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Rab geranylgeranyl transferase (RabGGTase) catalyzes the attachment of geranylgeranyl isoprenoids to
Rab guanine triphosphatases, which are key regulators in vesicular transport. Because geranylgeranylation
is required for proper function and overexpression of Rabs has been observed in various cancers,
RabGGTase may be a target for novel therapeutics. The development of selective inhibitors is, however,
difficult because two related enzymes involved in other cellular processes exist in eukaryotes and because
RabGGTase recognizes protein substrates indirectly, resulting in relaxed specificity. We report the
synthesis of a peptidic library based on the farnesyl transferase inhibitor pepticinnamin E. Of 469
compounds investigated, several were identified as selective for RabGGTase with low micromolar ICs
values. The compounds were not generally cytotoxic and inhibited Rab isoprenylation in COS-7 cells.
Crystal structure analysis revealed that selective inhibitors interact with a tunnel unique to RabGGTase,
implying that this structural motif is an attractive target for improved RabGGTase inhibitors.

Introduction

Posttranslational modification of proteins with isoprenoids is
a crucial process in eukaryotic cells, affecting many proteins
involved in signal transduction, cytoskeletal rearrangement,
and vesicular transport. Covalent attachment of either a C15
farnesyl or a C20 geranylgeranyl group to conserved C-terminal
cysteine residues enables isoprenylated proteins to interact
reversibly with intracellular membranes and with other pro-
teins.! The majority of proteins undergoing isoprenylation
belongs to the Ras superfamily of small guanosine triphospha-
tases (GTPases), within which the Rab proteins constitute the
largest subgroup with over 60 members. The Rab proteins regu-
late intracellular vesicular transport in eukaryotic cells through
association with specific membranes and recruitment of a
plethora of Rab-specific effector proteins responsible for bud-
ding, transport, tethering/docking, and fusion of vesicles.*

Protein isoprenylation is catalyzed by three related enzymes
that transfer isoprenyl groups from the corresponding pyro-
phosphates to their substrate proteins in a reaction involving a
Zn>* cation bound to the active center. The isoprenyl trans-
ferases can be divided into two categories according to their
substrates. On the one hand, the CAAX isoprenyl transfe-
rases, protein farnesyl transferase (FTase”) and protein ger-
anylgeranyl transferase I (GGTase-I), are closely related and

PDB ID codes: crystal structures of engineered RabGGTase in
complex with different inhibitors have been deposited with PDB ID
codes 3HXB, 3HXC, 3HXD, 3HXE, and 3HXF.
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transfer a single isoprenyl group to proteins containing a
C-terminal CAAX sequence, including Ras, Rho/Rac, nuclear
lamins A and B, heterotrimeric G proteins, and yeast mating
factor. Geranylgeranylation of the Rab proteins, on the other
hand, is catalyzed by a distinct enzyme termed Rab geranylger-
anyl transferase (RabGGTase, GGTase-II). Other than con-
taining typically two cysteines (in some cases one) for attach-
ment of the isoprenoid moieties, the C-termini of Rab proteins
do not possess a conserved isoprenylation motif and RabGGT-
ase does not directly recognize its protein substrates. Instead,
the Rab proteins are presented to the enzyme by means of an
accessory factor, the Rab escort protein (REP). REP also
delivers the Rab proteins to their target membranes after they
have been isoprenylated by RabGGTase (Figure 1).*¢

Rab proteins play key roles in the eukaryotic cell and it is
therefore not surprising that an imbalance in Rab activity can
lead to various types of disease. For example, overexpression
of RabGGTase and its substrates such as Rab5a, Rab7 and
Rab25 has been reported in several cancer types.”® Further-
more, elevated levels of Rab25 in breast and ovarian cancer
cells were reported to increase aggressiveness of these can-
cers.” ! These findings indicate that RabGGTase may be a
promising target for cancer chemotherapy. Indeed, it has
recently been shown that inhibition of RabGGTase induces
p33-independent apoptosis,'? and it was also proposed that
the inhibition of RabGGTase is responsible for the proapop-
totic action of several FTase inhibitors that are currently in
late-stage clinical trials.'

This demonstrates that absolute target specificity may not
be required and in fact cross-reactivity may be desirable to
successfully treat isoprenyl transferase-linked disease, which
is also in line with data obtained with numerous kinase
inhibitors that have been developed by the pharmaceutical
industry.'* On the other hand, a thorough investigation of
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Figure 1. Geranylgeranylation of RabGTPases by RabGGTase.

RabGGTase and its protein substrates in biochemistry, cell
biology, and disease would be greatly facilitated by the
availability of highly specific RabGGTase inhibitors that also
possess in vivo activity. However, compared to the situation
for FTase'>'® and GGTase-L,'"'® the development of such
inhibitors has lagged behind and only recently a handful of
compounds have become available. Among these are two
phosphonocarboxylate derivatives, which were found to in-
hibit only the second geranylgeranylation step of RabGTP-
ases.'” As a consequence, these molecules are inactive
against cellular processes mediated by Rab proteins that are
only monogeranylgeranylated, such as Rab8, Rab13, Rabl8§,
or Rab23. Moreover, the phosphonocarboxylates are not
highly effective and need to be applied in high concentrations
(0.1—1 mM) to inhibit RabGGTase in vivo.'® Nevertheless,
they have been considered as lead structures in the develop-
ment of new therapeutics for osteoporosis.”’ >*> Another
promising compound class is formed by pyrrolidine-based
inhibitors, which were developed from GGTase-I inhi-
bitors.>*** However, even though these compounds exhibit
low micromolar ICsy values against RabGGTase in vitro,
they do not display high activity in cell-based assays.***

One problem in the development of new RabGGTase
inhibitors lies in the fact that the active sites of FTase,
GGTase-I, and RabGGTase are conserved, thereby increas-
ing the likelihood of cross-inhibition. A second challenge
comes from the enlarged size of the RabGGTase active site,
which has evolved to accommodate a large variety of different
Rab protein C-termini’*® and which makes it difficult to
target with small molecules.

