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Crystallographic and thermodynamic studies of farnesyl protein transferase (FPT) complexed
with novel tricyclic inhibitors provide insights into the observed SAR for this unique class of
nonpeptidic FPT inhibitors. The crystallographic structures reveal a binding pattern conserved
across the mono-, di-, and trihalogen series. In the complexes, the tricycle spans the FPT active
site cavity and interacts with both protein atoms and the isoprenoid portion of bound farnesyl
diphosphate. An amide carbonyl, common to the tricyclic compounds described here, participates
in a water-mediated hydrogen bond to the protein backbone. Ten high-resolution crystal
structures of inhibitors complexed with FPT are reported. Included are crystallographic data
for FPT complexed with SCH 66336, a compound currently undergoing clinical trials as an
anticancer agent (SCH 66336, 4-[2-[4-(3,10-dibromo-8-chloro-6,11-dihydro-5H-benzol[5,6]-
cyclohepta[1,2-b]pyridin-11-yl)-1-piperidinyl]-2-oxoethyl]-1-piperidinecarboxamide). Thermo-
dynamic binding parameters show favorable enthalpies of complex formation and small net
entropic contributions as observed for 4-[2-[4-(3,10-dibromo-8-chloro-6,11-dihydro-11H-benzo-
[5,6]cyclohepta[1,2-b]pyridin-11-ylidene)-1-piperidinyl]-2-oxoethyl]pyridine N-oxide where AH®ping

= —12.5 kcal/mol and TAS®inq = —1.5 kcal/mol.

Introduction

The use of mechanism-based inhibitors is a relatively
new therapeutic approach for the treatment of cancer.
The rationale for this approach arises from discoveries
in the molecular processes by which cells regulate
growth. For example, nearly one-third of all forms of
cancer result from the unregulated activity of ras
proteins.! Detailed studies of the ras protein demon-
strated that specific C-terminal posttranslational modi-
fications were required for its ability to transform cells.?
In the early 1990s, farnesyl protein transferase (FPT),
one of several essential ras-modifying enzymes, was
discovered.® FPT catalyzes attachment of the 15-carbon
isoprenoid from farnesyl diphosphate (FPP) to the
cysteine side chain of a conserved CaaX sequence
located at the carboxy terminus of ras.*® Further
characterization of the enzyme suggested that specific
inhibition of FPT may prove an effective anticancer
strategy.®” This possibility has prompted extensive
research aimed at discovery of potent FPT inhibitors.

Novel, nonpeptidic FPT inhibitors discovered at Scher-
ing-Plough are characterized by a tricycle core composed
of two six-membered aromatic rings fused to a central
seven-membered ring.8-1* Structural features for classes
of inhibitors discussed here are shown in Figure 1. SCH
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structure—activity relationship (SAR), isothermal titration calorimetry
(ITC), a-hydroxyfarnesylphosphonic acid (aHFP).
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Figure 1. Chemical structure of tricyclic FPT inhibitors.
Rings are labeled for clarity.

44342 (1) is a representative example and constituted
an early lead in the FPT inhibitor program (ICso = 250
nM14). Elaboration to optimize affinity and selectivity
resulted in molecules with FPT inhibition constants in
the low-nanomolar range and >10 000-fold selectivity
over the structurally related geranylgeranyl protein
transferase.® The tricyclic FPT inhibitor, SCH 66336,
4-[2-[4-(3,10-dibromo-8-chloro-6,11-dihydro-5H-benzo-
[5,6]cyclohepta[1,2-b]pyridin-11-yl)-1-piperidinyl]-2-oxo-
ethyl]-1-piperidinecarboxamide (2), is undergoing clini-
cal trials as an anticancer agent®'5 and represents one
of the first members of this class of noncytotoxic
anticancer agents to enter clinical trials.
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FPT is an obligatory dimer composed of a- and
B-subunits. The crystal structure of unliganded FPT16
showed that the o-subunit is composed of seven pairs
of antiparallel a-helices packed adjacent to each other
to form a crescent shape. The six pairs of helices in the
S-subunit are arranged as a double-walled barrel. The
active site cavity is situated near the center of the
molecule and lined with residues of both subunits. The
catalytic zinc is liganded by three side chains arising
from the g-subunit. The fourth ligation site is occupied
by a water molecule.

The FPT active site cavity, which binds FPP and the
carboxy terminal residues of the ras protein, is much
larger than a single tricycle inhibitor. The large size of
the cavity confounded attempts to define the bound
conformation of the inhibitor by molecular modeling
alone. Crystallographic studies were initially under-
taken to determine in detail the intermolecular interac-
tions between FPT and inhibitors. Subsequent struc-
tural studies revealed conserved interactions and were
used to formulate a structural basis for understanding
the relationship between small molecule structure and
in vitro activity for compounds synthesized in the FPT
inhibitor program.

