teases offer a potentially better target for
therapeutic intervention than the prenyl-
transferases. Like the prenyl-transferases,
blocking of Rcelp function reduces but
does not eliminate Ras function. Moreover,
null mutations in either RCEI or AFCI or
in both genes cause no obvious growth or
viability defects, whereas mutations in pre-
nyl-transferases cause cells to be either
growth defective or dead, depending on the
mutation. Thus, if these results in yeast
translate to human cells, inhibitors of
CAAX proteases may be more valuable
therapeutic agents than inhibitors of pre-
nyl-transferases.
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Crystal Structure of Protein Farnesyltransferase
at 2.25 Angstrom Resolution

Hee-Won Park, Sobha R. Boduluri, John F. Moomaw,
Patrick J. Casey, Lorena S. Beese*

Protein farnesyltransferase (FTase) catalyzes the carboxyl-terminal lipidation of Ras and
several other cellular signal transduction proteins. The essential nature of this modifi-
cation for proper function of these proteins has led to the emergence of FTase as a target
for the development of new anticancer therapy. Inhibition of this enzyme suppresses the
transformed phenotype in cultured cells and causes tumor regression in animal models.
The crystal structure of heterodimeric mammalian FTase was determined at 2.25 ang-
strom resolution. The structure shows a combination of two unusual domains: a cres-
cent-shaped seven-helical hairpin domain and an a-o barrel domain. The active site is
formed by two clefts that intersect at a bound zinc ion. One cleft contains a nine-residue
peptide that may mimic the binding of the Ras substrate; the other cleft is lined with highly
conserved aromatic residues appropriate for binding the farnesyl isoprenoid with re-

quired specificity.

Posttranslational modification by a 15-car-
bon farnesyl isoprenoid is essential for the
activity of a number of proteins that are
central in the functioning of eukaryotic

cells. These include Ras guanosine triphos-
phatases (GTPases), nuclear lamins, and
several proteins involved in visual signal
transduction (I). Addition of the farnesyl
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group is required for localization of these
proteins to the cell membrane; for example,
the farnesylation of oncogenic variants of
Ras is required for transformation of cells to
a tumorigenic state (2—4). Inhibitors of
FTase, the enzyme that catalyzes the farne-
sylation reaction, are sought because of
their potential as chemotherapeutic agents
(5); for example, FTase inhibition results in
tumor regression in mice (6). We have now
solved the crystal structure of rat FTase,
which shares 97% sequence identity with
the human enzyme.

FTase is a heterodimer consisting of 48-
kD (o) and 46-kD (B) subunits (7); the
same « subunit is also a component of a
related enzyme, protein geranylgeranyl-
transferase type I (GGTase-1), which adds a
20-carbon isoprenoid group (8). Both FTase
and GGTase-I use an isoprenoid diphos-
phate [farnesyl diphosphate (FPP) or gera-
nylgeranyl diphosphate (GGPP), respec-
tively] to modify the substrate through a
thioether linkage to an invariant cysteine
residue fourth from the COOH-terminus in
a sequence motif commonly referred to as
the “CAAX box.” In this motif the second
and third residues are small aliphatic amino
acids. The two zinc metalloenzymes are spe-
cific for the COOH-terminal residue.
FTase recognizes proteins that contain
Ser, Met, Ala, or Gln at this position,
whereas GGTase-1 prefers proteins that
terminate in Leu (I, 9). A direct involve-
ment of the zinc ion in catalysis (10) is
supported by results of several studies; the
most compelling is the recent finding that
the thiol group of a CAAX peptide sub-
strate directly coordinates the metal atom
in a ternary complex (I1).

In the crystal structure of FTase that we
describe here, a single zinc ion is located at
a junction between a hydrophilic surface
groove near the subunit interface and a
deep cleft in the B subunit lined with aro-
matic residues. This hydrophobic cleft, to-
gether with the location of a bound non-
cognate peptide, has allowed us to deduce
the probable location of the isoprenoid and
natural peptide substrate binding sites.

Fully active FTase was produced in Sf9
cells and purified as described (12). The
crystal structure of heterodimeric FTase was
determined to a resolution of 2.25 A by
multiple isomorphous replacement (MIR)
and anomalous scattering with three heavy-
atom derivatives (13) (Table 1), solvent
flattening (14), phase combination (15),
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Department of Biochemistry, Duke University Medical
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and crystallographic refinement (16).

