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Bivalent enzyme inhibitors, in which a surface binding module is linked to an active site binding module
through a spacer, are a robust approach for site-selectively delivering a minimally-sized agent to a pro-
tein surface to regulate its functions, such as protein–protein interactions (PPIs). Previous research
revealed that these agents effectively disrupt the interaction between farnesyltransferase (FTase) and
the C-terminal region of K-Ras4B protein. However, the whole cell activity of these peptide-based agents
is limited due to their low membrane permeability. In this study, we tested a peptidomimetic modifica-
tion of these bivalent agents using a previously developed inhibitor, FTI-249, and evaluated their cell per-
meability and biological activity in cells. Confocal cell imaging using fluorescently-labeled agents showed
that the peptidomimetic 3-BODIPY penetrated cells, while the peptide-based 1-BODIPY did not. Cell-
based evaluation demonstrated that peptidomimetic 3 at a concentration of 100 lM inhibited HDJ-2 pro-
cessing in cells, indicating that this peptidomimetic modification improves cell permeability, thus leading
to enhanced whole cell activity of the bivalent compounds.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-molecular-weight compounds that disrupt protein–protein
interactions (PPIs) hold tremendous potential for medicinal pur-
poses and for probing intracellular PPI networks.1,2 However, the
development of drug-like molecules that control PPIs remains diffi-
cult since the interacting interfaces often lack structurally defined
cavities. Antibodies are the ultimate example of multivalent agents
capable of binding to large protein surfaces in an aqueous environ-
ment, but their therapeutic application is limited, in part due to
their inability to permeate cells and their poor oral bioavailability.3

New strategies for reducing molecular size while retaining binding
selectivity are required for developing PPI-directed inhibitors. We
recently reported a new approach for designing PPI-directed agents
based on module assembly,4 in which small module compounds are
designed to bind in a complementary fashion to several targeted
areas of the protein surface. These compounds are assembled by
various means to generate a multivalent agent that is more capable
of surface recognition than each module compound individually.
One approach used is the anchoring strategy (Fig. 1). We predicted
that bivalent compounds derived by covalent linking of a surface
binding module (red in Fig. 1) to an anchoring module via a spacer
of appropriate length would allow selective binding and reduce the
molecular size of the PPI-directed inhibitor. This hypothesis was
validated in our previous study4a based on in vitro evaluation of
bivalent compound 1 (Scheme 1). Compound 1 was designed to
bind to the active site and the acidic surface of protein farnesyl-
transferase (FTase), which interacts through PPIs with K-Ras4B pro-
tein.5 Compound 1 was found to inhibit farnesylation of a peptide
derived from the K-Ras4B C-terminal two orders of magnitude
more efficiently than the two modules individually,4a but further
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Scheme 1. Chemical structures of bivalent compounds used in this study.
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biological evaluation was hampered by the inactivity of 1 in whole
cells.

Human K-Ras4B is the most mutated Ras isoform in cancers,6

therefore inhibitors for the posttranslational farnesylation process
of K-Ras4B have been intensely investigated.7 However, full sup-
pression of K-Ras prenylation by conventional FTase inhibitors is
difficult due to the transient PPIs with FTase. These PPIs are driven
by electrostatic interaction between the polylysine domain and the
acidic surface of FTase.5 Thus, cell permeable, PPI-directed, syn-
thetic FTase inhibitors may provide a new platform for antitumor
agents for K-Ras mutated human carcinomas. This prompted us
to study a simple structural modification of 1 using a previously
Scheme 2. Reagents and conditions: (a) 5, HOBt, PyBOP, 73%; (b) KOH in MeOH, th
dichloromethane, 27%; (d) H-Lys(Fmoc)-OBn, HOBt, PyBOP, 67%; (e) diethylamine ; (f) BO
bAla-Cys(Trt)-Val-MetOtBu, HOBt, PyBOP, 65%, and then 50% TFA and 5% TES in dich
dichloromethane, 20%.
reported peptidomimetic compound8 and test whether this modi-
fication could address these problems. Herein we report the syn-
thesis of peptidomimetic-containing bivalent compounds, the
results of FTase assays, the evaluation of membrane penetration
using confocal fluorescence microscopy, and the results of cell-
based assays for evaluating FTase inhibition.

2. Results and discussion

2.1. Design and synthesis

Previously, we designed compound 1 using the tetrapeptide an-
chor module CVIM, which is the C-terminal four amino acid se-
quence of K-Ras4B. This peptidic anchor module was linked to a
gallate module containing six amino groups for electrostatic inter-
action with the acidic surface of FTase. Peptidomimetic approaches
for developing FTase inhibitors have been intensively studied over
the past decades and have made a major contribution to cancer
therapy.9 An earlier example, developed by Sebti and Hamilton,8

is FTI-249 (IC50 for FTase = 300 nM), which was designed to mimic
an extended conformation of the CVIM tetrapeptide. The hydro-
phobic VI dipeptide moiety was replaced by a 4-amino benzoic acid
scaffold. Its methyl ester pro-drug form 5 was found to be active in
whole cells at 200 lM, although CVIM itself was inactive.8 Thus, we
decided to replace the CVIM module in 1 with FTI-249 and its cor-
responding methyl ester form to give 2 and 3, respectively
(Scheme 1). To examine whether these replacements improve
membrane penetration of the compounds, we also designed fluo-
rescently-labeled derivatives using the BODIPY chromophore for
confocal cell imaging to give 1-BODIPY and 3-BODIPY.