Bioactive natural products are a naturally evolved rich
source of small molecules for chemical biology and medicinal
chemistry research.?”-? In the case of isoprenoid transferases,
the natural tripeptide pepticinnamin E from Streptomyces
OH-4652, which is an inhibitor of FTase (Figure 2),%**" may
be a good starting point for the development of RabGGTase-
specific inhibitors. Peptide libraries are accessible by solid
phase synthesis, and we have recently reported first examples
of RabGGTase inhibitors from a pepticinnamin E inspired
compound collection together with the first crystal structure
of RabGGTase in complex with one inhibitor (Figure 3a,b).
While this inhibitor was not specific for RabGGTase, the
structure revealed additional anchor points that could be
exploited to design more potent and selective antagonists.
In addition, other compounds in this library displayed a
high degree of selectivity for RabGGTase, which shows that
these molecules provide a promising starting point for the
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Pepticinnamin E, 1
Figure 2. Structure of pepticinnamin E.

development of more potent and specific inhibitors.*! We
have therefore explored this library to derive structure—
activity relationships and to elucidate the binding modes
displayed by the identified inhibitors in order to extract
principles that may guide further design of peptidic and
nonpeptidic inhibitors.

Results and Discussion

Solid Phase Synthesis of Inhibitors. To obtain a library of
potential RabGGTase inhibitors a total of 66 peptides with a
free C-terminus was synthesized on 2-chlorotrityl resin in
20—99% overall yield. Another group of 369 new peptides
was produced by employing the hydrazide safety catch
linker.>? 3% For these molecules, one-step oxidative release
with catalytic amounts of Cu(OAc), gave higher yields after
purification than the two-step NBS/pyridine protocol. In
addition, fewer side products were formed. The difference
was more pronounced when amine nucleophiles rather than
alcohols were used. Furthermore, Cu(OAc), also proved
compatible with automated peptide synthesis. The yield
ranged from 1—30% for inhibitors generated by this ap-
proach, and the purity of most peptides was higher than 95%
after preparative HPLC. The library was further augmented
by 34 pepticinnamin E derived FTase inhibitors,?”~*° result-
ing in a total of 469 compounds further investigated here
(Chart 1, Supporting Information Table S1).

Structure—Activity Relationship Analysis. The tripeptide
library was screened for inhibitory activity toward RabGGT-
ase using a solution-based continuous fluorometric assay
adapted to a 384-well plate format.*! Out of 49 compounds
that displayed inhibitory activity of more than 70% in the
initial screen, 33 showed concentration-dependent inhibition
and were selected for further studies. We observed a clear
preference for tripeptides containing the aromatic amino
acids histidine, phenylalanine, and tyrosine at all three
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Compound 7

Figure 3. Binding of pepticinnamin E derived inhibitors to RabGGTase. (a) Surface representation of RabGGTase bound with class I
inhibitor 7 (PDB entry 3C72). (b—e) Details of inhibitor binding. Residues from the a-subunit have been omitted for clarity, the view is rotated
by 90° in the vertical paper plane with respect to (a). (b) Binding of inhibitor 6. The partial surface indicates the bottom of the GGPP binding
site. Inhibitor 7 is shown in thin black, GGPP (PDB entry 3DST) in thin gray lines. (c) Binding of class I inhibitor 9. Thin black lines indicate the
position of C240—V245 in the unliganded form. The orientation is similar to that of (b). (d) Binding of class III inhibitor 32. The lipid moiety at
R’ emulates the isoprenoid group of GGPP shown in thin gray lines. (¢) Binding of compound 37. The lipid moiety binds to the TAG tunnel of
RabGGTase (transparent surface). 5S42 and gR46 provide additional polar anchor points for optimized derivatives of 37. Inhibitor 7 is shown

in thin black lines for orientation.

positions (Tables 1—3). For example, the exchange of
L-tyrosine for L-serine at position R? in compounds 32 and
36 led to an increase of the ICs, values from 11 and 5.2 uM to
over 100 uM (Supporting Information Table S1, entry 84,
compound 88; entry 367, compound 371).

For further analysis of structure—activity relationships,
the most potent inhibitors retrieved from the compound
library are grouped into three classes here depending on
their N- and C-termini. The compounds possessing a free
carboxylic or hydroxamic acid at their C-terminus (R! =
—OH or —NH-OH) and lipophilic N-termini (R® = benzy-
loxycarbonyl, arylalkyloyl, cinnamyl, biaryloyl, etc.) are
assigned to class I (Table 1). Class II inhibitors represent a

variation of class I, combining heterocyclic ring systems at
their N-terminus with a free carboxylate at the C-terminus
(Table 2). Finally, class III comprises compounds that con-
tain lipophilic N-termini (long alkyloyl or p-alkyloxybenzoyl
groups) and an amine or N-heterocycle containing a
C-terminal amide (Table 3).