The secondary structure of both the «
and B subunits is largely composed of «
helices (Fig. 1). Helices 2 to 15 of the «
subunit are folded into seven successive
pairs that form a series of right-handed an-
tiparallel coiled coils. These “helical hair-
pins” are arranged in a double-layered,
right-handed superhelix resulting in a cres-
cent shaped subunit that envelops part of
the B subunit. This unusual structure has
also been observed in bacterial muramidase
(17) and lipovitellin-phosvitin (18). All
the helices in one layer are approximately
parallel to each other and antiparallel to
the helices in the adjacent layer. Twelve «

helices of the B subunit are folded into an
a-a barrel (Fig. 2). The a-a barrel structure
is also unusual and has been seen in gly-
coamylase, bacterial cellulase, and endoglu-
canase CelA (19). A core of six parallel
helices (3B, 5B, 7B, 9B, 11B, and 1383)
forms the inner portion of the barrel. Six
additional helices (283, 4B, 68, 8B, 10B, and
12B) interconnect the inner core of helices
and form the outside of the helical barrel.
The peripheral six helices are parallel to
each other and antiparallel to the six core
helices. One end of the barrel is blocked by
a loop formed by residues 3998 to 402RB.
The opposite end is open to the solvent,
forming a deep cleft in the center of the

Table 1. Summary of FTase structure determination. Complete diffraction data were measured at
—177°C with an R-axis Il image plate system mounted on a Rigaku RU-200 rotating anode generator,
Data reduction, merging, and scaling were accomplished with the programs DENZO and SCALEPACK
(86). Three heavy-atom derivatives [(thimerosal ( THAL), Di-iodobis-ethylenediamine-diplatinum [l nitrate
(PIP), and ethyl mercury phosphate (EMP)] were used to determine the crystal structures by MIR. A
difference-Patterson map of the THAL derivative was calculated with the fast Fourier transform of the
CCP4 suite (27). Two heavy-atom sites were identified by means of the real-space search program
RSSP (37). These data were used to calculate single isomorphous replacement (SIR) phases at 5 A
resolution with MLPHARE (38). Difference Fourier synthesis with the SIR phases revealed five additional
sites for the THAL derivative, three sites for the PIP derivative, and five sites for the EMP derivative. The
MIR phases calculated at 3 A resolution with all the derivative data had an overall mean figure of merit of
0.41. The phasing power for the PIP derivative was 1.0 at 4.5 A resolution. Because of the high solvent
content of the crystal (68% solvent) these phases were substantially improved with DM (74), a solvent-
flattening density modification procedure. An atomic model was built with the program O (39) and
refined in X-PLOR (76). Phase combination by means of SIGMAA (756) further improved the maps during
building and refinement. The FTase structure contains 315 residues from the a subunit (residues 55 to
369) and 415 residues from the B subunit (residues 23 to 437). Disordered in the crystal are 54 residues -
at the NH,-terminus (proline-rich domain) and 8 residues at the COOH-terminus of the a subunit.
Twenty-two residues at the NH,-terminus of the B subunit are not traced, although some disconnected
electron density is visible. A zinc ion was fit into the highest peak ina |F,| ~ | .| difference map (50)
(where F is the observed and £ the calculated structure factor) before addition of water molecules. The
final model contains 350 water molecules with a B factor less than 60 A2,

Data collection Native THAL PIP EMP
Resolution (&) 25.0-2.25 25.0-3.00 25.0-3.00 25.0-3.00
Reflections

Total (V) 442,035 304,521 314,332 264,751

Unique (V) 72,321 31,319 30,903 31,116

Reym” (%) 49 6.0 10.5 6.0

Completeness (last shellt) 98.1 (87.6) 100 (99.9) 99.7 (99.3) 100 (99.9)
Derivatives

Concentration (mM) 2 0.5 2

Soaking time (hours) 2 6.7 2

(AR/(FYE (%) 13.4 22.8 36.6

Phasing power§ 0.92 0.41 1.23
Refinement statistics Stereochemistry

Resolution (A) 6.0-2.25 rmsd bond lengths (A) 0.01

Completeness of reflections 85.1 rmsd bond angles (degrees) 1.74

[F > 1o(F)] (%)
Number of reflections 62,497
[F> 1a(F)]

Ruoridl (%) 21.7 Residues from Ramachandran plot (%)

