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ABSTRACT: Protein farnesyltransferase (FTase) requires both Zn2+ and Mg2+ for efficient catalysis of the
formation of a thioether bond between carbon-1 of farnesyldiphosphate (FPP) and the cysteine thiolate
contained in the carboxy-terminal CaaX sequence of target proteins. Millimolar concentrations of Mg2+

accelerate catalysis by as much as 700-fold in FTase. Although FTase lacks a typical DDXXD Mg2+

binding site found in other enzymes that use Mg2+ for diphosphate stabilization, D352â in FTase has
been implicated in binding Mg2+ (Pickett et al. (2003)J. Biol. Chem. 278, 51243). Structural studies
demonstrate that the diphosphate (PPi) group of FPP resides in a binding pocket made up of highly
positively charged side chains, including residues R291â and K294â, prior to formation of an active
conformation. Analysis of the Mg2+ dependence of FTase mutants demonstrates that these positively
charged residues decrease the Mg2+ affinity up to 40-fold. In addition, these residues enhance the
farnesylation rate constant by almost 80-fold in the presence of Mg2+, indicating that these residues are
not simply displaced by Mg2+ during the reaction. Mutations at R291â increase the pKa observed in the
magnesium affinity, suggesting that this arginine stabilizes the deprotonated form of the PPi leaving group.
Furthermore, binding and catalysis data using farnesylmonophosphate (FMP) as a substrate indicate that
the side chains of R291â and K294â interact mainly with theâ-phosphate of FPP during the chemical
reaction. These results allow refinement of the model of the Mg2+ binding site and demonstrate that
positive charge stabilizes the developing charge on the diphosphate leaving group.

Protein farnesyltransferase (FTase)1 catalyzes the attach-
ment of a 15-carbon isoprenyl moiety onto a carboxyl-
terminal cysteine residue contained within a signature “CaaX
box” sequence of target proteins (1) (Figure 1). This
posttranslational modification is critical for proper localiza-
tion and stable membrane attachment of key signaling
proteins, such as Ras, Rho, and nuclear lamins (2-4). Ras
is a key component of a major cell-growth signaling pathway,
and constitutively active mutants of Ras are found in 30%
of all human cancers (5). The interaction of Ras with critical
activators, such as GDP exchange factors and GTPase

activating proteins, as well as its downstream targets within
cell signaling pathways, is ultimately dictated by its localiza-
tion to the plasma membrane (2-6). Without prenylation,
Ras is maintained in the cytosol in an inactive state. A major
effort over the past decade has been dedicated to discovering
inhibitors of FTase that could attenuate Ras prenylation and
activity and the aberrant signaling cascades that lead to
tumorigenesis. Efforts to develop potent FTase inhibitors
have been quite successful, producing several compounds
showing promise in human clinical trials (7).

The overall reaction catalyzed by FTase is depicted in
Figure 1. The kinetics of this reaction have been extensively
studied, demonstrating that the enzyme proceeds via a
functionally ordered mechanism where farnesyldiphosphate
(FPP) preferentially binds first to the enzyme, followed by
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1 Abbreviations: C-1, carbon-1 of FPP; CaaX, tetrapeptide sequence
cysteine-aliphatic-aliphatic-X (serine, glutamine, methionine); CVFM,
tetrapeptide sequence cysteine-valine-phenylalanine-methionine;
DDXXD, Mg2+ binding motif with the sequence aspartate-aspartate-
X-X-aspartate; Dns-GCVLS, dansylated pentapeptide sequence gly-
cine-cysteine-valine-leucine-serine; EDTA, ethylenediaminetetra-
acetic acid; FMP, farnesylmonophosphate; FPP, farnesyldiphosphate;
FTase, protein farnesyltransferase; FRET, fluorescence resonance
energy transfer; GCVLS, pentapeptide sequence glycine-cysteine-
valine-leucine-serine; I, FPT inhibitor II{(E,E)-2-[2-oxo-2-[[(3,7,11-
trimethyl-2,6,10-dodecatrienyl)oxy]amino]ethyl]phosphonic acid, so-
dium}; PMSF, phenylmethylsulfonyl fluoride; PPi, diphosphate; TCEP,
tris(2-carboxyethyl) phosphine hydrochloride; TKCVIM, hexapeptide
sequence threonine-lysine-cysteine-valine-isoleucine-methionine;
UPS, undecaprenyldiphosphate synthase; WT, wild-type.

FIGURE 1: The overall reaction catalyzed by FTase. A thioether
bond is formed between carbon-1 of FPP and the cysteine thiolate
contained in the CaaX box sequence of target proteins.
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binding of a CaaX sequence-containing peptide substrate (8,
9). Upon the formation of the ternary complex, there is a
high commitment to catalysis and products are formed
rapidly and irreversibly with the concomitant release of a
diphosphate product (PPi). The release of the farnesylated
peptide product is the rate-limiting step in turnover with a
kcat value of 0.02 s-1 (8, 9). During the reaction, the cysteine
sulfur contained in the CaaX sequence reacts with carbon-1
(C-1) of FPP to form a thioether bond. The transition state
for this reaction is hypothesized to have dissociative character
with significant carbocation formation at C-1 of FPP (8, 10).
An active site zinc ion coordinates to the cysteine sulfur of
the CaaX sequence, stabilizing a potent thiolate nucleophile
at physiological pH (11, 12). This zinc ion, as visualized in
X-ray crystal structures of FTase, coordinates to residues
D297â, C299â, and H362â (13, 14). In addition to Zn2+,
millimolar levels of Mg2+ accelerate catalysis as much as
700-fold, indicating an important role for this divalent ion
in stabilizing the chemical transition state. Similar to its role
in other enzymes (15-18), the Mg2+ ion is proposed to
stabilize the developing negative charge on the PPi leaving
group, which in turn stabilizes carbocation formation at the
C-1 position of FPP and facilitates nucleophilic attack by
the thiolate (8, 19). Consistent with this, transient kinetic
studies have demonstrated that Mg2+ enhances a step at or
before the chemical transition state with little effect on
substrate binding or the product release rate constant (8).

Many crystal structures of binary and ternary complexes
of FTase have been solved. Figure 2A illustrates the binding
site of FPP within the active site of FTase, taken from the
structure of a ternary complex of FTase with bound FPP
and CVFM, a slow peptide substrate (20). Two distinct
regions exist in the FPP binding site, a highly hydrophobic
pocket in which the prenyl chain binds (not shown) and a
region of highly positive charge in which the diphosphate
moiety resides. This diphosphate binding pocket consists of
residues K164R, H248â, R291â, K294â, and Y300â. In this
structure, R291â makes a bidentate interaction with two of
the nonbridging oxygens of PPi, and K294â interacts with a
terminal oxygen atom on theâ-phosphate. Mutations of these
two residues (21) significantly affect the steady-state kinetic
parameters causing an increase inKm and alterations inkcat,
demonstrating their catalytic importance.