Analysis of the tricycle inhibitor SAR patterns showed
several consistent features. For example, selective ad-
dition of halogens at the 3 and 10 positions of the
tricycle moiety (rings A and C, Figure 1) increased
inhibitor affinity. Typically, 2.5—10-fold increases were
observed following incorporation of a second halogen at
the 3 position,®13 and additional 25—40-fold increases
were found when the third halogen was added to the
phenyl ring (ring C) in either the 7 or 10 position.®
Second, inclusion of hydrogen-bonding capabilities such
as an amide carbonyl between rings D and E and a
pyridinyl nitrogen in the tricycle improved inhibitor
potency.'® Third, relatively large structural variations
in ring E substituents were tolerated, although 4-sub-
stituted pyridines and piperidines gave the highest
potencies.913

Despite several consistent trends, other features of
the SAR were unclear. In particular, the preferred
chirality at C-11 differed among the series. The C-11 S
conformation exhibited 4-fold greater potency in the
8-chloro series (3 and 4, Table 1). Within the 3-Br, 8-CI
series (5 and 6), compounds having either the R or S
configuration at C-11 were equipotent (Table 1). How-
ever in the trihalogen series (2 and 8—10), there is a
100-fold difference in potency between inhibitors having
the R and S configurations at C-11. From the chemical
structure of the inhibitor alone, it was also not im-
mediately apparent why in the mono-, di-, and trihalo-
gen series compounds having a double bond between
rings B and D (1, 7, and 8) were as potent as compounds
with a stereochemical center at C-11 (Table 1). Struc-
tural studies were undertaken to clarify these intriguing
features of the SAR.

The thermodynamic parameters of binding were
determined to understand the enthalpy and entropy
compensations involved in transfer of the compounds
from solution to the FPT active site. Such experimental
information has been previously shown to effectively
complement structure-based inhibitor design.l’=22 In
this system, where the inhibitors have few rotatable
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Figure 2. Omit electron density®® for SCH 44342. Blue and
yellow lines show 1.90 and 10.0c electron density values,
respectively. Electron densities of this clarity were routinely
observed for the FPT:FPP:inhibitor complexes.

bonds, knowledge of the overall entropy of binding
provides an indication of the extent to which the solution
and bound conformations are similar. In addition, the
entropy of binding assists evaluation of the importance
of solvent displacement in inhibitor elaboration.

Results

Visualization of Tricyclic Inhibitors. Electron
density maps clearly show the bound conformation and
location of 1 in the FPT active site cavity (Figure 2).
The presence of a higher molecular weight halogen atom
in the molecule assists in unambiguous definition of
inhibitor binding mode and refinement of atomic posi-
tions. In the initial 2.1 A (F, — Fc)acalc electron density
map, the position of the 8-chlorine was indicated by an
110 peak, and the C-5 and C-6 positions within the
seven-membered B ring were clearly defined. The
electron density accounts for all atoms of SCH 44342.
In the refined structure, the inhibitor is well-ordered
with an average B-factor of 22 A2 (Table 1).

Inhibitor Binding Site and Overall Conforma-
tion. The inhibitor SCH 44342 binds in the center of
the FPT active site cavity (Figure 3). The tricycle portion
(rings A, B, and C) is situated deep in the cavity, while
ring E is closest to the molecular surface. The piperidine
and pyridinyl rings (rings D and E) extend from the
tricycle. As a result, the bound conformation of SCH
44342 resembles the two-dimensional representation in
Figure 1 except that, in three dimensions, the tricycle
moiety is at nearly right angles to the remainder of the
inhibitor.

Interactions of Inhibitor with FPT. The crystal-
lographic studies revealed extensive interactions be-
tween 1 and FPT. The pyridinyl ring of the tricycle (ring
A, Figure 1) binds in a pocket lined with several
aromatic side chains (Figure 4). The ring forms two
edge-to-face interactions with FPT, acting as a donor
ring with Trp1024 and as the acceptor ring for Trp106p.
The pyridinyl nitrogen makes a 2.9 A hydrogen bond to
a water molecule, which is in turn hydrogen-bonded to
the Ser99p side chain hydroxyl. Ring C of the tricycle
stacks against the phenyl ring of Tyr166a. The 8-chloro
substituent packs in a narrow groove (denoted al, a
mnemonic for halogen-binding pocket 1 of the a subunit,
Figure 5B), and interacts directly with the face of the



I Chemistry, 1999, Vol. 42, No. 12 2127

ICINa

Journal of Med

Tricyclic FPT Inhibitors

' pue g sburr usamiaq ajbue uoISIO]

0s
9z
6¢
€C
ce

88
1
14
!

€81
wyesny
(re)yLie
€LY
9sL)
866
TT-0S
(82)
1€99¢
769
VILI

8LE

6v
e
|94
L1
[43

LL
23
0¢
I

YLl
nyesty
(8% Tet
11 ¢
6'1L)
656
€T -0S
(s¢)
(41414
€69
T'ILT

61

(4

O N%H

T
5
N
)}
10 ;|

9y
0c
[4¢
L1
8T

£e
9¢
el

961
Sdv
(87 €11
(1'€9) T6
(Ls8)
796
0'T-0S
€
£TISL
769
6'0L1

134
6C
6¢
1T
ov

8L
(1g-L) T¢

123

91

s
WESTY
(61 961
(T'8¢) §°¢
(s'sL)
$06
7 - 008
(60
69€HS
$'69
STLL

0°¢
6

O NH
¥

z-

Ly
[4¢
£3
81
0¢

€L

¥C
01

L'LT
nyesny
&1 Lzl
(€88) 6L
(Lz6)
1'66
€T -08
(60
9801¢
769
0TLT

9
1Z
LT
91
0¢

81
Sdv
(5¢) 8¢l
(T0D) 0L
1)
976
1'T-0S
67
L1129
769
TIL

194
Ll
(44
Sl
L

1T
(44

Ll
Sdv
09 ¢l
Ly v'8
(9°0L)
868
1'2- 08
(!
10509
769
£IL1

194
61
0
L1
8T

4!