The synthetic approach to compounds 2–3 and 1-, 3-BODIPY is
shown in Scheme 2. Compounds 2 and 3 were synthesized by
en 30% TFA and 5% TES in dichloromethane, 70%; (c) 50% TFA and 5% TES in
DIPY, HOBt, PyBOP, 99%; (g) Pd(OH)2, 62%; (h) 30% TFA in dichloromethane, 68%; (i)
loromethane, 20%; (j) 13, HOBt, PyBOP, 65%, and then 50% TFA and 5% TES in



Table 1
Inhibition of farnesylation of the K-Ras4B model peptidea

compound Ki (lM)b

CVIM 1.10 ± 0.29c

FTI-249 0.785 ± 0.008
1 0.015 ± 0.008 (0.005 ± 0.001) c

2 0.837 ± 0.018

a Fluorescent in vitro assay were performed in a 96-well black plate using
KKKKKKSK(Dans)TKCVIM (1 lM), FPP (5 lM), compounds (0–500 lM), and FTase
(50 nM) in 50 mM Tris HCl (pH 7.5) at 30 �C. The reaction was monitored at 520 nm
(ex. 340 nm) for 5 min by a plate reader. The standard deviation is given for n = 3.

b Ki values were obtained by conversion of IC50 values using the Cheng-Prusoff
equation (ref. 10): Ki = IC50/{1 + ([S]/Km)}, where Km = 0.033 ± 0.008 lM determined
for the K-Ras4B peptide previously (Ref. 4a).

c Ref. 4a.
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coupling reaction of Boc-protected gallate 44a with peptidomimetic
5, followed by deprotection. To synthesize the BODIPY-containing
compounds, the linear alkyl spacer used in 1 and 3 was replaced
by a lysyl-b-alanine dipeptide of similar length. Coupling of 7 with
x-Fmoc-L-lysine benzyl ester followed by deprotection gave 9,
which was then coupled with BODIPY carboxylic acid using
HOBt/PyBOP to afford compound 10. After removal of the benzyl
group by hydrogenation, the resulting free acid 11 was coupled
either with protected tetrapeptide bAla-Cys(Trt)-Val-Leu-Met-
OtBu or compound 13 to give protected precursors; these precur-
sors were then deprotected by acid treatment to afford 1-BODIPY
and 3-BODIPY, respectively.

2.2. In vitro FTase inhibition assay

First, we evaluated the compounds using an in vitro FTase inhi-
bition assay, in which farnesylation of the dansylated K-Ras4B
model peptide (KKKKKKSK(Dans)TKCVIM) was monitored. The
procedure was similar to that previously reported, except that in
this study all the kinetic measurements were performed on a fluo-
rescence microplate reader to shorten the experiment. Briefly, in a
well of a 96-well black plate, 10 ll of each stock solution of farne-
sylpyrophosphate (FPP, 100 lM), K-Ras4B peptide (20 lM), recom-
binant FTase (2 lM), and test compound were spotted so that the
spots did not touch. Then, 160 lL of buffer solution was then
added, resulting in mixing of the spotted solutions, thus initiating
the enzyme reaction. The time-course change of the fluorescence
intensity was monitored at 520 nm (ex: 340 nm) for 5 min. Figure.
2 shows three replicate sets of data in the absence (purple) or the
presence (red) of inhibitor. The data demonstrate reasonable
reproducibility, with a standard deviation of <3.5%. This procedure
significantly shortened the time required to evaluate each com-
pound, from 6 to 7 h to less than 60 min.

The percentage of inhibition was calculated by comparison with
the standard slope, obtained from the reaction in the absence of
inhibitors. The IC50 values were converted to the inhibition
constant (Ki) using the Cheng-Prusoff equation.10 The results are
Figure 2. The time course fluorescence change at 520 nm (ex: 340 nm) in the
absence (purple) or in the presence (red) of inhibitor. Three replicate data sets are
presented.
summarized in Table 1. Peptidomimetic FTI-249 inhibited farnesy-
lation of the model peptide, with a Ki value of 0.785 lM, confirm-
ing that this peptidomimetic possesses a similar potency to that of
CVIM tetrapeptide, as previously reported.8 High inhibition by
bivalent compound 1 of farnesylation of the K-Ras4B peptide was
confirmed by the microplate reader assay, indicating that the an-
chored gallate module effectively disrupted the interaction be-
tween FTase and the peptide. Somewhat surprisingly, bivalent
compound 2, containing the FTI-249 moiety, remained a moderate
inhibitor, with a Ki value similar to that of FTI-249. This suggests
that 2 failed to deliver the gallate to the acidic surface of FTase,
or had lost the affinity of the FTI-249 portion for the FTase active
site and this loss in affinity was compensated for by the gallate
binding to the surface of FTase. A possible explanation for the latter
case is that the covalent linking of the gallate module to FTI-249
may alter the conformation of the peptidomimetic in the FTase ac-
tive site and thus interfere with its zinc coordination.