In other diphosphate utilizing enzymes, a catalytic mag-
nesium ion is usually coordinated to negatively charged side
chains, that is, a DDXXD motif, and the diphosphate group
of the substrate (17). Several pieces of data suggest that Mg2+

coordinates the diphosphate of FPP bound to FTase. First, a
crystal structure of Mn2+ bound to a complex of FTase with
peptide (TKCVIM) and a FPP analogue that lacks a
diphosphate moiety places one bound Mn2+ in the proximity
of the diphosphate binding pocket (14). Second, kinetic
studies demonstrate that the FTase-catalyzed reaction with
farnesylmonophosphate (FMP) is not activated by Mg2+ and
that the Mg2+ affinity for activation of the reaction with FPP
decreases with protonation of the FPP substrate (19). On the
other hand, no negatively charged side chains that could
coordinate Mg2+ are observed in the immediate vicinity of
the diphosphate binding pocket (20) (Figure 2). In fact, the
positively charged residues of the diphosphate binding pocket
are proposed to contribute to the decrease in affinity of the
FPP diphosphate for Mg2+ when it binds to FTase (22).

However, recent crystallographic studies of the FTase-
farnesylated peptide product complex suggest that the first
two isoprene units of FPP adopt an altered conformation in
an active substrate complex compared to their position in
either the E-FPP or inactive E-FPP-peptide complex (23).
This conformational change brings the C-1 of FPP close
enough to the peptide thiolate to facilitate nucleophilic attack.
Furthermore, mutagenesis studies of Y300â, K164R, and
H248â demonstrate that the position of the diphosphate
moiety is also shifted in this altered conformation (24).
Finally, mutagenesis studies of D352â suggest that the bound
Mg2+ ion coordinates the carboxylate side chain of this
residue (22). Based on these data, a model for an active
E-peptide-FPP-Mg2+ complex was proposed (Figure 2B,
(22)). In this model, the diphosphate moiety moves out and
away from the diphosphate binding pocket with little or no
interaction with either R291â or K294â.

To further test this proposed model and to further
investigate the catalytic function of the positive charge in
the diphosphate binding site, we have investigated the

FIGURE 2: (A) X-ray crystal structure of the FPP binding site in
FTase illustrating the diphosphate binding pocket consisting of
residues K164R, H248â, R291â, K294â, and Y300â. A portion of
the slow peptide substrate CVFM is also shown to illustrate its
position relative to FPP, as well as the zinc coordination by the
CaaX thiolate (20). (B) Model for the Mg2+ binding site of FTase
formed in a reactive ternary complex (14, 22, 23).
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transient kinetic and thermodynamic binding properties of
mutants at positions R291â and K294â FTase. These data
clearly demonstrate that these residues have multiple func-
tions, including decreasing the affinity of the catalytic Mg2+,
enhancing the affinity of FPP, and, most importantly,
stabilizing the developing negative charge on the diphosphate
leaving group in the catalytic transition state. Furthermore,
these data are largely consistent with the proposed model
for the active ternary complex conformation (Figure 2B (24)),
although the side chains of R291â and K294â must interact
with the â-phosphate of FPP to account for their role in
stabilization of the leaving group during catalysis. R291â
and K294â are located on a loop structure that is flanked by
several glycine residues that could afford some conforma-
tional flexibility in this region. This would allow these side
chains to maintain an interaction with the PPi moiety as the
prenyl group rotates and the diphosphate moiety moves
toward the Mg2+-binding site.

The chemical transition state for FTase catalysis combines
several features found in other enzymes that are involved in
di- and triphosphate stabilization, including an aspartate-
bridged dimetal center with Zn2+ and Mg2+, similar to
adenylate cyclase and enolase (15, 18), and the presence of
conserved lysine and arginine residues that act in concert
with Mg2+ to stabilize a diphosphate leaving group, similar
to undecaprenyldiphosphate synthase (25). As will be
discussed, the emerging picture of the FTase chemical
transition state involves a highly coordinated combina-
tion of metal coordination, substrate conformational move-
ment, and charge stabilization to catalyze formation of the
farnesylated peptide product.

MATERIALS AND METHODS

Miscellaneous. [1-3H]-Farnesyldiphosphate (FPP) and
[1-3H]-farnesylmonophosphate were purchased from Amer-
sham Biotech (Pistcataway, NJ) and American Radiolabeled
Chemicals (St. Louis, MO), respectively, and used as
supplied. The peptide GCVLS was synthesized and purified
by Sigma-Genosys (St. Louis, MO), and the molecular
weight was confirmed by electrospray mass spectrometry.
FPT inhibitor II (I) {(E,E)-2-[2-oxo-2-[[(3,7,11-trimethyl-
2,6,10-dodecatrienyl)oxy]amino]ethyl]phosphonic acid, so-
dium} was purchased from Calbiochem (San Diego, CA).
All other chemicals were reagent grade. Assays were
conducted at room temperature (21°C).

Mutagenesis, Protein Expression, and Purification.Site-
directed mutagenesis was carried out in the FPT/pET23a
plasmid (26) using the Quik-Change kit from Stratagene (La
Jolla, CA). The sequence of the mutated genes was deter-
mined by DNA sequencing (University of Michigan DNA
Sequencing Core). Mutants at R291â include R291G,
R291A, R291K, and R291Q FTase. Mutants of K294â
include K294A and K294Q FTase. Protein expression was
carried out in BL21(DE3) FPT/pET23aEscherichia colias
described previously (26). Cells from 2-4 L of growth media
were resuspended in 50 mM Hepes-NaOH, pH 7.8, 10µM
ZnCl2, 1 mM tris(2-carboxyethyl) phosphine hydrochloride
(TCEP), and 10µg/mL phenylmethylsulfonyl fluoride (PMSF).
Cells were lysed by a single pass through a microfluidizer
apparatus (Microfluidics, Newton, MA). The supernatant was
clarified by centrifugation, then treated with a 0.1 volume

of 10% (w/v) streptomycin sulfate at 4°C. The supernatant
was again clarified by centrifugation, followed by loading
onto a Whatman DE52 anion-exchange column equilibrated
in the above buffer (without PMSF) at room temperature.
After the column was washed with buffer containing 100
mM NaCl, FTase was eluted with a linear gradient from 100
to 500 mM NaCl. Fractions containing FTase were pooled,
concentrated, and dialyzed at 4°C against the above buffer.
FTase was further fractionated using a 20 mL POROS HQ
column and the BioCad Sprint Chromatography Workstation
(Applied Biosystems, Foster City, CA). The column was
loaded and washed at room temperature in the same buffer
as the DE52 column. FTase was eluted in a 200 mL 100-
500 mM NaCl gradient. Fractions containing FTase, as
judged by SDS-PAGE analysis, were pooled, concentrated,
and diluted with buffer to lower the concentration of NaCl
to <50 mM. Partially purified FTase was then loaded onto
a 1.7 mL POROS HQ column and eluted with a 150 mL
100-450 mM NaCl gradient. Fractions containing the purest
FTase (g90%) were pooled, concentrated, and dialyzed at
4 °C against 50 mM Hepes-NaOH, pH 7.8, 2 mM TCEP.
Enzyme stocks were stored at-80 °C.