78!
Sdv
€€ 6¢1
€€ 0L
(1'¥8)
£'96
1T -0
60
9€8%9
£'69
TILT

oyl

@
@%/_o

8
0¢
67
0¢
0¢

It

¢'81
Sdv
(9°¢) 9¢I
(8'12) §°9
6'18)
656
1C-08
¢
98L19
769
vILT

008

@

N
Iegs
12 .y

14
0¢
[44
Sl
6C

1T

781
Sdv
€D viI
(1'80) €6
(t'68)
8'L6
1T-0§
(60
$099
69
TIL

05T

1M
sulz
Toyqiyut
ddd
1dd
(1Y) <enpea-g>
(o) PI8ue SuLur
14-01
d-¢
D-8
(©) Ansusp uonodse
(%) ™4
201n0S$ Ae1-Y
(I1oys 191n0) < 'o> 7 <p>
(11Ys 131n0) () ™y
(11°ys 19no)
(9) ssouagerdwon
() o5uer uonnjosal
(Kyordnnu)
SUOTIO3Ja1 JO Joquunu
(y) 2
(y)a=e
s1ajourered [[20 jun
(W) D1
J101qryuy

SO11S17B1S JUBWaULRY dlydeaBoljeisAiD pue uoilos[0d eled Jo Arewwns ‘T a|qel



2128 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 12

Figure 3. Space-filling view of the active site of FPT. Oxygen
atoms of more than 70 discrete water molecules defined in the
electron density are shown as isolated spheres. They are
colored from dark-red to blue based upon their distance from
the base of the active site. SCH 44342 (1) is shown in yellow.
The FPP bound between SCH 44342 and FPT is in green. The
displayed surfaces are defined by the solvent contact surface.3

Tyrl66a aromatic ring and the edge of the His201la
imidazole. Similar interactions between halogen atoms
and side chain aromatic rings have been observed in
other protein:inhibitor complexes, such as the herpes
simplex virus type-1 thymidine kinase complexed with
5-(bromothienyl)uracil 22 and haloalkane dehalogenase
complexed with 1,2-dichloroethane.?*

The planes of the piperidine ring (ring D) and tricycle
are nearly perpendicular. The piperidine adopts a
slightly twisted chair conformation and is within van
der Waals contact of the Leu96p isopropyl, Tyr361p3
phenol, and Trpl06p indole side chains. Only one side
of the piperidine ring is exposed to solvent (Figure 3).

In the bound state, rings D and E of SCH 44342 are
collinear and the plane of the pyridinyl ring (ring E) is
rotated nearly 90° relative to the piperidine ring. The

Strickland et al.

pyridinyl ring binds in a shallow groove (Figure 3) and
forms a stacking interaction with Tyr933 (Figure 4). The
ring also participates in two hydrogen bonds with
discrete water molecules (Figure 4). One is hydrogen
bonded to the pyridine nitrogen, and the other interacts
with the face of the aromatic ring. Within this class of
FPT inhibitors, only minor changes in potency resulted
from substitutions on the pyridinyl ring (ring E). This
SAR is consistent with the structure which shows that
the pyridinyl ring is oriented toward solvent. For this
reason, any pendant groups are also likely to be solvent
exposed where, according to the existing SAR,10.13 few
energetically favorable interactions between inhibitor
and FPT are made.

The amide carbonyl between rings D and E is re-
quired for high-affinity interactions with FPT.10 In SCH
44342, the carbonyl oxygen acts as a hydrogen bond
acceptor with a water molecule which is immobilized
by hydrogen bonds to the backbone amide nitrogens of
Phe3604 and Tyr3614 (Figure 4). Decreases in inhibitor
affinity resulting from removal of the amide carbonyl
likely reflect disruption of this well-defined hydrogen-
bonding network. A single methylene between the
amide carbonyl and the pyridinyl ring is optimal.
Reductions in inhibitor potency that accompany alter-
ations in the number of atoms between the amide
carbonyl and pyridinyl ring could also reflect disruption
of the stacking interactions of ring E with side chains
of Tyr934 and Leu96p.

Inhibitor Interactions with FPP. The crystal
structure also revealed several interactions between 1
and the bound FPP. In the complex, the pyridinyl ring
of the tricycle (ring A, Figure 1) packs adjacent the third
isoprenoid unit of FPP (Figure 4). Ring C interacts with
the first isoprenoid unit, and the C-5 and C-6 carbons
of the tricycle form van der Waals contacts with the
second isoprenoid unit of FPP. The contact area between
inhibitor rings A, B, and C and the hydrophobic farnesyl

Figure 4. Stereoviews of the SCH 44342 (1):FPP:FPT ternary complex. In this and the remaining figures of the crystallographic
structures, the inhibitor:FPP:FPT complex is represented in a standard format. Carbon atoms of the inhibitor and FPP are shown
in yellow and orange, respectively. Spheres representing heteroatoms are colored red (oxygen), blue (nitrogen), white (chlorine),
purple (phosphate), and bromine (orange). Thin white lines show hydrogen bonding between selected ordered water molecules
and the inhibitor. Protein residues near the bound inhibitor are shown in green, and red and blue ribbons indicate FPT o and
subunits, respectively. Images were generated using MOLSCRIPT#? and RASTER3D.*
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Figure 5. (A) Detailed interactions for 3. (B) Binding orienta-
tion of 4 with the six halogen sites described throughout
identified.

