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ABSTRACT: The crystallographic structure of acetyl-Cys-Val-lle-selenoMet-COOH eaihgidroxyfarne-
sylphosphonic acidoHFP) complexed with rat farnesyl protein transferase (FPT) (space §&up =
b=174.13Ac=69.71 A,a =8 =90, y = 120°, Riactor = 21.8%,Ryec = 29.2%, 2.5 A resolution)

is reported. In the ternary complex, the bound substrates are within van der Waals contact of each other
and the FPT enzymeaHFP binds in an extended conformation in the active-site cavity where positively
charged side chains and solvent molecules interact with the phosphate moiety and aromatic side chains
pack adjacent to the isoprenoid chain. The backbone of the bound CaaX peptide adopts an extended
conformation, and the side chains interact with both FPT @A&P. The cysteine sulfur of the bound
peptide coordinates the active-site zinc. Overall, peptide binding and recognition appear to be dominated
by side-chain interactions. Comparison of the structures of the ternary complex and unliganded FPT
[Park, H., Boduluri, S., Moomaw, J., Casey, P., and Beese, L. (196ignce 2751800-1804] shows

that major rearrangements of several active site side chains occur upon substrate binding.

Posttranslational modification of proteins by prenylation mechanism-based strategy for blocking cellular transforma-
is one mechanism of cellular regulation. Of immediate tion and tumor growth.
relevance to the treatment of cancer is farnesylation of the
monomeric G protein, p21 Ras, which plays a central role
in the regulation of cellular proliferation, differentiation, and

FPT-mediated prenylation of Ras involves formation of a
ternary FPT:FPP:Ras complex, followed by transfer of the
apoptosis 1, 2). Expression of mutant forms of Ras 15 carbon isoprenoid from FPP to a cysteine side chain of

correlates with cellular transformation and tumor develop- R@s- The cysteine residue is part of a conserved carboxyl
ment. Nearly 30% of all human cancers contain oncogenic terminal CaaX sequence where X is a serine residue in
forms of Ras, with an extraordinarily high prevalence in H-Ras and methionine in N-Ras, K-Ras 4a, and K-Ras 4b
selected cancer tissues such as pancreatic (90%), colorectdpoforms. In other protein and peptide substrates of FPT,
(50%), and lung (40%) 3). Both the regulated and the terminal residue of the GaX sequence can be cysteine,
unregulated oncogenic transforming activities of Ras require alanine, or glutamineg). Studies using synthetic peptide
its physical association with the proximal side of the plasma libraries incorporating both natural and unnatural amino acids
membrane4). Part of the membrane localization mechanism have shown that a variety of amino acids can be accom-
involves addition of a hydrophobic isoprenoid unit to a modated at the japosition without loss of reactivity@).
cysteine residue near the carboxyl-terminus of Ras. This Peptides having small apolar residues anee also good
posttranslational modification is catalyzed by farnesyl protein substrates, while those with aromatic side chains at this
transferase (FPT). Inhibitors of FPT block incorporation of position competitively inhibit binding of peptide substrates
farnesyl diphosphate (FPB) into Ras and cause reversion (7). For example, CVFM-COOH competitively inhibits FPT
of Ras transformed cell§). Consequently, the development  pinging of ras-derived peptides such as Biotin-KTKSKCVIM-
of potent and specific inhibitors of FPT is an emerging, cooH [Ki = 35 nM (6)]. Screening of synthetic peptide
libraries also lead to discovery of inhibitors competitive with
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positions observed in this structure is expected. Clearly, the
first structure of FPT complexed with a peptide substrate
and FPP analogue has provided the initial indications of
dynamic processes associated with substrate binding and the
enzymatic reaction itself. These, and elements of the ternary
Isoprenoid  Isoprenoid Isoprenoid complex important for understanding recognition of Ras
Unitad Unit 2 Unit 1 proteins by FPT, are discussed in detail.
Farnesyl diphosphate (1)

EXPERIMENTAL PROCEDURES

e P S Protein Purification and Crystallization. Rattus negi-
PN I N S NG N cusfarnesyl protein transferase was expressed, purified, and
Cis Ciz2 Cio C7 Cs C2 P\o- . .
| ~© assayed as previously described for human FABJ. (Human
Os FPT is 93 and 97% identical to rat FPT in tlhe and
a-Hydroxyfarnesylphosphonic acid (2) B-subunits, respectively. Purified FPT was dialyzed against