To accurately determine the enzyme concentration, active
site titrations were carried out. Increasing concentrations of
dansyl-GCVLS peptide (Dns-GCVLS) were titrated into a
solution containing∼500 nM enzyme and 10µM FTase
inhibitor II (Calbiochem) in 50 mM Heppso-NaOH, 5 mM
MgCl2, 2 mM TCEP, pH 7.8. After each addition of peptide,
the sample was allowed to equilibrate at 25°C for a total of
5 min. The binding of Dns-GCVLS to WT and mutant FTase
enzyme was monitored by FRET (fluorescence resonance
energy transfer) by exciting at 280 nm and measuring the
emission from the dansyl group at 496 nm. Fluorescence
measurements were made on a SLM-Aminco Bowman series
2 luminescence spectrometer using a 1 cmpath length. Since
the FTase concentration is much higher than the peptideKD

(11), the concentration of Dns-GCVLS needed to saturate
the fluorescent signal at 496 nm indicates the concentration
of FTase in the sample.

Peptide KD. Dissociation constants for Dns-GCVLS were
determined by monitoring FRET (11), as described above,
at low FTase concentration. The assays contained 20 nM
enzyme and 40 nM FTase inhibitor II, as a FPP analogue.
Buffer conditions were 50 mM Heppso-NaOH, 1 mM
MgCl2, 2 mM TCEP, 10 nM EDTA, pH 7.8, with the ionic
strength maintained at 0.1 M with the addition of NaCl. The
change in the fluorescence signal as a function of Dns-
GCVLS concentration was plotted, and eq 1 was fit to the

data. In this equation,∆FL is the observed fluorescence
signal (after background correction) representing the con-
centration of E-I-peptide formed, EP is the fluorescence
endpoint, IF is the initial fluorescence signal,KD is the
calculated dissociation constant, and [Dns-GCVLS]total is the
peptide concentration.

FMP and FPP KD by Equilibrium Dialysis.Farnesyl-
monophosphate (FMP) and FPP dissociation constants were
measured by equilibrium dialysis in the following manner.
One side of the dialysis unit (E side) contained 1 mL of

∆FL ) EP
1 + KD/[Dns-GCVLS]total

+ IF (1)
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enzyme plus a fixed concentration of [1-3H]-FPP (10 nM
for WT and 20 nM for mutants) or [1-3H]-FMP (30 nM)
and the other side (FPn side) contained 1 mL of [1-3H]-FPP
or [1-3H]-FMP at the same concentration. The buffer for all
equilibrium dialysis experiments was 50 mM Heppso-
NaOH, 5 mM MgCl2, 2 mM TCEP, pH 7.8. The two sides
were separated by a 25 kDa molecular weight dialysis
membrane (Spectra/Por 7, Spectrum Laboratories, Rancho
Dominguez, CA), allowing equilibration of FPP between the
compartments but isolating the enzyme in one side. In this
assay, the enzyme concentration was varied (2-3000 nM),
and the fraction of E-FPP or E-FMP formed as a function
of total enzyme concentration was calculated from the
radioactivity in the two chambers using eq 2 (where FPn

signifies either FPP or FMP). The value of [E-FPn]/[FPn]total

(fraction of FPn bound) was then plotted as a function of
[E]free, and eq 3 was fit to the data. In eq 3, EP is equal to

the fraction of FPn bound at saturation,KD is the FPn
dissociation constant, andn indicates binding cooperativity.
For all of the fits presented in this manuscript, we usedn )
1. However, for FPP measurements, the value ofn varied
from experiment to experiment from 1 to 1.4, likely due to
the uncertainties of determining the concentrations of
[FPP]free and [E]free.

Single TurnoVer Kinetics. To measure the effect of
mutations on the chemical reaction rate constant (kchem),
single turnover reactions were performed. The buffer for
these experiments was 50 mM Heppso-NaOH, 2 mM
TCEP, pH 7.8, with the ionic strength maintained at 0.2 M
with NaCl. For measuring thekchemvalue in the presence of
saturating [Mg2+], a 5-50 mM concentration of MgCl2

(depending upon the mutant) was added and the ionic
strength maintained accordingly. For reactions performed on
the benchtop (kchem < 0.1 s-1), a 10µL volume containing
600 nM enzyme and 150 nM [1-3H]-FPP was rapidly mixed
with 5 µL of 300 µM GCVLS to give final concentrations
of 400 nM E, 100 nM [1-3H]-FPP, and 100µM GCVLS.
After the desired reaction time, 15µL of 100% 2-propanol
was added to quench the reaction, and the sample was placed
on ice. For reactions havingkchem > 0.1 s-1, a quench-flow
apparatus (Kintek Corp, Austin, TX) was used. In these
reactions, 15µL containing 800 nM E and 200 nM [1-3H]-
FPP was rapidly mixed with 15µL of 200 µM GCVLS to
give final concentrations identical to those used in the
benchtop experiments. After the desired reaction time,
reactions were quenched by addition of 90µL of 20% acetic
acid/80% 2-propanol. Samples were either loaded directly
onto thin-layer chromatography (TLC) plates or dried and
resuspended in 50% 2-propanol/H2O prior to loading. Product
and unreacted [1-3H]-FPP were separated on Whatman PE
SIL G TLC plates in an 8:1:1 2-propanol/NH4OH/H2O
mobile phase. Corresponding bands were cut from the TLC
plate, and the radioactivity of each band was quantified by

scintillation counting. The fraction product formed at each
time point was calculated by dividing the product CPM
(counts per minute) value by the total CPM value. The
fraction product was then plotted as function of reaction time,
t, and eq 4 was fit to the data to calculate the first-order rate

constant of chemistry,kchem. In eq 4, EP is equal to the
fraction product end point, andC0 is the fraction product at
t ) 0.

Measurement of KMg. The dependence ofkchem on Mg2+

concentration for all mutants was measured at pH 7.8 to
determine the apparent dissociation constant for Mg2+, KMg.
Single turnover assays, as described above, were performed
in the presence of 0-50 mM MgCl2 in 50 mM Heppso-
NaOH, 2 mM TCEP, pH 7.8, with the ionic strength
maintained at 0.2 M with NaCl. Equation 4 was fit to each
individual time course at a given Mg2+ concentration, and
eq 5 was then fit to the aggregate data, wherekobs is kchem

(eq 4),k0 is the rate constant in the absence of magnesium,
and kmax is the rate constant at saturating magnesium
concentration.