Structure—Activity Relationship of Class I Inhibitors. To
gain more insight into principles governing the binding of
class I inhibitors, the most potent compound of this group 6
(ICsp = 4.1 &£ 0.2 uM) was chosen for crystal structure
analysis of the complex with RabGGTase. It was possible
to derive the position and orientation of 6 unequivo-
cally despite relatively poor electron density (Supporting
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Chart 1. Representative Building Blocks Used in Fmoc-SPPS of the Tripeptide Library. Red Depicts Structural Features Found in the

Best RabGGTase Inhibitors
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o R 0
Q\,O/ °=(§j/_ = fNO fu%] n
NH,

-8, O, :
“1/\ N= 3 \ / H " I~~~ NH,
H
s s natural or modified amino acids: / N
~O-{1 O Yy g
N N—/A Phe, Tyr, Gly, Ala, Leu, Ser, Thr, H N N
His, Trp, Lys, Gin, or Pro I
Table 1. Class I Inhibitors
R4 Lo R2
RS J\W N NJ\’( R!
H < H
O s o)
Entry | Peptide R® R* R® R R ICsp (UM)®
1 6 D-Tyr L-Phe L-Tyr OH 41+£02
2 7 L-His | L-(Me)Phe L-Tyr OH 227 +17
[e]
3 8 ©/\oj}< L-His | L-(Me)Phe L-Trp | NH-OH | 5.2+0.6
4 9 L-His | L{Me)Phe | L-Tyr | NH-OH | 9.0£1.0
5 10 L-His | L-(Me)Phe D-Tyr | NH-OH | 13.6 1.1
6 11 o D-Tyr L-Tyr L-Phe OH 11.0t14
8 12 D-His | L-(Me)Phe L-Phe OH 19.0+ 3.8
9 13 o o DHis | LTy LPhe | OH | 156:13
o
10 14 L-His L-Tyr L-Phe OH 19.3+36
o]
1 15 @XA D-His L-Tyr DPhe | OH | 15222
|
Q
12 16 @N& D-His L-Tyr L-Tyr OH | 227%29
Ph

“ICsq values were calculated from three independent measurements.

incorporating a p-amino acid at R*, binds very similarly to
the previously investigated 7 by burying the benzoyl moiety
at R’ in the isoprenoid pocket of the active site.’’ The

Information Figure Sla), which is probably a consequ-
ence of incomplete occupancy due to low solubility of the
inhibitor under the crystallization conditions. Compound 6,
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R* hoo R2
RS J\ITN\)LNJ\ITR1
H : H
(e} §3 (e}

Entry | Peptide R® R* R’ R R" | ICs (UM)®
1 17 L-His Gly L-His(Trt) | OH | 8110
2 18 L-His Gly L-His OH > 50
3 19 L-His(Trt) | Gly L-His OH | 38%87
4 20 o His Gly L-Phe OH > 50
5 21 @—{;J)\( L-His(Trt) | Gly L-Phe | OH| 30:18
6 22 Gly L-Phe L-His OH | 45zx21
7 23 Gly L-Phe | L-His(Trt) | OH | 25%8.0
8 24 Gly L-Phe | L-His(Bn) | OH > 50
9 25 Gly L-Phe | L-His(Boc) | OH > 50
10 26 W 8 Gly L-Phe L-His OH >50

ReG
11 27 Gly L-Phe L-His(Trt) | OH | 46+5.4
12 28 0 Gly L-Phe L-His OH | 41+£6.2
S, N %
| ¢ |
13 29 E/)_%]) Gly L-Phe L-His(Trt) | OH | 3657
14 30 0 Gly L-Phe L-His OH > 50
O
15 31 =/ s Gly L-Phe | L-His(Trt) | OH | 37£20

“1Csq values were calculated from three independent measurements.

backbones of 6 and 7 adopt an extended, S-strand-like
conformation such that the C-termini point outward, form-
ing no contacts with the enzyme and remaining flexible,
as indicated by high B factors. The only obvious difference
between 6 and 7 is that a hydrogen bond between the histidyl
side chain at R* and Y97 1in 7 is replaced by a slightly more
buried hydrogen bonding network involving the tyrosyl side
chain at R*, 5848, and, through a water molecule, 596 and
£S100 (Figure 3b).

The structures of the complexes of RabGGTase with 6 and
7 showed that the N-terminal benzoyl group does not reach
the bottom of the geranylgeranyl binding site and thus
potentially misses an important anchor point (Figure 3b).
This prompted us to synthesize class I inhibitors with longer
N-termini (compounds 11—16). However, this change did
not yield better inhibitors.

Because the C-termini of 6 and 7 point outward toward the
catalytic Zn>", we also synthesized analogues with a slightly
longer C-terminus containing a hydroxamide moiety, which
is a well-established zinc-binding group (compounds 8§—10,
Table 1). This did indeed increase the potency (ICsy =
9.0 £ 1.0 uM for 9 compared to ICsy = 22.7 £ 2.9 uM for
the corresponding inhibitor 7). To corroborate that this
improvement was due to Zn>" coordination, the crystal
structures of RabGGTase complexes with compounds 8
and 9 were determined (Figure 3c). Unexpectedly, this

revealed that these compounds bind in a different orienta-
tion. They are rotated by 180° with respect to 6 and 7. As a
consequence, the C-terminal hydroxamide group at R' does
not bind to Zn®" at the entrance to the active site but is
located at the bottom of the GGPP binding pocket. The R'
N-hydroxy group is anchored by a hydrogen bond to the side
chain of gW52. In comparison, similar binding of the R'
group of 6 and 7 to the geranylgeranyl binding site seems
unfavored because the higher charge of their R' carboxylate
groups does not match the properties of the binding site
around sW52.

The backbones of inhibitors 8 and 9 adopt a turn-like
conformation involving an intramolecular hydrogen bond
between the carbonyl at R® and the amide bond between R'
and R In contrast to inhibitors 6 and 7, the peptide bond
between R® and R* of 8 and 9 is in the cis-conformation,
which is possible because N-methylation at R? disrupts the
rigidity of the peptide bond and decreases the energetic
penalty for this otherwise unusual geometry.