chain totals nearly 80 A2. Direct inhibitor and FPP
interactions were unanticipated by kinetic measure-
ments which show that the tricyclic compounds are
competitive inhibitors of ras and ras-derived peptides.1*

Together, SCH 44342 and FPP fill about one-third of
the active site cavity and occupy approximately 360 and
320 A3, respectively. About 70 solvent molecules are
localized in the remainder of the active site cavity
(Figure 3). Calculations show that 30% and 10% of the
SCH 44342 and FPP surfaces, respectively, remain
exposed to solvent.

The tricyclic inhibitors bind the FPT:FPP complex
with a ~10-fold increase in affinity relative to un-
liganded FPT. For example, in the absence of FPP, the
Kg of binding for 7 is 540 nM as measured by ITC,
whereas in the presence of a 1.6:1 molar excess of FPP
over FPT, the affinity increases to 17.5 nM (Table 2).
Dissociation constants computed from the free energies
of binding for the latter association reaction are closer
to the ICsp’s observed in enzymatic assays conducted
with an excess of FPP. This suggests the inhibitor binds
to the FPT:FPP complex. It has also been proposed that
in vivo FPT predominately exists with FPP bound.2®> The
prerequisite for FPP binding to achieve higher inhibitor
affinity is similar to the situation of peptide binding to
FPT. Enzymatic catalysis only occurs when the CaaX
peptide binds to the FPT:FPP complex.26:27

Features of the ternary complex structure also sug-
gest that the inhibitors bind a preformed FPT:FPP
complex. First, the FPP binding site is located deeper
in the active site cavity and situated between the

Journal of Medicinal Chemistry, 1999, Vol. 42, No. 12 2129

tricycle and FPT. Second, the FPP conformation in the
structures reported here is similar to that observed in
the crystallographic structures of the FPT:FPP2 and
the FPT:a-hydroxyfarnesylphosphonic acid (aHFP):
Cys-Val-lle-Met complexes.? Taken together, these
structures indicate that the bound conformation of FPP
is relatively stable and essentially unperturbed upon
binding of either peptide substrates or the tricyclic
inhibitors.

Conformational Changes on Inhibitor Binding.
Comparison of three crystal forms of FPT shows that
few conformational changes occur when the tricycle
inhibitors bind. The protein in the ternary inhibitor
complexes reported here and the FPT:aHFP:CaaX pep-
tide complex?® superimpose with a 0.4 A rms deviation.
Small differences in overall protein structure are also
observed when similar comparisons between the unli-
ganded form'6 and the ternary complexes are made,
although major rearrangements of some active site side
chains occur on FPP binding.?°

Interactions of Inhibitors Having Alternate
Chiralities at C-11. To explore the SAR of SCH 44342
(1), piperizine analogues which differ in chirality at C-11
were synthesized. Surprisingly, both isomers retained
high potency, although the S isomer was somewhat
more active. For example, 3 and 4, which differ only in
chirality at C-11, inhibit FPT with 1Csy values of 500
and 140 nM, respectively.

The crystal structures of the C-11 stereocisomers, 3
and 4, each bound to FPT were compared to that of 1.
The binding modes of 1 and 4 are most similar. When
the structures are superimposed, the 31 atoms of the
inhibitors have an average rms deviation of 0.2 A, which
clearly shows that substitution of the double bond by
the single bond minimally alters the overall conforma-
tion of the bound inhibitor.

The crystal structure of 3, with the R isomer at C-11,
shows this compound occupies the same binding site as
the S isomer 4. However, when complexed with FPT,
the entire tricycle has rotated 180° relative to the active
site (Figure 5A). The new orientation was clearly
apparent in the initial electron density maps, which
showed a 110 difference peak corresponding to the
8-chloro substituent at the new position. The second
halogen-binding site is located on the g-subunit and
designated 1 (Figure 5B). Comparison of the bound
conformations of 3 and 4 (Figure 5) shows that while
the average change in atomic position is 5 A, much
larger movements are observed for some tricycle sub-
stituents. For example, the relative rotation of the
tricycle moves the 8-chloro substituent 11 A where it
occupies the 1 pocket formed by the FPP isoprenoid
and several aromatic side chains. Despite the rotation,
the individual binding sites for inhibitor atoms remain
occupied. For example, the position of C-9 in 3 is
occupied by the C-2 atom of 4 (Figure 5).

In addition to a 180° relative rotation, the tricycle of
3 is translated about 0.35 A relative to that of 4 (Figure
7A). Without translation, the chlorine atom would
sterically overlap FPP. The change in tricycle orienta-
tion results in a 60° rotation of the peptide bond between
Lys164a and Asnl165a, and some movement in the first
isoprenoid unit of FPP. Except for the small translation
of the entire molecule and 180° relative rotation of the
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Figure 6. Structures of compound 5 (A), compound 8 (B), compound 9 (C), and compounds 2 (yellow) and 10 (purple) (D) bound

to FPT.

tricycle, the overall binding mode of the inhibitor is
largely unchanged (Figure 7A).

