a cyclic peptide. In
this case the target cyclic peptide contains a series of randomly encoded amino acids to give libraries of ~10® members. Library 1: Z=S, target
peptide = CX;X,X;X,Xs; library 2: Z=0, target peptide = SGWX;X,X;X,Xs (X,=random amino acid).
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Figure 2. Determination of cyclic-peptide activity (rows) by drop
spotting serial dilutions (2.5 pL of 210" cellsmL™") onto selective
media containing arabinose and observing growth after 2 days (a) and
after 4 days (b). In this case peptides 1a, 8, and 151 are active.
Growth was not observed past the first column in the absence of
arabinose (data not shown). —ve = control strain containing a blank
SICLOPPS plasmid that does not express a cyclic peptide.

An inherent advantage of using genetically encoded
libraries is the relative ease with which the structure of the
active members can be determined (in contrast to deciphering
synthetically derived libraries). Thus, DNA sequencing of the
variable inserts present on the selected SICLOPPS plasmids
readily revealed the amino acid sequence of the ATIC-
specific cyclic-peptide inhibitors (Table 1).

There is considerable sequence homology in the genet-
ically selected peptides. In general, arginine is favored in

Table 1: Sequence of the selected cyclic peptides in order of biological
activity.

Activity rank Name Peptide sequence
1 1a RYFNVC

1 151 MF LNV SGW
2 8 RILQLC

2 4 RFFICC

3 6 TVLMFC

3 15 SMMVLC

3 5 RILVLC

3 26 PVLLLC

3 25 MLLIVC

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

position 1, followed in position 2 by an aromatic amino acid
(tyrosine or phenylalanine) in the more active, or an aliphatic
amino acid (isoleucine, leucine, or valine) in the less active,
cyclic peptides. The third random position is mainly occupied
by leucine or phenylalanine. The three most active inhibitors
contain an amino acid with an amide side chain (asparagine or
glutamine) in position 4. The fifth amino acid is mostly valine
or leucine.

As the AICAR Tfase activity of ATIC is dependent on its
dimerization, disruption of the homodimer can be monitered
in vitro by AICAR Tfase assays. The two most active cyclic
peptides (1a and 151) were synthesized chemically for in vitro
testing. The synthesis of cyclic peptide la involved the
immobilization of the corresponding linear sequence on a
modified amino polyethylene glycol acrylamide copolymer
(PEGA) resin by forming a disulfide bond with its cysteine
side chain."! The immobilized peptide was then cyclized and
cleaved from the PEGA resin (Scheme 3 a). The cyclization of
linear peptide 151 was carried out in N,N-dimethylformamide
(DMF) at high dilution to favor monomolecular cyclization
(Scheme 3b).
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Scheme 3. Synthesis of cyclic-peptide inhibitors c-1a and c-151. In
both cases the linear peptides are cyclized by treatment with 1-ethyl-3-
(3'-dimethylaminopropyl)carbodiimide (EDC) and 1-hydroxy-7-azaben-
zotriazole (HOAt) in DMF. Peptide c-1a is cleaved from the resin with
tris (2-carboxyethyl) phosphane (TCEP).

The cyclic peptides were purified by reversed-phase
chromatography. The chemical nature of the peptides was
confirmed by comparison with samples prepared biologically
(SICLOPPS) by reversed-phase HPLC and electrospray-
ionization mass spectrometry. Cyclic peptides c¢-1a and ¢-151,
as well as their linear counterparts l-1a and 1-151, were
assayed against AICAR Tfase. The peptides were assumed to
compete with f-10-thf, which binds to ATIC and stabilizes its
dimerization. From the measured k., value of the enzyme
(1.1s7) and K,, value of f-10-thf (33.9 um), the equation for
competitive inhibition was used to determine the K; values
(Figure 3).

Peptide c-1a was found to have a K; value of 17 +4.2 um,
whereas its linear counterpart I-1a has a K; value of 142+
22.5 um. Inhibitor ¢-151 has a K, value of 59+6.8 um, and
again the linear peptide 1-151 is less active with a K value of
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Figure 3. The K, values of cyclic-peptide inhibitors 1a and 151 and

their linear counterparts as determined by assuming competitive
inhibition with respect to 10-f-thf.

173 £28.4 um. That both cyclic peptides are several times
more potent than their linear counterparts confirms the
superior activity of the genetically selected cyclic epitopes and
demonstrates the inherent entropic benefit of a constrained
scaffold. The cyclic peptides were also assayed against
IMPCH and showed no inhibitory effects. IMPCH activity
is not dependent on enzyme dimerization, which suggests that
the compounds act by inhibiting ATIC dimerization.

The nature of the inhibition of the most active peptide, c-
1a, was verified by progress-curve analysis.''"'*) The progress
curves were fitted to a model in which the inhibitor binds a
single protomer of ATIC, thereby preventing dimerization, as
well as to the standard inhibition models (noncompetitive,
uncompetitive, mixed, and competitive), by using DynaFit."!
The data for peptide c-1a best fitted the nonstandard model
(inhibition of enzyme dimerization) with respect to 10-f-thf
and the noncompetitive inhibition model with respect to
AICAR (see Supporting Information). This result is consis-
tent with both the ordered binding observed for the enzyme
and stabilization of the catalytic dimer by 10-f-thf.l1>!6]
Furthermore, the K;value of c-1a obtained by this method
(18 +8.6 uM) matches closely that obtained by assuming
competitive inhibition with f-10-thf (17 £4.2 um). The collec-
tive kinetic data confirm that cyclic peptide la acts by
inhibiting the dimerization of ATIC (as also indicated by the
in vivo studies). We are currently attempting to evolve more-
potent inhibitors by using second-generation SICLOPPS
libraries (based on the selected sequences) and peptidomi-
metics.["”)

In summary, we have demonstrated a novel approach for
the genetic selection of cyclic-peptide inhibitors of AICAR
Tfase by combining the RTHS and SICLOPPS technologies.
Nine cyclic peptides were selected from an intracellular
library of 10’ members and confirmed to function by selective
disruption of the ATIC homodimer in vivo and in vitro. These
compounds represent a striking structural departure from the
antifolate-based inhibitors generally targeted against this
enzyme." The reported methodology allows rapid identifi-
cation of small-molecule inhibitors of protein—protein inter-
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actions, and is thus a powerful and novel approach to drug
discovery.
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