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ABSTRACT: Posttranslational modifications are essential for the proper function of a number of proteins in
the cell. One such modification, the covalent attachment of a single isoprenoid lipid (prenylation), is
carried out by the CaaX prenyltransferases, protein farnesyltransferase (FTase) and protein geranylgera-
nyltransferase type-I (GGTase-I). Substrate proteins of these two enzymes are involved in a variety of
cellular functions but are largely associated with signal transduction. These modified proteins include
members of the Ras superfamily, heterotrimeric G-proteins, centromeric proteins, and a number of proteins
involved in nuclear integrity. Although FTase and GGTase-I are highly homologous, they are quite selective
for their substrates, particularly for their isoprenoid diphosphate substrates, FPP and GGPP, respectively.
Here, we present both crystallographic and kinetic analyses of mutants designed to explore this isoprenoid
specificity and demonstrate that this specificity is dependent upon two enzyme residues in theâ subunits
of the enzymes, W102â and Y365â in FTase (T49â and F324â, respectively, in GGTase-I).

Proteins are an essential component of cellular membranes,
and may be associated with the membrane in a variety of
ways (1, 2). These membrane interactions include the direct
insertion of a portion of the protein sequence or of some
form of lipid-based moiety covalently attached to the protein
(integral membrane proteins) or the noncovalent association
with anchored proteins or the membrane itself (peripheral
membrane proteins). The class of lipidated proteins contains
lipids of varying length and complexity. In eukaryotes, one
subset of lipidated proteins is posttranslationally modified
by the covalent addition of an isoprenoid lipid near their
C-terminus (3).

There are three known protein prenyltransferases in
eukaryotic cells: protein farnesyltransferase (FTase1) and
protein geranylgeranyltransferase type I (GGTase-I), col-
lectively termed CaaX prenyl-transferases and geranylgera-
nyltransferase type II (GGTase-II or Rab GGTase), whose
substrates are limited to members of the Rab subfamily of
G-proteins (4). FTase and GGTase-I transfer either a 15- or
20-carbon isoprenoid (donated by farnesyl diphosphate, FPP,
or geranylgeranyl diphosphate, GGPP), respectively, to the
cysteine of aC-terminal Ca1a2X motif of substrate proteins
(Figure 1A). This motif, the minimum sequence necessary
for catalysis (5), is characterized by an invariant cysteine in
the fourth position from theC-terminus, followed by two
generally small aliphatic residues and aC-terminal residue
that determines specificity (X). The structural determinants

of CaaX specificity is explored in ref 6 (6). Substrate proteins
include members of the Ras superfamily of GTPases, several
protein kinases and phosphatases, and a variety of proteins
involved in nuclear integrity and centromere function (6, 7).

In addition to attachment of the isoprenoid, most CaaX
proteins undergo two subsequent prenylation-dependent pro-
cessing steps: the proteolytic removal of the a1a2X tripeptide
by the CaaX protease Rce1 and the carboxymethylation of
the nowC-terminal prenylcysteine residue by the methyl-
transferase Icmt (8). Rce1 and Icmt are membrane-bound
proteins localized to the endoplasmic reticulum. The net
result of this series of modifications is a protein that exhibits
a high affinity for cellular membranes and possesses a unique
structure at itsC-terminus that can serve as a specific recog-
nition motif in certain protein-protein interactions (9-11).