20 mM Tris, pH 7.7, 1 mM DTT, 20 mM KCI, and 16M
ZnCl, and concentrated to 0.27 mM (25 mg/mL) prior to

o HS o crystallization. The Ac-Cys-Val-lle-selenoMet-COOH:
H H )k oHFP:FPT ternary complex was prepared by incubating 108
N N “\N)\N uM FPT (10 mg/mL) with 300uM aHFP (Calbiochem-
|- o Novabiochem Corporation) f® h prior to adding 30(M

Ac-Cys-Val-lle-Met(Se)-COOH (AnaSpec Inc.pHFP was
added from a 23.6 mM solution in ethanol, yielding 0.6%
(v/v) ethanol in the final solution. The peptide was added
Acetyl-Cys-Val-lle-selenoMet-COOH (3) from a 50 mM solution in DMSO, resulting in a 0.3% (v/v)

F 1 Chemical struct ¢ EPT substrat d inhibit final DMSO concentration. The ternary mixture was incu-
IGURE L: emical structures o supstrates andad Innioitors. bated at 2°C for an additional 4.5 h.

FPT performs an ordered sequential reaction where forma- Vapor diffusion crystallization experiments were con-
tion of the FPT:FPP complex precedes binding of thesgka ~ ducted using the hanging drop method. Potential crystal-
substrate 10). In fact, a dead-end complex forms if the lization conditions were screened by sparse matrix sampling
CaaX sequence binds firstl(). Product formation is (19 and systematic grid screer)f using standard solutions
relatively fast ¢0.8—-12 s2), and the rate-limiting step is (Hampton Research Inc.). Crystals suitable for structure
product release (0.06§ (11). While a zinc ion is required ~ determination grew when the droplet containedl4of the
for catalysis {2), the chemical mechanism of farnesyl @HFP:peptide:FPT complex, L of the reservoir solution
transfer is poorly understood. A mechanism involving (7% PEG 4000, 0.1 M sodium acetate, pH 5.7), apd. bf
nucleophilic attack of the FPP by an activated cysteine thiol 200 mM DTT. Crystallization trays were incubated at 22
is supported by recent spectroscopic results which indicate°C, and after 23 weeks, hexagonal rods (0.1 mm 0.3
that the cysteine side chain of the@X sequence coordi- mm) appeared. Prior to data collection, crystals were taken
nates the FPT Cata|ytic Zind_:ﬂ)_ A|ternative|y, ana|yses direCtIy from the CryStaIIization drOplet and flash frozen in
of the product stereochemistry and effects of FPP analoguediquid propane using a cryoprotectant consisting of the
have suggested that development of a carbocation on the CZeservoir solution supplemented with 25% (v/v) glycerol.
atom of FPP leads to electrophilic alkylation of the cysteine Crystals belong to space groBp: with unit cell parameters
sulfur to form the thioether bondl.4—16). a=b=17413 A,c=69.71 A, = = 90°, andy =

Structural studies of FPT:substrate Comp|exes were un- 120° and diffract to 2.4 A resolution. The CryStaIS described
dertaken to investigate the chemical events involved in here are distinct from those of unliganded FPT which grow
farnesyl transfer. This information, along with knowledge in the absence of substrates or substrate analogues. The
of the substrate-binding modes, will be useful in the design unliganded FPT crystals belong to a different space group
and synthesis of substrate analogues and mechanism-base®6s, @ = b = 167.1 A,c =979 A,a = =90°, y =
FPT inhibitors. Here, we report the structure of FPT 120°) and form using alternate solution conditions and pH
complexed with a tetrapeptide substrate (7), acetyl-Cys-Val- (14% PEG 8000 and 0.2 M ammonium acetate at pH 7.0)
lle-selenoMet-COOH3, CVIM, Figure 1), andx-hydroxy- .
farnesylphosphonic aci@(oHFP, Figure 1), an unreactive Data Collection. Data were collected using a Raxis-lIc
FPP analogue. Comparison of this structure, the first of an image plate area detector mounted on a Rigaku-R200 rotating
FPT:substrate ternary complex, with that of unliganded rat anode X-ray generator operating at 50 kV and 100 mA. X-ray
FPT (7) reveals both global and local conformational intensity at the crystal was increased by focusing with “bent
changes accompanying substrate binding. Structural featuresnirrors” (J. Johnson and Dr. Z. Otwinowski, Yale
of the ternary complex, in particular the short distance (2.5 University; Molecular Structure Corp.). With the detector
A) between the cysteine sulfur of the peptide and FPT active- set at # = 0° and a crystal-to-detector distance of 135 mm,
site zinc, suggest participation of an activated thiol in the data were collected in 180 contiguous C.3@scillation
catalytic mechanism. In the structure, however, the FPP Climages each exposed for 12 min. Diffraction images were
carbon and peptide cysteine sulfuedr A apart. For direct reduced to integrated intensities using HKR1Y. Data
farnesyl transfer, some movement of the substrates from thequality statistics are shown in Table 1.
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Table 1: Summary of Crystallographic Parameters