The effect of pH on theKMg value was also determined
by single turnover kinetics. All assays contained 400 nM E,
100 nM [1-3H]-FPP, and 100µM GCLVS in 50 mM buffer,
2 mM TCEP with the ionic strength maintained at 0.2 M
with NaCl. Buffers used were MES-NaOH (pH 5.8-6.0),
BES-NaOH (pH 6.0-6.6), Heppso-NaOH (pH 6.6-8.5),
and Bicine-NaOH (pH 8.5-9.1). The value ofKMg at pH
values ranging from 5.8 to 9.1 was obtained as described
above. Equation 6 was fit to theKMg as a function of pH

data, whereK1/2 equals the pH-independent apparent dis-
sociation constant.

FMP Single TurnoVer Reaction.The farnesylation rate
constant using FMP as a substrate was measured by single
turnover kinetics. Assays were performed on the benchtop
by rapidly mixing 10µL of E-[1-3H]-FMP and 5µL of
GCVLS to final concentrations of 400 nM E, 100 nM [1-3H]-
FMP, and 100µM GCVLS. The buffer for these experiments
was 50 mM MES-NaOH, 5 mM MgCl2, 2 mM TCEP, pH
5.8 (pH maximum for the WT reaction with FMP (19)).
Reactions were quenched with the addition of 15µL of 100%
2-propanol and set on ice. Samples were processed as
described above for single turnover kinetics. Equation 4 was
fit to these data to obtainkchem values.

Multiple TurnoVer Kinetics. The steady-state kinetic
parameter,kcat, was measured at saturating peptide and FPP
concentrations. Assays were performed on the benchtop by
rapidly mixing 10µL of GCVLS and [1-3H]-FPP with 5µL
of enzyme to final concentrations of 24 nM FTase, 1µM
[1-3H]-FPP, and 10µM GCVLS in 50 mM Heppso-NaOH,
5 mM MgCl2, 2 mM TCEP, pH 7.8. Reactions were
quenched with the addition of 15µL of 20% (v/v) acetic
acid/80% 2-propanol and set on ice. Samples were processed

[E-FPn]/[FPn]total)
(CPME side- CPMFPn side)/(CPME side+ CPMFPn side) (2)

[E-FPn]

[FPn]total

) EP

1 + (KD)n/([E]free)
n

(3)

fraction product) EP(1- e-kchemt) + C0 (4)

kobs)
kmax

1 + KMg/[Mg2+]
+ k0 (5)

KMg ) K1/2(1 + 10pKa-pH) (6)
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as described above for single turnover kinetics. The initial
rate was calculated from a linear fit of product formation
taken from the first 10% of the reaction. The initial rate
divided by the total enzyme concentration yieldedkcat.

RESULTS

Selection of Mutations. The focus of this study was to
discern the role of the positively charged diphosphate binding
pocket during reactions catalyzed by FTase. This region of
the active site is responsible for interacting with the PPi
moiety of FPP (Figure 2A). Specifically, mutations at
positions R291â and K294â were examined for their effects
on FPP binding, Mg2+ affinity, and chemical rate constant.
All mutations, except R291K, were chosen to remove the
positive charge functionality of these residues, with the
glutamine replacements chosen to maintain a similar van der
Waals radius of the mutated side chain. The lysine replace-
ment at R291â was chosen to test the activity of a side chain
capable of making only a single positive-charge interaction
with the PPi moiety of FPP.

Effect of Mutations on Substrate Binding.Dissociation
constants for the peptide substrate, Dns-GCVLS, were
measured by FRET by titrating increasing amounts of the
peptide into a known concentration of enzyme-inhibitor
complex. Figure 3A illustrates the binding curves for
representative enzymes R291G, R291K, K294A, and WT

FTase, presented as normalized fluorescence for clarity. As
listed in Table 1, the peptideKD for WT FTase is 59( 3
nM. The R291G, R291Q, and K294Q mutations alter this
value little with KD values of 62( 3, 65( 9, and 48( 2
nM, respectively. For R291K and K294A FTase, the peptide
has a slightly higher affinity withKD values of 28( 1 and
24 ( 1 nM, respectively. Conversely, the R291A mutation
lowers the peptide affinity about 2-fold with aKD value of
104( 15 nM. These results indicate that the side chains of
R291â and K294â contribute little to peptide affinity in the
E-I-peptide complex.

The FPP dissociation constants for WT and mutant
enzymes were measured by equilibrium dialysis as described
in Materials and Methods. Figure 3B illustrates plots of
[E-FPP]/[FPP]total (fraction of FPP bound) as a function of
[E]free for WT, R291A, R291Q, and K294Q FTase. As listed
in Table 1, WT has aKD for FPP binding of 10( 2 nM.
Deletion of the R291 side chain (R291A and R291G FTase)
decreases the FPP affinity 3-4-fold with KD values of 41(
9 and 31( 5 nM, respectively. FPP affinity also decreases
for replacement of the arginine side chain with lysine (7-
fold, KD ) 68 ( 7 nM) and glutamine (17-fold, 170( 20
nM). The K294Q and K294A mutations lower the FPP
affinity 2-fold (15 ( 3 nM) and 7-fold (51( 10 nM),
respectively. These results indicate that the side chains of
R291â and K294â play a role in stabilizing the E-FPP
complex. Complete removal of either of the positively
charged side chains decreases the affinity at most 7-fold.
The enhancement of FPP affinity afforded by these side
chains is comparable to the value expected for formation of
a solvent-exposed salt bridge (27) consistent with the partially
solvent-exposed surface of the PPi binding pocket. At
position 291, the structure of the side chain, not just the
positive charge, is important for FPP affinity since the affinity
of the R291K and R291Q mutants is weaker than that of
R291A. The glutamine replacement at R291â may adopt a
conformation that sterically hinders effective binding of the
PPi moiety, leading to disruption of the interaction of a
portion of the prenyl chain with the active site. In summary,
these data suggest that charge interactions with the diphos-
phate group modestly enhance binding; however, hydro-
phobic interactions with the isoprenyl chain must also be
important for achieving the nanomolar affinity of FPP.

