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ABSTRACT. Protein farnesyltransferase (FTase) is a zinc metalloenzyme that catalyzes the prenylation of
several proteins that are important in cellular regulatory events. A specific residue of FTase, Cys299 in
the 8 subunit previously identified as essential for zinc binding and catalysis, had been tentatively assigned
as one of the zinc ligands. This assignment was subsequently confirmed in the X-ray structure of FTase,
which also identified two additional residues, Asp297 and His362 ingtlseibunit, as the remaining
protein-derived metal ligands. To more fully explore the role of zinc in the catalytic mechanism of FTase,
site-directed mutagenesis was performed on these two zinc ligands. Although the abilities of all the
mutants to bind the farnesyl diphosphate substrate were similar to that of the wild-type enzyme, all the
mutants displayed markedly reduced enzymatic activities and zinc affinities. Steady-state and pre-steady-
state kinetic analyses of the residual activities indicated that the rate-limiting step changed from product
release in the wild-type enzyme to the chemical step of product formation for three of the mutant enzymes.
Additionally, single-turnover experiments indicated that the greatest effect of alteration of zinc ligands
for all the mutants was on the product formation step, this being reduceell@fold in the mutant

forms compared to the wild-type enzyme. These results confirm a critical involvement of the zinc in
catalysis by FTase and support a model in which the metal ion is directly involved in the chemical step
of the enzymatic reaction.

Protein farnesyltransferase (FTasan o heterodimer, FTase is a zinc metalloenzyme that contains one atom of
catalyzes the transfer of a farnesyl isoprenoid from farnesyl the metal per protein dimeB(9). Experimental evidence
diphosphate (FPP) to a conserved cysteine residue of proteirindicates that zinc is essential for enzymatic activity and is
acceptors such as Ras proteidy (The enzyme modifies  also required for the binding of protein, but not isoprenoid,
protein substrates with the C-terminal “CaaX” motif, in substrates8). Metal substitution studies indicate that both
which C is cysteine, ‘a’ is generally an aliphatic amino acid, cadmium and cobalt can functionally substitute for zinc in
and X is methionine, serine, or glutamirie<3). In addition, FTase (0, 11). The finding that the Cit-substituted
FTase recognizes short peptides containing an appropriateenzyme had altered protein substrate specificity reinforced
“CaaX” motif (2, 4). On the basis of these critical the idea that the metal ion in FTase was important in its
determinants for enzyme recognition of protein substrates, interaction with the protein substrateQj. Recently, direct
several peptidomimetic analogues that function as inhibitors evidence for a catalytically relevant interaction between the
of the enzyme have been developed. Recently, these andnetal ion and the protein substrate in FTase has been
other specific inhibitors of FTase have been shown to be Obtained from spectroscopic analysis of thé Csubstituted
able to reverse cellular transformation induced by oncogenic €nzyme 11). In this study, the metal ion was observed to
forms of Ras $—7). Hence, a better understanding of the directly coordinate the cysteine thiol of the peptide substrate
mechanistic details of the reaction catalyzed by FTase shouldin the FTase=PPpeptide ternary complex; these data support
provide valuable information for the design and evaluation @ hypothesis for participation of the metal ion in activating
of inhibitors of this crucial enzyme. the cysteine thiol for attack at C-1 of FPP.

Steady-state kinetic analysis of FTase initially indicated
that the reaction followed a random-order sequential reaction
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SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophore- analysis {4). This latter study also prqwded e\_/ldence tha.t
sis; GCVLS, pentapeptide Gly-Cys-Val-Leu-Ser; TLC, thin-layer Productrelease was the rate-determining step in the reaction

chromatography. mechanism. A recent study has further shown that this
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Ficure 1: Zinc binding site in FTase. The zinc ion is coordinated
by three residues in thg subunit, these being Asp297, Cys299,

Fu et al.

and unlabeled FPP were obtained from American Radiola-
beled Chemicals (St. Louis, MO)%ZnCl, was obtained
from DuPont NEN. ProtoGel used to prepare polyacryla-
mide gels was purchased from National Diagnostics. Sepha-
dex G-50 was obtained from Pharmacia LKB Biotechnology
Inc. Silica G60 TLC plates were obtained from EM Science.
Site-Directed MutagenesisSite-specific mutations were
introduced into thgg subunit of FTase using the Altered Sites
Mutagenesis system (Promega). The cDNA clone ofhe
subunit of FTase was first subcloned into the pAlter-1 vector.
An EcaRI-Hindlll digested fragment from pUC13-PCRBT
(19) that contained the entire coding region of theubunit
of FTase was ligated intocaRI-Hindlll digested pAlter-1
vector. Following this manipulation, mutations were con-
structed directly in this vector. Asp297 was changed to Ala
and Asn, while His362 was changed to Ala, GIn, and Glu;

and His362, and a water molecule. Asp297 forms a bidentate ligand.all were with single-point mutations in the subunit of