Data Statistics

resolution (A) 15.6-2.4
reflections (measured/unique) 144714 (42 739)
completeness (overall/outer shell) (%) 90 (57)
Rsyn? (overall/outer shell) (%) 6.1 (37)
[l/o1| (overall/outer shell) 20.0 (3.0)
Refinement Statistics
residues modeled no. of atoms &Bdactor
o (54—366) 2665 439
p (523-923) 3154 40.0
solvent 248 448
zinc 1 314
oHFP 21 25.2
Ac-CVIM(Se) 30 35.8
Riactor (Riree)?8.0—2.4 A 21.8% (29.2%)

3Rgym= Y (ABS(I — O0)/3 (I). ® Backbone atoms used f8factor
average¢ All non-hydrogen atoms used f@-factor averaged 5% of
data were excluded from the refinement to calculate.R

Structure Determination and Refinemerithe structure
of aHFP and CVIM complexed with FPT was solved by
molecular replacement, as implemented in XPLQR).(The
2.25 A resolution structure of unliganded FPI7 was used
as the search model. The rotation function calculated overFicure 2: Electron density maps. An omit electron density map
the resolution range 154.0 A yielded a peak 4d above was calculated using the final refined model witHFP and CVIM
the mean atrl = 26.6, 12 = 27.5, and 13 = 14.6. removed. (@ptHFP omit (B — Fc),0arc €lectron density at-2.70
Pattgrson correlation refinemeﬁB][. of _this rotation function 8’;223 Z’:ﬂ;_%”(g%ﬁelg)) 'a(r?éfz\/SLM(gfggn(E ~ Fo).Gcaic electron
solution gave a value of 0.129, significantly above the next
highest peak. In a translation search from 15.0 to 4.0 A group toward solvent where hydrogen bonding with water
resolution, P6; proved to be the correct space group as molecules occurs. For this reason, a modetldfFP having
evidenced by a 32peak at fractional coordinates= 0.79 S chirality at the C1 position was used in the final stages of
andy = 0.52. The initialR-factor incorporating data from  refinement.

15.0 to 4.0 A after rigid body refinement was 0.35. Alternate cycles of refinement and model building were

Several cycles of model building and refinement by both conducted until no interpretable positive or negative peaks
simulated annealing and positional methods were carried outgreater thant50 appeared in the difference density maps.
to accommodate structural changes due to crystallization of Residues 54366 of theo-subunit and residues 23123 of
the protein in a different space group and to binding of the thej-subunit show continuous, well-defined electron density
substrates. Positions of discrete water molecules were takerand are included in the final model. The waters are rank
from positive 3 (F, — F¢),0carc difference density peaks if  ordered by the B, — F¢),0cac €lectron density calculated
a hydrogen-bonding pattern to protein, peptide, or other at the position of each oxygen. Using this system, water
solvent molecules could be established. The peptide andmolecules which are more highly ordered are given lower
oHFP were added after several rounds of refinement, sequence numbers. Electron density maps were inspected,
although density for these groups was a prominent featureand the model was fit using the graphics display program
even in the initial electron density map. Density for the CHAIN (24). Bond distance and angle parametersfaiFP
entire peptide was continuous, and the location of the Sewere calculated using Quanta (Molecular Simulations Inc.).
atom of the selenoMet residue clearly defined by 200 No explicit zinc-to-ligand restraints were used in the refine-
peak in the E, — F¢),acac map (Figure 2b). ment. Available data to 2.4 A resolution were included in

Density for theaHFP phosphate and isoprenoid chain was the crystallographic refinement. Given the extent of missing
unambiguous, although density for tliéhydroxyl group was data in the 2.52.4 A higher resolution shell (60%), the
weak (Figure 2a).0HFP was purchased as a racemic mixture nominal resolution of the structure is closer to 2.5 A
and weaker density was attributed to binding of both resolution. Statistics of the final model are given in Table
stereoisomers. Given the mixture of stereoisomers at C11.

