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ABSTRACT: Low-molecular-weight compounds that disrupt
protein-protein interactions (PPIs) have tremendous poten-
tial applications as clinical agents and as chemical probes for
investigating intracellular PPI networks. However, disrupting
PPIs is extremely difficult due to the large, flat interfaces of
many proteins, which often lack structurally defined cavities to
which drug-like molecules could bind in a thermodynamically
favorable manner. Here, we describe a series of bivalent
compounds that anchor to the enzyme active site to deliver a
minimally sized surface-binding module to the targeted surface involved in transient PPI with a substrate. These compounds are
capable of significantly inhibiting enzymatic reactions involving protein surface-substrate interaction in the single-digit nanomole
range. Inhibitors of farnesyltransferase (FTase), which possesses a negatively charged local area on its R-subunit, were designed by
attaching a module derived from a branched monoamine-containing gallate to a conventional active-site-directed CVIM
tetrapeptide using an alkyl spacer. A significant improvement in inhibitory activity (>200-fold) against farnesylation of the K-Ras4B
peptide was observed when the gallate module was attached to the CVIM tetrapeptide. Furthermore, the bivalent compounds
had submicromolar inhibitory activity against geranylgeranylation of the K-Ras4B peptide catalyzed by GGTase I, which has an
R-subunit identical to that of FTase. The anchoring strategy we describe would be useful for designing a new class of PPI inhibitors
as well as dual enzyme inhibitors targeting common surface structures.

’ INTRODUCTION

Protein-protein interactions (PPIs) mediate the signaling
networks that regulate numerous biological processes. Disrup-
tion of PPIs by synthetic agents has been a major goal of recent
pharmacological research efforts due to the rich potential for
the development of new therapeutic agents for many diseases,
including cancer and central nervous system diseases.1-3 How-
ever, progress in this field has not come easily, because PPIs often
involve large and flat interfaces that lack precise structural fea-
tures. Examples of successful PPI disrupting agents include some
synthetic compounds,4,5 cyclic peptide and peptidomimetic-based
agents,6,7 β-peptides,8,9 and quadruplexes and aptamers.10,11

These agents almost exclusively employ a rigid scaffold that
generates large antibody-like agents. However, delivering drug-like
small molecules targeted to the large surface area of proteins
remains a difficult challenge.

Using a simple anchoring strategy, it may be possible to deliver
minimally sized small agents to targeted area on the surface of
proteins in order to disrupt PPIs. Bivalent compounds would be
particularly beneficial in disrupting PPIs involving enzymes and
their substrate proteins, as they can exploit the enzyme active sites
for both anchoring and selective binding. Here, we report the first
bivalent inhibitors that disrupt a transient PPI model of protein
prenyltransferases. Furthermore, we provide evidence that these
compounds exhibit dual inhibition activity for farnesyltransferase

(FTase) and its functionally related enzyme, type-I geranylger-
anyltransferase (GGTase I), by recognizing their common acidic
surface.

Transient PPIs with a short half-life (0.1-1 s) play a crucial
role in substrate recognition by enzymes implicated in many
posttranslational modifications.12-14 Although the mechanisms
of most transient PPIs remain unknown because of their
relatively low affinity (Kd = 10-6-10-5 M), recent biological
studies have revealed that the transient PPIs involving theMAPK
family12 and phosphatase Cdc25B13,14 are driven by electrostatic
interactions. Therefore, we hypothesized that blocking the sur-
face to prevent substrate binding and/or neutralizing the surface
charge using a synthetic agent consisting of complementary
functional groups might disrupt such transient PPIs.