2.3. Cell permeating properties of BODIPY-attached compounds

Next, we tested the cell permeation of the fluorescently-labeled
compounds using lung adenocarcinoma epithelial A549 cells. Cells
were treated with 25 lM of 12, 1-BODIPY, or 3-BODIPY, and confo-
cal images were observed (Fig. 3). Gallate derivative 12 was found
to enter cells (Fig. 3A), demonstrating that the highly positively-
charged module does not interfere with membrane penetration.
In contrast, 1-BODIPY accumulated on the plasma membranes,
and no penetration was detected (Fig. 3B and Fig. S1). These results
suggest that the low cell permeability of 1-BODIPY is likely due to
the polar CVIM anchor. This is consistent with the fact that the
CVIM tetrapeptide is inactive in cells.8 In contrast, 3-BODIPY enters
cells and becomes localized in the cytosol rather than in the nu-
cleus (Fig. 3C and Fig. S2), indicating that the peptidomimetic mod-
ification of CVIM improves membrane penetration.

2.4. Inhibition of prenylation processing in cells

Finally, inhibition by peptidomimetic 3 was evaluated in cells.
Whole cell inhibition of farnesylation and geranylgeranylation
was determined by a procedure similar to that previously reported
in the literature,11 based on the level of inhibition of HDJ-2 and
Rap1A processing, respectively. Oncogenic H-Ras-transformed hu-
man bladder carcinoma T24 cells or A549 cells were treated with
various concentrations of inhibitors twice on day 1 and day 3
and then incubated for 4 days. The cell lysates were separated on
7.5% sodium dodecyl sulfate polyacrylamide gels by electrophore-
sis. The separated proteins were transferred to a polyvinylidene
difluoride membrane and immunoblotted using anti-HDJ-2
(ab3089) or anti-Rap1A (SC-65) antibody. Antibody reactions were
visualized using HRP-conjugated anti-rabbit IgG and an enhanced



Figure 3. A549 cells were treated with compounds (25 lM) and incubated at 37 �C for 3 h. The samples were analyzed under a confocal microscope. Enlarged images for
comparison, A: 12, B: 1-BODIPY, and C: 3-BODIPY (also see Fig. S1 and S2).

Figure 4. Effect of compounds on processing of HDJ-2 in (A) T24 and in (B) A549
cells. Western blot analysis demonstrates the inhibition of farnesylated HDJ-2 as
seen by the band shift from processed (P) to unprocessed (U) protein. (A) lane 1:
vehicle control; lane 2: 100 lM FTI-2153; lane 3–5: 100, 30, 10 lM 3. (B) lane 1:
vehicle control; lane 2–3: 250, 50 lM FTI-2153; lane 4 to 6: 100, 30, 10 lM 3; lane
7–9: 100, 30, 10 lM 1.

Figure 5. Effect of compounds on processing of Rap1A in T24 cells. The inhibition of
geranylgeranylated Rap1A was seen by the band shift from processed (P) to
unprocessed (U) protein. Lane 1: vehicle control; lane 2: 100 lM GGTI-2154; lane
3–5: 100, 30, 10 lM 3.

S. Machida et al. / Bioorg. Med. Chem. 21 (2013) 4004–4010 4007
chemiluminescence detection system. As a reference, FTI-215312

and GGTI-215413 were used for HDJ-2 and Rap1A processing inhi-
bition, respectively. The results of the Western blot are shown in
Figure 4 and Figure 5. Compound 3 inhibited HDJ-2 processing in
T24 cells (Fig. 4A, lane 3–5) and in A549 cells (Fig. 4B, lane 4–6)
at concentrations between 10 and 100 lM. In contrast, CVIM-based
1 was found to be inactive under the same conditions (Fig. 4B, lane
7–9). The difference in whole cell activity of 1 and 3 can be ac-
counted for by the results of confocal microscopy using 1-BODIPY
and 3-BODIPY, described above. Importantly, compound 3 did not
inhibit Rap1A processing (Fig. 5), thus demonstrating that 3 does
not interfere with native GGTase-I processing in cells. These results
verified that peptidomimetic modification of the anchor module
improves membrane penetration of the compounds, resulting in
whole cell inhibition of FTase.

3. Conclusions

We conducted peptidomimetic modification of a previously
developed bivalent inhibitor of FTase, and investigated its mem-
brane penetration and whole cell inhibition activity against FTase.
Confocal imaging of BODIPY-labeled compounds showed that
replacement of the CVIM anchor by a peptidomimetic FTI-249
improved membrane penetration, although such modification
somewhat reduced in vitro potency against FTase. The results of
cell-based assays showed that the peptidomimetic 3 inhibited
FTase processing, while the peptidic 1 was inactive. This indicates
that peptidomimetic modification is a promising approach for the
development of bivalent inhibitors targeting intracellular PPIs. Re-
duced in vitro activity observed for 2 suggests that further struc-
tural modifications of the surface module and the
peptidomimetic-based anchor module are necessary to improve
the activity. The moderate membrane penetration ability of 3-
BODIPY observed in the confocal imaging needs to be improved
for better cell activity. Work based on guanidino groups to address
this issue is currently in progress in our laboratory.

4. Experimental section

4.1. Chemistry

4.1.1. General
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 d (ppm) relative to tetramethylsil-
ane. All coupling constants were described in Hz. Elemental analy-
ses were performed using Perkin Elmer-2400CHN in Material
Analysis Center of ISIR. Flash column chromatography was per-
formed on silica gel (40–63 lm) under a pressure of about 4 psi.
HPLC measurements were performed using a JASCO PU-2086 and
a JASCO UV-2075 detector with a GL Science Inertsil
150 � 4.6 mm, 5 lm C-18 column, eluted with gradient 10–90%
of CH3CN in 0.1% TFA in H2O in 30 min. High-resolution mass spec-
tra (HRMS) and low-resolution mass spectra (LRMS) were taken by
Professors T. Maki and N. Yamaguchi from Nagasaki University
Instrument Center. Compounds 1, 4 and 7, 4a and 5 and FTI-249
(Cys-4ABA-Met-OCH3)14 were prepared by the previously reported
methods.