Another important feature of inhibitors 8 and 9 is that
their R* histidyl residues coordinate to the Zn>" cation of
RabGGTase, indicating that it is indeed possible to target
the reactive center of the active site. However, the binding
energy gained by this interaction is apparently not high
enough to orient inhibitor 7, which differs only by having a
free carboxylate at R', in a similar fashion to that of 9.
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R4 H o R2
5 1
R H/HrN\)LHJ\’rR
@] liS 0]
Entry | Peptide R® R* R’ R? R’ ICs0 (UM)?
e
1 32 L-His | LHis | L-Tyr | 7y | 110212
2 33 L-Tyr | L-His | L-Tyr OMe 39+02
7/
3 34 L-Tyr | L-His | L-Tyr | 7Y™y | 63:06
=
[ . AN~ NH
4 35 Ny L-Tyr | L-His | L-Tyr | 71+03
. . HN o~ NH
5 36 L-His | L-His | L-Tyr *| 52£07
e
6 37 L-His | L-Phe | L-Tyr | 7y | 47:01
HN N
7 38 L-His | L-Phe | L-Tyr (> > 100
Q . N N
8 39 e L-His | L-Phe | L-Tyr (Y | 28:04
o N N
9 40 ~os L-His | L-Phe | L-Tyr () | 26:03
9 ) N N
10 41 s L-His | L-Phe | L-Tyr (> > 100
HN A~~~ R
11 42 L-Tyr | L-Tyr | L-Tyr 2l 116£12
12 43 o | LHis | LHis | L-His | 7" | 12108
o : HN
13 | 44 g LHis | L-His | LHis | 7 ™| 24014
14 | 45 L-His | L-Tyr | L-Phe | wi_~_/) | 12.3£06

“ICs values were calculated from three independent measurements.

Unlike compounds 6 and 7, binding of 8 and 9 leads to
local changes in the protein structure with respect to the
unliganded enzyme. Most notably, the first five residues of a-
helix gD238—3G253 of the B-subunit adopt a 3;¢-helical
conformation in the complex, leading to a maximum Ca
displacement of 1.7 A at gS242 (Figure 3c). This rearrange-
ment is probably the consequence of a steric clash between
R’ and the side chain of sW244, which rotates by 180° in y»,
thereby pushing aside residues gV239—5W243 and also the
side chain of gY 195 . Interestingly, a similar rearrangement is
also observed upon binding of GGPP (PDB entry 3DST).
Therefore, we propose that it presents a “cocking” mechan-
ism in which the active site is primed for the catalytic cycle.

Structure—Activity Relationships of Class II Inhibitors.
The binding pocket surrounding the N-terminal groups of 6
and 7 is relatively spacious, harbors several water molecules,

and also provides scattered polar attachment points. To
explore whether the inhibition properties can be improved
by better filling of this cavity and by introducing additional
hydrogen bonds, class II inhibitors containing heterocycles
at their N-termini and free carboxylates at the C-terminus
were synthesized. In general, the resulting molecules showed
only weak inhibition of RabGGTase (Table 2), but inter-
estingly, compounds still carrying trityl (Trt) protecting
groups showed higher activity than the corresponding un-
protected molecules. For example, the most potent repre-
sentative of this series is compound 17 (ICsq = 8.1 +
1 uM), an inhibitor containing a trityl protected histidine.
Removal of this group decreased the potency dramatically
(compound 18,1C5, > 50 uM). Unfortunately, crystallization
experiments with 17 were not successful, but because 17
contains a free C-terminus at R' and the trityl-protected
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Figure 4. Active sites and exit grooves of RabGGTase (a), GGTase-I (b, PDB entry 1N4S**) and FTase (¢, PDB entry IKZ0O*?). RabGGTase
is shown in complex with inhibitor 37. Red circles mark the position of the TAG tunnel of RabGGTase.

histidine at R? is too large to be accommodated within the
isoprenoid binding pocket, it is conceivable that 17 binds in a
fashion similar to 6 and 7 with the C-terminus pointing
outward. The modified side chain of R? is then expected to
adopt a “gatekeeper” function, controlling access to the
GGPP binding site as has been postulated for R? in 7.3' This
is further corroborated by fluorescence titration, which shows
that 17, like 7, is competitive with respect to isoprenoid
pyrophosphate (see below, Figure 5f, Supporting Information
Figure S2).

Structure—Activity Relationships of Class III Inhibitors.
Because the crystal structures of RabGGTase complexed
with 6 and 7 suggested that the inhibitors’ N-termini occupy
the lipid binding region of the GGPP binding site, class III
inhibitors containing an alkylaryl or a p-undecanoxybenzoyl
moiety (lipid chain) at R® were generated to enhance the
association with the lipid binding site. Nitrogen-containing
heterocycles or amines were introduced at R! to increase the
chance of coordinating the Zn>" cation. As can be seen in
Table 3, this strategy produced a number of potent inhibitors
with ICs values in the low micromolar range.