Effect of Mutations on kchemin the Absence of Mg2+. The
rate constant for farnesylation was measured for WT and
mutants by single turnover kinetics at pH 7.8 in the absence
of Mg2+. The fraction product formed as a function of time
was measured (not shown), and a first-order exponential (eq
4) was fit to the data. The resultingkchemvalues are listed in
Table 1. WT FTase in the absence of Mg2+ has akchemvalue
of 0.008( 0.0004 s-1 (Figure 4, inset). Complete removal
of the side chain at position 291 (A or G) or 294 (A)
decreases the farnesylation rate constant by 20-fold or 4-fold,
respectively, demonstrating that these side chains stabilize
the transition state. However, at position 291, much of the
effect of side chain deletion can be ameliorated by the R291Q
or R291K substitutions where the farnesylation rate constant
is only decreased 3-8-fold, respectively. This suggests that
in the absence of Mg2+, this side chain may play an important
role in positioning the two substrates, as well as stabilizing
the developing negative charge in the transition state. The
deleterious effects of these mutations on farnesylation are

FIGURE 3: Substrate binding to WT and mutant FTase. Panel A
shows Dns-GCVLS binding titrations for WT (b), R291G (O),
R291K (9), and K294A(0) FTase measured by FRET emission at
496 nm after excitation at 280 nm. Assays contained 20 nM enzyme
and 40 nM FTase inhibitor II in 50 mM Heppso-NaOH, 1 mM
MgCl2, 2 mM TCEP, 10 nM EDTA, pH 7.8, with the ionic strength
maintained at 0.1 M with NaCl. A binding isotherm (eq 1) has
been fit to the data, and resultingKD values are given in Table 1.
Panel B shows FPP binding data from equilibrium dialysis for WT
(b), R291Q (0), R291A (9), and K294Q (O) FTase. The FPP
dissociation constants were determined as described in Materials
and Methods with 2-3000 nM enzyme and either 10 (WT) or 20
nM (mutants) [1-3H]-FPP on both sides of the dialysis unit. Buffer
conditions were 50 mM Heppso-NaOH, 5 mM MgCl2, 2 mM
TCEP, pH 7.8. For clarity, the experimentally determined endpoints
(0.92-1.03) were normalized to 1. FPPKD values were determined
using eq 3 and are listed in Table 1.
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larger in the presence of Mg2+ (see below). Therefore, it is
plausible that the transition state for farnesylation in the
absence of Mg2+ is altered; perhaps the carbocation character
and developing negative charge on the diphosphate leaving
group decreases or a conformational change becomes
partially rate-limiting.

Effect of Mutations on KMg and kchemat Saturating Mg2+.
The effect of mutations in the diphosphate binding pocket
on the farnesylation rate constant at saturating Mg2+ con-
centration and on the apparent Mg2+ affinity at pH 7.8 were
measured by carrying out single turnover kinetics as a
function of Mg2+ concentration. Figure 4 is a plot of the
kchem values for representative enzymes (R291A, R291K,
R291Q, and K294A FTase) as a function of Mg2+ concentra-
tion. The values ofkmax, the farnesylation rate constant at
saturating Mg2+ concentration, andKMg were calculated from
a fit of eq 5 to these data (Figure 4, Table 1). Mutations at
positions 291 and 294 clearly affect bothkmax and KMg.
Deletion of the side chains at positions 291 (A, G) and 294
(A) decrease farnesylation 52-78-fold and 20-fold, respec-
tively, demonstrating that these side chains significantly
enhance catalysis in the presence of saturating Mg2+. At both
positions, the mutants with glutamine substitutions (R291Q
and K294Q) have farnesylation rate constants that are equal
to or lower than the alanine substitutions, suggesting that
interaction with the positive charge of the side chain is the
major factor enhancing catalysis. However, the farnesylation

rate constant of the R291K mutant is still 13-fold slower
than WT, indicating that the arginine side chain may also
make important hydrogen bonding interactions that stabilize
the transition state. These data provide clear evidence that
interaction of the diphosphate of FPP with Mg2+ does not
simply replace the interaction with the positively charged
side chains in the binding pocket. The dominant role of these
side chains in catalysis could be stabilizing an active
conformation of the FPP substrate in the active site,
stabilizing developing charge on the diphosphate leaving
group, or a combination of both.

In addition, all mutations that decrease the positive charge
in the diphosphate binding pocket also decrease the value
of KMg, compared to WT (4.9 mM (19)). Deletion of the
side chain in R291A (1.0( 0.05 mM), R291G (1.1( 0.04
mM), and K294A (0.3( 0.02 mM) enhances the apparent
Mg2+ affinity 5-, 5-, and 16-fold, respectively. The R291Q
mutation has the most dramatic effect with aKMg of 0.1 (
0.01 mM, resulting in a 50-fold enhancement in the apparent
Mg2+ affinity. In contrast, in a mutant where the positive
charge is maintained (R291K), the apparentKMg value is 24
( 0.6 mM, approximately 5-fold higher than WT FTase.
Collectively, these results indicate that the positively charged
residues of the PPi binding pocket diminish the apparent
Mg2+ affinity in the WT enzyme. Removal of the positive
charge functionality of R291â and K294â allows Mg2+ to
more effectively compete for coordination to the PPi moiety,
due to weakening of the interactions with the positively
charged side chains in the binding pocket and decreasing
charge repulsion on Mg2+ from the positively charged pocket.

Table 1: Binding Affinity and Kinetic Values for WT and Mutant FTasea

mutant
KD

FPP

(nM)
KD

Dns-GCVLS

(nM)
kchem× 103 s-1

minus Mg2+
kmax

(s-1)b
kcat

(s-1)
KMg, pH 7.8

(mM)

WT 10 ( 2 59( 3 8.0( 0.4 4.7( 0.2 0.022( 0.001c 4.9( 0.8d

R291A 41( 9 104( 15 0.4( 0.03 0.09( 0.003 0.013( 0.001 1.0( 0.05
R291G 31( 5 62( 3 0.4( 0.02 0.06( 0.001 0.015( 0.002 1.1( 0.04
R291K 68( 7 28( 1 1.0( 0.05 0.35( 0.004 0.057( 0.008 24( 0.6
R291Q 170( 20 65( 9 2.5( 0.2 0.06( 0.002 0.064( 0.005 0.1( 0.01
K294A 51( 10 24( 1 1.9( 0.1 0.24( 0.01 0.025( 0.002 0.3( 0.02
K294Q 15( 3 48( 2 0.5( 0.02 0.10( 0.003 0.024( 0.001 0.6( 0.03

a Conditions: 50 mM Heppso, 2 mM TCEP, pH 7.8; ionic strength 0.2 M with NaCl; room temperature.b kmax is the farnesylation rate constant
in the presence of saturating Mg2+ concentration at pH 7.8.c Data taken from ref8. d Data taken from ref19.