Protein prenylation is a lipid posttranslational modification of
many proteins, and disrupting thismodification has become amajor
clinical focus formany diseases over the past few decades.15-17 Two
protein prenyltransferases have received considerable attention
for their potential in treating cancers. The structurally related FTase
and GGTase I attach a C15 farnesyl or a C20 geranylgeranyl group
to a thiol group on the C-terminal CAAX tetrapeptide (C =
cysteine, AA = aliphatic dipeptide, X = Met, Ser, Gln for FTase,

Received: September 23, 2010



959 dx.doi.org/10.1021/ja1086112 |J. Am. Chem. Soc. 2011, 133, 958–963

Journal of the American Chemical Society ARTICLE

Leu, Phe for GGTase I) of corresponding substrate proteins.18

A recent genetic study showed that simultaneous inactivation
of FTase and GGTase I markedly reduces the size of lung tumors
in mice, suggesting that dual inhibitors of both enzymes would
be valuable cancer therapeutic agents.17 FTase and GGTase I are
heterodimeric zinc metalloenzymes consisting of identical 48 kDa
R-subunits that are products of the same gene (Figure 1). Im-
portantly, on the R-subunit surface near the entrance of each active
pocket, there is an approximately 90 Å2 negatively charged area
where a number of acidic amino acids (Glu125, Glu160, Glu161,
Glu187, Asp191, Glu229, and Asp230) are clustered.19

Human K-Ras4B is the most frequently mutated Ras isoform
in cancers. This protein is normally farnesylated by FTase at the
thiol group of the C-terminal CVIM sequence (Figure 2a).
However, disruption of K-Ras4B farnesylation by FTase inhibi-
tors causes an alternative geranylgeranylation by GGTase I
(Figure 2b), which enables K-Ras4B to retain full biological
activity.20,21 Biological studies22-25 and studies based on crystal
structures19 have demonstrated that a critical determinant for the
unusual geranylgeranylation of K-Ras4B is the characteristic
polylysine sequence near the protein's carboxyl terminus. This
highly positively charged region has been thought to trigger a
transient PPI with the acidic surfaces of FTase and GGTase I
through an electrostatic interaction (Figure 2).19-25 The PPI was

confirmed by K-Ras4B's unusually higher affinity (20-50 times)
for FTase than that of H-Ras isoform.22,23 On the basis of these
results, we predicted that a compound mimicking the C-terminal
structure of K-Ras4Bwould simultaneously bind to the active site
and the acidic surface of both FTase and GGTase I and block the
transient PPI, resulting in inhibition of both farnesylation and
geranylgeranylation of K-Ras4B.

In this paper, we describe the rational design of K-Ras4B
mimetics for prenyltransferase inhibitors and evaluate their
function in PPI disruption. We also discuss the dual inhibition
of FTase and GGTase I, as well as the structural requirements for
mimetic binding to the protein surface.

’RESULTS AND DISCUSSION

Design of Bivalent FTase Inhibitors. In order to design
bivalent inhibitors based on the C-terminal structural features
of K-Ras4B, we applied a module assembly approach, in which
small module compounds are designed to recognize a specific
local protein surface area and are assembled by covalent link-
ing26 or metal chelation.27 As shown in Scheme 1, the charac-
teristic 14-amino-acid sequence of the K-Ras4B C-terminus
(KKKKKKSKTKCVIM) was divided into three sections: the
lysine hexamer (K6), a tetrapeptide linkage, and the CAAXmotif,
CVIM. The lysine hexamer, tetrapeptide linkage, and CAAX
motif were replaced by a module compound designed for surface
binding, a spacer, and an anchor, respectively. For the anchoring
module, we initially chose the CVIM tetrapeptide to ensure that
the module would bind to the FTase active site. To mimic the
(K)6 section, we used a gallate scaffold,

26 and the same number of
primary amino groups were introduced using branched alkyl
amines. A computer-generated superimposed model suggested
that the gallate module was nearly comparable in size to the
local acidic area of the FTase surface and that∼12 Å would be an
appropriate length for the spacer (Supporting Information,
Figure S1). The modules were thus linked by either a C5 alkyl
spacer or an ethylene glycol chain, (CH2CH2O)2CH2, to produce
compounds 1a and 1b, as shown in Scheme 1. For comparison, we
also synthesized various bivalent compounds in which the number
of amino groups was reduced by half (Scheme 1, compound 2),
the amino groups were replaced by carboxyl groups (Scheme 1,
compound 3), or the CVIM anchor was replaced by a more

Figure 1. Crystal structures of the ternary complex of mammalian
FTase (1D8D) and GGTase I (1N4Q) bound to peptide substrate
and prenyldiphosphate analogues. Negatively charged and positively
charged surfaces are shown in red and blue, respectively. The acidic areas
of R-subunits are highlighted with a red circle.