The figure was prepared with the program MOLSCRIPT and
rendered with the program RASTER3D. See 18ffor details.

product release step is enhanced by the binding of angisies Biochemical).
additional substrate molecule, with FPP being most efficient

in this regard {5).

The chemical mechanism of the farnesyl moiety transfer
to the cysteine thiol in the protein substrate is not yet clear.

FTase. The resulting altered cDNAs were subjected to DNA
sequence analysis using a kit that employs the dideoxy
method (Sequenase Version 2.0 DNA sequencing kit, United
Following the confirmation of the
sequence, each cDNA was subcloned into the expression
vector pET28a (Novagen).

Production and Purification of Wild-Type and Mutant
FTases in Escherichia coli.To express heterodimeric rat

In the case of the yeast enzyme, an electrophilic mechanismea¢56 inE. coli the o and 8 subunits of FTase were

was proposed from studies using a series of fluoro-substituted

subcloned into two different expression vectors essentially

FPP analogues and other analogues that mimic the transitiorhs previously described9). A Ncd-Not-digested fragment

state that would occur during an electrophilic alkylation
mechanism16, 17). For the mammalian enzyme, however,
the above-noted spectroscopic studies oft‘@ubstituted

from pET28a-Ft that contained the coding region of the
o subunit of FTase with six histidine codonsgjHused to
its N-terminus was ligated intoldcd-Notl-digested pAlter-

FTase suggested a nucleophilic mechanism in which the zincgyo yector (Promega), andNcd-digested fragment from

ion played a catalytic role in FTase by activating the cysteine

thiol of protein substrate for nucleophilic attack on the
isoprenoid substratelf). Further studies are required to

pAlter-Ex2-FTp5 that contained the coding region of tjffe
subunit of FTase was ligated intoNcd-digested pET28a
vector (Novagen). The resulting plasmids, designated as

firmly establish the exact mech_anism and to_dete_rmin_e pAlter-Ex2-H-FTo. and pET28a-FfB, were cotransformed
whether the fungal and mammalian enzymes differ in this (5 the BL21(DE3) strain oE. coli

regard.
The recent elucidation of the structure of mammalian

For production of recombinant proteins, a 3-L culture of
E. coli BL21(DES3) cells harboring the appropriate FTase

FTase revealed that the zinc ion was coordinated by three. nstructs were grown to an optical density of 0.6, and

amino acid residues from thfesubunit, these being Asp297,
Cys299, and His36218) (Figure 1); one of the three,

protein product was induced at 3C for 4 h. Recombinant
proteins were purified from the soluble extract of the cell

C_:y5299, had pre_viously_been idgntified as a potential zin_c by chromatography on Ri-NTA affinity (Qiagen) and Q-HP
ligand from protein chemistry studies and mutational analysis high-resolution anion-exchange (Pharmacia) resins as de-

(19). An additional ligand was a water moleculs8f. The

scribed previouslyX9). Elution profiles were analyzed by

presence of an open metal coordination sphere that includessps_paAGE. and the resulting purified enzymes were
a water molecule again reinforced the notion that the zinc concentrateé to a protein concentratiorrdf mg/mL, flash-

played a catalytic, rather than structural, r@8)( To further

explore the nature of the zinc site in mammalian FTase, site-
directed mutagensis has been applied to the other two

frozen in aliquots, and stored at80 °C until use.
Determination of Zinc Binding.Aliquots containing 50
pmol of each of the five mutant FTases and wild-type FTase

_resid_ues, ie., Asp297_and Hi53§2, tha_t serve as zinc ligandsygre chromatographed through G-50 Sephadex spin columns
in this enzyme. Detailed kinetic studies including steady- 5.4 incubated in the presence ofil EDTA at 25 °C for

state kinetics and single-turnover experiments have beenq , as described previousil®. A 25 uM solution of

performed, and the significance of the findings in relation
to enzymatic mechanism is discussed.