Binding of Dihalogen Tricycle Inhibitors. Po-
tency of the monohalogen inhibitors was relatively
insensitive to modification of rings D and E. However,
addition of halogen substituents at the 3 position (ring
A) increased affinity for FPT nearly 10-fold. Structural
studies on the monohalogen inhibitors showed a well-
conserved tricycle binding site on FPT and revealed two
distinct halogen-binding pockets (a1 and 1), suggesting
that both sites could be occupied simultaneously. Unlike
the monohalogen series, dihalogen inhibitors with either
configuration at C-11 were equipotent. Given the move-
ments in FPP and FPT side chains to accommodate
alternate orientations of the tricycle in the monohalogen
series, crystallographic structures of a series of 3-Br,
8-ClI tricycle inhibitors (5—7) were undertaken to un-
derstand the differences in SAR for the mono- and
dihalogenated inhibitors.

The structure of 5, a 3-bromo 8-chloro tricyclic deriva-
tive with the R configuration at C-11, showed an

inhibitor binding mode similar to that observed for the
monohalogen series (Figure 6A). The electron density
clearly showed locations for the two halogens with 290
and 110 peaks corresponding to the 3-bromo and
8-chloro atoms, respectively. These atoms occupied both
the a1 and 1 pockets. When compared to 3, the average
rms change in equivalent atoms is less than 0.2 A,
Comparison of the structures also shows that for 5, the
3-Br is essentially added to 3. Ring E of 5 adopts a chair
conformation with C-3 and C-5 away from the amide
carbonyl (between rings D and E) to prevent intra-
molecular steric overlap. As a result, the urea group is
oriented into bulk solvent. Unlike the solvent structure
associated with the pyridine (ring E) of 1, no water
molecules are localized near the piperidine (ring E) of
5.

In another cocrystal structure, the 3-bromo 8-chloro
dihalogen inhibitor having the S chirality at C-11 (6)
was shown to bind the FPT active site in an analogous
fashion. Similar to bound monohalogen inhibitors, the
orientations of the tricycle ring systems differ by 180°
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Figure 7. Overlay views of the bound conformations of compounds 3 (yellow) and 4 (purple) (A), compounds 5 (purple) and 6
(yellow) (B), compounds 9 (yellow) and 8 (purple) (C), and all the compounds in Table 1 where mono-, di-, and trihalogen inhibitors

are colored blue, red, and green, respectively (D).

when the structures of compounds having opposite
chiralities at C-11 are compared (Figure 7B). While the
equivalent atoms have moved an average of 5 A as
observed in the comparison of the bound monohalogen
inhibitors, no relative translation of the compounds is
observed. Lack of relative changes in inhibitor orienta-
tion may reflect packing constraints imposed by the
larger size of the inhibitor. The piperidine (ring E)
adopts a chair conformation with the N-methyl group
in the equatorial position. The N-methyl group interacts
with Tyr93p3, and the piperidine nitrogen is oriented
toward bulk solvent.

Dihalogen compounds with opposite chiralities at
C-11 exhibit distinct binding orientations. However,
dihalogen inhibitors with a double bond between tricycle
and piperidine ring (7) bind in both orientations.
Evidence for dual binding modes comes from comparison
of the electron density values for positive difference
peaks. The electron density maps for 5 and 6 show
approximately 3-fold higher difference peaks (300 vs
100, Table 1) for the bromo and chloro atoms, respec-
tively. The equivalent electron density values for halo-
gen positions of 7 (Table 1) indicate that the tricycle of
7 binds with equal occupancy, both orientations ob-
served for the single-bond compounds. The crystal-
lographic data for 7 complexed with FPT also suggest
that the sites occupied by the halogen atoms in com-
pounds 5 and 6 bind the 3-bromo and 8-chloro substit-
uents with comparable affinity. This finding is consis-
tent with the thermodynamic binding parameters for
12 and 13, members of the dihalogen series which differ
only in stereochemistry at C-11. The enthalpies of
binding for these compounds are within experimental

error, while when complexed with FPT, the sites oc-
cupied by the 8-chloro and 3-bromo substituents in one
stereoisomer are respectively occupied by the 3-bromo
and 8-chloro substituents in the other.

Binding of Trihalogen Tricycle Inhibitors. Con-
tinued attempts to increase the potency of the mono-
or dihalogen tricycles resulted in inhibitors with 1Csg
values near 50 nM.%13 To further increase affinity, sites
for addition of substituents to the tricycle ring were
explored. These studies resulted in the discovery that
addition of halogens to either the 10 or 7 position of the
tricycle increased potency 10-fold. The structures of
several trihalogen tricycle inhibitors complexed with
FPT were determined to understand their binding
properties.

Figure 6B shows the bound conformation of 8 which
is halogenated at the 3, 8, and 10 positions of the
tricycle. On binding, the 10-bromo atom occupies the
2 pocket (Figure 5B) and makes van der Waals contacts
with Trp1025 and Trpl0645. The 10-bromo substituent
also displaces a water molecule which, in the mono- and
dihalogen inhibitor structures, forms a 2.8 A hydrogen
bond to Ser994 (Figure 4). The conformation of Ser9943
appears unchanged, and alternate hydrogen bonding to
solvent is not observed. Instead, the serine hydroxyl is
within 3.8 A of the 10-bromo atom. The bound confor-
mations of the piperidine and pyridine rings (D and E)
of the inhibitor are similar to those observed in the
previously described series.