Figure 2. Schematic representation of K-Ras4B prenylation. Interaction between K-Ras4B and FTase/GGTase I involves electrostatic surface
interactions.
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hydrophilic tetrapeptide (CVLS), which is the H-Ras CAAX motif
(Scheme 1, compound 4). Gallate methyl ester (Scheme 1, com-
pound5) and the tetrapeptideCVIMwere also prepared as controls.
Prenylation of Dansylated K-Ras4B Peptide. To evaluate

the disruption of the PPI between K-Ras4B and FTase, the
mimetic compounds were tested using a fluorescent enzyme
assay28 modified to incorporate an environmentally sensitive
fluorogenic substrate, a dansylated oligopeptide truncated from
the K-Ras4B C-terminal sequence (KKKKKKSK(Dans)-
TKCVIM). The K182 ω-amino group was chosen for the
dansyl modification, as analysis of the previously reported
crystal structure of the ternary complex of FTase bound to
KKKSKTKCVIM and an analogue of farnesyl pyrophosphate
(FPP)19 suggested that this position would not interfere
with CVIM binding to the active site. Our first objective was
to carefully assess whether the dansylated K-Ras4B peptide
could be used as a model for K-Ras4B farnesylation. Previous
studies22,23 reported that K-Ras4B possesses a notably higher
affinity for FTase than other Ras isoforms, such as H-Ras, due to
the presence of a polylysine region (Km for K-Ras4B = 0.03 μM,
Km for H-Ras = 0.6 μM). A Michaelis-Menten analysis of
farnesylation of the K-Ras4B peptide gave aKm value of 0.006(
0.002 μM (Figure 3A), which was 2 orders of magnitude lower

than that for the N-dansylated pentapeptide lacking the poly-
lysine domain (DansGCVIM, Km = 0.539 ( 0.057 μM). This
apparent shift in the Km values for FTase demonstrates that
the interaction is promoted by the basic domain of the K-Ras4B
peptide and the acidic surface of FTase. Furthermore, as
shown in Figure 3B, the K-Ras4B peptide was also a GGTase
I substrate with decent affinity, whereas geranylgeranylation
of DansGCVIM proceeded less efficiently (Km = 0.033 (
0.008 μM for the K-Ras4B peptide and 0.956 ( 0.374 μM for
DansGCVIM). These results validate the use of dansylated
K-Ras4B peptide as a model for K-Ras4B prenylation involving
transient PPI with FTase and GGTase I.
Inhibition of Farnesylation of the K-Ras4B Peptide. Next,

we evaluated the inhibitory activity of the bivalent compounds
against farnesylation of the K-Ras4B peptide. The resulting IC50

values were converted to inhibition constants (Ki) using the
Cheng-Prusoff equation.29 The results are shown in Figure 4
and summarized in Table 1. The tetrapeptide CVIM inhibited
FTase only moderately, as evidenced by its micromolar Ki value.
Compound 1a, on the other hand, demonstrated an extremely
high potency, with a Ki value in the low nanomolar range (IC50 =
0.85 μM and Ki = 0.005 ( 0.001 μM), and was more than
200 times more effective at inhibiting farnesylation than CVIM

Scheme 1. The 14-Amino-Acid Sequence of the K-Ras4B C-Terminus, Divided into Three Sections for the Module Design, and
the Structures of Compounds Tested in This Studya

aThe lysine hexamer (red), a tetrapeptide linkage (black), and the CVIM (blue) were replaced by a gallate module containing amino groups (red) or
carboxylates (blue), an alkyl or ethylene glycol spacer (black), and the tetrapeptide CVIM or CVIS (blue), to give the bivalent compounds 1-4,
respectively. Gallate 5 and CVIM were also prepared as controls.
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(IC50 = 182 μM and Ki = 1.10( 0.29 μM). A Lineweaver-Burk
analysis shows that the inhibition mode of compound 1a is
competitive (Figure S2), and the Ki value obtained from the plot
(Ki = 0.002 μM) was consistent with the data derived from the
Cheng-Prusoff equation as described above.
Bivalent compound 2, which contains fewer amino groups