The CaaX prenyltransferases are generally highly selective
for their cognate isoprenoid diphosphate substrate (12, 13).
The 20-carbon GGPP binds to FTase with nanomolar affinity
(but as a competitive inhibitor), while the 15-carbon FPP is
a poor substrate for GGTase-I. Crystal structures of FTase
in complexes with FPP and FPP analogues (6, 14-21) show
that the 15-carbon binds along one side of the active site,
with the diphosphate bound in a positively charged cleft near
the top of the pocket and the lipid tail extending down into
the pocket. Crystal structures of GGTase-I in complex with
GGPP or GGPP analogues (6, 20, 22) demonstrate that the
longer isoprenoid also binds along one side of the active
site of the enzyme with the diphosphate moiety, binding in
a positively charged cleft near the subunit interface and the
isoprenoid extending into the hydrophobic pocket. Both
GGPP and GGPP analogues adopt an unusual binding
conformation in GGTase-I: the first three isoprene units bind
in an extended conformation along one side of the active
site in a manner similar to that of FPP in the FTase active
site, but the fourth isoprene unit sits at a 90° angle relative
to the rest of the lipid molecule, across the bottom of the
active site.
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FIGURE 1: (A) Diagram of CaaX prenylation reaction. In this reaction, a thioether bond is formed between the C1 atom of the isoprenoid
and the CaaX cysteine sulfur. (B) Superposition of FTase (light gray) and GGTase-I (dark gray), illustrating the binding of FPP (red) and
GGPP (blue) in their respective active sites (Protein Data Bank identifiers (PDB IDs) 1S63 and 1N4P, respectively). This comparison
highlights two residues (FTase: W102â and Y365â (red); GGTase-I: T49â and F324â (blue)) that are key determinants of isoprenoid
diphosphate specificity. (C) Stereo diagram of the FTase and GGTase-I active sites (light gray and dark gray, respectively) (in a slightly
different orientation from that in (B) for clarity), showing an FTase CaaX peptide substrate (yellow) (PDB ID 1D8D) demonstrates the
extensive contact between the isoprenoid diphosphate (FPP in red, GGPP in blue) and CaaX substrates.
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FTase and GGTase-I share a commonR subunit, but differ
in their â subunit, which determines isoprenoid diphosphate
substrate selectivity. Superposition of FTase and GGTase-I
illustrates the similarities and differences in their isoprenoid
binding sites (Figure 1B). The binding site for the first three
isoprene units of the lipid is essentially the same in FTase
and GGTase-I. Two highly conserved GGTase-I residues in
contact the fourth GGPP isoprene unit differ significantly
in the corresponding region in FTase. The placement of the
observed binding conformation of the fourth isoprene unit
of GGPP in GGTase-I in the corresponding region in FTase
leads to a steric clash with W102â and Y365â (T49â and
F324â, respectively, in GGTase-I), suggesting that one or
both of these residues may be key determinants of isoprenoid
specificity (22).

The determinants for isoprenoid diphosphate specificity
are further complicated by the observation that the CaaX
moiety of the protein (or peptide) substrate is also in van
der Waals contact with the isoprenoid diphosphate substrate,
forming a significant portion of the isoprenoid binding site
(Figure 1C). Contact between the two substrates occurs
primarily between the third and fourth isoprene units of the
isoprenoid and the a2 and X residues of the CaaX substrate.
This contact, particularly with theC-terminal specificity-
determining amino acid of the CaaX substrate, introduces
the possibility of cooperative substrate specificity in the CaaX
prenyltransferases.

The construction of an FTase that geranylgeranylates
FTase CaaX substrates or a GGTase that farnesylates its
CaaX substrates could be quite useful because this technique
could allow one to determine the in vivo effects of alternate
prenylation on cellular localization and function. To enable
this process, we have re-engineered FTase through site-
directed mutagenesis in an effort to create an FTase capable
of geranylgeranylating its native CaaX substrates. Here, we
present the development and characterization of these re-
engineered enzymes by crystallographic and kinetic methods.
The results of these experiments indicate that two residues
(W102â/T49â and Y365â/F324â in FTase/GGTase-I) are
primary determinants of isoprenoid diphosphate selectivity
in the CaaX prenyltransferases. The single mutant W102Τ
in FTase can act as a molecular switch in the process of
isoprenoid selectivity.

EXPERIMENTAL PROCEDURES

Protein Mutagenesis.Mutagenesis of the human FTase
sequence in the pT5T plasmid (with the sequence for both
subunits of the enzyme expressed as a translationally coupled
operon, with a microtubule epitope Glu-Glu-Phe on the
C-terminus of theR-subunit to facilitate purification (16))
was performed using the QuikChange site-directed mutagen-
esis system (Stratagene), as previously described for the
W102T mutant (22). The mutation of the Y365â residue
against a background of wild-type FTase resulted in a single
mutant converting the Y365â residue to a Phe (Y365F
mutant). This mutation in a background of the W102T mutant
produced the double mutant W102T/Y365F. Each of these
mutations was confirmed by a sequencing of the entire gene.