Fw’freeﬁ (%) 26.9 Most favored regions 89.3

Number of atoms _ 6,291 Additional allowed regions 10.7

Average B factor (A?) 28.9 Disallowed regions 0.0
*Reym = S = (DI/ZIND], where [, Is the intensity measurement for the reflection j, and (/) is the mean intensity for
muﬁiply measured reflections. 'Hjhe last shell is between 2.31 and 2.25 A resolution in the native data and between

3.08 and 3.0 A resolution in derivative data.  HARAF) = Sl (Fr) = Frueond |/ EnieFrae o) Where (£ ) and
(Frii,on @re the mean structure factor amplitudes of the native and the derivative. §Phasing power = (F,)/E, where
(Fy,) Is the root mean square (rms) heavy-atom structure factor and £ is the residual lack of closure error. IRwork. free
= EHFO| - |FCH/E|FO|, where the crystallographic and free R factors are calculated from the working and free
reflection sets. The free reflections (5% of the total) were held aside throughout refinement.
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barrel. The enzymatic active sites of other
a-a barrel proteins are located in such
clefts.

Multiple sequence alignment analysis of
mammalian and yeast a subunits revealed
five tandem repeats (20). Each repeat con-
sists of two highly conserved regions sepa-
rated by a divergent region of fixed length.

These repetitive sequence motifs appear in
the first five helical hairpins. The second «
helix of each helical pair contains an in-
variant Trp residue that, together with oth-
er hydrophobic residues, forms the hydro-
phobic core of the hairpin. The conserved
sequence Pro-X-Asn-Tyr (20) (where X is
any amino acid) is found in the turns con-

B subunit o subunit

NH,

Fig. 1. Structure of the FTase heterodimer. (A) Overall view of the structure. In the a subunit, the «
helices are orange, 3,, helices are magenta, and the B strand is red. In the § subunit, the a helices
are cyan, 3,4 helices are blue, and the B strands are red. The zinc ion is a magenta sphere and its
three amino acid ligands are yellow. The secondary structures of the a subunit include 15 « helices,
3 short 3,4 helices, and a short B strand. The B subunit contains 14 « helices, 7 short 3, helices, and
3 short B strands [MOLSCRIPT (40) and RASTER3D (47)]. (B) Topology diagram. The open boxes
represent « helices, the striped boxes 3, helices, and the arrows B strands. In both subunits, the
residue numbers for a helices are shown. Each of the 15 helices (1a to 15a) of the a subunit are 8 to
17 residues in length, and the connecting loops are 4 to 8 residues. Helices 1B to 14 of the g subunit
contain between 9 and 22 residues. In the o subunit, the three 3, helices are four to five residues in
length (650—69«a, 70a-73a, and 288a-291a). A three-residue B strand (89a-91a) in the a subunit
interacts with a B strand (873-898) in the B subunit at the subunit interface. In the 8 subunit, each
of seven 3,, helices consists of less than seven residues (233-278, 283-34B, 91B-968, 264p—
2683, 389p-393B, 423p-427B, and 433B-437) and the three B strands are less than four residues
in length (87B-89B, 375p-378, and 381B3-384B). The NH,-terminal proline-rich domain (residues
1 to 54) is disordered in the crystal. The secondary structure elements were assigned with the
program PROCHECK (42). (C) Ca stereo diagram.
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necting two helices of the coiled coil. These
turns form part of the interface with the B
subunit. Internal repeats of glycine-rich se-
quences also have been identified in the B
subunits of other protein prenyltransferases
(20). These repeats correspond to the loop
regions that connect the COOH-termini of
the peripheral helices with the NH,-termi-
ni of the core helices in the barrel.

The heterodimer is stabilized by an ex-
tensive subunit interface that buries about
3300 A? of solvent-accessible surface area
(21). Many of the polar interactions be-
tween subunits involve highly conserved
residues found in the internal sequence re-
peats. Although the size of the subunit in-

Fig. 2. The B subunit. (A) Aromatic pocket in the
center of the a-a barrel of the B subunit. This view
is 2 90° clockwise rotation relative to Fig. 1A. Only
helices 28 to 133 are shown. Yellow, the nine
aromatic residues that line the pocket; magenta,
the zinc ion [MOLSCRIPT (40) and RASTER3D
(47)]. (B) A portion of the solvent-accessible sur-
face showing some of the aromatic residues that
line the putative FPP binding pocket. FPP is mod-
eled with the isoprenoid in the hydrophobic cleft
and the diphosphate moiety positioned near the
zinc. The carbon atoms of FPP are yellow, oxy-
gens are red, and phosphates are green. The pro-
gram INSIGHT Il (43) was used to construct an
energy-minimized model of FPP and GRASP (44)
was used to calculate the accessible surface.
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terface is typical for an oligomeric protein,
the number of hydrogen bonds is about
double the normal number (22). In typical
oligomeric proteins, subunit interfaces con-
tain 65% nonpolar atoms (22). The FTase
interface is unusual in that it is composed of
54% nonpolar residues, 29% polar atoms,
and even 17% charged groups.