FIGURE 4: The dependence ofkchemon MgCl2 concentration at pH
7.8. Individual time courses of fraction product formed as a function
of time under single turnover conditions were measured for R291A
(b), R291K (0), R291Q (O), and K294A (2) FTase at pH 7.8.
Assay conditions were 400 nM enzyme, 100 nM [1-3H]-FPP, and
100µM GCLVS in 50 mM Heppso-NaOH, 0-50 mM MgCl2, 2
mM TCEP, pH 7.8 with the ionic strength maintained at 0.2 M
with NaCl. The values ofkchem were determined from fitting a
single-exponential decay (eq 4) to the data. The values ofkmax and
KMg (Table 1) were determined from a fit of eq 5 to the Mg2+-
dependence ofkchem. The inset shows a single turnover reaction
for WT FTase at 0 mM MgCl2. The value ofkchemwas determined
by fitting eq 4 to these data.

Scheme 1 : The Relationship between Deprotonation of the
Diphosphate Group of FPP and Mg2+ Affinity in the E-FPP
Complex
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Despite the apparent increase in Mg2+ affinity of the mutants
(except R291K), the farnesylation rate constant decreases.

Effect of R291Q and R291A on the Mg2+-Dependent pKa
of WT FTase.To examine more closely the cause of the
lowered catalytic activity of the mutants, we examined the
pH dependence ofKMg with R291A and R291Q FTase. These
experiments were carried out to test the effect of the arginine
side chain on the pKa proposed to represent the deprotonation
of a PPi oxygen (Scheme 1 (19)). To this end, a series of
KMg titrations (as described in Figure 5) as a function of pH
were carried out for the R291Q and R291A mutants (data
not shown). The pH dependence ofKMg is shown in Figure
5; eq 6 was fit to the data and resulting values forK1/2, the
pH-independent apparent Mg2+ affinity, and pKa are listed
in Table 2. For WT, the values areK1/2 of 2.0 ( 0.2 mM
and a Mg2+-dependent pKa of 7.4 ( 0.1 (19). The value of
K1/2 decreases even more than theKMg value at pH 7.8
(above) for mutations at position 291;K1/2 decreases dramati-
cally by 40- and 20-fold for R291Q (0.05( 0.006 mM) and
R291A (0.1( 0.01 mM) FTase, respectively. Additionally,
the values for the Mg2+-dependent pKa are shifted to higher
pH by 0.4 pH units for R291Q (7.8( 0.1) and 1.3 units for
R291A FTase (8.7( 0.05). In both the WT and mutant
enzymes, this ionization, presumed to reflect deprotonation
of the PPi moiety, is coupled to enhanced Mg2+ affinity
(Scheme 1). These data demonstrate that the side chain of
R291â not only is a significant modulator of Mg2+ affinity
but also plays a key role in stabilizing the charge of the
deprotonated form of bound FPP. This effect would also
translate into stabilization of the developing negative charge
on the PPi moiety during the transition state of this reaction.
The loss of the arginine side chain in the R291A and R291Q
mutants causes a stabilization of the protonated form of the
PPi moiety of bound FPP relative to the deprotonated form,

as evident in the shift of the pKa values to higher pH.
However, comparison of the results for the alanine and
glutamine substitutions indicates that the positive charge of
the R291 side chain is not the only stabilizing factor, because
the glutamine replacement affects the Mg2+-dependent pKa

to a lesser extent. The FPP substrate undergoes significant
conformational movement in the formation of the reactive
state (Figure 2B), and it is plausible that the R291 side chain
also stabilizes this conformational change by a combination
of side chain packing and lowered solvent accessibility,
characteristics that would be better maintained in the R291Q
mutant.

Effect of Mutations on FMP Catalysis and Binding.The
reactivity of FMP as a substrate for FTase compared to FPP
can be used to probe the interaction of mutated residues with
the R- and â-phosphates of FPP, as has been shown with
other mutants (22, 24). Figure 6 illustrates the single turnover
kinetics of FMP catalyzed by representative enzymes WT,
R291A, R291G, R291Q, and K294A FTase. Values forkchem

are listed in Table 3. WT catalyzes farnesylation, using FMP
as the substrate, slowly with a rate constant of (6.4( 0.3)
× 10-4 s-1. The crystal structure indicates that R291â makes
a bidentate interaction with two of the nonbridging oxygens
of PPi, while K294â interacts with a terminal oxygen atom
on theâ-phosphate (20). Assuming that FMP binds similarly
to FPP, mutations at K294 should have little effect on
reactivity, while mutations at R291 should have a smaller
effect on the FMP reactivity compared to that of FPP. As
predicted, the majority of the mutations (all except R291A)
either modestly increase (1.5-fold, R291Q) or decrease (<5-
fold) the value ofkchem with FMP. In fact, these mutations

FIGURE 5: The effect of pH onKMg. KMg constants were measured
at pH values ranging from 5.8 to 9.0 for R291A (b) and R291Q
(0) FTase as described in Materials and Methods and the caption
of Figure 4. Equation 6 has been fit to the data, and resulting pKa
andK1/2 values are listed in Table 2. WT data (dotted line) is taken
from ref 19.

Table 2: Values forK1/2 Mg2+ and pKa
a

mutant K1/2 Mg2+ (mM) pKa

WT 2.0( 0.2b 7.4( 0.1b

R291A 0.1( 0.01 8.7( 0.05
R291Q 0.05( 0.006 7.8( 0.1

a Measured in 50 mM buffer, 2 mM TCEP, ionic strength of 0.2 M
with NaCl, room temperature.b Data taken from ref19.

FIGURE 6: FMP turnover. Single turnover reactions with FMP
catalyzed by WT (b), R291A (O), R291G (9), R291Q (0), and
K294A (4) FTase are measured. Assays contained 400 nM enzyme,
100 nM [1-3H]-FMP, and 100µM GCVLS in 50 mM MES-NaOH,
5 mM MgCl2, 2 mM TCEP, pH 5.8. Data are presented as
normalized fraction product formed as a function of time, and eq
4 has been fit to the data. R291A FTase data has been analyzed
with a linear equation to estimatekchem from the initial velocity.
Resultingkchem values are listed in Table 3.

Table 3: FMP Data

mutant kchem× 104 (s-1)a KD (nM)b

WT 6.4( 0.3 92( 15
R291A ∼0.14c 34 ( 3
R291G 1.3( 0.07 d
R291K 2.5( 0.1 d
R291Q 9.5( 0.5 58( 9
K294A 2.0( 0.1 d
K294Q 2.4( 0.1 d

a Conditions: 50 mM Mes-NaOH, 5 mM MgCl2, 2 mM TCEP,
pH 5.8. b Conditions: 50 mM Heppso-NaOH, 5 mM MgCl2, 2 mM
TCEP, pH 7.8.c Value was calculated from initial rate.d Not determined.
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in FTase affect the reactivity of FMP significantly less than
that of FPP-Mg2+. R291A FTase is the only mutation,
including R291G, which significantly decreases reactivity
with FMP for reasons that are currently unclear. Thekchem

value for this mutant was calculated from the initial rate to
be∼1.4× 10-5 s-1, approximately 46-fold slower than WT
FTase. In summary, mutations in the PPi binding pocket have
little affect on the ability of the enzyme to react with FMP,
indicating that these residues likely interact mainly with the
â-phosphate of FPP-Mg2+ in the reactive ternary complex
or chemical transition state.