Protein Expression, Purification, and Crystallization.
Human (wild-type and mutant) FTase and GGTase-I were
expressed and purified as previously described (15, 16). The

W102T FTase protein used for crystallization was purified
in the presence of GGPP, as described for the purification
of GGTase-I (22). Product complexes of human FTase (both
wild-type and mutant forms) were formed prior to crystal-
lization by incubation first with an isoprenoid diphosphate
substrate (FPP or GGPP; Sigma), followed by a peptide, a
chimera derived from theC-terminus of Rap2a and the CaaX
motif of H-Ras (DDPTASACVLS, Genosys,>95% purity),
for a final FTase-isoprenoid-CaaX molar ratio of 1:2:3,
as described previously (17). These complexes were crystal-
lized, cryoprotected, and flash-cooled in liquid nitrogen as
previously described (15, 16).

Crystallographic Data Collection, Model Building, and
Refinement.Diffraction data were collected at 100 K with
R-Axis II and R-Axis IV image plate systems (Molecular
Structure Corporation) mounted on a Rigaku RU-200 rotating
anode generator with double mirror optics (MSC). Diffraction
data were also collected at the X25 beamline at the National
Synchrotron Light Source, Brookhaven National Laboratories
(BNL-NSLS) and at the SER-CAT beamline at the Advanced
Photon Source, Argonne National Laboratories (ANL-APS).
Data were integrated and scaled using HKL2000 (23) and
XDS (24). The phases were determined by molecular
replacement using CNS v1.0 (25). The structures were
refined by iterative cycles of model building in O (26),
followed by minimization and B-factor refinement using
CNS v1.0. MolProbity (27) was used to detect steric clashes,
uncommon rotamers, and Ramachandran plot outliers within
the structures. All water molecules included in the final
model have at least a 3σ peak inFo-Fc maps, with density
recapitulated in 2Fo-Fc maps. Data collection and refinement
statistics are summarized in Table 1. The superpositions
utilized all homologous CR atoms in the enzymes, as
performed using Swiss PDB Viewer (28). The rmsd differ-
ences were calculated using these structure-based superposi-
tions of the entire protein. PYMOL (29) was used to create
all figures.

Specific ActiVity Determinations.Specific activity deter-
minations of WT and mutant CaaX prenyltransferases were
conducted as previously described (22). Reaction mixtures
containing 50 ng of either FTase (wild-type or mutant) or
GGTase-I, 500 nM [3H]FPP or [3H]GGPP, and 1µM Ras-
CVLS (wild-type H-Ras; a cognate FTase CaaX substrate)
or Ras-CVLL (H-Ras with a single mutation in the CaaX
sequence (CVLS to CVLL) to produce a GGTase-I CaaX
substrate) were incubated at 30°C for 10 min. The reactions
were quenched with SDS, and the protein was precipitated
by TCA. The samples were glass-fiber filtered and trapped
radiolabeled isoprenoid detected by scintillation counting.

Steady-State Rate Constant Determinations.Steady-state
kinetic determinations were conducted using the same assay
as that described above but with modifications to allow
accurate kinetic parameters to be obtained even with low
substrate concentrations. All reactions contained 25 ng of
enzyme and increased detergent levels to keep the isoprenoid
diphosphate substrates in solution (0.2%â-octylglucoside
(OG) in all reactions with FPP and 5 mM Zwittergent 3-14
in all reactions with GGPP; all reactions contained 1 mM
EDTA). Isoprenoid utilization was determined in assays in
which isoprenoid diphosphate concentrations were varied
from 5 to 320 nM at a protein substrate concentration of 1.5
µM. Protein substrate utilization was determined in assays
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in which the isoprenoid diphosphate concentration was held
at 250 nM and protein substrate concentrations varied from
0.1 to 4.6µM. The reactions were carried out at 30°C for
5 min, quenched, precipitated, filtered, and counted as
described above. A weighted double-reciprocal plot of the
turnover rates versus substrate concentration, employing
Microsoft Excel software, was used to determine theKM and
Vmax values for each substrate combination, from which the
kcat andkcat/KM values were calculated.

