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ABSTRACT: Protein farnesyltransferase (FTase) catalyzes the transfer of the hydrophobic farnesyl group
from farnesyl diphosphate (FPP) to cellular proteins such as Ras at a cysteine residue near their carboxy-
terminus. This process is necessary for the subcellular localization of these proteins to the plasma membrane
and is required for the transforming activity of oncogenic variants of Ras, making FTase a prime target
for anticancer therapeutics. The high-resolution crystal structure of rat FTase was recently determined,
and we present here the X-ray crystal structure of the first complex of FTase with a FPP substrate bound
at the active site. The isoprenoid moiety of FPP binds in an extended conformation in a hydrophobic
cavity of thef subunit of the FTase enzyme, and the diphosphate moiety binds to a positively charged
cleft at the top of this cavity near the subunit interface. The observed location of the FPP molecule is
consistent with mutagenesis data. This binary complex of FTase with FPP leads us to suggest a “molecular
ruler” hypothesis for isoprenoid substrate specificity, where the depth of the hydrophobic binding cavity
acts as a ruler discriminating between isoprenoids of differing lengths. Although other length isoprenoids
may bind in the cavity, only the 15-carbon farnesyl moiety binds with its C1 atom in register with a
catalytic zinc ion as required for efficient transfer to the Ras substrate.

Protein farnesyltransferase (FTdsggtalyzes the addition  to oncogenic variants of Ras is essential for their transforming
of the hydrophobic farnesyl isoprenoid to the thiol of a effect, FTase is a prime target for anticancer drugs. Specific
cysteine residue near the carboxy terminus of protein inhibitors of FTase have been shown to reverse the cellular
acceptors such as Ras, thereby affixing these proteins to theransformation induced by these forms of Rds-6). A
cell membrane. The enzyme uses the 15-carbon farnesylbetter understanding of the structural and mechanistic details
diphosphate (FPP) as the prenyl donor in this reaction. FTaseof the reaction catalyzed by FTase should provide valuable

modifies protein substrates with a carboxy-terminal “CaaX” information for the design and evaluation of new or improved
sequence motif, where C is the cysteine at which the inhibitors.

iosprenoid thioether linkage is formed, “a” is generally an FTase is a heterodimer consisting of 48-kpa &nd 46-

glipha;ic amino ac.:id,. and X, the carboxy-terminal r.esidue, kDa () subunits; thex subunit also forms a component of
IS typlt_:ally meth|o_n|ne, and less frequently serine, or the closely related enzyme, protein geranylgeranyltransferase
glutamine(1—3). Since attachment of the farnesyl group type | (GGTase-) 7, 8. GGTase-l transfers a 20-carbon

isoprenoid from geranylgeranyl diphosphate (GGPP) to the
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in catalytic activity. clear. Studies on Co-substituted rat FTase support a
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nucleophilic mechanism of farnesyl transfer in which the zinc assignment has been further supported by mutagenesis of
ion activates the cysteine thiol of the protein substrate for conserved residues of tiiesubunit in the yeast and human
attack at C1 of FPP1d). An electrophilic component to  enzyme 22, 28. The primary localization of substrate
the mechanism has also been proposed on the basis obinding to their distinct3 subunits is consistent with the
experiments with the yeast enzyme using a series of fluoro- different specificities of FTase and GGTase-I since, as noted
substituted FPP analogues and other compounds designedbove, the two enzymes share an identizadubunit; the
to mimic a transition state postulated to occur in an ability of FTase to distinguish its 15-carbon FPP substrate,
electrophilic alkylation mechanism®, 1§. Further studies  from the 20-carbon substrate used by GGTase (geranylgera-
are required to establish the exact chemical mechanism fornyl diphosphate, or GGPP), has been hypothesized to be
prenyl transfer. based on the depth of the prominent hydrophobic cavity