To determine whether the effect of R291A on FMP
turnover was related to impaired binding of the substrate,
KD values for FMP were measured for WT, R291A, and
R291Q FTase by equilibrium dialysis (Figure 7, Table 3).
WT has aKD value for FMP dissociation of 92( 15 nM,
compared to 10 nM with FPP, again illustrating the impor-
tance of hydrophobic interactions with the farnesyl chain for
high-affinity binding. The R291Q and R291A mutations
enhance the affinity of FMP modestly, by 1.6-2.7-fold
(Table 3). Therefore, the decreased ability of R291A FTase
to catalyze the single turnover reaction with FMP cannot be
related to a loss of FMP binding affinity. Comparison of
R291A and R291Q FTase indicates that these mutants bind
FMP with a similar affinity but do not catalyze farnesylation
with similar efficiencies. This disparity may be related to
differences in the conformation of bound FMP with the
alanine replacement versus the glutamine side chain. It is
interesting to note that the mutations at R291 decrease the
FPP affinity (4-17-fold, Table 1) while increasing the FMP
affinity. WT binds FPP 9-fold more tightly than FMP, while
this discrimination is diminished in the R291A mutant and
inversed with the R291Q mutant. These data further highlight
the interaction of the R291â side chain with theâ-phosphate
of FPP in the WT enzyme.

Effect of Mutants on Product Release Kinetics. To fully
characterize the kinetics of the R291â and K294â mutants
relative to WT, multiple turnover kinetics at saturating
substrate concentrations (kcat) were measured. The rate-
limiting step for WT under these conditions is dissociation
of the farnesylated peptide product (8). Values for this rate
constant are listed in Table 1. WT has akcat of 0.022( 0.001
s-1 (8). All mutations studied alter this value little relative
to WT. Mutations at position 294 have no effect on the value

of kcat, while thekcat for mutations at 291 varies from a low
of 0.013 s-1 (2-fold decrease) for R291A to a high of 0.064
s-1 (3-fold increase) for R291Q. These slight variations do
not correlate with changes in either the peptide or FPP
affinity. These results indicate that the side chains of R291â
and K294â do not play a direct role in controlling the
dissociation rate constant of the farnesylated peptide product.
These results are consistent with preliminary measurements
indicating that the rate constant of PPi release for WT in
the presence of Mg2+ is equal to or faster thankchem (Pais,
Bowers, Fierke, unpublished results). Upon release of PPi,
the diphosphate binding pocket interacts with a FPP molecule
that binds to the E-product complex and facilitates product
dissociation (23, 28).

DISCUSSION

The Chemical Transition State of FTase.The picture that
is emerging from the collection of FTase crystal structures,
metal substitution studies, mutational analyses, and kinetic
examination of the chemical reaction (8, 11, 19, 22-24, 29,
30) is one of a transition state that is intricately stabilized
by a number of factors. The timing of the interactions of
side chains and metals with substrates, which are critical for
facilitating the conformational movements needed to bring
the reactive elements close enough for catalysis, appears to
be tightly orchestrated. The following hypothesis presents a
chronological view of events that may occur leading up to
the transition state: (1) The enzyme first binds FPP and
sequesters the PPi moiety within the diphosphate binding
pocket. This limits the interaction of the Mg2+ ion with the
PPi moiety prior to binding of the peptide CaaX sequence.
Within the enzyme active site, premature interaction with
Mg2+ could result in catalysis of hydrolysis of FPP with the
formation of PPi and farnesol (hydroxide derivative of the
farnesyl chain), an unreactive molecule for the farnesylation
reaction (unpublished results). The positively charged resi-
dues of the PPi binding pocket, as demonstrated by theKMg

data (Figure 4), attenuate the affinity of FPP for Mg2+ when
the substrate is bound to the WT enzyme. (2) The CaaX
peptide substrate binds to the E-FPP complex with the Zn2+

coordinating the thiolate, creating the potent nucleophile in
this reaction, as observed by X-ray crystallography, absorp-
tion spectroscopy of Co2+-FTase, and extended X-ray
absorption fine structure (EXAFS) studies (8, 11, 14, 30).
The Zn2+ binding geometry in the free enzyme is tetrahedral,
interacting with His362â, C299â, one oxygen of D297â, and
either a second oxygen of D297â or a water molecule (30,
31). Upon binding the peptide, one ligand (either water or
an oxygen from D297â) is displaced by the peptide cysteine
thiolate, so the zinc polyhedron retains the tetrahedral
geometry typically adopted by catalytic zinc ions. The side
chain carboxylate of D297â is in close proximity to the
carboxylate of D352â (within ∼3.5 Å) (Figure 2B), a moiety
that has been implicated in binding Mg2+ by mutational
studies (22). (3) The change in interaction of D297â with
Zn2+ may trigger the formation of the high-affinity Mg2+

site and rotation of the prenyl chain of FPP. After peptide
binds, the prenyl chain of FPP rotates to the conformation
observed in the crystal structure of the bound product (23).
This positions the C-1 of FPP near the sulfur of the peptide
substrate to facilitate nucleophilic attack. This conformational
change also alters the position of the diphosphate moiety of

FIGURE 7: FMP binding data obtained by equilibrium dialysis. The
FMP dissociation constants for WT (b), R921A (9), and R291Q
(0) FTase were determined as described in Materials and Methods
with 25-2000 nM enzyme and 30 nM [1-3H]-FMP (on both sides
of the dialysis unit). Buffer conditions were 50 mM Heppso-
NaOH, 5 mM MgCl2, 2 mM TCEP, pH 7.8. FMPKD values were
determined using eq 3 and are listed in Table 3.
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FPP, moving it sufficiently close to the side chain of D352â
such that a higher affinity octahedral Mg2+ site (see Figure
2B) is proposed to form from two oxygens of the diphosphate
of FPP, two oxygens from the side chain of D352â, one
oxygen of the carboxylate side chain of the zinc ligand,
D297â, and one water molecule held in place with hydrogen
bonds to nearby lysine side chains. This type of bimetal
catalytic site in which two metals are bridged by a common
aspartate residue is not uncommon in nature. Examples of
this type of metal site are found in enzymes such as adenylate
cyclase (18), involved in the conversion of ATP to cyclic
adenosine monophosphate, and enolase, an enzyme that
catalyzes the dehydration of 2-phosphoglycerate (15). In
these enzymes, one of the metal ions occupies a high-affinity
site with a tetrahedral geometry (typically Mg2+, Mn2+, or
Zn2+), while the second metal ion occupies a low-affinity
site with an octahedral geometry. In this type of active site,
the low-affinity metal ion is proposed to bind only in the
presence of substrate, that is, in a transient manner (32). This
behavior is analogous to our hypotheses on metal binding
in FTase. (4) In the final step, the active E-peptide-FPP-
Mg2+ complex efficiently catalyzes thioether bond formation
with a dissociative transition state with developing positive
charge on C-1 and negative charge on the diphosphate
leaving group (8).