EXPERIMENTAL PROCEDURES

Materials. Recombinant H-Ras protein was produced via
bacterial expression and purified as describ2d).( The
peptide GCVLS was synthesized by Applied Analytical
Industries (Chapel Hill, NC) and further purified by reverse-
phase high-performance liquid chromatography.2HilFPP

857ZnCl, (10.6 Ci/mmol), prepared by diluting the stock
solution with 500 mM TrisHCI, pH 8.0, was added to each
of the enzyme samples so that the final concentration of
657ZnCl, was 5uM. Subsequent procedures were essentially
the same as described previousl@); except that the final
concentration of FPP in the incubations was and the
concentration of EDTA was reduced togM during the
native gel electrophoresis. Detection%#n was by Phos-
phorimager analysis with a 3-day exposure.



Analysis of Asp297 and His362 in FTage-

Determination of FTase Aclity. FTase activity was
determined by quantifying the amount3f transferred from
[®H]FPP into the H-Ras protein as described previouas).(
The reaction mixture contained 50 mM T#CI (pH 7.7),
20 mM KCI, 5 mM MgCh, 2 mM DTT, 4uM H-Ras, 1uM
[BH]FPP (typically at 8 Ci/mmal), either 20 or 500 ng of
enzyme, and 81 mM ZnCk in a final volume of 50uL.
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of mutant FTases, a FTas®P binary complex was formed
by mixing an equal volume of 2M [3H]FPP (15 Ci/mmol)
and 2.6uM enzyme and incubating the mixture on ice for
at least 30 min. Reaction mixtures contained the following
components in 0.4 mL: 62.5 mM TridClI (pH 7.7), 25 mM
KCI, 6.25 mM MgC}, 2.5 mM DTT, 1.25-50 uM H-Ras,
and either 125«M ZnCl, for mutants D297A, D297N,

The exact enzyme and zinc concentrations for each particularH362A, and H362Q or 62,6M ZnCl, for the mutant H362E.

experiment are indicated in the appropriate figure legend.

Assays were conducted for 15 min at 37, and the amount
of trichloroacetic acid-precipitabléH-farnesylated H-Ras

Reactions were initiated by the addition of 100 of a 0.1
uM preformed FTas€PP binary complex to 0.4 mL of
reaction mixture that had been equilibrated at°25 At

was determined by filter binding assay. Reactions were the appropriate time intervals (see below), aliquots ofib0
never allowed to proceed to more than 10% completion basedwere withdrawn and added to 0.5 mL of 4% SDS to quench

on the limiting substrate.

the reaction. The time courses extended to 40 min for the

Measurement of the Dissociation Constants of the FPP/ H362E mutant enzymep & h for the H362A mutant enzyme,

FTase ComplexesWild-type and mutant FTases (3 nM)
were incubated with increasing concentrations %f]FPP
(15 Ci/mmol) (0-80 nM) in 50 mM TrisHCI (pH 7.7), 100
mM KCI, 5 uM ZnCl,, 0.2% octylS-glucopyranoside, and
2 mM DTT in a final volume of 5Q:L at 0 °C for 15 min.
Protein-bound FPP was trapped on nitrocellulose filters,
which were then washed with 10 mL of the ice-cold
incubation buffer as describel3). Radioactivity retained
on the filters was quantified by liquid scintillation spectros-
copy. Dissociation constant&{) were calculated form a
nonlinear least-squares fit of the data to the following
equation: [bound FPR} [E][free FPP]/Kq + [free FPP]),
where [E} is the concentration of total enzyme.
Steady-State KineticsAll steady-state experiments were
performed at 25C and saturating FPP. The assay mixture
contained the following components in 0.5 mL: 50 mM
Tris-HCI (pH 7.7), 20 mM KCI, 5 mM MgC4, 2 mM DTT,
50 uM ZnCly, 2 uM [H]FPP (8 Ci/mmol), and varying
concentrations of H-Ras (0-1B.2 uM). Reactions were
initiated by the addition of enzyme (either wild-type or
H362E) to a concentration of 1 nM, and aliquots of /g0
were withdrawn at various time intervals and added to 0.5

and to 12 h for all other mutants. A minimum of a 10-fold
excess of H-Ras over FTas®P binary complex allowed
the use of pseudo-first-order kinetic analysis of the data.