(Figure 1), hydroxyl groups at positions corresponding to  Structural Analysis.Structural superpositions were carried
both the R and S chiralities at C1 were included in the model. out using an overlay strategy described by Chothia and Lesk
Following refinement, the electron density at the position [HOMOLOGCORE, g5)]. Overlays included only the

of each hydroxyl oxygen indicated a strong preference for equivalenta-carbons in helices withia 2 Acutoff and rms

the S chirality, i.e., the hydroxyl group position correspond- difference calculations excluded deviations greater than 3.0
ing to the S configuration gave aKg — F),0cac vValue of A. Surface area calculations and modeling were accom-
0.9, while the hydroxyl group position corresponding to plished using INSIGHT (Molecular Simulations Inc.). A
the R configuration resulted in a lowe2— F.),0cac value probe of 1.4 A radius, corresponding to a water molecule,
of 0.1o. The stereochemical preference appears to arise fromwas used in the surface area calculations. Figures were
elimination of sterically unfavorable contacts with atoms of generated using MOLSCRIPT26), RASTER3D @7),

the protein interior and a preferred orientation of the hydroxyl INSIGHT, GRASP 28), and CHAIN @4).
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Ficure 3: Overall structure of FPT. (a) Ribbon representation
showing thea-subunit (red) angs-subunit (blue). Bound to FPT
are the zinc (orange sphere}IFP (yellow) and the CVIM peptide
(white). (b) Global conformational differences between the unli-
ganded FPTX7) and the FPTaHFP:CVIM complex. Backbone
atoms are colored by the difference in position between the two
structures. The-subunit mainchain atoms are colored from red to
green corresponding to 0 t81.0 A differences. Thes-subunit
residues are colored from blue to green corresponding to>1t0

A differences.

Strickland et al.
RESULTS

Overall Structure. Many features present in the unli-
ganded farnesyl protein transferase structlivg dre retained
in the ternary complex. Both subunits are organized about
o-helical secondary structures (Figure 3a). The 378 residue
a-subunit is composed of seven pairs of antiparattakelices
folded into a crescent. The 438 residissubunit forms an
unusual two layera-helical barrel. Subunit association
produces a prominent active-site cavity lined with side chains
from both subunits. In the ternary complex and unliganded
structure, Asp297, Cys29%, and His362 side chains ligate
the active-site zinc. No differences greater than the experi-
mental coordinate error are observed in the ligand side-chain-
to-zinc distances of the two structures.

Despite preservation of secondary structure, global con-
formational differences in the unliganded and complexed
structures are observed. Superposition of the structures
shows that the major structural alterations occur in the
o-subunit, while the spatial arrangement of helices in the
SB-subunit is unchanged (Figure 3b). The la%arbons
within the 14 helices of thg-subunit superimpose with an
rms deviation of 0.35 A, a value within the estimated
coordinate error. In contrast, 19&-carbons in the 15
o-subunit helices superimpose with an rms deviation of 0.67
A. Structural changes in the-subunit involve relative
translations of the helices. These shifts are unevenly
distributed over thet-subunit. Helices 8a and 9a, as defined
by Park et. al. 17), shift ~0.3 A, while helices 4a, 5a, 12a,
and 14a show shifts approacpifh A (Figure 3b). Movement
of helices 4a (residues 14861) and 5a (residues 166
179) are particularly important since they are located near
the active site. For example, Tyrlé6located at the start
of helix 5a, is translated~1.2 A. Overall, the helix
translations do not significantly alter the active-site volume.

In addition to global changes, several side chains in the
active site undergo major conformational changes on sub-
strate binding (Figure 4a). In the unliganded structure,
Arg2026 makes few direct interactions with other FPT
groups (Figure 4b). Similarly, the Tyrl66side chain is
oriented toward solvent and makes a weak 3.7 A hydrogen
bond to the backbone nitrogen of Glu}®8The Glul9%
side-chain is also oriented away from the active site and
interacts with a network of ordered water molecules. Lack
of strong, directional bonding by Arg2@zand Tyr166 side
chains is reflected in their side cha#values which, in the
unliganded structure, are the highest among the active-site
residues. On substrate binding, these residues rearrange,
participate in several hydrogen bond networks, and conse-
guently become more ordered as evidenced by a decrease
in the atomicB-factors (Figure 4c). In the FPT:substrate
complex, the third isoprenoid unit afHFP has displaced
Arg2023. The Arg side chain has rotated90° abouty;
resulting in a 6.8 A movement of the guanidinium group,
which now forms a bidentate ion pair with AspZ00The
side chain of Tyrl6@, located at the start of helix 5a,
undergoes an-11(C° rotation abouty;. The aromatic ring
stacks parallel to the guanidinium group of Argg0and
forms an edge-to-face interaction with the His@Oiida-
zole. The Tyr166. hydroxyl group forms a 2.9 A hydrogen
bond with the Tyr258 hydroxyl. Movements in the
Glul98; side chain result from rotations of 5@bout ®
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FiGURe 4: Structural changes on substrate binding. (a) Stereoscopic representation of the active site region of FPT following superposition
of the unliganded structure (17) and ternary complex. The unliganded structure is colored blue. The ternary complex is colored from red
to green corresponding to 0 to 4.0 A shifts in atomic position. (b) Schematic diagram of the unliganded FPT active site. (c) Schematic
diagram of side-chain interactions in the ternary complex. The solid bar represents a stacking ofAriR02yr166o. The curlicue
represents an edge-to-face interaction of Tyrlé&d His20p.