Role of PositiVe Charge in the Diphosphate Binding
Pocket.The positively charged residues of the diphosphate
binding pocket play several key roles in the FTase-catalyzed
farnesylation reaction, including the following. (1) Binding
of FPP: According to theKD values for FPP binding, the
side chains of R291â and K294â provide 3-4 kJ/mol of
binding energy. The size of this energy contribution to FPP
binding is consistent with a solvent-exposed charge-charge
interaction (27). The modest effect of the mutations on the
FMP binding constants and farnesylation rate constant
indicate that these residues mainly interact with theâ-phos-
phate of FPP. (2) Attenuation of Mg2+ affinity: The R291A
and R291Q mutants lower theK1/2 for Mg2+ by 20-40-fold,
indicating that this side chain in WT FTase decreases the
apparent Mg2+ affinity of FPP up to 9.7 kJ/mol (R291Q,
Table 2). As discussed, this attenuation is advantageous to
the reaction by limiting the interaction of the PPi moiety
with Mg2+ prior to peptide binding. It is interesting to note
that free FPP has aKMg value at pH 7.8 of 0.12 mM (22),
similar to the pH-independentK1/2 values measured for the
R291â mutants (Table 2). This correlation suggests that in
the R291â mutants the diphosphate moiety is not anchored
in the diphosphate binding pocket and has greater access to
Mg2+. (3) Stabilization of the charge on the diphosphate: A
shift of the Mg2+-dependent pKa value to higher pH in the
R291A and R291Q mutants is indicative of a role for this
side chain in stabilizing the deprotonated form of FPP (see
Scheme 1). In the absence of the positive charge of the
arginine side chain, the deprotonated form of bound FPP is
destabilized. Similarly, the positive charge of the R291 side
chain is positioned to stabilize the developing negative charge
on the diphosphate leaving group in the transition state.
Deletion of this side chain removes this stabilization leading
to the significant reduction in the catalytic rate constant for
these mutant enzymes. The difference in the pKa value for
R291Q relative to R291A FTase indicates that the positive
charge of the arginine side chain is not the only factor that

contributes to diphosphate charge stabilization. The confor-
mational movement of the diphosphate group toward the
high-affinity Mg2+ site must also contribute to this stabiliza-
tion. The bulkier glutamine side chain replacement at R291
may make a significant contribution to facilitating this
conformational change through steric interactions.

Previously, the role of other diphosphate binding pocket
residues, including K164R, H248â, and Y300â, in the FTase-
catalyzed reaction was examined by mutagenesis (24). Except
for Y300F FTase, mutations at these positions decreasekchem

either in the presence or in the absence of Mg2+ to a similar
degree as the R291â and K294â mutants. The side chain of
Y300â forms a hydrogen bond with theR-phosphate of FPP
and is important for stabilizing the active conformation as
well as developing charge in the transition state (24).
However, these mutations exert a smaller affect on the FPP
affinity, theK1/2 for Mg2+, and the Mg2+-dependent pKa for
deprotonation of the diphosphate moiety. This comparison
highlights the major role of R291â and K294â in attenuation
of Mg2+ affinity and in stabilization of the developing
negative charge on the diphosphate moiety in the chemical
transition state. With the exception of Y300â, which is
proposed to interact with theR-phosphate, the side chains
in the diphosphate binding pocket predominantly interact
with the â-phosphate of FPP in the active conformation.

FTase May Contain a “P-Loop”-like Motif.The data
presented on mutants of R291â and K294â indicate that these
residues act in concert with Mg2+ to facilitate catalysis by
stabilization of the developing negative charge on the
diphosphate leaving group or by positioning the bound FPP
or both. Similar roles for conserved arginine and lysine side
chains are predicted for enzymes such as shikimate kinase
(33) and undecaprenyldiphosphate synthase (UPS) (25). In
both enzymes, the substrate PPi moiety (for UPS, this relates
to one of the PPi moieties in this two-substrate enzyme) is
sandwiched between a catalytically important Mg2+ ion and
conserved arginine or lysine residues or both in regions
termed either a LID domain (shikimate kinase) or a structural
P-loop (UPS). UPS catalyzes the sequential cis condensation
of isopentyldiphosphate and farnesyldiphosphate to form
undecaprenyldiphosphate. Therefore, the P-loop structure and
reaction is more easily related to FTase since the substrates
are similar. As with FTase, Mg2+ is important for catalysis
by UPS, even though thiscis-prenyl elongating enzyme also
lacks the signature DDXXD Mg2+-binding motif (25). The
P-loop structure of UPS is located at the N-terminus of a
helix and has the sequence DGNGR (25). It is thought to
play an important role in substrate recognition and position-
ing of the PPi leaving group, facilitating the condensation
of the two substrates. In FTase, R291â and K294â are
similarly located in a loop structure with an amino acid
sequence ofEGGFQGRCNKL. Both of these loops can be
represented by the sequence motif (D/E)GX(0-2)(N/Q)GR.
Although the FTase loop is not identical in sequence or size
to that of UPS, the glycine residues in this loop region in
FTase afford a certain level of structural flexibility that could
be conducive to the movement of the diphosphate moiety
away from this region to form the reactive ternary complex.
It is conceivable that this loop may close around the active
site during the chemical reaction to limit the solvent exposure
of the reactive species. In addition, this hypothesized
flexibility would also allow R291â to play a role in PPi
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stabilization even when this moiety moves toward the Mg2+

binding site. The side chain of R291 could move along with
PPi, maintaining hydrogen bonding and salt bridge interac-
tions. This movement would maintain the positively charged
environment that stabilizes the leaving group. In examination
of the current proposed model for the active ternary complex
including the Mg2+ binding site (Figure 2B), the side chains
of R291â and K294â are located 7-9 Å away from the
nearest oxygen atom of theâ-phosphate. This initial model
was prepared assuming that the protein structure was static.
However, the current data suggest that the side chains of
R291â and K294â should move toward the diphosphate
moiety in the active ternary complex. The mobility of this
“P-loop” may be important for accomplishing the new
conformation.

In conclusion, FTase employs a combination of reaction
characteristics found in diverse enzymes such as adenylate
kinase (metal binding site) and UPS (P-loop) in a synergistic
manner to efficiently catalyze sulfur alkylation, using an
elegant balance of metal coordination and charge stabiliza-
tion.
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