Figure 6C shows the bound conformation of 9 which
is halogenated at the 3, 7, and 8 positions of the tricycle.
The 7-bromo atom of 9 binds in the a3 pocket (Figure
5B) and packs adjacent to the first isoprenoid unit of
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Table 2. Thermodynamic Binding Parameters for Tricyclic Inhibitors
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FPP, which along with the imidazole ring of His201a
has shifted slightly to accommodate the bromine. Com-
parison of 9 and 8 (Figure 7C) suggests that a tetra-
halogenated compound would further improve potency.
Compound 9 with the S chirality at C-11 exhibits an
ICs0 of 5.0 nM, while the compound with the R isomer
at C-11 has an ICs of 78.0 nM.8 If the latter compound
binds with the tricycle rotated 180° relative to the bound
S isomer as seen for the dihalogenated tricyclic inhibi-
tors, the lower affinity could reflect steric overlap
between the 8-bromo and protein atoms in the 3
pocket.

A major step toward finding a FPT inhibitor useful
as a drug was the discovery of SCH 66336 (2), a 3,10-
dibromo 8-chloro tricycle. SCH 66336 was found to have
excellent preclinical characteristics and is now in clinical
trials as an anticancer agent. Crystallographic analyses
reveal that SCH 66336 binds in the FPT active site
cavity. The compound spans the active site and interacts
directly with atoms of the enzyme and bound solvent
molecules. Unexpectedly, the inhibitor SCH 66336 also
packs against the isoprenoid chain of FPP. The overall
binding mode is similar to that observed for other
tricyclic inhibitors (Figure 6D). The three halogen atoms
pack against aromatic side chains in well-defined pock-
ets, with the 10-bromo in the 32 pocket as observed for
8. The piperidine ring (ring D) is nearly perpendicular
to the tricycle, similar to the piperazine rings in the
mono- and dihalogen inhibitors; however, it is rotated
77° relative to the plane of the tricycle (Table 1), slightly
more than in the mono- and dihalogen inhibitors.

The chirality of C-11 in SCH 66336 (2) is R, and the
compound inhibits FPT with an ICso of 1.9 nM. The
corresponding inhibitor with the C-11 S isomer (10)
binds ~200-fold weaker (ICso = 378 nM, Table 1).
Crystal structures of each compound complexed with

FPT show that while both occupy the same region of
the active site, the tricycle ring orientations in the bound
compounds differ by 180° (Figure 6D). In the case of the
dihalogen inhibitors which are approximately 2-fold
symmetric about C-11, both C-11 isomers were equi-
potent and exhibited very similar binding patterns when
complexed with FPT. For the trihalogen inhibitors,
neither trend is observed. Comparison of the structures
of 2 and 10 complexed with FPT revealed that the
tricycle ring orientation differs by 180° for the com-
pounds with R and S isomers at C-11 (2 and 10,
respectively). In addition, the tricycle system of 10
complexed with FPT is rotated ~11° relative to that in
the FPT complex with 2 (Figure 6D), and the tricycle
pivots about the C-8 atom of 2. As a result, the 8-chloro
and 3-bromo substituents of 2 and 10, respectively,
occupy the same binding pocket in FPT, while the
8-chloro and 3-bromo substituents of 10 and 2, respec-
tively, occupy sites that are 2.2 A apart. This 12°
rotation is compensated for by the torsion angle between
the tricycle and ring D (Table 1), so that the binding
sites of the E rings of 2 and 10 are virtually identical.
The 10-bromo in 10 now occupies a new halogen-binding
pocket (a2).

Conserved Hydrogen Bonds. Hydrogen-bonding
patterns to the pyridine nitrogen atom of the tricycle
and the amide carbonyl between rings D and E are
conserved in the inhibitor:FPT complexes. In both cases,
inhibitor atoms are bonded to discrete water molecules
which are apparently located in the active site prior to
inhibitor binding, since water molecules in similar
locations are observed in the refined structures of
unliganded FPT6 and FPT complexed with a peptide
substrate.?®

The inhibitor amide carbonyl participates in a water-
mediated hydrogen bond network involving two protein
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Figure 8. Plot of buried nonpolar surface area versus the
AH®ing. The individual compounds from Table 2 are labeled.
Surface areas were calculated with Insight 97.2 with halogen
atoms considered as nonpolar (MSI Inc.). Compound 7 is an
outlier. This is possibly due to the fact that it possesses
multiple binding modes and/or that the double-bond dihalogen
tricycles do not pack as efficiently in the active site.

backbone amides. The intervening water molecule serves
as a hydrogen bond donor to the inhibitor carbonyl and
acts as a hydrogen bond acceptor for two backbone
amide nitrogens. Thus, the well-localized water molecule
is optimally oriented to serve as a hydrogen bond donor
to the inhibitor amide carbonyl.