Single-turnover analysis of wild-type enzyme required a
rapid quench method. Experiments were conducted at 25
°C using a three-syringe pulsed quench-flow apparatus
(KinTek RQF-3). A solution containing FTag&PP binary
complex (0.5uM, 15 ul) was rapidly mixed with one
containing H-Ras (560 uM, 15 ul). Both solutions
contained the following components: 50 mM TFHKCI (pH
7.7), 20 mM KCI, 5 mM MgC}, 2 mM DTT, 5uM ZnCl,,
and 0.2% octyp-glucopyranoside. Reaction mixtures were
again quenched with 4% SDS after time intervals ranging
from 0.1 to 100 s.

The reaction mixtures for experiments using peptide
substrates were the same as those using protein substrates
except that the pentapeptide GCVLS was the substrate and
the total volume of the reaction mixture was reduced to 50
uL. Reactions were again initiated by the addition of the
FTaseFPP complex at 25C. Aliquots of 4 uL were
withdrawn at time intervals, added to an equal volume of
guench solution (2 M HCI in 60% (v/vi)-propyl alcohaol),

mL of 4% SDS to quench the reaction. Reactions were neverand allowed to sit for at least 15 min for complete hydrolysis

allowed to proceed to more than 10% completion based onof unreacted FPP to farnesol.

the limiting substrate. The initial velocity(,) for each

The quenched reaction
mixtures (8uL) were then spotted onto a 10-cg1 20-cm

reaction was calculated from a linear least-squares fit of the silica gel thin-layer plate (EM Science) that was subsequently

data to the equationP; = Vi,t, whereP; is the amount of
product at timd. The steady-state rate constamtg) were

developed for-1 h in n-propyl alcohol/ammonium hydroxide/
water as described2§). After air-drying, the productH-

then calculated from a nonlinear least-squares fit of the datalabeled farnesyl-GCVLS and the remaining unreactieiHPP

to the Michaelis-Menten equation:V = K {E]+[H-Ras]/

(as farnesol) were located by autoradiography and quantitated

([H-Ras]+ Ky). For some experiments, the steady-state rate by scintillation counting after scraping of the appropriate

was the initial rate at the limiting velocitWfay. These

regions. The actual amount of product formation was

experiments utilized the same conditions as described aboveletermined by the ratio of the radioactivity in the product
except that the reaction was performed with both substratesfarnesyl-GCVLS to that of the sum of the product and

at saturating levels (i.ez2 uM FPP,>20uM H-Ras). For
these experiments, the rate constaitg)(were calculated
from the measurel, using the equationVmax = kel ElT,
where [E} is the concentration of total enzyme. The
concentration of zinc in the assays wagM for the wild-
type FTase, 5@M for the H362E mutant enzyme, and 100
uM for all other mutants.

Single-Turneer Experiments. Two types of single-

farnesol. For all the single-turnover experiments, rate
constantsk,9 were calculated from a nonlinear least-squares
fit of the data to the following equation: [PF [E-FPP}(1
— exp(—kand)), where [P]is the concentration of product at
timet and [EFPP], is the initial concentration of FTadePP
complex.

Miscellaneous Methods.Standard molecular biology
methods for DNA sequencing and manipulation were used

turnover experiments were performed, one using protein (25). SDS-PAGE was performed as previously described

substrates and the other using peptide substrates.

In th€9). Protein concentrations were routinely analyzed by the

experiments using protein substrates, FTase activity wasBradford method using a commercial dye preparation (Bio-

determined by measuring the incorporation of radioactivity

Rad), and bovine serum albumin was used as standard. The

from [*H]FPP into H-Ras as described above. For analysis concentration of active H-Ras was established by determining
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Table 1: Kinetic Constants of Wild-Type and Mutant FTases

FPP binding H-Ras binding step product formation step

FTase Kg (NM) (M-1s™) Kobs (S7%) steady-state rate constafizn?t], uM) kear(s™)
wild-type 3.1+05 (4.6+ 0.4) x 10° 17 (1.440.02) x 102[(1.6 + 0.1) x 1077 (5)
BD297A 2.3+0.6 >14 >3.0x 1074°¢ (7.6£0.6) x 1075 (100)
BD297N 3.6+0.5 >63 (6.3+0.5)x 10°5 (8.0+1.7)x 10°5 (100)
BH362A 3.9+1.3 >180' (1.8+£0.2) x 107 (2.7£0.1)x 10 (100)
BH362Q 3.8+ 0.8 9.2 (4.6+£0.1)x 1075 (4.6+£0.8)x 10°5 (100)
BH362E 2.7+ 05 >3.1x 103d (3.1+£0.3)x 1073 (8.5 0.4)x 104[(5.0£ 0.9) x 1079 (50)