Two class III inhibitors, compounds 32 and 37, were
selected for crystal complex structure analysis because they
displayed different inhibition modes with respect to the
isoprenoid substrate (described below). Similar to class I
inhibitors 6 and 7, the N-terminus of compound 32 is buried
in the lipid binding pocket of the GGPP site, but in compar-
ison to these compounds, the lipid group of 32 extends
deeper into the cavity, taking the position of the geranylgeranyl

chain of GGPP (Figure 3d). The inhibitor also binds the zinc
ion of the active center, but it utilizes its R? histidine side
chain for coordination, not the one at R*like the inhibitors 8
and 9. Further, compound 32 displays a bent conformation
such that the tyrosyl side chain of R? points back into the
lipid binding pocket where it forms hydrogen bonds with
W52 similar to the hydroxamide moieties of 8 and 9. In
addition, R? engages in two water-mediated hydrogen bonds
to gS100 and Q103. The interaction of tyrosine at R?
appears important for the binding of the compound because
changing this residue to serine or histidine significantly
reduces the inhibitory activity (Supporting Information
Table S1, entry 84, compound 88; entry 94, compound 98).
The bent conformation is also stabilized by a water molecule
bound to sR144 and chelated between the carbonyl groups of
R? and R°, and by another water molecule that sits between
the carbonyl of R and the side chain of Q193. Sterically, the
bent structure of 32 seems only possible because the lipid
moiety at R® does not completely fill the GGPP binding
pocket and leaves free space for the side chain of R%. One
more direct hydrogen bond between gY44 and the pyridyl
moiety at R' of inhibitor 32 seems to be formed, however the
relatively low electron density indicates that this R' group
is flexible (Figure 3c). Further, the amide bond between
R! and R? is in the cis-conformation, which is probably a
consequence of N-methylation at R'. In addition, binding of
32 leads to similar structural changes of sV239—;W243 as
have been observed in binding of inhibitors 8 and 9 or
GGPP.
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Figure 5. Analysis of the interaction of inhibitors with RabGGTase. (a) A displacement titration of 32 into NBD-FPP:RabGGTase complex
followed by the addition of GGPP. (b) A similar experiment with compound 37. The initial level of fluorescence represents the fluorescence of
free NBD-FPP (400 nM). In the first titration step, RabGGTase was added to reach a concentration of 550 nM. Subsequently, compound
37 was titrated into the cuvette in 1 uM steps. Finally, GGPP was added to a final concentration of 4 uM. (c—f) The apparent K4 values of Mant-
FPP interaction with RabGGTase in the presence of different concentrations of inhibitor 7 (c), 9 (d), 34 (¢), and 37 (). The data were fitted with
a competitive (c—e) or partially competitive function (f) to obtain a dissociation constant (Kj) of the inhibitor with RabGGTase.

Similar to the case of class I inhibitors, changing only one
amino acid at R? in inhibitor 32 to compound 37 leads to
binding in a completely different manner (Figure 3e). In-
hibitor 37 also induces local reorganization in zV239—
sW243 as described above, but it is the C-terminal N-
methyl-ethylpyridyl moiety at R' that associates with the
lipid binding region of the GGPP pocket, i.e., the orientation
of this inhibitor is inverted with respect to 32, a similar
change in orientation as has been observed with the two
groups of class I inhibitors described above. R' of 37 extends
as deeply in the isoprenoid binding pocket as the undecanoyl
chain at R® of 32. It is held in place by a water-mediated
hydrogen bond to the side chain of s3W52 and by z-stacking
with the side chain of s;W244. These interactions seem impor-
tant because changing only R' decreased the potency of
derivatives of 37 dramatically (Supporting Information
Table S1, entries 42—53, compounds 46—57). Notably,
omitting only the methyl group of N-methyl-ethylpyridyl
at R'in compound 38 abolished the inhibitory activity nearly
completely. This probably reflects the fact that in 37, similar
to 32, the amide bond between R' and R? adopts the cis-
conformation, which leads to the correct positioning of the
pyridyl moiety. Deletion of the methyl group apparently
renders the cis-conformation energetically too disfavored
and hence prevents binding of the pyridyl ring of 38 in the
isoprenoid binding pocket.

The backbone of 37 is more extended than that of 32 such
that it closely follows those of the class I inhibitors 6 and 7,
albeit with inverted direction (Figure 3e). As a consequence,
the tyrosyl side chain at R? forms a tight hydrogen bond
(d = 2.8 A) to the side chain of Y97, and the phenyl ring of
R? occupies the same position as that of 6 and 7. Other than
in these structures, however, the histidine residue at R*is not
disordered but tightly interacts with the Zn>" of the active
center. This tight interaction appears to be important and

may be the reason for the different orientations of 32 and 37,
where Zn*"-binding was provided by R? instead.

Another striking feature of this complex is the observa-
tion that the lipid chain of 37 locates to a tunnel adjacent
to the GGPP binding site, which we will refer to as the
“TAG tunnel”. This tunnel, which is located in a region
termed “exit groove” in the related CAAX box isoprenoid
transferase,*>* is not present in FTase or GGTase-I
(Figure 4). It opens to the distal surface of RabGGTase
and is lined by -subunit residues with mixed chemical cha-
racter (ﬁ127, ﬁY30, 5G31, 5Y39, ﬁS42, ﬁR46, ﬁL45, ﬁVSO, ﬁWSZ,
sL54, sP288), suggesting that optimal targeting of this site will
require fine-tuning of the respective inhibitor moiety. This may
also be reflected by the observation that the lipid moiety of 37
shows considerably higher average B factors (70 A?) than the
rest of the molecule (40 A?; Supporting Information Figure
S1d) and that binding of 37 and related compounds was
sensitive to the length of the lipid chain, whereas shortening
by three methylene units increased the potency to ICsy = 2.8 £
0.4 uM (Table 3, entry 8, compound 39), while shortening by
another four units abolished binding completely (Table 3, entry
10, compound 41). Extending the C-10 chain of 37 to a C-14
chain also led to a marked decrease in potency (Table 3, entry 9,
compound 40). This suggests that the TAG tunnel can only
accommodate a lipid chain with an appropriate length: chains
that are too short may not provide enough binding energy,
whereas those that are too long may not match the electrostatic
properties of the TAG tunnel. Because the TAG tunnel is an
additional feature of the exit groove that is not present in FTase
and GGTase-l, it is a promising anchor point for the develop-
ment of specific inhibitors.