Steady-state kinetic analysis of FTase initially suggested revealed in the crystal structure of FTagd)( Structural
that the reaction follows a random-ordered sequential reactionand mutagenesis studies of farnesyl diphosphate synthase
pathway (7). However, further investigation of the reaction (FPS), which catalyzes the synthesis of FPP, show that the
pathway by steady-state isotope trapping experimet@s ( length of the isoprenoid product synthesized by the enzyme
and pre-steady-state kinetic analysi§)(indicates that the  is governed by the depth of a hydrophobic pocket in which
reaction proceeds via a functionally ordered mechanism in it binds 29). Protein prenyltransferases may use an analo-
which FPP binds first to form a binary complex, followed gous mechanism to identify their isoprenoid substrates.
by binding of the protein substrate. Pre-steady-state kinetic Here we report the first X-ray crystal structure of FTase
analysis 19) suggests that the rate-limiting step in the with its natural substrate FPP. This complex defines the FPP
reaction follows prenyl transfer and may be the release of binding site, confirming the originally postulated location
the prenylated product. Furthermore, this product releaseand providing further support for the “molecular ruler”
step is enhanced by the binding of an additional substratehypothesis for prenyl substrate specificity.
molecule, with FPP being the most effective substrate in this
regard R0). EXPERIMENTAL PROCEDURES

The X-ray crystal structure of heterodimeric rat FTase was . o .
recently determined at 2.25 A resoluti@i)., Theo subunit Sample Preparation and C_ocrystalhzatloﬁzecomblnant .
was folded into a crescent-shaped domain composed of sevefdt FTase was produced_usmg an Sf9 cell overexpression
successive pairs of coiled-coils or “helical hairpins” that SYSteém. purified as described previoushi) and concen-
envelopes part of thg subunit. The3 subunit was folded trated. to 16 mg/mL in 20 mM Tris-HCI buffer (pH .7'7)
into ana—a barrel domain consisting of a core of six parallel cont_alnlng 20 mM KC_:I, 10uM ZnCI, and 1 mM_ dithio-
helices forming the inner portion of the barrel and six threitol. FPP (American Radiolabeled Chemicals) was

peripheral helices. One end of the barrel was blocked, while diSSOOIVEd in 20 mM Tris-HCI buffer (pH 7.7) containing
the other end was solvent accessible. The catalytic zinc iono'_GA’ (whv) o_ctyl ﬁ-D-qucop_yranosme (Fluka), combined
bound at the top of the barrel near the subunit interface, with FTase (final concentrations of 1 mM FPP and 0.14 mM

marking the active site. The side chains of Cys/298sp lFTa_se), and inculbated on ice forI30f minhprior todcrystal-
2978, and His 368 observed to coordinate the zinc jon lZation. Cocrystals were grown at 1 from hanging drops

: P taining the FTase-FPP solution and reservoir solution
subsequently have been confirmed by site-directed mutagen- 0" .
esis to be zinc ligand2@, 23. A striking feature of thes [15% (wiv) PEG-8000, 200 mM ammonium acetate (pH 7.0),

subunit was a deep, funnel-shaped cavity in the center ofloo,m'\/I |m|daqugmallc acm_i (pH 7.0), 10 r_nM d'th'o'
the a—a. barrel lined with 10 highly conserved aromatic thre|tol].and. equilibrated against the reservoir solution by
residues. This hydrophobic cavity was hypothesized to bind YaPor diffusion. o
the farnesyl moiety of FPP with the required specificity. A Coqrystals were transferred stepwise into a cryoprotectant
shallow hydrophilic cleft in thed subunit ran parallel to the ~ containing 43% (w/v) PEG-8000, 20% sucrose (w/v), 200
rim of the a—a barrel near the subunit interface and MM ammonium acetate, 100 mM imidazelmalic acid (pH
intersected the hydrophobic cavity at the catalytic zinc ion. 7:0), 20 mM KCI, 20 mM Tris-HCI (pH 7.7), 10 mM
In the crystal structure, nine carboxy-terminal residues¥Ala  dithiothreitol, 0.003% (w/v) octyB-p-glucopyranoside, and
Valt-Thr'-Sef-Asp>-Prd-Alad-Thr2-Asp-COOH) of a sec- 0.1 mM FPP. Cocrystals were ethbratgd in t_he cryopro-
ondg subunit, not part of the dimer but adjacent in the crystal tectant solution for 18 h and cryocooled in liquid nitrogen.
lattice, were found to bind in this hydrophilic cleft. Although  Crystallographic Data Collection and Model Refinement.
not common, such intersubunit peptide crossover has beerPDiffraction data were measured at 98 K with an R-axis Il
observed previously in other crystal structures. Several linesimage plate system (Molecular Structure Corp., MSC)
of evidence suggested that these carboxy-terminal ninemounted on a Rigaku RU-200 rotating anode generator with
residues might mimic some aspects of normal CaaX peptidedouble mirror optics (MSC). Data reduction and scaling
binding 21). Most significantly, the position of the fourth ~ were done using the DENZO and SCALEPACK programs
residue from the carboxy terminus, corresponding to the (30).
cysteine to be farnesylated in the CaaX motif, was in register Both the FTaseFPP cocrystals and apo FTase crystals
with the zinc ion and was adjacent to the predicted position belong to the spacegrogs with unit cell dimensionga =
of the FPPu phosphate. The thiol of a cysteine modeled at b = 167 A. Thec unit cell dimension is 99 A for the
this position could coordinate to the observed zinc ion. cocrystals, approximatgll A larger than observed for
Cross-linking studies provided the initial evidence that the crystals of apo FTase. Phase calculation and model refine-
binding sites for both peptide and isoprenoid substrates residement were done in X-PLOR3() utilizing a bulk solvent
primarily on thef subunit of FTase 24—27), and this correction 82). The 2.25 A resolution refined structure of
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Table 1: Summary of X-Ray Data Collection and Crystallographic
Refinement