and 130 abouty;. In the ternary complex, the Glu198 unit (C;—Cs) binds in an aromatic pocket formed by
side-chain carboxylate is bonded to the Arg2@2anidinium Tyr2514, Tyrl66o, Tyr200o, His2483, and His20&x. The
group. Overall, a single, weak protein-to-protein hydrogen second isoprenoid unit ¢ C,q) interacts with the lle side
bond is lost, and six new interactions result from the chain of the peptide, Gly2%0and Trp308. The third unit

substrate-induced side-chain rearrangements.
FPT-aHFP and FPT-FPP Interactions. In the ternary

(C11—C;y5) packs against the aliphatic chain of ArgZ0and
a cluster of aromatic residues including Trp£0Zrp3033,

complex,aHFP binds in an extended conformation along Tyrl543, and Tyr208. The extensive van der Waals

one side of the large active-site cavity (Figure 3aFP
is essentially sequestered from solvent with 5000Athe

contacts made by the farnesyl chain likely contribute to the

high affinity of cHFP for FPT K = 5 nM (9)].

total 550 & molecular surface area buried. Seventeen FPT TheoHFP phosphate binds in a pocket surrounded by four
residues contact 440%bf the molecular surface, while side  positively charged side chains and ordered solvent molecules
chains of the CVIM peptide contact 6(PA (Figure 5a). Phosphate atom O1 could form 2.7 A hydrogen
The farnesyl chain is directed toward the molecular interior bonds with two ordered solvent molecules, Wat 4 and Wat
and interacts primarily with aromatic residues (Figure 5a). 41 (Figure 6b). However, Arg2®land Lys164 are closer
The isoprenoid units become increasingly well-ordered with than 3.5 A and could potentially interact with O1 (Figure
distance from the molecular surface, as evidenced by the5a). O2 forms hydrogen bonds with HisZ#4&8nd an ordered
decrease in atomiB-factors along the farnesyl chain-40 solvent molecule. O3 makes no direct contacts with FPT,
A2 at C1 decreasing to-20 A2 at C15). The first isoprene  but interacts with two ordered solvent molecules. The
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Ficure 5: Binding of (a)aHFP and (b) CVIM and (c) FPP to FPT. The stereoviews of paaelsdb show the bound&HFP and CVIM

peptide in yellow and white, respectively. The zinc is represented as a dark orange sphere. Red and blue ribbons indicatel the
B-subunits of FPT, respectively. Potential hydrogen bonds are shown by thin white lines. For comparison, the FPP:FPT complex is shown
in panelc with aHFP superimposed (cyan). The coordinates for the FPT:FPP complex were taken from an independently determined
structure at 2.2 A resolution (unpublished data, C. Strickland) that is similar to the published 3.4 A stra@ture (

a-hydroxyl group is directed toward solvent and interacts suggesting that although the monophosphateléFP can
with several ordered solvent molecules. Overall, the phos- be accommodated in the FPP diphosphate-binding site, the
phate oxygen-to-protein hydrogen bonds are long.0 A), interactions are likely not optimal.
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FIGURE6: Schematic diagrams of interactions of FPT with (a) the CVIM peptide, (e phosphate group, and (c) the FPP diphosphate.

The bound conformation aiHFP resembles that of FPP
observed in the low resolution (3.4 A) structure of the FPT:
FPP complex [Figure 5c (29)]. Oxygen atoms of the FPP
P1 atom are hydrogen bonded to ArgB9and Lys164,
similar to the interactions observed in the ternary complex
(Figures 5¢ and 6¢). O4 interacts with ArgZdXnd
His248, and O5 and O6 interact with Lys284and
Tyr30Q3, respectively.

the pyrophosphate of FPP (Figure 5¢ and 6c), does not affect
the Ky, of FPP @0). The 4-fold lowerk.y of this mutant
suggests a role of Tyr 3@0in catalysis (see Discussion).
FPT-CVIM Interactions.The Ac-Cys-Val-lle-selenoMet-
COOH peptide is well-defined in the electron density maps
(Figure 2b). The direction of the peptide chain was
unambiguously identified using the @ositive peak that
appeared in the initial difference maps and corresponded to