RESULTS

Structure of Wild-Type FTase.To study the effects of the
W102â and Y365â mutations in FTase, we determined the
crystal structures of the mutants in complexes that represent
key steps in the reaction cycle. The substrate peptide
employed in these structural studies was a chimera derived
from the sequences of Rap2a (the sequence justN-terminal
to the CaaX motif: DDPTASA) and H-Ras (the CaaX
motif: CVLS). Intact H-Ras was used as the native FTase
CaaX substrate in the kinetic assays detailed below.

We determined the structure of wild-type human FTase
in a complex with the farnesylated product of the chimeric
peptide. The structure of the enzyme in this complex was
essentially identical to previously determined structures of
human FTase (6, 16, 18-20). Superposition of the enzyme
in this complex with that of the previously determined FTase
structure with a farnesylated K-Ras4B peptide product (17)
shows that the farnesylated product of both complexes bind
in a homologous manner (Figure 2A). Superposition of this
structure with that of FTase in a substrate ternary complex
with an FPP analogue and an H-Ras-derived peptide (6)
shows the similarity of binding of the CaaX motif of the
farnesylated peptide product and the H-Ras peptide previ-

ously observed (Figure 2B). These superpositions show an
rmsd of the farnesyl moiety (all atoms; with respect to the
K-Ras4B peptide product complex) of 0.34 Å and an rmsd
of the CaaX motif (CR atoms; with respect to the H-Ras
peptide ternary complex) of 0.39 Å.

The resolution of this structure (1.5 Å) is significantly
higher than any previously determined for either of the CaaX
prenyltransferases, clarifying the coordination of the zinc ion
required by these enzymes for catalysis. Previous structures
of FTase (6, 14-22, 30-32) suggest a distorted pentacoor-
dinate system around the zinc ion, including the enzyme
residues D297â (bidentate interaction), C299â, and H362â
and the cysteine of the CaaX peptide (in both substrate- and
product-bound complexes). Recent XAFS studies (33),
however, suggested that the zinc coordination sphere may
be tetrahedral and that D297â is monodentate. In this
structure, we are able to observe these interactions at the
highest resolution to date, yielding a detailed model of the
FTase zinc ion coordination sphere (Figure 2C). In this high
resolution structure of the farnesylated peptide product, we
observe unequivocally the zinc in a distorted pentacoordinate
coordination geometry formed by the peptide product cys-
teine (albeit at a long liganding distance, 2.7Å) and the
enzyme residues C299â, H362â, and the bidentate D297â.

Characterization of the W102T Single Mutant.Consistent
with our previous study (22), initial steady-state activity
assays showed that the conversion of W102â to Thr in FTase
results in an enzyme capable of geranylgeranylating typical
FTase substrate proteins (Figure 3, Table 2). The turnover
rate for the geranylgeranylation reaction catalyzed by the
W102T variant (0.41 mol‚s-1) is similar to that observed
for the farnesylation reaction catalyzed by wild-type FTase
(0.50 mol‚s-1). This mutation also essentially abolishes FPP

Table 1: Crystallographic Data Collection and Refinement Statistics

complex
WT FTase

farnesyl-CVLS
W102T

geranylgeranyl-CVLS
Y365F

farnesyl-CVLS
W102T/Y365F

geranylgeranyl-CVLS

Data Collection (All Data) ANL-APS SER-CAT Cu KRd BNL-NSLS×25 Cu KRd

resolution, Å 50-1.5 (1.55-1.50) 50-1.85 (1.92-1.85) 50-1.80 (1.86-1.80) 50-3.00 (3.18-3.00)
no. reflections: unique/total 184,708/1,319,500 98,678/372,133 109,005/1,005,969 21,656/100,685
mean I/σ1

c 25.2 (2.5) 16.2 (1.9) 25.5 (6.5) 9.92 (2.88)
Rsym %a 6.4 (64.2) 7.1 (48.4) 8.9 (51.6) 15.4 (38.5)
unit cell

a ) b (Å) 178.6 178.5 178.8 178.6
c (Å) 64.7 64.6 64.6 65.1

Refinement (F g 0σ)
completeness (%) 98.3 (90.8) 98.2 (97.0) 99.8 (97.9) 89.9 (88.2)
Rcryst