than compound 1a, was approximately 5-fold less active than 1a,
demonstrating that the number of amino groups affects the inhi-
bitory potency (compound 2 IC50 = 4.8 μM). Gallate-derivative
compound 5 showed no inhibitory activity (0% inhibition at
100 μM; see also Figure S3). These results suggest that the
cationic gallate module of compound 1a interacts with the acidic
surface of FTase, resulting in greater potency in inhibiting
farnesylation of the K-Ras4B peptide compared to CVIM alone.
Two plausible explanations for the enhanced potency of the
gallate module are that the polycationic moiety (1) blocks the
acidic surface and prevents substrate binding or (2) neutralizes
the net charge of the acidic surface, resulting in a decrease in
the Coulomb attraction between FTase and the cationic model
peptide. The latter explanation may be the most plausible,
because in general protein binding involving electrostatic inter-
actions plays a role in the rate of docking but is less important in
contributing to the binding energy.30

Dual Inhibition of Prenylation of the K-Ras4B Peptide.
Since the bivalent compounds were proven to be potent inhi-
bitors of FTase, we then examined whether the compounds

possessed any dual inhibitory activity against GGTase I, which
also possesses an acidic area near the active site (Figure 1). To
answer this question, we monitored geranylgeranylation of the
K-Ras4B peptide under various concentrations of each com-
pound. As shown in Figure 4, compound 1a indeed inhibited the
geranylgeranylation with submicromolar potency, while CVIM
showed only weak activity (Table 1; IC50 = 10.8 μM and Ki =
0.344 ( 0.086 μM for compound 1a; IC50 = 210 μM and Ki =
6.69( 1.67 μM for CVIM). These results suggest that attaching
the gallate module converts the ineffective CVIM peptide into a
reasonably effective GGTase I inhibitor. Interestingly, the im-
proved potency brought about by introducing the gallate module
was significant in the case of FTase (220 times greater potency),
whereas introduction of the gallate module had only a moderate
on inhibition of GGTase I (∼20 times greater potency). A
possible explanation for this observation is that the spacer length
might provide for a better fit between the gallate module and
FTase than it does for GGTase I. It is noteworthy that CVLS-
containing bivalent compound 4was equally active as compound

Figure 3. Michaelis-Menten analysis of the affinity of the K-Ras4B
peptide KKKKKKSK(Dans)TKCVIM (b, ;) and DansGCVIM
(9, ---) for (A) FTase and (B) GGTase I. Standard deviation values
are given for n = 3.

Figure 4. Dose-response curves for the inhibition of FTase (red) by
the peptideCVIM (squares) and compound 1a (circles), and inhibition of
GGTase-I (blue) by the peptide CVIM (triangles) and 1a (diamonds).
Fluorescent in vitro assays were carried out by using KKKKKKSK-
(Dans)TKCVIM (1 μM) and FPP (5 μM) in 50 mM Tris-HCl,
pH 7.5, at 30 �C. The standard deviation values are given for n = 3.

Table 1. Inhibition of Prenylation of the K-Ras4B Model
Peptide

Ki, μM
a

compd FTase GGTase I

1a 0.005 ( 0.001 0.344 ( 0.086

2 0.028 ( 0.008 0.479 ( 0.119

4 0.008 ( 0.001 >1.6

5 >100 n/a

CVIM 1.10 ( 0.29 6.69 ( 1.67
aKi values were obtained by conversion of IC50 values using the
Cheng-Prusoff equation: Ki = IC50/{1 þ ([S]/Km)}. Standard devia-
tion values are given for n = 3.
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1a in inhibiting FTase; however, compound 4 did not signifi-
cantly inhibit GGTase I (Table 1). This observation is consistent
with a previous study22 demonstrating that GGTase I attaches a
geranylgeranyl group to K-Ras4B, but not to H-Ras, presumably
because the hydrophilic serine residue decreases the binding
affinity for the active site of GGTase I, which is more hydro-
phobic than that of FTase.31 Although a number of studies have
reported dual inhibition of FTase/GGTase I,17,32-34 to the best
of our knowledge, ours is the first report describing rationally
designed dual inhibitors of FTase and GGTase I that target the
same acidic surface structure.
Gallate Module Functional Groups Affect Inhibitory Po-