Site-directed mutants of FPT show altered substrate affinity the selenium atom of the selenomethionine. The peptide

and catalytic activity. In the FPP:FPT complex, the FPP
diphosphate forms salt bridges with ArgZR1ys2943, and
Lys164x (Figures 5¢ and 6¢). Mutation of either Arg291
or Lys294 to alanine decreases the affinity of FPT for FPP
by about 40-fold 80). While these residues interact directly
with FPP, the binding affinity of the peptide also decreases
~T7-fold (30). Coupling of decreases in FPP and peptide
affinities is consistent with the finding that the substrates

binds in an extended conformation and spans the large active-
site cavity (Figure 3a). The peptide contacts both the FPT
enzyme and atoms of FPP (Figure 5b). The peptide main
chain interacts directly with FPT through packing of the lle-
to-Met peptide bond adjacent the aromatic ring of Tyrdl 66
and hydrogen bonding between the lle carbonyl and the
guanidinium group of Arg202 (Figure 5b). Additional
peptide main-chain-to-FPT interactions occur through or-

are within van der Waals contact in the FPP:peptide:FPT dered water molecules (Figure 6a). The terminal carboxylic

complex. Mutation of Tyr308, which also interacts with

acid participates in hydrogen bonds with GlIn&6and
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Ficure 7: Model of FPT:GGPP complex. Residues of FPT are shown in green. Where differences in amino acid sequence occur, the
corresponding GGPT residue was modeled and is shown in purple. The sequence label corresponds to FPT. The residues changed are
Trpl025 to Thr, Trpl0@ to Phe, Prol152 to Met, Gly241 to Asp, Tyr25) to Ser, and Tyr361to Leu.

several ordered water molecules (Figures 5b and 6a). Theconformation of peptide substrates is sequence dependent.
N-terminal acetyl group is oriented toward solvent and makes Features of the ternary complex suggest that additional
no direct interactions with FPT. conformational changes occur during the catalytic cycle.

The larger, hydrophobic side chains of the bound CVIM These points and a model of FPT complexed with FPP and
peptide are oriented toward the interior of the active-site Ras p21, are discussed below.

cavity (Figure 5b). lle, with a 25 Atemperature factor, is Catalytic Mechanism.Both electrophilic alkylation and
the most well-ordered side chain of the bound peptide. The nucleophilic displacement mechanism have been proposed

lle side chain is sequestered in a pocket lined with the side for the farnesvlati ; : o
. _ ylation reaction. Briefly, electrophilic alkyla-
chains of Trp10@, Trpl068, Tyr3613, and the FPP iso- tion involves loss of diphosphate to generate a positively

prenoid, which buries-90% of its accessible surface area. char ; - ;
: . . ; . ged carbocation on C1 of the farnesyl moiety, which
0,
;—h:alr\fg\fvsgilfgﬁge’fﬁ:zg %ree_z;(rar thgrl_]”ig &bu;\lg dl,5b|nds N then reacts with the cysteine thiol. Alternatively, a purely
P y Trpl@ ' B, nucleophilic displacement reaction would occur via direct

and Pro15@. The valine isopropyl group is oriented toward attack of an activated cysteine thiol at the C1 carbon of FPP.

solvent, burying only 37% of the side-chain surface area Product formation by either mechanism results in covalent
through packing interactions with Tyr1l&6 Exposure of the bond formation between the C1 carbon of FPP and the

a side chain is consistent with the wide variety of residues ) ; . o
! y peptide cysteine sulfur. In this structure, the position of the

accommodated at this position in protein and peptide : ) :
substrates) P P pep CVIM peptide results in a separation between these two
The cysteine sulfur of the peptide coordinates the active- atoms Of_ about 7 A. Therefor_e, mdep(_endent ofihe chemical
mechanism of the farnesylation reaction, movement of one

site zinc (Figure 5b). Formation of the Cys sulfur-to-zinc L .
coordination involves displacement of a bound solvent or both of the substrates from the position(s) observed in