b (%) 19.0 (27.8) 18.7 (29.3) 17.7 (20.2) 26.8 (37.8)
Rfree

b (%) 20.3 (27.8) 20.7 (30.5) 18.0 (22.3) 27.8 (37.5)
nonhydrogen atoms: total/H2O 6,704/716 6,612/634 6,722/708 6,021/44
rmsd from ideal geometry

bond lengths (Å) 0.004 0.005 0.005 0.011
bond angles (deg) 1.16 1.16 1.16 1.40

average isotropic B value (Å2) 18.9 23.8 20.4 38.2
sigmaA coordinate error (Å2) 0.12 0.19 0.11 0.70
MolProbity analysis

all-atom clash score 7.0 7.7 6.9 13.9
rotamer analysise,f 0.16 (1/643) 0.16 (1/643) 0.15 (1/646) 0.16 (1/643)

Ramachandran: favored (%) 97.7 97.6 97.7 96.7
allowed (%) 100.0 100.0 100.0 100.0

PDB ID 2H6F 2H6G 2H6H 2H6I
a Rsym ) (Σ|(I - 〈I〉)|)/(ΣI), where 〈I〉 is the average intensity of multiple measurements.b Rcryst andRfree ) (Σ|Fobs-Fcalc|)/(Σ|Fobs|). Rfree was

calculated over 5% of the amplitudes not used in refinement.c Values in parentheses correspond to those in the outer resolution shell.d Rigaku
RU-H3R rotating anode generator.e Percentage of rotamers observed in<1% of structures in rotamer library.f Number of rotamers observed in
<1% of structures in rotamer library/total number of residues in model.
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usage as a substrate, while still retaining specificity for typical
FTase protein (peptide) substrates. The observed specificity

constants (kcat/KM) for the W102T mutant (0.48‚106 M-1‚s-1

and 0.70‚104 M-1‚s-1) for GGPP and the FTase substrate

FIGURE 2: Farnesylated CaaX peptide product binding in the wild-type FTase active site. (A) Superposition of wild-type FTase in complex
with the farnesyl-CVLS peptide product (yellow) and the farnesyl-CVIM peptide product (gray) (PDB ID 1KZP) (17) illustrates the similarity
in the farnesyl-moiety binding conformations. (B) Superposition of wild-type FTase in complex with the farnesyl-CVLS peptide product
(yellow) and a ternary complex with an FPP analogue (not shown, for clarity) and the CVLS peptide substrate (brown) (PDB ID 1TN8) (6)
illustrates the similarity in the CaaX binding conformations. (C) Zinc binding site of wild-type FTase. The zinc ion (magenta) is coordinated
by three enzyme residues (D297â, C299â, and H362â) and the cysteine of the farnesylated peptide product complex.

FIGURE 3: Altered substrate specificity of a protein prenyltransferase. Prenylation reactions assayed the activity of human WT FTase, WT
GGTase-I, and three FTase mutants (W102T, Y365F, and W102T/Y365F) with four substrate combinations: FPP+ Ras-CVLS (cognate
FTase substrates (blue)), FPP+ Ras-CVLL (green), GGPP+ Ras-CVLS (yellow), and GGPP+ Ras-CVLL (GGTase-I substrates (red)).
The activities are shown as percentages of activity with optimal isoprenoid diphosphate and protein substrates for each of the enzymes
tested (FPP and Ras-CVLS, FTase; GGPP and Ras-CVLS, W102T FTase; FPP and Ras-CVLS, Y365F; GGPP and Ras-CVLS, W102T/
Y365F; GGPP and Ras-CVLL, GGTase-I). The turnover rates (given as moles of prenylated product per mole of enzyme per minute of
reaction) are indicated for the optimal substrate combinations for each enzyme.
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protein Ras-CVLS, respectively, are similar to those deter-
mined for wild-type FTase (0.65‚106 M-1‚s-1 and 1.58‚104

M-1‚s-1) and GGTase-I (0.59‚106 M-1‚s-1 and 1.64‚104

M-1‚s-1) with their preferred substrates. The turnover number
(kcat) for the geranylgeranylation reaction in the W102T
variant (0.015 s-1) is similar to that of wild-type FTase
farnesylating its cognate substrate Ras-CVLS (0.014 s-1).
Hence, this mutation switches the isoprenoid diphosphate
specificity of FTase to that of GGTase-I without compromis-
ing its reaction efficiency.