Nearly 70 discrete water molecules are ordered near
the bound tricycle and within the FPT active site cavity
(Figure 3). Only minor changes in water positions
accompany hydrogen bond formation between the
pyridine nitrogen of tricycle ring A and an ordered
water. In the FPT complexes with 1, 4, 6, 9, and 10, a
water molecule hydrogen bonded to the tricycle nitrogen
heteroatom is centrally located within a large cluster
of water molecules, while in the complexes with 2, 3, 5,
7, and 8, a water molecule interacting with the nitrogen
of ring A is also hydrogen bonded to the Ser99g side
chain hydroxyl (Figure 5A). However, in the complexes
with 2 and 8, the water molecule directly bonded to the
Ser99p hydroxyl is displaced by the 10-Br substituent
without major adjustments in the positions of the other
water molecules in the active site (Figure 6D).

Thermodynamic Binding Parameters. Associa-
tion of the tricycle inhibitors with the FPT:FPP complex
is enthalpically favored. For example, AH®ying = —9.8
+ 0.1 kcal/mol and TAS®ying = —1.0 £ 0.8 kcal/mol for
11 (Table 2). Inspection of the structure indicates that
the favorable enthalpic contributions arise from exten-
sive van der Waals contacts between the inhibitor and
both FPT and FPP. Association of compound 11 buries
approximately 460 A2 of surface area, roughly 90% of
which is nonpolar. The buried nonpolar surface area
increases with the addition of each halogen, and the
incremental increases correlate with increases in AHing
(Figure 8). For each additional 20 A2 of buried nonpolar
surface area, an additional 1 kcal/mol in AH®ng is
observed. This is consistent with the range measured
for aliphatic groups.30—32 Electrostatic interactions,
including hydrogen bonding to the inhibitor carbonyl
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and edge-to-face interactions of rings A and C with
protein aromatic residues, also contribute to the overall
favorable AHobind.

Complex formation between tricycle inhibitors and
the FPT:FPP complex occurs with minimal changes in
overall entropy. As shown in Table 2, TAS®ing ranges
from —0.1 + 1.8 to —1.6 + 1.4 kcal/mol. The minimal
overall change indicates that entropically favorable
effects such as solvent displacement from inhibitor and
FPT are nearly offset by disfavored effects including
losses of internal conformational degrees of freedom in
both inhibitor and enzyme.

Discussion

The structures of representative FPT inhibitors of the
tricycle family revealed the inhibitor binding orientation
within the active site cavity of FPT (Figure 7D). The
tricyclic moiety spans a hydrophobic region at the base
of the active site. Rings D and E adopt an extended
conformation and bind roughly perpendicular to the
tricycle. Ring E is oriented toward bulk solvent. Water-
mediated hydrogen bonding to the pyridine nitrogen of
the tricycle and the amide carbonyl between rings D and
E is preserved in the FPT:FPP:inhibitor complexes.
Most inhibitors bind without significant alteration of the
overall FPT structure. The crystal structures showed
that the C-5 and C-6 tricycle atoms and, in some cases,
the halogen substituents form van der Waals packing
interactions with the bound FPP. The hydrophobic
interactions likely account for the consistent observation
that inhibitors bind the FPT:FPP complex more tightly
than unliganded FPT.

The thermodynamic binding parameters for complex
formation between tricycle inhibitors and FPT provide
a basis for understanding the observed structures. The
free energy of complex formation is enthalpically favor-
able, which, the structures suggest, reflects van der
Waals packing and hydrogen-bonding interactions. The
correlation between more favorable enthalpies of bind-
ing and increases in inhibitor potency accompanying
addition of halogen substituents to the tricycle is
especially striking. To a first approximation, the close
correspondence is due to increased hydrophobic packing
interactions between inhibitor and the FPT:FPP com-
plex. The favorable enthalpy contributions to complex
formation are also likely to reflect preservation of
hydrogen-bonding to polar atoms of the bound inhibitor.
For example, similar hydrogen bonding interactions are
possible between the amide carbonyl in solution and in
the FPT:FPP:inhibitor complex.

In conclusion, tricyclic inhibitors are potent, selective
FPT inhibitors, one of which, SCH 66336 (2), is in
clinical trials.? These inhibitors demonstrate a remark-
able fit in the FPT active site and maintain a conserved
binding mode even with major alterations in stereo-
chemistry. The crystallographic structures have re-
vealed the detailed interactions between the tricycle
inhibitors and FPT and provided a structural rationale
for the observed SAR. Together with the thermodynamic
analyses, these studies have provided a clear framework
for elaboration of the tricycle series of inhibitors.

Experimental Section

Protein Crystallization. Crystals of FPT:FPP:inhibitor
complexes were prepared by either cocrystallization or soaking
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compounds into preformed crystals. For soaking experiments
(1,3-5, 7, 8, 10), crystals of the aHFP:peptide:FPT complex®?
were soaked in inhibitor-containing solutions. Crystals mea-
suring about 100 x 100 x 300 um were transferred into 300
uL of the reservoir solution supplemented with 10 uM ZnCl,,
2 mM DTT, 100 uM FPP, and 100 «M inhibitor. The mixture
was allowed to equilibrate for 24 h at 4 °C. Using this
procedure, the FPP analogue and peptide are displaced by FPP
and inhibitor. Cocrystals of compounds 6 and 2 were obtained
as previously described3® by substituting FPP for aHFP and
6 or 2 for the CVIM peptide. Cocrystals of 9 were obtained
under different conditions?® with FPP replacing aHFP and 9
replacing the CVIM peptide.