tency against FTase. To systematically evaluate the effect
of functional groups introduced into the gallate scaffold on
FTase inhibition, we compared IC50 values between various
bivalent compounds and modules. Compounds were screened
by a conventional method28 using a short peptide, N-dansylated
GCVIS (DansGCVIS). The resulting IC50 values are summar-
ized in Figure 5 (also see Figure S4). Compared to CVIM, which
inhibited FTase with an IC50 value of 0.198( 0.007 μM, the IC50

values for compounds 1a and 1b were approximately 1 order
of magnitude lower (1a, IC50 = 0.022 ( 0.001 μM; 1b, IC50 =
0.030 ( 0.002 μM), indicating that these compounds were
considerably more potent at inhibiting FTase, and confirming
the synergetic effect of the gallate introduced in 1a and 1b upon
binding to the enzyme. Changes in the length of the spacer had
little effect on the activity, as both compounds 1a and 1b had
similar activities. Gallate methyl ester compound 5 was again
found to be inactive (0% inhibition at 100 μM; see Figure S3).
Thus, the relatively small gallate module incorporated in com-
pound 1 is a very weak binder by itself and contributes to an
increase in inhibitory activity only by being anchored and
delivered to the flat acidic surface. As seen with compound 2,
a decrease in the number of amino groups in the gallate module
slightly diminished the inhibitory activity (IC50 = 0.051 (
0.006 μM). More convincing evidence for the binding of gallate
to the protein surface was obtained when the amino groups in
compound 2 were replaced with carboxylic acids to afford com-
pound 3. Compound 3 had a significantly diminished inhibitory
activity against FTase, with an IC50 (0.675( 0.090 μM) that was
more than 1 order of magnitude higher than that of compound 2,

and compound 3 was approximately 3.5 times weaker than
CVIM (Figure 5). These results provide strong evidence of
electrostatic repulsion between the module and the protein
surface.

’CONCLUSIONS

By mimicking the K-Ras4B C-terminal structure, we designed
and synthesized the first bivalent dual inhibitors of FTase
and GGTase I. We covalently linked two modules that recognize
the active sites and the identical acidic surfaces of the R-subunits
of FTase and GGTase I. Compound 1a displayed remarkable
inhibitory potency, with a Ki of 5 nM for farnesylation of the
K-Ras4B peptide, and was 220 times more effective than the
tetrapeptide module, CVIM. Furthermore, compound 1a sup-
pressed geranylgeranylation of the K-Ras4B peptide at submi-
cromolar concentrations. On the basis of these results, we
conclude that the cationic surface-binding module, which dis-
plays no inhibitory activity by itself, is delivered to the targeted
protein surface by anchoring and efficiently disrupts the interac-
tion between the K-Ras4B peptide and the FTase surface. The
strategy described in this paper may provide a general method
for designing inhibitors of transient PPIs, especially in the case
of enzymes for which the anchoring positions, such as deep clefts,
are accessible (i.e., the active pocket). Our results also suggest
that identical and/or similar surface characteristics between
isozymes or members of enzyme families make such proteins
vulnerable to dual inhibitors.

The bivalent compounds described in this paper were de-
signed to specifically inhibit K-Ras4B prenylation. We do not
expect that these CVIM anchor compounds would interfere
with normal geranylgeranylation processing, because GGTase I
native substrate proteins possess CAAX motifs that are more
favorably recognized by GGTase I than CVIM. If such selective
K-Ras4B inactivation becomes possible, strategies based on
K-Ras4B mimicry of the protein surface may lead to less toxic
dual inhibitors, which would be clinically important since the
dual inhibitors of FTase and GGTase I reported thus far cause
severe toxicity in animals.32

Toward this goal, peptidomimetic modifications of the CVIM
module and functional evaluation of these compounds in cells are
currently underway in our laboratory.