molecule which serves as the only nonproteinaceous ligandthis structure is likely.
to the zinc in the substrate-free structut&)( The zinc-to- The coordination of the cysteine sulfur to the zinc supports
sulfur distance is 2.5 A. The separation is longer than the a direct role of zinc in catalysis. In addition, the structure
2.0 A mean cysteine sulfur-to-zinc distance observed for of the ternary complex helps define other residues potentially
tetrahedrally coordinated zinc atoms in the protein data bankinvolved in catalysis. His248 Tyr30Q3, and Tyr36J are
[~420 examples found3Q)] and also longer than the 2.0 A close to the FPP C1. Overall, the site-directed mutagenesis
distance between the zinc atom of FPT and its sulfur ligand experiments and the three-dimensional structure of the FPT
provided by the Cys2@side chain. Direct coordination ternary complex suggest participation of TyrB0h the
of the cysteine-containing peptide may account for increasedcatalytic cycle. The hydroxyl of Tyr3@is within 3.5 A
ligand—metal charge-transfer bands observed on peptide of the O4 oxygen. Mutation of Tyr3@o Phe reduceby
binding to Cé*-substituted FPT13). The cysteine sulfur  ~4-fold relative to the wild-type enzym&(). Given that
also interacts with Wat 149, which is situated near the C1 product dissociation has been shown to be rate limiting, small
carbon of FPP. changes in th&. value could potentially mask larger effects
on the chemical step of the reactidrl( 39. The importance
DISCUSSION of Tyr3613 has yet to be established. However, a leucine
The ternary complex reported here shows hdwFP and residue occupies this position in the closely related GGPT-I
the CVIM tetrapeptide substrate are accommodated in the(Figure 7), suggesting that residues at this site may not be
FPT active site. The structure provides an initial view of critical in the catalytic cycle. While the proximity of the
the molecular arrangements that accompany substrate bindHis248 imidazole to the O5 oxygen (3.5 A) offers the
ing. The observed mode of peptide recognition via side- possibility of a direct role in catalysis, mutation of His48
chain interactions offers the possibility that the bound to Ala has little affect on the activity of FPT30).



Structure of FPT: Substrate Complex Biochemistry, Vol. 37, No. 47, 19986609

Arg 2910 1

- -
- |

. ._;_,/*'-“F . '! 9 '
% Lys 16do e ol el
= Ca i’.'f
j &

Ficure 8: Comparisons of FPT structures (a) The interactions madeHfyP (yellow) and the CVIM peptide (white) in the ternary
complex are compared to those between FPT molecules related by the crystallographic symmetry present in crystals of unliganded FPT
(17). In the crystals of unliganded FPT, the C-terminus of frgubunit (shown in purple) occupies the active site of a symmetry-related
molecule. (b) Detailed view of-Pro-Ala-Thr-Asp-COOH, the last four residues of isubunit C-terminus (purple), superimposed on the

bound conformation of FPP (yellow).

Isoprenoid and Peptide Selegty. FPT belongs to a  Trpl023 which packs adjacent to the third isoprenoid unit
family of isoprenoid transferases which includes the highly in FPT is a threonine in GGPT-I (Figure 7). Removal of
homologous geranylgeranyl protein transferase | (GGPT-I). both aromatic rings could both provide additional space for
The a-subunits of the FPT and GGPT-I heterodimers are the extra five carbons needed to accommodate GGPP in
identical. Structural similarity between these isoprenoid GGPT-I and decrease the affinity of GGPT-I for FPP owing
transferases extends to tAesubunits which exhibit~30% to the loss of hydrophobic contacts. Given that the iso-
amino acid identity 33). Unlike FPT for which the prenoid contacts the bound peptide, alteration in side-chain
15-carbon farnesyl diphosphate serves as substrate, theomposition and possibly the bound conformation of GGPT-I
GGPT-I substrate is the longer 20 carbon geranylgeranyl peptide substrates could also change the size of the isoprenoid
diphosphate (GGPP). The ability of these highly homolo- binding pocket.
gous enzymes to differentiate between FPP and GGPP has Isoprenoid Mimicking PeptidesThe structural results
been postulated to involve residues which alter the depth of suggest potential binding modes for peptidic inhibitors
the isoprenoid binding pockel?). Aspects of the “molec-  competitive with FPP. Several have been discovered and
ular ruler” hypothesis appear consistent with both the low- one of the most potent is-tryptophane-methioninep-4-
resolution structure of an FPP:FPT compl@@)(and the chlorophenylalanine-y-carboxyglutamic acidk; = 2 nM)
high-resolution ternary structure reported here. (8). In the first crystal form of FPT17), the active site