X-ray data collection refinemeht

resolution range (A) ~ 353.4  resolution range (A) 353.4
no. of observations 42609 no. of reflectiéns 17125
no. of unique reflections 17125 completeness®(%) 79.4
(58.1p
Rsym (%0) 5.3 R (%) 22.0
completeness (%) 26.8

79.4 Rfree(%)d
(58.1p

no. of non-hydrogen atoms 5865
rms deviation from ideal
values
bond length (A)
bond angle (deg)

0.009
1.73

aUsing the X-PLOR program packag&lj. °* Denotes completeness
in the highest resolution sheflUsing all reflections? To prevent bias
in the calculation, the reflections used to compig (5% of the total)
were drawn from the set used to compRig. in the model refinement
of apo FTase2l).

apo FTase with the water molecules omitted was used as a
starting model 21). The structure was visualized and
modified with the program O33). Electron density maps

were cqlculated using the CCP?‘ Sum.a of prograe (r"?‘b'e Ficure 1: FPP superimposed on an omit electron density map
1 contains a summary of the diffraction data and refinement cajculated from 3.4 to 35 A resolution using Fourier coefficients

statistics for the binary complex. (Ferase-Frp — Fo)0tcaic With FPP omitted from the calculation. As3
contour is shown. Portions of the and 8 subunits of FTase are
shown as ribbon representations colored in orange and blue,
respectively. The catalytic zinc ion, shown as a pink sphere, is
adjacent to the FPP molecule and is coordinated by Asp,29ys
2995, and His 363. This figure was produced with the program

O (33.

RESULTS

Initial difference electron density mapBrfase-rre — Fo)
showed strong positive densityd®ver background) in the
hydrophobic cavity of thet—a barrel of thes subunit. No
density was observed for 15 carboxy-terminal residues of
the s subunit. The initial maps also indicated several side-
chain rearrangements and the motion of a short loop
connecting helices 2and 13 (21). Model adjustment
followed by crystallographic refinement increased the in-
tensity and connectivity of the density in the active site
region. Farnesyl diphosphate (FPP) was fit into this density
and the model refined. The fin&krase-rrp — Fc difference
electron density map calculated with the FPP molecule
omitted from the phase calculation is shown in Figure 1.

The FPP molecule binds to thg subunit with its
isoprenoid moiety along one side of the funnel-shaped,
hydrophobic cavity of thet—a barrel as originally hypoth-
esized on the basis of the apoenzyme crystal strucfije (
(Figures 2-4). Highly conserved aromatic residues Trp
3033, Tyr 2513, Trp 1025, Tyr 2053, and Tyr 20@ form
hydrophobic interactions with the isoprenoid (Figure 3).
Strictly conserved Arg 2Q2 which adopts a different side-
chain conformation from the apo FTase structure, also forms
a hydrophobic interaction with the isoprenoid. Arg 208
further stabilized by Asp 2@®and a hydrophobic interaction
with Met 193. This methionine adopts a different confor-

Ficure 2: Overview of FTase with bound FPP. The FPP molecule,

mation in the binary complex to accommodate the new
position of Arg 208. In addition, two residues on helix
96, conserved Cys 2%4and Gly 25@, also contribute to
the isoprenoid binding site (Figure 3).