To characterize the molecular basis for this switch in
isoprenoid specificity, the W102T mutant was crystallized
as a complex with a geranylgeranylated product of the
chimeric substrate peptide described above. The structure
of this complex was determined at 1.85 Å resolution. The

Thr substitution is clearly visible in the electron density, as
is the conformation of the bound geranylgeranylated-peptide
product (Figure 4A). The mutation required a backbone shift
in residues 101â-104â (approximately one helical turn),
resulting in a translation of approximately 0.7 Å in residue
T102â to accommodate the Thr side chain; the remainder
of the enzyme was virtually identical to wild-type FTase.
The conformation of the peptide portion of the product is
essentially identical to that observed in the wild-type FTase
complex described above, with an rmsd of 0.43 Å (all atoms)
(Figure 4B). The first three isoprene units of the geranylgera-
nyl moiety of the product bind in a manner similar to that
observed for the farnesyl group in the wild-type complex,
with the additional fourth isoprene unit adopting a similar
conformation to that observed in wild-type GGTase-I (22),

Table 2: Steady-State Rate Constants for Wild-Type FTase, GGTase-I, and the W102T FTase Mutant for All Substrate Combinations with at
Least 25% of the Activity of the Optimal Combination, As Shown in Figure 3a

isoprenoid diphosphate
substrate CaaX substrate

enzyme
isoprenoid

diphosphate Ras-CaaXb
kcat

(s-1)
KM

(nM)
kcat/KM

(106 M-1 s-1)
KM

(µM)
kcat/KM

(104 M-1 s-1)

WT FTase FPP CVLS 0.014( 0.001 22.16( 3.89 0.65( 0.12 0.90( 0.16 1.58( 0.06
W102T GGPP CVLS 0.015( 0.002 32.79( 5.25 0.48( 0.08 2.23( 0.38 0.70( 0.03
WT GGTase-I GGPP CVLL 0.021( 0.002 39.34( 14.91 0.59( 0.20 1.33( 0.34 1.64( 0.26

a Isoprenoid utilization was determined in assays in which isoprenoid diphosphate concentrations were varied from 5 to 320 nM at a protein
substrate concentration of 1.5µM; the protein substrate utilization was determined in assays in which the isoprenoid diphosphate concentration was
held at 250 nM and protein substrate concentrations varied from 0.1 to 4.6µM. A weighted double-reciprocal plot of the turnover rates versus
substrate concentration was used to determine the steady-state rate constants. For simplicity, thekcat value determined at a constant isoprenoid
concentration is shown, and was used forkcat/KM calculations.b Ras-CaaX indicates H-Ras CaaX sequence: Ras-CVLS) WT FTase substrate;
Ras-CVLL ) WT GGTase-I substrate.

FIGURE 4: Geranylgeranylated CaaX peptide product binding in the active site of the W102T mutant. (A) Simulated-annealing omit maps
(Fo-Fc, contoured at 2σ; blue) confirm the conversion of residue W102â to Thr and indicate the binding conformation of the geranylgeranyl
peptide product (yellow) in the active site of the enzyme. (B) Superposition of the W102T mutant and wild-type FTase illustrates the
similar binding conformation of the geranylgeranylated peptide product (in the W102T mutant (yellow)) and the farnesylated-peptide product
(in wild-type FTase (brown)). (C) Superposition of the W102T mutant and wild-type GGTase-I demonstrates the binding of the geranylgeranyl
moiety of their respective peptide products (W102T, yellow; GGTase-I, brown).
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forming an approximately 90° angle to the rest of the
isoprenoid (Figure 4C). There is a slight upward translation
in the fourth isoprene unit in this complex, however, to
accommodate the FTase Y365â residue (Phe in GGTase-I).
This structure clearly demonstrates that there is ample space
to accommodate the fourth isoprene unit of the geranylgera-
nyl group with the single substitution of Thr for W102â.