Analysis of Binding Modes and Affinities of Inhibitors. The
determined ICs, values provide a measure of the inhibitory
activity but do not give direct information on either their
mode of action or their affinity for RabGGTase. In addition,
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Table 4. Dissociation Constants (Kj) of Inhibitors for RabGGTase

entry peptide Ky (uM)
1 7 4.5
2 9 14.5
3 17 5.3
4 32 1.1
5 34 2.8
6 37 5.4

correlating the complex structures with a quantitative ana-
lysis of the interaction between inhibitors and RabGGTase
will provide more detailed insight into the mechanism of
inhibition. To this end, we took advantage of the fluores-
cence change upon binding of the GGPP analogue NBD-
FPP ({3,7,11-trimethyl-12-(7-nitrobenzo[1,2,5]oxadiazo-4-
ylamino)-dodeca-2,6,19-trien-1} pyrophosphate) or Mant-
FPP (N-methylanthranilate farnesyl pyrophosphate) to
RabGGTase.*** Using this signal, Kq values of 160 =+
3 nM and 21 £+ 1 nM were obtained for the NBD-FPP and
Mant-FPP interactions with RabGGTase, respectively (data
not shown). To resolve the binding modes and affinities of
our inhibitors with RabGGTase, two titration strategies
were used. One was displacement titration, where the inhi-
bitor is titrated into the preformed NBD-FPP:RabGGTase
complex. The other was co-titration, where Mant-FPP is
titrated with RabGGTase in the presence of various con-
centrations of inhibitor to obtain apparent Ky values.

Class I compounds 6 and 7, class II compound 17, and
class III compounds 32, 34, and 37 were subjected to
fluorescence titration. The fluorescence intensity of NBD-
FPP decreased after addition of RabGGTase, indicating
binding of NBD-FPP to the enzyme (Figure 5a,b). As shown
in Figure 5b, titration of compound 32 into RabGGTase:
NBD-FPP resulted in a dose-dependent increase in fluores-
cence intensity that saturated with complete recovery of
unbound NBD-FPP fluorescence. Compounds 7, 9, 17,
and 34 display similar effects in the displacement titration
(not shown), suggesting that these inhibitors compete with
NBD-FPP. In contrast, titration of class III inhibitor 37 led
to only partial recovery of NBD fluorescence (Figure 5b).
This would mean that 37 either induced only partial dis-
placement of NBD-FPP or that binding of 37 induces a
fluorescence change of the bound NBD-FPP through an
allosteric mechanism.

To distinguish between these two scenarios for the binding
of 37 and to confirm the binding modes of other compounds,
a set of co-titration experiments was performed. As shown in
Figure 5¢—f, the presence of inhibitors reduced the affinity of
Mant-FPP for RabGGTase in a dose-dependent manner.
According to a theoretical model of competitive or partially
competitive inhibition, the apparent Ky values should dis-
play linear or hyperbolic relationships with the concentra-
tion of inhibitor, respectively. Therefore, compound 7, 9,
and 34 are competitive with respect to isoprenoid pyropho-
sphate, whereas compound 37 is partially competitive
(Figure 5c—f). Fitting the data to the corresponding func-
tions yields the dissociation constants (Kj) shown in Table 4.
Compounds 17 and 32 had already been confirmed pre-
viously as competitive inhibitors by co-titration experiments
using NBD-FPP.?!

The binding modes derived from this quantitative analysis
correlate well with the crystal structure analysis. Compounds 7
and 9 associate with the isoprenoid binding pocket and are
hence competitive with respect to the isoprenoid pyrophosphate
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Table 5. 1Cs, Values of Inhibitors for FTase, GGTase-I, and RabGGT-
ase Determined by SDS-PAGE End Point Assay

entry peptide RabGGTase FTase GGTase-1
1 17 14+13 13+£1.0 69423
2 19 41+4.0 14+2.6 26+1.0
3 23 31+£8.3 3.4+0.7 5.6+£2.0
4 32 10+0.9 35+5.8 60+5.3
5 34 43+04 > 100 >100
6 37 2.8+0.1 > 100 >100
7 39 8.8+£0.7 98+4.7 97 £3.1

even though these two molecules bind RabGGTase in
different orientations. The co-crystal structure of RabGGT-
ase:17 is not available, but from the titration data it can be
concluded that 17 binds in a manner similar to 7.

Interestingly, compounds 32 and 37, which differ only at
position R?, nevertheless display significantly different in-
hibition modes. While 32 is competitive with respect to the
GGPP analogue NBD-FPP, inhibitor 37 is only partially
competitive, which indicates that it binds to a site different
from the isoprenoid binding pocket and that this interaction
cannot be completely abrogated even by very high concen-
trations of isoprenoid substrate.

Selectivity toward RabGGTase, GGTase-I, and FTase. The
selectivity of representative RabGGTase inhibitors toward
all protein isoprenyl transferases was assessed using an SDS
end-point assay.”!