The location of the zinc ion and its coordination by the
side chains of Cys 299 Asp 297, and His 363 are

shown as a stick representation, binds with its isoprenoid moiety
in the funnel-shaped, hydrophobic cavity inside theo barrel of
the 8 subunit. Its diphosphate moiety binds in a positively charged
cleft near the subunit interface and is adjacent to the catalytic zinc
ion, which is shown as a sphere. This figure was produced with
RIBBONS (46).

unchanged from the apo FTase crystal structure within the and 3). Although with a 3.4 A resolution structure it is not
error of the coordinates. The diphosphate moiety of the FPPpossible to determine unambiguously which residues form
molecule binds in a positively charged cleft near the subunit hydrogen bonds, the diphosphate moiety of the FPP molecule
interface and is adjacent to the catalytic zinc ion (Figures 2 is within 3.5 A of thes subunit residues His 248Arg 2913,
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Ficure 3: Stereoview of the active site with FPP bound. Portions oftlhed subunits are drawn as ribbons in red and blue, respectively.

The isoprenoid moiety of the FPP molecule binds to the hydrophobic cavity inside-thebarrel of thes subunit. Residues colored in

green line this hydrophobic cavity. The diphosphate group of the FPP molecule binds in a positively charged cleft near the subunit interface
formed by residues colored in pink and is adjacent to the catalytic zinc ion whose ligands are colored in gray. Confirming the observed
location of the FPP molecule, mutation @fubunit residues His 243 Arg 2913, Lys 2943, Tyr 3003, or Trp 303 results in an increase

in Kyepry(22). Lys 164, which when mutated to Asn dramatically reduces catalytic turnd®®@) (s in close proximity to the C1 atom

of the FPP molecule and may be directly involved in catalysis. This figure was generated with RIBRBONS (

and Tyr 30@—all of which are strictly conserved in conformational change upon binding FPP. The observed
prenyltransferase enzymeand lies directly above helix® spectroscopic changes upon binding FPP may in part be
whose N-terminal positive dipole contributes to the strong accounted for by displacement of bound solvent in the
positive charge of this pocket. Invariant residues Lysdal64 isoprenoid binding cavity, in addition to subtle repositioning
and Lys 294 are also within hydrogen-bonding distance to of any of the 10 aromatic residues which line thea barrel
the a andp phosphate groups (Figure 3), although the side of the 8 subunit upon FPP binding.
chain of Lys 294 is not well ordered in the electron density.

A striking difference between the structures of apo FTase DISCUSSION
and the FPPFTase complex is that the nine carboxy-
terminal residues of thg subunit that in apo FTase crystals
bind in the hydrophilic cleft of a symmetry-relatgdsubunit
are displaced by the binding of FPP. These residues were
proposed to mimic some aspects of CaaX peptide binding.
A total of 15 carboxy-terminal residues of tfiesubunit are
disordered in the binary complex. Displacement of these
residues is accompanied by the motion of the loop connecting
helices 18 and 13 of the 8 subunit. The apex of the loop

Mutagenesis Data Are Consistent with the ObserFPP
Binding Site. Conserved residues in tifesubunit that have
been proposed from the apo FTase crystal structpetd
lie in the active site were investigated by site-directed
mutagenesis2?). Of the 11 residues investigated, 5 were
identified as increasing thiéqyrpp)between 3- and 15-fold.
Each of these residues (His 2218Arg 2915, Lys 2943, Tyr
3005, and Trp 30pB) is observed to interact with the FPP
(at Ser 35p) is approximately 3.5 A from its position in molecule inthe_ crystr_:ll structure of t_he binary cor_nplex. None
the apo FTase structure. This loop is in contact with the of the mutants investigated had an increased affinity for FPP.
carboxy-terminal residues of tifesubunit in the apo FTase Mutation of Lys 164« to asparagine causes a dramatic
structure. The position of the loop observed in the FPP  reduction of catalytic turnoveBg), suggesting a direct role
FTase Comp|ex would Sterica”y clash with the Carboxy- for this residue in Catalysis. The structure of the binary
terminal residues of thg subunit observed in the apo FTase Ccomplex suggests that Lys l&4may interact with the
structure, suggesting that the repositioning of the loop is the diphosphate moiety of the FPP molecule. Furthermore, its
result of the displacement of these carboxyl-terminal residuesProximity to the C1 atom of FPP, which is transferred to
and not a direct consequence of binding FPP. the cysteine thiol of the CaaX substrate, is consistent with a

Overall, however, the apo FTase structure and the-FPp direct role in catalysis.