Comparison of the active sites of FPT and GGPT-I, taken was occupied by 10 carboxy terminal residues of the
from alignment of the GGPT-I sequence and the structures-subunit of a symmetry-related molecule. It was initially
of FPT, reveals that 14 of the 16 residues involved in FPP proposed that the C-terminus, with the sequence DLTSD-
binding are identical in the two enzymes (Figure 7). PATD-COOH, mimicked features of the bound CaaX
Residues interacting with the diphosphate are strictly con- substratel7). However, the structure reported here reveals
served, while two residues involved in isoprenoid-binding that the last four residues of thfesubunit,—Pro-Ala-Thr-
are different. Substitution of residues with smaller side Asp-COOH, actually occupy the FPP-binding site (Figure
chains at both nonconserved positions in GGPT-I results in 8b). The negatively charged carboxy terminus and aspartic
a larger isoprenoid binding pocket. Tyr2hiwhich packs acid side chain form electrostatic interactions within the FPP
against the first isoprenoid unit ofHFP in FPT, is a smaller ~ diphosphate site. The Ala side-chain methyl binds in the
serine residue in GGPT-I. Similarly, the side chain of hydrophobic pocket occupied by the first isoprenoid unit,
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Ficure 9: Model of K-Ras bound to FPT. The GRASRS[
calculated surface of FPT is shown with the regions of positive
and negative electrostatic potential colored blue and red, respec-
tively. The conformation of CVIM corresponding to the ras
C-terminal CaaX sequence (residues 18B8) and the crystal
structure of the GTP binding domain of H-Ras [residuesl 66,

PDB code 5p2138)] are shown as yellow ribbons. The intervening
sequence comprising residues B4 was sufficiently flexible

to place the basic poly-lysine region characteristic of K-Ras close
to a prominent electronegative region near the active site.

and the Pro pyrrolidine ring is situated in the second
isoprenoid binding pocket. Residues Thr-Ser-Asp of the
f-subunit do indeed overlap the @gX peptide binding site,
but the main-chain and side-chain orientations are very
different (Figure 8a).

Conformation of Bound Peptided.he structure reported
here provides the first crystallographic view of FPT com-
plexed with a substrate peptide. The CVIM binds in an
extended conformation and packs adjacent to both FPT and
the FPP analogue. The cysteine sulfur of the peptide is
liganded to the active-site zinc. Unlike polypeptide recogni-

tion by serine proteases where the substrate backbone is

extensively hydrogen bonded to the protease, only one
substrate-to-enzyme backbone hydrogen bond forms in the
FPT:peptide complex. Lack of a well-defined register of
substrate amino acids with the FPT backbone, as for serine
proteases, raises the possibility that while the cysteine sulfur
ligation to the zinc is conserved, the overall conformation
of the CaaX backbone may vary with amino acid sequence.

The peptide substrate used in the studies presented here,

CVIM, corresponds to the GaX sequence of K-Ras 4a and
K-Ras 4b isoforms. Substrates with alternate termini such
as H-ras, mating factor a, and retinal cGMP phosphodi-
esterase which terminate in Ser, Ala, and GIn, respectively,
may bind differently 6).

Evidence that other sequences, includingseé motifs,
exhibit alternate binding modes comes from crystallographic
and NMR experiments. In the first crystal structure of FPT
(17), a portion of thes-subunit was located in the active
site. As described above, the carboxy terminal seven
residues occupy both the isoprenoid andi&ébinding
pocket and do not mimic the CVIM peptide conformation.
NMR structures of peptides bound to FPT showed intrapep-
tide hydrogen bonds. In the absence of isoprenoid, the last
seven residues of K-Ras 4b, KTKCVFM, adopted a type |
p-turn (34). A type Il S-turn was observed for inhibitory
peptide CVWM in the presence of FPT aatiFP (35).

Strickland et al.

FPT:p21Ras:FPP Complex.The 188 or 189 residue
H-Ras, N-Ras, and K-Ras proteins are the FPT substrates in
vivo. In solution, H-Ras is a two domain molecule with the
166 amino terminal residues folded into a compact GTP
binding domain while the carboxy terminal 23 residues
bearing the CaX sequence are unordered. The structure
reported here clearly shows that the :&X sequence
becomes ordered within the FPT active-site cavity. In a
model of the full-length Ras:FPT complex (Figure 9), only
a few additional residues would be required to link the
CaaX sequence to the Ras GTP-binding domain. The
structure of the GaX peptide complexed with FPT clearly
demonstrates that the entire 20 residue carboxy terminus of
Ras is not required to make the @2 sequence accessible
to the FPT active site.

The amino acids between the GTP-binding domain and
the CaaX sequence influence the relative farnesylation rates
of Ras isoforms. Experiments with full-length Ras and Ras-
derived peptides demonstrated that seven lysine residues
located within the sequence 17582 contribute to the
increased affinity of FPT for the Ki-Ras4B isoforidg, 37).
Favorable surface interactions between Ki-Ras4B and FPT
may contribute to an increase in FRE; for Ki-Ras4B 36,

37). In the model of the Ras:FPT complex (Figure 9), the
lysine side chains of Ki-Ras4B are positioned to interact with
negatively charged residues on the surface of the FPT
o-subunit (Asp59, Glu114, Glul125, Asp147, Glul50, Glul51,
and Glul61) and several residues in fheubunit (Asp91,
Glu94, and Asp97).
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