Characterization of the Y365F Single Mutant.Steady-state
activity assays were also used to characterize the conse-
quences on substrate specificity of the conversion of Y365â
in FTase to a Phe (Figure 3, Table 2). These studies indicate
that this mutation relaxes, rather than switches, isoprenoid
diphosphate selectivity, allowing the enzyme to use either
FPP or GGPP. Although this mutation decreases isoprenoid
diphosphate selectivity, it does not result in significant
alteration in protein substrate specificity. The conversion of
Y365â to Phe in FTase does not appear to significantly affect
the interaction with native isoprenoid diphosphate or CaaX
substrates (FPP and Ras-CVLS, respectively) (Table 1). The
turnover number of the reaction with native isoprenoid
diphosphate and CaaX substrates (FPP and Ras-CVLS,
respectively) for Y365F (0.007 s-1) is similar to that observed
for wild-type FTase (0.014 s-1). This mutant also catalyzes
the geranylgeranylation of the cognate FTase CaaX substrate,
albeit with a significantly decreased specificity constant for
the protein substrate (more than 10-fold decrease relative to
that in the farnesylation reaction), possibly because of a
kinked binding conformation of the GGPP molecule, which
could alter the binding site of the CaaX substrate.

The structure of the Y365F mutant in complex with a
farnesylated product of the substrate peptide was determined
at 1.80 Å resolution. The mutation and binding conformation
of the product are clearly visible in the electron density
(Figure 5A). The enzyme structure is nearly identical to that
of wild-type FTase; the only significant difference is the
absence of the hydroxyl group on residue 365â (Phe in this
mutant). The farnesylated peptide product binds in a con-
formation nearly indistinguishable from that in wild-type
FTase, with an rmsd of 0.31 Å (all atoms) (Figure 5B). We
were unable to obtain crystals of this mutant in complex with
a geranylgeranylated peptide product, but it is apparent from
the comparison of the isoprenoid diphosphate binding sites
of FTase and GGTase-I (Figure 1B) that the Y365F mutation
in FTase is not sufficient to accommodate the binding of
GGPP as observed in GGTase-I. It is possible that the
geranylgeranyl moiety kinks in the middle, as previously
described (31), allowing for the accommodation of the
additional five carbons of the lipid.

Characterization of the W102T/Y365F Double Mutant.The
combined effect of the two mutations in FTase (W102T and
Y365F) on substrate specificity was characterized by steady-
state activity assays (Figure 3, Table 2). The inclusion of
both mutations in a single FTase molecule results in an FTase
capable of geranylgeranylating cognate FTase protein sub-
strates. As observed with the W102T single FTase mutant,
this mutant exhibits no significant utilization of FPP or
alteration of CaaX substrate specificity. The geranylgerany-
lation of cognate FTase protein substrates by this mutant
progresses with similar steady-state rate constants as that of
WT FTase in its native farnesylation reaction. The combined
W102T and Y365F mutations, like the W102T single

mutation, switch the isoprenoid diphosphate substrate speci-
ficity of FTase without compromising catalytic efficiency.

The double mutant W102T/Y365F was crystallized in
complex with a geranylgeranylated product of the chimeric
substrate peptide. The structure of this complex was deter-
mined to 3.0 Å resolution. Both mutations as well as the
binding conformation of the geranylgeranylated peptide
product were clearly observed in the electron density (Figure
6A). As observed in the W102T mutant structure, a slight
backbone shift was necessary to accommodate the T102â
side chain, whereas the remainder of the protein was
essentially identical to that observed in the WT FTase
complexes. The peptide portion of the product adopts a
similar conformation as in the WT enzyme (Figure 6B), with
an rmsd of 0.47 Å (all atoms). The conformation of the
geranylgeranyl moiety was similar to that observed in the
W102T mutant (rmsd of 0.51 Å for all atoms; Figure 6C),
with a slight shift in the fourth isoprene unit due to the
absence of the hydroxyl group on the 365â residue (Phe in
this mutant). This structure indicates the ability of the

FIGURE 5: Farnesylated CaaX peptide product binding in the active
site of the Y365F mutant. (A) Simulated-annealing omit maps (Fo-
Fc, contoured at 4σ; blue) confirm the conversion of residue Y365â
to Phe and indicate the binding conformation of the farnesyl peptide
product (yellow) in the active site of the enzyme. (B) Superposition
of the Y365F mutant and wild-type FTase illustrates the comparable
binding of the farnesylated peptide product in the mutant (yellow)
and wild-type(brown) FTase.
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W102T/Y365F mutant to bind its isoprenoid diphosphate and
CaaX substrates in wild-type conformations.