4.1.2. Synthesis of peptidomimetic compounds
4.1.2.1. 4,4-Difluoro-8-(butyl-4-carboxyl)-1,3,5,7-tetramethyl-4-
bora-3a,4a-diaza-s-indacene (BODIPY free acid). A solution
of succinic anhydride (1.0 g, 10 mmol), benzyl alcohol (1.14 g,
11 mmol), and DMAP (54 mg, 0.44 mmol) in THF (5 mL) was re-
fluxed for 18 h. The mixture was bacified with sat. NaHCO3, and
washed with AcOEt. The aqueous layer was then acidified, and
the precipiated solid was extracted with AcOEt. The solid was
recrystalized to afford succinic acid monobenzyl ester as colorless
needles, 1.85 g, 88%. 1H NMR (400 MHz, CDCl3) d. 2.65–2.73 (m, 4H,
CH2CH2), 5.15 (s, 2H, PhCH2), and 7.31–7.38 ppm(s, 5H, aromatic).

The carboxilic acid (1.02 g, 4.9 mmol) was reacted with oxyalyl
chloride (1.1 mL, 13 mmol) in the presence of catalytic amount of
DMF in dichlromethane (40 mL) at rt for 1.5 h, and concentrated.
To a solution of 2.4-dimethylpyrrole (713 mg, 7.3 mmol) in
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dichlromethane (20 mL) was added the acid chloride in dichloro-
methane (10 mL), and the mixture was refluxed for 1 h. After cool-
ing to rt, to the solution was added triethylamine (3.5 mL, 25 mmol)
in toluene (32 mL) and boron trifuoride diethyl ether (3.1 mL,
25 mmol), then stirred at 50 �C for 1 h. The product was extrated
with dichloromethane, and purified by SiO2 column chromatogra-
phy to give 4,4-difluoro-8-(butyl-4-carboxybenzyl)-1,3,5,7-tetra-
methyl-4-bora-3a,4a-diaza-s-indacene as a green amorphous
solid, 904 mg, 47%. 1H NMR (400 MHz, CDCl3) d. 2.41 (s, 6H, CH3-
dipyrrin), 2.51 (s, 6H, CH3-dipyrrin), 2.62-2.67 (m, 2H, CH2CO2Bn),
3.29-3.34 (m, 2H, CCH2), 5.17(s, 2H, CH2Ph), 6.05 (s, 2H, CH-dipyr-
rin), and 7.32–7.39 ppm (m, 5H, aromatic from benzyl): LRMS-ESI
(m/z): [M+Na]+ Calcd for C23H25BF2N2NaO2, 433. Found 433.

The benzyl ester (112 mg, 0.27 mmol) was removed by hydro-
genation with Pd(OH)2 (10 mg) in MeOH to give the desired prod-
uct as a red oil (96 mg, 99%). 1H NMR (400 MHz, CDCl3) d. 2.45 (s,
6H, CH3-dipyrrin), 2.52 (s, 6H, CH3-dipyrrin), 2.64–2.69 (m, 2H,
CH2CO2Bn), 3.31–3.35 (m, 2H, CCH2), and 6.08 ppm (s, 2H, CH-
dipyrrin).

4.1.2.2. N-(5-[3,4,5-Tris{3-{1,3-(N,N0-t-botoxycarbonyl)diamino
propyl)-1-propanoxyl}}benzoylamino]hexanylcarbonyl)-4-{N-
[2(R)-amino-3-(triphenyl-methyl)thio]propyl}-aminobenzoyl]-
methionine methyl ester (6). Compound 4 (113 mg, 0.096 mmol)
was coupled with peptidomimetic 5 (0.12 mmol) using PyBOP
(81 mg, 0.16 mmol), HOBt (31 mg, 0.20 mmol), and DIEA
(0.20 mmol) in DMF (3 mL). The crude product was purified by silica
gel column chromatography to give the desired product as colorless
solid, 125 mg, 73%. 1H NMR (400 MHz, CDCl3) d 1.43 (s, 54H,
CH2CH2CH2CONH, Boc � 6), 1.58–1.84 (m, 13H, 3,4,5-CH2CH,
CH2CH2CO, NHCH2CH2), 2.01–2.15 (m, 6H, SCH3, c-CH2 Met, and b-
CHa Met), 2.19–2.28 (m, b-CHb Met), 2.44 (dd, 1H J = 5.3 and
12.5 Hz, b-CHa Cys), 2.51–2.59 (m, 3H, –CHb Cys, CH2CONH), 3.05–
3.20 (m, 14H, 3,4,5-CH2NHBoc, and CH2NHPh), 3.32–3.39 (m, 2H,
CONHCH2), 3.75 (s, 3H, CO2CH3), 4.04–4.09 (3,4,5-OCH2, a-CH Cys,
and NHPh), 4.83–4.88 (m, 1H, a-CH Cys), 5.58–5.65 (m, 7H,
NHBoc� 6, and CH2NHCO), 6.46 (d, 2H, J = 8.6 Hz, aromatic ring
from benzoyl), 6.82 (m, 1H, CONHCH2), 6.95 (m, 1H, NH Met), 7.05
(s, 2H, aromatic from gallate), 7.20–7.41 (m, 15H, aromatic from
Trt), and 7.58 ppm (d, 2H, J = 8.5 Hz, aromatic from benzoyl):
LRMS-ESI (m/z): [M+H]+ Calcd for C93H138N10NaO20S2, 1802.9.
Found; 1802.8.