A single zinc ion binding to the B sub-
unit is near the subunit interface. The zinc
is coordinated by B subunit residues Asp?°’P
and Cys?P located in the NH,-terminal
flanking loop region of helix 113, His*¢?#

B subuiit o.subunit
o

¥

H2483 ¢

*\‘:3“3” Y3008 0
)

in helix 138, and a water molecule. The
Asp?®"® forms a bidentate ligand, resulting
in a distorted pentacoordinate geometry.
The zinc is bound at full occupancy with a
B factor of 29.8 A%, comparable with the
surrounding protein residues. The water
molecule is well ordered and refined to a B
factor of 17 A% All three protein ligands
are identical in the six known sequences of
the B subunit (23). The mutation Cys?*°®
to Ala affects zinc binding and abolishes
catalytic activity (24). Because a near uni-
versal hallmark of catalytic zinc atoms is the

B
~,

FPP binding pocket

s 1
P

Kil6do

Y300
COOH

K294

5 R291B
£ K294p

Fig. 3. (A) Solvent-accessible surface and electrostatic surface potential. The dashed box highlights the
cleft where the nonapeptide binds. The most negative electrostatic surface potential (-10 kT ) is colored
red. The most positive electrostatic surface potential (10 kT) is blue. The orientation is similar to that of
Fig. 1. The arrow indicates the putative FPP binding site [GRASP (44)]. (B) Close-up view of the
nonapeptide binding cleft bounded by the dashed lines in (A). The COOH-terminus and six residues of
the nonapeptide (Ala®-Val®-Thr”-Seré-Asp5-Pro?) are visible. Atom colors for the nonapeptide are coral,
carbons; red, oxygen; light blue, nitrogen; and zinc, magenta. (C) Stereo view of the nonapeptide
(COOH-terminus of a symmetry-related 8 subunit). The nonapeptide is numbered from the COOH-
terminus. Atom colors in the nonapeptide are coral, carbons; orange, oxygen; and light blue,
nitrogen. Atom colors of residues forming the binding pocket are khaki, carbons; red, oxygen; and
blue, nitrogen. Zinc is a magenta sphere. Water molecules are red spheres. Dotted lines represent

potential hydrogen bonds.
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presence of an open coordination sphere
that includes a water molecule, in contrast
to structural zinc atoms, which are coordi-
nated by protein ligands alone (25), we
conclude that the zinc binding site observed
in the crystal marks the location of the
active site.

Cross-linking studies indicate that the
binding sites for both protein and isopre-
noid substrates reside on the B subunit (26,
27). The location of the binding sites for
the two substrates, the COOH-terminal
CAAX peptide and FPP, can be inferred
from the presence of two clefts that differ in
their surface properties and that intersect at
the active site marked by the bound zinc
ion. One cleft runs parallel to the rim of the
a-a barrel near the subunit interface. It is
formed by a turn connecting helices 4a-5a
in the a subunit and the loops connecting
helices 83-98, 10B-118, and 12B-13B in
the B subunit. It is hydrophilic in nature,
being lined with positively charged residues.
The other cleft is nearly orthogonal to this
peptide binding site and is formed by the
central cavity of the a-a barrel. This pocket
is hydrophobic in character, and for reasons
discussed below, we consider it the site of
FPP binding.

The hydrophobic cleft at the center of
the a-a barrel is lined with 10 highly con-
served aromatic residues: Trp (1028, 1068,
303B), Phe (2538, 302B), and Tyr (1058,
1548, 2058, 3618, 365B) (Fig. 2). lts inner
diameter is 15 to 16 A with a depth of 14 A
(28). At the top of this cleft, directly oppo-
site the zinc ion, Arg?°?® in helix 7B is
positioned such that it might interact with
the phosphate moiety of the substrate. The
length of FPP is such that if the terminal
carbon of the isoprenoid binds at the bot-
tom of the pocket, the diphosphate moiety
could interact with the zinc atom (Fig. 2B).