FTase structures are very similar (0.2 A rms deviationin C Implications for Peptide Substrate Bindinghe carboxy-
positions), showing few conformational changes due to FPPterminal nine residues of thg subunit (defined as the
binding. In the active site region, the differences between nonapeptide) that were observed in the apo FTase crystal
the apo crystal structure and the FPP binary complex arestructure to bind in a shallow hydrophilic cleft are displaced
primarily limited to the movement of the side chains of Arg in the binary complex. These residues may be displaced
2025 and Met 198. Fluorescencel@) and CD studies3b) because the terminal carboxylate and Asfithe nonapeptide
have led to the proposal that FTase undergoes a dramatidind in the same positively charged cleft as the diphosphate
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moiety of FPP. From the crystal structure of the apoenzyme, primary determinant for the specificity of the 15-carbon FPP
it was hypothesized that the nonapeptide may mimic certain molecule over the 20-carbon GGPP molecule, the prenyl
aspects of CaaX substrate bindigf). Although a CaaX substrate for the closely related enzyme GGTase-l. This
peptide substrate may still bind in a portion of the hydrophilic hypothesis is supported by the observation that FPP and
cleft, it is clear that the carboxy-terminal residue of the GGPP bind to FTase in a competitive manner but only FPP
nonapeptide does not mark the exact location of the terminalserves as an effective substrat®,(13. The bottom of the
residue of the CaaX substrate in a ternary complex, if the hydrophobic cavity, which marks one end of the molecular
observed position of FPP in the binary complex approximatesruler, is formed by the aromatic residues Trp £Ghd Tyr
its position in the ternary complex. The overall location of 2053, while the positive cleft at the top rim of tle—a barrel
the bound nonapeptide observed in the apo FTase complexear the subunit interface marks the end where the diphos-
may, however, still mimic aspects of protein substrate phate binds. Itis significant that the catalytic zinc ion binds
binding; in particular, the interactions observed between the to the rim of theo.—a barrel at the same distance from the
nonapeptide and Tyr 3Blmay be similar to those made bottom of the pocket as that of the C1 atom of the isoprenoid.
with CaaX substrate molecules. Tyr 3bvas involved in A comparison of the observed location of the FPP molecule
main-chain interactions with the nonapeptide at Aapd with a model of GGPP bound to FTase made by superim-
Sef. This type of interaction with the main chain of CaaX posing the isoprenoid moiety of GGPP on that of FPP is
substrates is reasonable since there is little specificity for shown in Figure 4. While the C1 position of the observed
the fifth or sixth residues from the carboxy terminus of these FPP molecule is in register with the catalytic zinc ion, the
substrates. Mutation of the corresponding residue in yeast,C1 position of the modeled GGPP is completely out of
Tyr 3623, has been shown to have an effect on peptide register, preventing prenyl transfer. We hypothesize that,
substrate specificity, further suggesting a direct interaction in the 3 subunit of GGTase-I, the hydrophobic cavity where
with the peptide substrat&7). its 20-carbon isoprenoid binds will be considerably deeper.
Additional insight into the peptide binding site may come This deeper cavity would allow subunit residues Lys 164
from a recent biochemical study suggesting that Arg/R202 and Tyr 20@ and analogous, strictly conservgdsubunit
binds the carboxy terminus of CaaX peptide substrates in aresidues in the positively charged pocket to interact with the
ternary complex22). Mutation of this residue to alanine GGPP substrate similarly to the observed interactions of
causes a dramatic increase in Kygfor the protein substrate ~ FTase with FPP. This molecular ruler hypothesis is con-
Ras-CVLS and in the 1§ for the peptide inhibitor CVFM. sistent with the finding that, although GGPP binds to
Interestingly, the Arg 202 to Ala mutation showed a GGTase-I 330-fold more tightly than FPP, the latter can still
dramatically reduced sensitivity to CaaX-mimic inhibitors serve as a moderately efficient substrate for this enzy@e (
that contain the carboxy-terminal carboxylate, while inhibi- In this regard, it may be noteworthy that overexpression of
tors that did not contain such a carboxylate were still quite GGTase-I inSaccharomyces catisiaecan rescue the growth
effective inhibitors of the enzyme. In the FTadePP defects of FTase null mutants, suggesting that at least in this
complex, the position of Arg 2QRis stabilized by hydro-  organism GGTase-I can prenylate substrates of FTase in vivo
phobic interactions with the farnesyl moiety of the FPP (40), albeit at much reduced efficiency.
molecule, while the guanidinium group of the residue appears This type of mechanism for specificity in enzyme
to form an ion pair with Asp 208 in the FPP complex  isoprenoid interactions has also been proposed for farnesyl
(Figure 3). Noteworthy in this regard is that mutation of diphosphate synthase (FPS), which catalyzes the formation