4.1.2.3. N-(5-[3,4,5-Tris{3-{1,3-diaminopropyl)-1-propanoxyl}}
benzoylamino]hexanylcarbonyl)-4-{N-[2(R)-amino-3-mercapto
propyl}-aminobenzoyl]-methionine TFA salt (2). Compound
6 (22 mg, 0.013 mmol) was hydrolyzed with 2 M KOH (200 lL) in
MeOH (1.5 mL) under reflux condition for 1 h. The solution was
acidified with 10% citric acid, and the resulting free carboxylic acid
was extracted with dichloromethane, and the protecting groups
were then removed by 30% trifluoroacetic acid in dichloromethane
in the presence of 5% triethylsilane. The crude material was puri-
fied by preparative HPLC to give the desired product as colorless
solid, 14 mg, 70%. 1H NMR (400 MHz, DMSO-d6), d 1.28 (m, 2H,
CH2CH2CH2CO), 1.50 (m, 4H, CONHCH2CH2CH2CH2), 1.80–1.88
(6H, 3,4,5-CH2CH2, b-CH Val, and b-CH2 Met), 2.01–2.10 (8H,
3,4,5-CHCH2, b-CH2 and Met, SCH3), 2.26–2.31 (m, 2H, c-CH2

Met), 2.62–2.73 (m, 2H, CH2SH), 2.60–2.78 (m, 2H, b-CH Cys),
3.00 (12H, 3,4,5-CHCH2), 3.92-4.05 (6H, 3,4,5-OCH2, a-CH), 4.44
(m, 1H, a-CH Met), 6.26 (br s, 1H, CH2CONH), 6.61 (d, 2H,
J = 8.2 Hz, aromatic) 7.21 (s, 2H, aromatic from gallate), 7.65 (d,
2H, J = 8.8 Hz, aromatic), 7.77 (d, 1H, J = 7.1 Hz, CONH), 8.03–8.15
(br s, 19H, 3,4,5-CH2NH3

+ � 6, and CONH), and 8.41 ppm (1H,
CONH): LRMS-FAB (m/z): [M+H]+ Calcd for C43H75N10O8S2, 923.5;
found; 923.4, HRMS-FAB (m/z): [M+H]+ Calcd for C43H75N10O8S2,
923.5211. Found; 923.5204.
4.1.2.4. N-(5-[3,4,5-Tris{3-{1,3-diaminopropyl)-1-propanoxyl}}
benzoylamino]hexanylcarbonyl)-4-{N-[2(R)-amino-3-mercapto
propyl}-aminobenzoyl]-methionine methyl ester (3). Com-
pound 6 (40 mg, 0.022 mmol) was treated with 50% of trifluoroace-
tic acid and 5% triethylsilane in dichloromethane at 30 �C. The
reaction was monitored by HPLC until the starting material disap-
peared. The crude material was purified by preparative HPLC to
give the desired product as a white solid, 10 mg, 27%. 1H NMR
(400 MHz, DMSO-d6), d 1.29 (m, 2H, CH2CH2CH2CO), 1.51 (m, 4H,
CONHCH2CH2CH2CH2), 1.80–1.89 (6H, 3,4,5-CH2CH2, b-CH Val,
and b-CH2 Met), 2.03–2.13 (8H, 3,4,5-CHCH2, b-CH2 Met, and
SCH3), 2.66 (1H, CH2aSH), 2.60–2.78 (m, 2H, b-CH Cys), 3.00–3.07
(m, 12H, 3,4,5-CHCH2), 3.62 (s, 3H, CO2CH3), 3.94-4.07 (6H, 3,4,5-
OCH2, a-CH), 4.51 (m, 1H, a-CH Met), 6.25 (br s, 1H, CH2CONH),
6.63 (d, 2H, J = 7.1 Hz, aromatic) 7.20 (s, 2H, aromatic from gallate),
7.64 (d, 2H, J = 8.0 Hz, aromatic), 7.77 (d, 1H, J = 7.1 Hz, CONH),
8.00 (br s, 18H, 3,4,5-CH2NH3

+�6), 8.27 (1H, CONH), and
8.38 ppm (1H, CONH), LRMS-FAB (m/z): [M+H]+ Calcd for
C44H77N10O8S2, 937.5; found; 937.5, LRMS-FAB (m/z): [M+H]+ Calcd
for C44H77N10NaO8S2, 959.5187. Found; 959.5179.