As can be seen in Table 5, several compounds showed
marked preference for RabGGTase, with selectivity reach-
ing nearly 50-fold in the best cases. Most prominent exam-
ples belong to class I compounds, with inhibitor 37 having
the highest selectivity of all inhibitors tested. Because 37,
unlike most other inhibitors, is only partially competitive
with respect to the GGPP analogue NBD-FPP, it is interest-
ing to note that the other known RabGGTase-selective,
pyrrolidine-based, and phosphonocarboxylate inhibitors were
also found not to compete with GGPP but with RabGTPase
binding instead.'®?* Therefore, one could speculate that these
compounds also target the TAG tunnel. If this hypothesis is
correct, it would lead to the assumption that the TAG tunnel
plays a role in positioning the monogeranylgeranylated
RabGTPase for the second isoprenoid transfer because the
phosphonocarboxylate inhibitors inhibit only this second
geranylgeranylation.'” This was, however, not observed in
our previous study employing geranylgeranylated peptides,’
indicating that further experiments are required to clarify this
interesting mechanistic question.

In the case of compound 32, which is a competitive
inhibitor with respect to the isoprenoid pyrophosphate,
selectivity was increased considerably by a single replace-
ment of histidine with tyrosine at R* in compound 34. This
shows that selective inhibitors can also be obtained without
losing the ability to exclude GGPP from the active site.

In Vivo Activity of RabGGTase Inhibitors. To assess the
suitability of the developed compounds for in vivo analysis,
we assessed their activity and toxicity on cultured COS-7
cells. No cytotoxicity was observed when COS-7 cells were
incubated with 100 uM of inhibitors 8, 9, 17, 32, 34, or 37.
The in vivo activity was assessed by quantifying the pre-
nylation of overexpressed EYFP-Rab7 fusion protein. The
prenylation status of the protein was assessed by its ability to
be prenylated in cellular lysates using a biotinylated analo-
gue of GGPP, followed by subsequent detection with strep-
tavidin-coupled horseradish peroxidase in a Western blot



8034 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 24

/7

| )
- - 1005010 1005010 100 50 10 100 75 50 10 100 50 75 10 100 50 10 pM

YFP-Rab7=b= w - .“.-i. - = e

Figure 6. Western Blot of in vivo activity assay in COS-7. Cells overexpressing YFP-Rab7 were treated with 20 M compactin, which inhibits
the synthesis of isoprenyl lipid, as a positive control and with 1/1000 v/v DMSO as a negative control. The inhibitors were screened at three
different concentrations, 100, 50, and 10 uM. Cell lysates were prenylated in vitro with biotin labeled geranylgeranyl analogues, resolved by

Tan et al.

SDS-PAGE, Western blotted, and analyzed with streptavidin—HRP. The bands corresponding to YFP-Rab7 were quantified.

Scheme 1. Fmoc Solid Phase Peptide Synthesis Using the Hydrazide Linker
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Figure 7. Relative amount of inhibition of by six peptide inhibitors.
The relative amount of inhibition at different concentrations was
calculated by integration of the intensity of the corresponding
EYFP-Rab7 blot bands (Figure 6). The band intensity of the
inhibitors was normalized against the band intensity induced by
compactin and DMSO.

(Figure 6).>*' All compounds inhibited geranylgeranyla-
tion in a dose-dependent manner, indicating their general cell
permeability. Nearly the same level of inhibition as obtained
with the mevalonate pathway inhibitor compactin was
achieved with the nonspecific class I and II inhibitors 8, 9,
and 17, whereas class III inhibitors 32, 34, and 37 inhibited
RabGGTase to approximately 70% of the compactin level
within the concentration range tested (Figure 7). These
experiments show that the pepticinnamin-inspired inhibitors
here are indeed promising candidates for the analysis of Rab
prenylation in vivo and its importance in cell physiology and
disease processes.

Conclusions

Several obstacles make the development of selective and
potent inhibitors of RabGGTase challenging. First, related
prenyltransferases that catalyze similar reactions in other
pathways exist in the eukaryotic cell, increasing the possibility
of off-target effects. Second, the active site of RabGGTase is
relatively unspecific toward both the isoprenoid and the
protein substrate,>® and in vivo the protein substrate speci-
ficity is conferred by the accessory protein REP. Third, related
to this problem is the fact that the active site of RabGGTase is

Fmoc\ b) 20% piperidine/DMF
OH [ :l -
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(o]

w 9 R? y 9
MM AN
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large and not easy to target by small-molecule compounds
with drug-like properties. All this also makes it difficult to
derive firm structure—activity relationships that could guide
inhibitor design.

Using the tripeptidic FTase inhibitor pepticinnamin E as
a starting point, we have synthesized a peptide library aug-
mented by incorporation of unnatural N- and C-termini to
target specific features in the active site of RabGGTase.
Screening of the library revealed several potent binders
displaying different inhibition modes. This was also corro-
borated by crystal structure analysis, showing that inhibiting
compounds can adopt different conformations and orien-
tations in the active site. They can also target various
areas of the active site, including polar and hydrophobic
regions of the isoprenoid binding pocket, the catalytic Zn*"
cation, and the TAG tunnel located inside the exit groove. The
changes in binding mode were triggered by only small varia-
tions in the inhibitor’s structure. This indicates that several
factors contribute to the positioning of the inhibitor and
that none of these factors is dominant, i.e., the binding
energy landscape is relatively flat. It should therefore be
possible to improve the binding affinity by synthesizing
inhibitors that combine the various interaction motifs ob-
served in this study.

Several potent inhibitors with high selectivity for RabGGT-
ase were retrieved from the library. The most selective
compounds were found to bind in a partially competitive
inhibition mode with respect to the isoprenoid pyropho-
sphate. The crystal structure revealed that these compounds,
in contrast to the less selective molecules investigated, bind to
the TAG tunnel. Because this region of RabGGTase is
considerably different from the corresponding regions in
FTase and GGTase-1, it provides the most attractive avenue
for further selectivity improvement.