’MATERIALS AND METHODS

Materials and Instruments. Reagents and solvents were obtained
from commercial sources without further purification, unless otherwise
noted. 1H and 13C NMR spectra were recorded on a JEOL JNM-LA
400 spectrometer. Chemical shifts were reported in δ (ppm) relative to
tetramethylsilane. All coupling constants were described in Hz. Elemental
analyses were performed by Mr. T. Matsuzaki using a Perkin-Elmer
2400CHN instrument in the Material Analysis Center of ISIR. Flash
column chromatography was performed on silica gel (40-63 μm) under
a pressure of about 4 psi. HPLC analysis was performed using a JASCO
PU-2086 liquid chromatograph and a JASCOUV-2075 detectorwith aGL
Science Inertsil 150 mm � 4.6 mm, 5 μm C-18 column, eluted with
a gradient from 10% to 90% acetonitrile in 0.1% trifluoroacetic acid over
30 min. High-resolution mass spectra (HRMS) and low-resolution mass
spectra (LRMS) were acquired at the Nagasaki University Instrument
Center. TheK-Ras4Bmodel peptide (KKKKKKSK(Dans)TKCVIM)was
purchased from the Toray Research Center. The enzyme inhibition assays
were performed using a Shimadzu RF-5300PC spectrofluorophotometer
with a temperature controller (Sansyo SA-100).

Figure 5. IC50 values (μM) of compounds tested for FTase inhibition
activity. Fluorescent in vitro assays were carried out by using DansGC-
VIS (1 μM) and FPP (5 μM) in 50 mMTris-HCl, pH 7.5, at 30 �C. The
standard deviation is given for n = 3.
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The procedures for synthesizing compounds 1-5 and CVIM, along
with a detailed characterization of each, are described in the Supporting
Information.
Fluorescent Enzyme Inhibition Assay. Recombinant mamma-

lian FTase and GGTase-I were expressed and purified using previously
reported methods.35 The inhibitory activity of the synthetic compounds
against FTase and GGTase-I was measured using a previously described
fluorescent assay26 employing the fluorogenic substrates, DansGCVIS or
KKKKKKSK(Dans)TKCVIM, respectively. A peptide buffer (53 mM
Tris-HCl, pH 7.5, 0.1mMEDTA, 0.020% n-dodecylβ-maltoside, 5.0mM
DTT)was used for preparation of the fluorogenic substrate stock solution.
An assay buffer (50mMTris-HCl, pH 7.5, 1.2 mMMgCl2, 12 μMZnCl2,
0.023% n-dodecey β-D-maltoside, and 5 mMDTT) was used for enzyme
dilution and for running the kinetic assay. FPP andGGPP ammonium salt
methanol was purchased from Sigma-Aldrich and diluted to 500 μMwith
25mMNH4HCO3, stored at-80 �C in aliquots, and then further diluted
to 110 μM before use (methanol content <3.3%). The peptide substrate,
DansylGCVIS, was dissolved in peptide buffer (approximately 500 μM),
the concentration determined from a standard curve of A340 versus the
concentration of dansylglycine dissolved in peptide buffer. Inhibitors were
initially dissolved in DMSO (5.0 mM except for CVIM, which was
prepared at 2.0 mM), further diluted with peptide buffer to 500 μM,
and stored at-80 �C in aliquots until used. These solutions were diluted
to various concentrations (0.22-22 μM) for use in assays of inhibitory
activity. The FTase stock solution (35.5μM)was dilutedwith assay buffer
immediately prior to use (1.78 μM). Assays were performed at 30 �C
using a thermostatic cuvette holder. Ten microliter aliquots of FTase,
FPP, and inhibitor were added to 180 μL of assay buffer solution in a
500-μL tube, which was then incubated in a 30 �C water bath for 5 min.
TheDansGCVIS solution (10 μL) was then added, themixture was vortexed
and quickly transferred to the cuvette, and the fluorescent intensity
change at 520 nm (ex: 340 nm) was monitored for 5 min. The final
concentrations of each component were as follow: DansGCVIS, 1 μM;
FPP, 5 μM; FTase, 81 nM; inhibitor, 0-1000 nM (the content of
DMSO in the final solution was less than 0.05%). The experiments for
each concentration of inhibitor were repeated at least three times.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental details regarding
compound synthesis, fluorescent kinetic assays (Figures S2-S4),
and complete refs 6, 32, and 34. This material is available free of
charge via the Internet at http://pubs.acs.org.
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