aValues determined frondmax rate. Values in parentheses determined by fitting the steady-state data to the Miektaglten equation? Value
taken from refll ©Value estimated from thk,s value obtained at 4aM H-Ras.Y Value estimated and calculated by dividing tes value of
product formation step by AM H-Ras.® Value estimated and calculated by dividing thes value of product formation step by/M H-Ras.

the stoichiometry of prenylation of a given preparation as Ala or GIn led to a 50- (for Ala) or 500- (for GIn) fold
described previously2@). The concentration of peptide decrease. However, there was only&5-fold decrease in
GCVLS was determined by the titration of thiols with%- keatfor the H362E mutant enzyme, perhaps reflecting a partial

dithiobis(2-nitrobenzoate ). ability of Glu to participate as a zinc ligand as it can in some
other zinc metalloenzyme&(@). All of the mutant FTases
RESULTS bound FPP with similar affinity to that of the wild-type

Production and Initial Characterization of the Wild-Type €nzyme (Table 1), indicating that the targeted residues neither
and Mutant FTasesThe goal of this study was to further directly nor |nd|re_ctly influenced the FP_P blnc_jlng site. These
elucidate the role of zinc in catalysis by FTase through r_esu_lts also confirmed that no global disruption of conformf_i-
studies of enzymes with alterations of residues revealed fromtion in the mutant enzymes had taken place. The observation
the structure to coordinate zin&g) (see Figure 1). Asp297 that alteration of the zinc ligands in FTase profoundly
was changed to Ala and Asn, while His362 was changed to Influenced enzymatic activity, but not FPP binding, was
Ala, GIn, and Glu. For Asp297, replacement with Asn was consistent with previous _studl_es_: indicating that _thl_s metal
designed to determine the consequence of changing thisVas required for enzymatic activity but not FPP bindifp (
anionic ligand to a neutral one. For H362E, the Glu Zinc Utilization in Catalysis by the Wild-Type and Mutant
substitution was designed to test whether the nucleophilicity FTases. Since the residues targeted for substitution in the
of the cysteine thiol of the protein substrate could be Mutantenzymes were zinc ligands, the ability of the mutant
enhanced by increasing the negative charge on the zinc€Nzymes to bind zinc was determined usin§zn binding
ligand, such as has been proposed in a model study of theassay we had previously described (see Experimental Pro-
Ada protein 27). The substitution of GIn for His362 was a  cedures). Only the wild-type FTase was able to bind zinc
control for the Glu substitution that could have allowed under the conditions used in this assay, while all five of the
determination of whether other alterations caused by the mutant FTases had lost this ability (data not shown). These
mutation, such as metal geometry, also affected catalysis.results support the conclusion that both Asp297 and His362
For both zinc ligands, the Ala substitutions were controls to are zinc ligands in FTase.
determine the consequence of removing the original ligand, Since the zinc binding assay was only a reflection of
since Ala contains no side chain capable of interacting with whether the mutant enzymes retained a high-affinity zinc
the metal ion. site as the wild-type FTase, the dependence of the enzymatic

Wild-type FTase and all five mutant enzymes were activity on zinc concentration was determined. Whereas the
expressed ilE. coli and the recombinant proteins purified. activity of the wild-type enzyme showed little dependence
In our studies of Cys299 mutants, we described a systemon added zinc, which was expected since the purified enzyme
for producing FTase ifE. coli with a reasonable yieldL). retains bound zinc9), increasing the level of Zngin the
Recently, we found that the enzyme could be produced atassay did have a pronounced effect (albeit low) on the
higher levels by slightly modifying the expression system activities of the mutant enzymes. The optimal zinc concen-
through exchanging the two subunit cDNAs between the two tration required for catalytic activity of the D297A and
expression vectors employed (see Experimental Procedures)H362E mutants was 50M, while for the other three mutant
and this modified system was used. The typical yield of enzymes-i.e., D297N, H362A, and H362&xthe optimal
purified FTase after affinity and anion-exchange chroma- zinc concentration was 1QM (Figure 2). As the level of
tography was-1 mg/L with a purity 0f~95%. The kinetic zinc exceeded the optimal concentration, the metal began to
and binding parameters (i.&q for FPP K, for protein and inhibit the enzymatic activity. This 2f inhibition was
peptide substrates, ankt.) for the wild-type enzyme  almost identical for the wild-type and mutant FTases, with
produced in this bacterial expression system were very near-complete inhibition of enzymatic activity at a concen-
similar to those previously determined for the enzyme tration of 1 mM. These results suggested that all the zinc
purified from mammalian tissue as well as that produced in ligand mutant FTases could still bind zinc, but the affinities
an Sf9 expression systerti 14). of all the mutant enzymes for this metal were dramatically