4.1.2.5. N-[3,4,5-Tris[3-{1,3-(N,N0-tert-butoxycarbonyl)diamino-
propyl}-1-propanoxyl]benzoyl-L-lysine benzyl ester (8). A
solution of compound 7 (119 mg, 0.11 mmol), H-Lys(Fmoc)-OBn
tosylate (119 mg, 0.18 mmol), HOBt (34 mg, 0.22 mmol), PyBOP
(90 mg, 0.17 mmol), and DIEA (0.55 mmol) in DMF (1 mL) was stir-
red at rt for 3 h. After removal of DMF under the reduced pressure,
the product was extracted with AcOEt and 10% ctric acid. The or-
ganic layer was washed with Sat. NaHCO3, brine, and dried (anhyd.
Na2SO4). The crude material was purified by SiO2 column chroma-
tography (AcOEt / hexanes = 2/3 to 1/1) to give the product as a
colorless amorphous solid, 113 mg, 67%. 1H NMR (400 MHz, CDCl3)
d 1.43–1.47 (58H, Boc � 6, c, d-CH2 Lys), 1.69–1.85 (9H, 3,4,5-
CHCH2), 1.96–2.00 (m, 1H, b-CHa Lys), 2.08–2.12 (m, 1H, b-CHb

Lys), 3.07–3.16 (14H, 3,4,5-CH2NHBoc, and CH2NHFmoc Lys),
4.04–4.16 (7H, 3,4,5-OCH2, FmocCH), 4.85 (m, 1H, a-CH Lys), 5.00
(t, 1H, J = 4.8 Hz, NHFmoc), 5.18 (d, 1H, J = 12.2 Hz, CH2aPh), 5.22
(d, 1H, J = 12.2 Hz, CH2bPh), 5.43–5.81 (6H, 3,4,5-NHBoc), 6.96 (d,
1H, J = 7.0 Hz, PhCONH), 7.06 (s, 2H, aromatic form gallate), 7.26–
7.39 (m, 9H, aromatic from Fmoc and Benzyl), 7.54 (d, 2H.
J = 7.5 Hz, aromatic from Fmoc), and 7.73 ppm (d, 2H, J = 7.6 Hz,
aromatic from Fmoc).

4.1.2.6. N-[3,4,5-Tris[3-{1,3-(N,N0-tert-butoxycarbonyl)diamino-
propyl}-1-propanoxyl]benzoyl-L-lysine (9). Compound 8
(102 mg, 0.067 mmol) was treated with 20% diethylamine in
DMF for 1 h. Immediately after concentration, the product was
used for the next reaction without further purification.

4.1.2.7. N-[3,4,5-Tris[3-{1,3-(N,N0-tert-butoxycarbonyl)diamino-
propyl}-1-propanoxyl]benzoyl-N’(BODIPY-PEG4)-L-lysine benzyl
ester (10). A solution of compound 9 (0.067 mmol), BODIPY
(30 mg, 0.093 mmol), HOBt (24 mg, 0.16 mmol), PyBOP (54 mg,
0.10 mmol), and DIEA (0.15 mmol) in DMF (3 mL) was stirred for
18 h. After work up the reaction, the crude material was purified
by SiO2 column chromatography (chloroform/MeOH = 50/1) to give
the product as a red solid, 106 mg, 99%. 1H NMR (400 MHz, CDCl3) d.
1.43 (58H, Boc�6, c, d-CH2 Lys), 1.69–1.96 (11H, 3,4,5-CHCH2, b-CH2

Lys), 2.37–2.43 (8H, BODIPY-CH2, CH3-dipyrrin�2), 2.49 (s, 6H, CH3-
dipyrrin � 2), 3.05-3.25 (16H, 3,4,5-CH2NHBoc, BODIPY-CHCH2 and
e-CH2 Lys), 4.04 (br, 6H, 3,4,5-OCH2), 4.81 (m, 1H, a-CH Lys), 5.18 (d,
1H, J = 12.2 Hz, CH2aPh), 5.22 (d, 1H, J = 12.2 Hz, CH2bPh), 5.57 (br s,
6H, 3,4,5-NHBoc), 6.00 (s, 2H, CH-dipyrrin), 6.83 (d, 1H, J = 7.5 Hz,
PhCONH), 6.98 (s, 2H, aromatic form gallate), and 7.32-7.36 ppm
(m, 5H, aromatic from Benzyl): LRMS-ESI (m/z): [M+Na]+ Calcd for
C81H125BF2N10O19, 1613; found 1613.
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4.1.2.8. N-[3,4,5-Tris[3-{1,3-(N,N0-tert-butoxycarbonyl)diamino-
propyl}-1-propanoxyl]benzoyl-N’(BODIPY-PEG4)-L-lysine (11).

Compound 10 (99 mg, 0.062 mmol) was deprotected by hydro-
genation under atmospheric hydrogen in the presence of Pd(OH)2

(10 mg) in MeOH (14 mL). The resulting material was purified by
SiO2 column chromatography to afford the free acid as a red amor-
phous solid, 58 mg, 62%. LRMS-ESI (m/z): [M+Na]+ calcd for
C74H119BF2N10O19, 1523. Found 1523.

4.1.2.9. N-[3,4,5-Tris[3-{1,3-diaminopropyl}-1-propanoxyl]ben-
zoyl-N0(BODIPY-PEG4)-L-lysine (12). Compound 11 (14 mg,
0.009 mmol) was treated with 50% TFA in dichloromethane, and
the product was purified by preparative HPLC to give the desired
product as a red amorphous solid, 10 mg, 68%. LRMS-FAB (m/z):
[M+H]+ Calcd for C44H72BF2N10O7, 901; found 901, HRMS-FAB (m/
z): [M+H]+ calcd for C44H72BF2N10O7, 901.5647. Found 901.5643.