Finally, the developed peptidic inhibitors were not toxic
and displayed activity in cell-based assays. Together, these
data show that it is indeed possible to synthesize potent and
selective peptide-based inhibitors for RabGGTase. In future
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work, we will employ the extensive structural, biophysical,
and cellular activity data obtained in this study to develop
potent and specific RabGGTases inhibitors as potential
guiding structures for novel pharmaceuticals.

Experimental Section

For full details, refer to the online Supporting Information.

Synthesis of Peptide Inhibitors. The 469 inhibitors investi-
gated here were synthesized as described previously.> 3¢
Briefly, an Fmoc-based solid phase synthesis strategy was
employed. Structural variation included different aliphatic
(e.g., Ala, Gly, Leu, Pro), aromatic (His, Phe, Trp, Tyr), and
polar (Ser, His, Lys, Gln, Glu, Thr) p- and rL-amino acids,
various long and short chain aliphatic, olefinic, aromatic,
biphenyl, and heteroaromatic amides at the N-terminus and
saturated and unsaturated esters as well as aliphatic and aro-
matic amides at the C-terminus. Peptides with a free carboxylic
acid at the C-terminus were generated by coupling to 2-chloro-
trityl resin followed by acidic release from the solid phase.
Other C-termini were generated by using the hydrazide safety
catch linker.’>73¢ In these cases, release from the resin was
achieved by oxidation of the linker with stoichiometric amounts
of NBS/pyridine or with catalytic quantities of Cu(OAc),,
followed by nucleophilic attack with various reagents (Scheme
1). Protecting groups were subsequently removed with TFA/
TES/H,O0 (50:1:1), and the resulting products were purified by
HPLC. Purity was controlled by HPLC and NMR and was
usually higher than 95%. The structure and diversity of the used
amino acids and building blocks of the collection are illustrated
in Chart 1.

Cloning, Protein Expression and Purification. Rat FTase,
GGTase-I, RabGGTase, REP-1, human GST-KiRas, human
GST-RhoA, and canine Rab7 were produced as recombinant
proteins as described earlier.** For crystallization, we used an
engineered version of RabGGTase in which two domains not
participating in catalysis have been deleted.”!

Quantitative Analysis of RabGGTase Inhibition. The inhibitor
library was screened in a continuous assay based on the large
fluorescence increase of an analogue of GGPP ({3,7,11-trimeth-
yl-12-(7-nitrobenzo[1,2,5]oxadiazo-4-ylamino)-dodeca-2,6,19-
trien-1} pyrophosphate, NBD-FPP), observed after its conjuga-
tion to Rab7 by RabGGTase in the presence of REP1. In the
typical assay Rab7 (3 uM) and REPI (3 uM) were combined
with NBD-FPP (9 uM) and 400 nM RabGGTase in the presence
or absence of inhibitor.*'***” The assay was adapted to 96- and
384-well plate format and inhibitors, leading to a decrease
of RabGGTase activity of more than 70% at 100 uM were
selected for concentration-dependent inhibition studies, yield-
ing the ICsy values summarized in Supporting Information
Table S1.*!

To gain more detailed insight into the mode of action of
selected inhibitors, fluorescence titrations monitoring the signal
of NBD-FPP on displacement of RabGGTase were performed.
In this case, 400 nM of NBD-FPP were first equilibrated with
550 nM RabGGTase and inhibitors were added in 1 or 5 uM
steps. End points were controlled by final addition of 4 uM
GGPP. For further confirmation of the binding mode derived
from this experiment, RabGGTase in the presence of dif-
ferent inhibitor concentrations was titrated to a solution of
300 nM Mant-FPP to obtain a series of apparent K4*P? values
for Mant-FPP by fitting to a quadratic equation as described
elsewhere.*®

Crystal Structure Analysis of RabGGTase:Inhibitor Com-
plexes. Crystallization experiments were performed with an
engineered form of RabGGTase lacking the LRR- and Ig-
domains.® Complexes were either prepared by soaking or by
co-crystallization.*! Diffraction data were collected at 100 K on
station X10SA of the Swiss Light Source (Villigen, Switzerland).
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Data reduction in XDS* and refinement with REFMACS5,¥
COOT,”® and PRODRG®! was performed following standard
procedures, applying partial occupancies to ligands to match the
B factors of neighboring protein residues in some cases. Data
collection and refinement statistics are shown in Supporting
Information Table S2, |FoFc| difference electron densities are
shown in Supporting Information Figure SI.

Assessment of Selectivity toward RabGGTase, GGTase-1, and
FTase. The selectivity of several inhibitors toward the three
eukaryotic prenyltransferases was judged by an SDS-PAGE end
point assay, using NBD-GPP or NBD-FPP, respectively. The
enzymes were allowed to transfer these fluorescent prenyl sub-
strate analogues to their substrate proteins (GST-KiRas, GST-
RhoA, or Rab7) in the presence of different concentrations of
inhibitor for 10 min, reactions were quenched by SDS-sample
buffer and were subjected to SDS-PAGE. Fluorescent bands
were quantified by densitometry and the data were processed as
described elsewhere.®'

Inhibition of RabGGTase Activity in Cultured Cells. In vivo
activity was analyzed by exposing COS-7 cells transiently
transfected with EYFP-Rab7 fusion protein to various concen-
trations of putative RabGGTase inhibitors. Cells were lysed
after 24 h, and the clarified supernatant was incubated with
biotinylated geranyl pyrophosphate (biotin-GPP), recombinant
RabGGTase, and REP, followed by separation with SDS-
PAGE. Unprenylated YFP-Rab7 in cells was biotin-gerany-
lated and was subsecluently resolved by Western blot and with
streptavidin—HRP.>
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