DISCUSSION

Several studies have examined the lipid specificity of
isoprenoid synthase enzymes (34-36), specifically targeting
product chain termination specificity. Two of these studies
(34, 35) employed mutagenesis to convert archaebacterial
farnesyl diphosphate synthase to geranylgeranyl diphosphate
synthase (and vice versa) and found a single residue of
critical importance to product chain length in this family of
enzymes. Here, we demonstrate that a single mutation is
sufficient to interconvert the isoprenoid diphosphate specific-
ity of FTase and GGTase-I. On the basis of crystallographic
analysis, we have previously proposed two residues in the
active site of the CaaX prenyltransferases to be critical in
isoprenoid substrate selectivity (22). In that study, we
presented the mutation of one of these residues (W102â in
FTase to Thr, its GGTase-I counterpart) and the initial
analysis of its substrate specificity. Here, we combine
crystallographic and steady-state kinetic methods in the
continued analysis of this and other mutants targeting the
isoprenoid diphosphate specificity of the CaaX prenyltrans-
ferases.

In an effort to alter the isoprenoid diphosphate specificity
of FTase, we selectively mutated W102â and Y365â to their
GGTase-I counterparts (Thr and Phe, respectively), both
singly and in combination. The conversion of W102â to Thr
had the most dramatic effect. Kinetic analysis demonstrates

that this mutant recognizes and utilizes GGPP and the
cognate FTase CaaX substrate with near-wild-type efficiency.
A structural analysis of the W102T mutant indicates that this
mutant not only uses GGPP as a substrate but also that it
does so through a binding mode similar to wild-type
GGTase-I without significantly affecting the binding con-
formation of the CaaX substrate. The kinetic assays dem-
onstrate that the removal of the hydroxyl group of Y365â
(the Y365F mutant) relaxes isoprenoid diphosphate selectiv-
ity, allowing FTase to accept both FPP and GGPP. The
removal of the hydroxyl group cannot, however, allow for
the binding of the GGPP molecule in the same conformation
as that observed in GGTase-I (Figure 1B); instead, GGPP
may bind through a kinking along the lipid tail (31), altering
the binding site of the CaaX substrate (Figure 1C). Consistent
with this hypothesis, the specificity constant of Y365F for
the cognate FTase CaaX substrate is substantially lower in
the presence of GGPP versus FPP. The simultaneous
conversion of W102â and Y365â in FTase has effects similar
to that of the single W102T mutation, resulting in an FTase
with GGTase isoprenoid diphosphate specificity.

Together, these steady-state kinetic analyses and crystal-
lographic characterizations have demonstrated that these
residues (W102â and Y365â in FTase, T49â and F324â in
GGTase-I), are crucial in the selectivity of the isoprenoid
diphosphate substrate in the prenyltransferases. In particular,
we show that the single mutation of W102T is sufficient to
switch the isoprenoid diphosphate selectivity of FTase to that
of GGTase-I with near-wild-type activity, without altering

FIGURE 6: Geranylgeranylated CaaX peptide product binding in the active site of the W102T/Y365F double mutant. (A) Simulated-
annealing omit maps (Fo-Fc, contoured at 3.5σ; blue) confirm the conversion of residue W102â to Thr and residue Y365â to Phe and
indicate the binding conformation of the geranylgeranyl peptide product (yellow) in the active site of the enzyme. (B) Superposition of the
W102T/Y365F mutant and wild-type FTase illustrates the similar binding conformation of the geranylgeranylated peptide product (in the
W102T/Y365F mutant (yellow)) and the farnesylated-peptide product (in wild-type FTase (brown)). (C) Superposition of the W102T/
Y365F mutant and the W102T mutant demonstrates the binding of the geranylgeranyl moiety of their respective peptide products (W102T/
Y365F, yellow; W102T, brown).
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CaaX specificity. These results illustrate the simplicity of
this selectivity machinery, a characteristic that might allow
us to characterize the in vivo contribution of the specific
prenyl modification on cellular localization and function.
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