4.1.2.10. H-b-Ala-Cys-4ABA-Met-OCH3, (13). A solution of 5
(0.13 mmol), Fmoc-b-Ala-OH (80 mg, 0.26 mmol), HOBt (44 mg,
0.29 mmol), DIEA (0.26 mmol), and PyBOP (100 mg, 0.19 mmol)
in DMF (5 mL) was stirred overnight. After work up the reaction,
the crude material was purified by SiO2 column chromatography
(AcOEt/hexane = 4/1) to give Fmoc-b-Ala-attached peptidomimet-
ics, 58 mg, 65%. 1H NMR (400 MHz, CDCl3) d 2.07 (s, 3H, SCH3),
2.07–2.12 (m, 1H, c-CHa Met), 2.20–2.29 (m, 3H, b, c-CHb Met),
2.46 (dd, 1H, J = 5.0 and 12.5 Hz, b-CHa Cys), 2.52–2.58 (m, 3H,
NHCH2CH2 b-Ala, b-CH2b Cys), 3.07 (t, 2H, J = 6.7 Hz, CH2NHPh),
3.39 (2H, NHCH2CH2 b-Ala), 3.75 (s, 3H, OCH3 Met), 4.09–4.17
(m, 2H, NHPh and FmocCHCH2), 4.29-4.35 (m, 3H, and
CHCH2NHPh, FmocCHCH2), 4.87 (m, 1H, a-CH Met), 5.50 (t, 1H,
J = 5.2 Hz, FmocNH), 5.80 (d, 1H J = 7.7 Hz, CONH), 6.44 (d, 2H,
J = 8.5 Hz, aromatic from benzoyl), 6.77 (d, 1H, J = 7.4 Hz, CONH
Met), and 7.18–7.74 ppm (m, 25H, aromatic from Fmoc, Trt, and
benzoyl): LRMS-ESI (m/z): [M+Na]+ Calcd for C53H54N4NaO6S2,
929; found 929, LRMS-FAB (m/z): [M+H]+ Calcd for C53H54N4O6S2,
907. Found 907, HRMS-FAB (m/z): [M+H]+ Calcd for C53H54N4O6S2,
907.3563. Found 907.3845.

The Fmoc group of the compound was removed by treatment
with 15% of diethylamine in DMF for 30 min at rt. After concentra-
tion, the product was immediately used for the next reaction with-
out further purification.

4.1.2.11. N-[3,4,5-Tris[3-{1,3-diaminopropyl}-1-propanoxyl]ben
zoyl-N’(BODIPY-PEG4)-L-lysyl-b-alanyl-L-cysteinyl-L-valyl-L-iso-
leucyl-L-methionine (1-BODIPY). Compound 11. (58 mg,
0.039 mmol) was coupled with bAla-Cys(Trt)-Val-Leu-Met-OtBu
(0.093 mmol) using HOBt (12 mg, 0.078 mmol), DIEA
(0.082 mmol), and PyBOP (33 mg, 0.063 mmol). After work-up
the reaction, the resulting crude material was purified by SiO2 col-
umn chromatography (AcOEt/hexane = 4/1) to afford the fully pro-
tected compound as an orange solid, 58 mg, 65%. 1H NMR
(400 MHz, CDCl3) d. 0.79–0.95 (12H, c, d-CH3 Ile, 2c-CH3 Val),
1.39–1.46 (69H, Boc, tBu, c-CH2 Ile, and c, d-CH2 Lys), 1.68–2.08
(19H, 3,4,5-CH(CH2)2, b-CH Ile, b-CH Val, b-CH2, SCH3 Met), 2.26–
2.48 (20H, CH3-dipyrrin � 4, BODIPY-CH2, CH2CONH b-Ala, b-CH2

Cys, and c-CH2 Met), 3.02–3.39 (3,4,5-CH2NHBoc, CHNHCH2 b-
Ala, e-CH2 Lys), 4.08 (6H, 3,4,5-OCH2), 4.28–4.78 (4H, a-CH Cys,
Val, Ile, Met), 5.59 (6H, BocNH), 6.00 (s, 2H, CH-dipyrrin), 6.98 (s,
2H, aromatic from gallate), and 7.20–7.41 ppm (15H aromatic from
Trt): LRMS-ESI (m/z): [M+Na]+ Calcd for C119H180BF2N15O24S2,
2340. Found 2340.

This compound (20 mg, 0.0086 mmol) was dissolved in dichlo-
romethane (900 lL), and triethylsilane (100 mL) and trifluoroacetic
acid (1 mL) were added at 0 �C. The solution was stirred at rt for
1 h, and concentrated. The desired product was isolated by
preparative HPLC as a red amorphous solid, 3 mg, 20%. LRMS-ESI
(m/z): [M+H]+ Calcd for C66H112N15O12S2, 1370; found 1370.