Asp 20@ resulted in a significant increase in tig for the of FPP from two sequential condensation reactions of one
peptide 28, 39, a finding consistent with this residue’s dimethylallyl diphosphate and two isopentenyl diphosphate
involvement in the stabilization of Arg 2@2 molecules 41). The crystal structure of avian FPS shows

It is tempting to speculate that the carboxy terminus of a that two phenylalanine residues block the bottom of the
CaaX peptide substrate binds in a pocket near Argg2aith hydrophobic cleft which binds the isopreno#l). Mutation
a portion of the N-terminal peptide substrate binding site of these residues (Phe 112 and Phe 113) results in longer
being formed by the hydrophilic cleft where the nonapeptide prenyl diphosphate products. Furthermore, crystallographic
was observed to bind in the apoenzyme. In this model, the studies of enzymes where both of these residues have been
cysteine of the CaaX peptide substrate (modeled from the mutated reveal that the depth of the hydrophobic pocket into
location of Prd of the nonapeptide) would directly interact which the isoprenoid binds is approximately 5.8 A deeper
with the catalytic zinc ion, consistent with evidence that the than that of the wild-type enzyme, supporting this mechanism
cysteine thiol of the substrate directly coordinates the zinc of prenyl specificity 29).
ion in a ternary complexdd). In this position, the modeled Implications for the Design of FTase Inhibitor& number
cysteine lies between the zinc ion and the C1 atom of FPP of FPP analogues have been developed that are competitive
as required for a proposed mechanism for prenyl transferinhibitors of FTase with respect to FPB2(-45). The
(14, 15. A slight change in conformation of the first selectivity of these inhibitors for FTase over other cellular
isoprene unit of FPP (C1 to C5) may occur in a ternary enzymes, including GGTase-l, has stimulated their investiga-
complex. tion as possible antitumor agents. The crystal structure of

Molecular Ruler Hypothesis for Isoprenoid Specificity the binary complex of FTase with FPP presented here
The crystal structure of the binary complex presented here provides a structural framework from which to interpret the
supports the mechanism of prenyl substrate specificity inhibitory potency of these inhibitor molecules. Among the
originally proposed from the crystal structure of FTa2#) ( FPP-based inhibitor molecules, the most effective retained
The depth of the hydrophobic pocket where FPP binds is a hydrophobic farnesyl group and a negatively charged
postulated to function like a molecular ruler and be the moiety mimicking the diphosphaté%). For one of these
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Ficure 4. Molecular ruler hypothesis for isoprenoid substrate specificity. (Left) A portion of the solvent-accessible surface showing the
observed FPP binding location. The catalytic zinc ion is in register with the C1 atom of the FPP molecule, the site of prenyl transfer. Trp
1025 and Tyr 20% are at the bottom of the hydrophobic pocket. (Right) The 20 carbon long GGPP molecule, the prenyl substrate of
GGTase-l, is modeled into this surface on the basis of the observed FPP location. The longer isoprenoid chain of GGPP places the C1 atom
out of register with the catalytic zinc ion, accounting for the specificity of FTase for FPP over GGPP. This figure was produced with

GRASP 47).

potent and selective FTase inhibitors [designated compound
3, ICso = 75 nM (@5)], a systematic structureactivity
analysis was carried out that indicated that the most potent
inhibitors contained a terminal phosphate group rather than
other types of negatively charged groups. This observation
is consistent with the interactions seen with the terminal
phosphate in the binary complex presented here, specifically
with Tyr 3005 that appears to interact with this phosphate.
The length of the hydrophobic chain also had a dramatic
effect on the activity in this study. Homoelongation of the
farnesyl group by one carbon resulted in a decreasedn IC
of more than 200-fold, consistent with the crystal structure
presented here and the molecular ruler hypothesis for prenyl
substrate specificity.

In summary, the cocrystal structure of FTase in a binary
complex with its natural substrate FPP presented here
identifies the FPP binding location for this substrate and is
consistent with mutagenesis data on this enzyme. The
binding of FPP to FTase supports a hypothesis for prenyl
substrate specificity whereby the length of the prenyl moiety
is selected on the basis of the depth of the hydrophobic
pocket into which it binds. This complex may provide a
framework to further understand FPP-based inhibitors of
FTase and may facilitate the rational design and optimization
of cancer chemotherapeutic agents.
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