This proposed binding site is consistent
with several biochemical studies that sug-
gest FPP binds exclusively to the B subunit
(23, 26). The marked change in fluores-
cence that accompanies the formation of
the binary FTase-FPP complex (29) may be
accounted for by the presence of three Trp
residues in this cleft. A similar hydrophobic
pocket formed with positively charged res-
idues at the surface is observed in the pro-
posed FPP binding site in FPP synthase
(30).

The COOH-terminal nine residues
(Ala®-Val®-Thr’-Ser®-Asp’-Pro*-Ala®>-Thr?-
Aspl-COOH) of a second B subunit, not
part of the dimer but adjacent in the crystal
lattice, was found to bind in the positively
charged pocket of the B subunit (Fig. 3).
This unusual arrangement was apparent
even in the initial MIR electron density
map, although the residues were not includ-
ed in the model until the end of the refine-
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ment. Although not common, such intersub-
unit peptide crossover has been observed
previously in crystal structures such as that of
factor Xa (31).

We propose that this nonapeptide mim-
ics some aspects of normal CAAX peptide
binding. Several lines of evidence support
this proposal. The first four residues of this
nonapeptide form a type [ B turn (32),
similar to the conformation for the natural
CAAX peptides bound to FTase (33). The
COOH-terminus of the nonapeptide is sta-
bilized by side chains from both the o and
subunits, forming hydrogen bonds to
Lys'®, Arg?®'P, and Lys****. The hydrogen
bond between the COOH-terminus and
Lys'®** is consistent with the finding that
the mutation of this residue abolishes FTase
activity (34). In addition, there is experi-
mental evidence that indicates the peptide
binding site is located near the interface of
the o and B subunits (27). The carboxylate
group of Asp! forms hydrogen bonds to
Arg?’'® and Tyr*°F. The peptide confor-
mation is stabilized by hydrogen bonds from
its carbonyl oxygens and amide nitrogens,
either to specific side chains (Tyr’®®,
His?*88, Tyr’¢1#) or to water. In addition,
peptide side chains of Asp® and Thr? form
direct interactions with residues in the
binding pocket (Fig. 3C).

The fourth residue in the nonapeptide
(counted inward from the COOH-termi-
nus) corresponds to the position of the cys-
teine to be farnesylated in a CAAX protein
and is exactly in register with the zinc ion,
adjacent to the presumed position of the
FPP o phosphate. The thiol of a cysteine
modeled onto the peptide backbone at this
position can coordinate to the observed
zinc ion. Although tempting, it is not pos-
sible to predict the mechanism of protein
substrate specificity because the bound se-
quence differs significantly from any of the
tetrapeptides found in the CAAX motif.
Furthermore, binding of FPP, which is ab-
sent in this crystal, precedes peptide bind-
ing (29). Its presence may therefore also
affect peptide conformation.

The affinity of a protein substrate for
FTase is enhanced by the presence of mul-
tiple basic residues just upstream of the
CAAX motif (the so-called polybasic re-
gion). For example, K-Ras has a much lower
Michaelis constant than H-Ras, which
lacks such a polybasic region (35). We ob-
served a highly negatively charged region
on the surface of FTase adjacent to the
peptide binding site that is consistent with
this observation (Fig. 3B).

FTase and GGTase-I share a common
o subunit and carry out similar reactions
with related prenyl substrates, usually with
high specificity and little cross-reactivity.
The crystal structure of FTase suggests
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how prenyltransferases discriminate be-
tween the related substrates FPP and
GGPP. The farnesyl isoprenoid is 15 car-
bons in length, and the geranylgeranyl
isoprenoid is 20 carbons. The distance
between the bottom of the cleft and the
zinc ion provides a molecular ruler that
discriminates between the 15-carbon far-
nesyl group and the 20-carbon gera-
nylgeranyl group. The depth of the puta-
tive isoprenoid binding pocket can accom-
modate the 15-carbon FPP, but it is too
shallow for a 20-carbon GGPP. Whereas
the isoprenoid of GGPP could also bind in
the aromatic pocket, the additional five
carbons of the geranylgeranyl moiety
would place the pyrophosphate group out
of register with the active site, preventing
it from interacting properly during cataly-
sis. This hypothesis is consistent with the
finding that, although FPP and GGPP
bind to FTase competitively, the gera-
nylgeranyl isoprenoid is not transferred
efficiently to the protein substrate (10).
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