4.1.2.12. N-(5-[3,4,5-Tris{3-{1,3-diaminopropyl)-1-propanoxyl}}
benzoyl-N0(BODIPY)-L-lysyl-b-Ala-Cys-4ABA-Met-OCH3. (3-BODI-
PY). A solution of 11 (45 mg, 0.03 mmol), 13 (0.05 mmol), HOBt
(44 mg, 0.071 mmol), DIEA (0.076 mmol), and PyBOP (30 mg,
0.058 mmol) in DMF (2.5 mL) was stirred overnight. After work
up the reaction, the crude material was purified by SiO2 column
chromatography to give the fully protected product as an orange
solid, 51 mg, 78%. 1H NMR (400 MHz, CDCl3) d 1.43 (58H, Boc�6,
and c, d-CH2 Lys), 1.67–1.88 (11H, 3,4,5-CH2CH, and b-CH2 Lys),
2.08 (s, 3H, SCH3), 2.18–2.64 (22H, CH2STrt, b, c-CH2 Met, CH3-
dipyrrin � 4, CH2CH2CO b-Ala, and BODIPY-CH2), 3.01–3.26 (20H,
3,4,5-(CH2)2NHBoc, e-CH2 Lys, CHCH2NH, CH2CO b-Ala, and BODI-
PY-CH2CH2), 3.72 (s, 3H, CO2CH3), 3.99 (8H, 3,4,5-OCH2, and
CHCH2NHPh), 4.70–4.81 (2H. a-CH Lys, and a-CH Met), 5.63–5.85
(6H, BocNH � 6), 6.01 (s, 2H, CH-dipyrrin � 2), 6.25 (1H CONH),
6.43-6.60 (2H, CONH � 2), 6.49 (2H, d, J = 8.4 Hz, aromatic from
benzoyl), 6.86-6.96 (4H, CONH � 2, and aromatic from gallate),
7.31–7.39 (15H, Trt), and 7.60 ppm (d, 2H, J = 8.4 Hz aromatic from
benzoyl): LRMS-ESI (m/z): [M+H]+ Calcd for C112H162BF2N14O22S2,
2169; found 2169, LRMS-FAB (m/z): [M+Na]+ calcd for
C112H161BF2N14NaO22S2, 2191; found 2191.

This compound was deprotected by treatment with 50% trifluo-
roacetic acid in dichloromethane in the presence of 5% triethylsi-
lane. The desired product was corrected by preparative HPLC,
2.4 mg, 13%. LRMS-FAB (m/z): [M�BF3+H]+ Calcd for
C63H101N14O10S2, 1277; found 1277, HRMS-FAB (m/z): [M�BF3+H]+

Calcd for C63H101N14O10S2, 1277.7267. Found 1277.7255.

4.2. Biological evaluations

4.2.1. General
All reagents used in the biological experiments were purchased

from commercial suppliers (Sigma-Aldrich, Bio-Rad, Wako Pure
Chemical Industries, Nakarai tesque, Cell Signaling Technology,
and Santa Cruz Biotechnology). Recombinant mammalian FTase
was expressed and purified by the procedure previously re-
ported.10 SDS–PAGE and Western blotting were carried out with
Miniprotean TGX precast gels (Bio-Rad, 7.5 and 12.5%) using a
Bio-Rad Mini-Protean III electrophoresis apparatus.

4.2.2. In vitro FTase assay using microplate reader
In a well of 96-well black plate (Thermo) was placed 10 ll of

each stock solution of FPP (final concentration = 5 lM), K-Ras4B
peptide (0.01 lM), recombinant FTase (100 nM), and compound
(6.25–500 lM) separately, avoiding mixing each other. Adding
160 lL of sample buffer to the well mixed all reagents and initiated
the FTase reaction. The time course fluorescence change at 520 nm
(ex: 340 nm) was monitored at 30 �C using a microplate reader
(SpectraMax M5, Molecular Device).

4.2.3. Confocal imaging
A549 human lung carcinoma epithelial cells were cultured at

37 �C in a humid atmosphere containing 5 % CO2 in air. Cells were
grown in RPMI 1640 (Sigma) supplemented with 10% heat-inacti-
vated fetal bovine serum. Cells (1 mL of 1 � 105 cells/mL) were
transferred to a glass dish (Iwaki, 35 � 0.12–0.17 mm) and allowed
to adhere to the dish by incubating overnight. DMSO stock solution
of compound (10 lM, final DMSO concentration was 0.1%) was
added to the cells and incubated for 3 h. The cells were washed
for four times with PBS and the dish was filled with Opti-MEM
(1 mL, Invitrogen). Images were generated using LSM 5 PASCAL,
Carl Zeiss laser scanning microscopy.
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4.2.4. Whole cell-based assay
Whole cell-based assay was conducted by a similar method pre-

viously reported in the literature (Sebti, Oncogene, 1998). T24 cells
and A549 cells were obtained from Health Science Research Re-
sources Bank (JCRB0711) and from Professor Y. Honma (Shimane
University), respectively. Cells were plated in MEM (T24) or in
RPMI 1640 (A549) and 10% bovine serum on day one, respectively,
and treated on day 2 and 3 with either DMSO control, FTI-2153 and
GGTI-2154 (50, 100, and 250 lM) or compound (10, 30, and
100 lM). The cells were then harvested on day 4 and lysed in lysis
buffer (20 mM Tris, pH 7.6, 140 nM NaCl, 2 mM NaF, 1% Triton X-
100, protease inhibitor cocktail (Roche)). The lysates (5 lg) were
electrophoresed on a 7.5 and 12.5% SDS–PAGE, transferred to PVDF
membrane and immunoblotted, respectively, with anti-HDJ-2
(ab3089) or anti-Rap1A (SC-65). Positive antibody reactions were
visualized using peroxidase-conjugated goat anti-rabbit IgG and
an enhanced chemiluminescence detection system (GE Healthcare
Bioscience).
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