Prior to data collection, crystals were taken from the
crystallization droplet or soaking solution and flash-frozen in
liquid propane using a cryoprotectant consisting of the reser-
voir solution supplemented with 40% (v/v) glycerol. Crystals
belong to space group P6; and contain one FPT molecule per
crystallographic asymmetric unit. Diffraction limits and unit
cell parameters for crystals used in these studies are given in
Table 1.

Data Collection. X-ray diffraction data were collected
using both rotating anode and synchrotron sources. For the
former, an Raxis-llc image plate area detector was mounted
on a Rigaku-R200 rotating anode X-ray generator operating
at 50 kV and 100 mA. The X-ray beam intensity was increased
by focusing with “bent mirrors” (J. Johnson and Dr. Z.
Otwinowski, Yale University; Molecular Structure Corp.). With
the detector set at 20 = 0° and a crystal-to-detector distance
of 135 mm, data were collected in 180 contiguous 0.30°
oscillation images each exposed for 12 min. A Bruker 2 x 2
CCD detector was used for data collection at the Advanced
Photon Source Sector-17 (Chicago, IL); 175 contiguous 0.3°
oscillation images each exposed for 5 s were collected with the
detector set at 26 = —4° and 16.0 cm from the sample.
Diffraction intensities were reduced to structure factors using
HKL,** and data statistics are given in Table 1.

Structure Determination and Refinement. Coordinates
of FPT were taken from an unrefined 2.9 A resolution structure
of unliganded FPT6 and independently refined to 2.5 A. This
structure was used as the starting model for refinement of the
first inhibitor:FPP:FPT complex. Following removal of the
inhibitor and solvent molecules located near the active site,
the remaining FPT:FPP model was used as the starting point
for subsequent inhibitor:FPP:FPT complex structure determi-
nations. After rigid body refinement, inhibitors were built into
the initial omit density®® in which the orientation of the
complete inhibitor structure was usually very well-defined.
Placement of inhibitors was aided by large difference peaks
corresponding to the halogen substituents, which were over
300 in some cases. Refinement of the final model included
several cycles of model building and positional refinement
using XPLOR.3¢ Positions of discrete water molecules were
taken from positive 30 (F, — F¢)ocarc difference density peaks
if a hydrogen-bonding pattern to protein, peptide, or solvent
atoms could be established. Refinement was carried out using
data from 8 A to the resolution limit of the data and a 1 1/o,
cutoff. Refinement statistics are shown in Table 1. Electron
density and structure analyses were carried out using pro-
grams CHAIN,3 QUANTA (Molecular Simulations Inc.), and
INSIGHT (Molecular Simulations Inc.).

Isothermal Titration Calorimetry. Heats of complex
formation were measured by titrating the concentrated inhibi-
tor into a protein solution using an isothermal titration
calorimeter (MCS, MicroCal Corp., Northampton, MA). Bind-
ing curves usually involved the addition of 20—25 12-ulL
injections which enabled 50% saturation to occur by the tenth
injection. Baseline correction for heats of dilution, typically
—0.1 ucalls, involved subtracting values obtained by titrating
the inhibitor solution into the reaction cell containing all but
the protein or by subtracting values obtained following satura-
tion in the binding curve. The syringe mixing speed was 250
rpm, and data were recorded at the 20% reference offset in
order to maximize the signal-to-noise ratio. The time between
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injections was 300 s. Nonlinear least-squares analysis of the
binding curve yielded values for thermodynamic parameters
of binding and inhibitor-to-FPT stoichiometry (ITC Origin
Program, V2.8, MicroCal Corp., Northampton, MA). The data
fit well to a single binding site mechanism with stoichiometry
values corresponding to a 1:1 interaction between inhibitor and
FPT.

For ITC experiments, human FPT was expressed in baccu-
lovirus, purified and assayed as previously described.** FPT
samples were dialyzed against two changes of buffer (40 mM
Hepes, 1 mM DTT, pH 7.4 (buffer A) at 20 °C) and frozen at
—20 °C in aliquots sufficient for a single titration experiment.
The dialysate was filtered and frozen in 15-mL aliquots. FPT
samples were centrifuged, and both inhibitor and protein
solutions were degassed prior to loading into the syringe and
reaction cell. The concentration of FPT was selected to have a
¢ value between 1 and 1000 to facilitate accurate Kq determi-
nations.®® FPT concentrations were determined using Aazso
values (¢ = 1.64 mg~! cm? (153 000 M~* cm™1)). Because
inhibitors typically exhibit 10-fold greater affinity for the FPP:
FPT complex than for FPT, the 10 uM FPT solution was
saturated with 16 uM FPP prior to injection of inhibitor.
Lyophilized inhibitors were initially dissolved in DMSO to
make a 7—20 mM solution. The concentrated inhibitor solution
was diluted into the dialysate to yield final inhibitor and
DMSO concentrations between 80 and 120 uM and 0.5—1%,
respectively. DMSO was added to the FPT solution to equalize
DMSO concentrations in the syringe and reaction cell. Simi-
larly, the inhibitor solution was made 16 uM in FPP. FPT
samples were centrifuged, and both inhibitor and protein
solutions were degassed prior to loading into the syringe and
reaction cell. Inhibitors were titrated into the protein-contain-
ing reaction cell (~1.4 mL) using a 250-uL syringe. Thermo-
dynamic binding parameters for representative tricyclic FPT
inhibitors are summarized in Table 2.
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