The initial characterization of the enzymatic activity of reduced compared to that of the wild-type enzyme.
the mutant FTases revealed that all of them exhibited a Steady-State Kinetic Analysis of the Wild-Type and Mutant
severely compromised enzymatic activity (Table 1). Sub- FTases We attempted to perform standard Michaelis
stitution of the Asp297 with either Ala or Asn caused a Menten-type analyses of the mutant enzymes to determine
~200-fold decrease ik, and replacement of His362 by k., values for the overall reaction anH, values for
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700 T T T T Single-Turneer Experiments of the Wild-Type and Mutant
600 L ] FTases. Since the rate-limiting step of FTase, at least for
n a wild-type the wild-type enzyme, is product releasel), steady-state

500/ 22‘32313 7 measurements are not readily interpretable in terms of
400" A pH362A J establishing a role for zinc in the catalytic step of FTase.

. gﬂigig Determination of the single-turnover kinetics of the FTase
00 7 mutants was therefore undertaken to assess whether the rate-
200 b i limiting step of any of the mutant enzymes changed from

product release to product formation, which would be
3 ] indicative of such a role for zinc. This analysis involved a
oﬁ'iﬂ:.:l_._|_,._. comparison of steady-state rate constahts, of these
] enzymes withk,ps Values determined from the single-turnover
studies.
- Single-turnover experiments were designed to determine
the effects of altering the zinc ligands on two elementary
11 steps of catalysis: (i) protein substrate binding to the
\ FTaseFPP complex and (ii) the subsequent step of actual
0 200 400 600 800 10007 product formation. FTaseEPP complexes prepared with
Zo* (M) both wild-type and mutant enzymes were reacted with
] increasing concentrations of H-Ras under pseudo-first-order
) conditions. The appearance of product was exponential, and
0 200 400 600 800 1000 a kops value was determined at each protein substrate
Zn® (uM) concentration. For the wild-type enzynig,s was linearly

_ _ _ . dependent upon H-Ras concentrations from 2.5 tq:80
FIGURE 2. Zinc concentration dependence of enzymatic activity 414 not shown). Thus, over the range of protein substrate
of wild-type and mutant FTases. Activities of purified wild-type . .
(W, 20 ng) and mutant FTases (D297, 500 ng; D297N®, 500 concentrations employed, the rate of product formation was
ng; H362A, A, 500 ng; H362Q#, 500 ng; H362EL, 20 ng) were faster than that of the binding of the protein substrate. From
determined as described in Experimental Procedures in the presencéhese data, the second-order rate constant for association of
O e g v Ut ol e el 225 Wih the FTaSEPP complex was determined [0 be
?omparison of theFI)ow activities of t%% mF:Jtant enzgmes. 4.6 X 10' M~ S.l (Tab_Ie 1), Wh}Ch is similar to _that
previously determined using a peptide substra. (While

substrates, particularly the protein substrate. Unfortunately,we could not directly determine the rate constant of the
the catalytic rates for most of the mutants were too slow for product formation step for the wild-type enzyme, this rate
these analyses to be performed, since several mutantsonstant has been measured at 1¥fsr Co?*-substituted
required>2 h for a single turnover even at thaif,. rate FTase using a peptide substratd)( This value was used
(see below). Instead, the valueskgf for the enzymes were  for comparisons as we felt that it was reasonable to assume
determined by measuring the initial rates at saturating that this rate constant would be essentially the same for either
concentrations of both substrategd{? FPP, 20uM H-Ras). a protein or peptide substrate, something that was directly
To ensure that the initial rates measured are\thg rates determined to be the case with the mutant enzymes (see
for all the mutant and wild-type enzymes, the experiments below).
were repeated at even higher concentrations of both substrates The single-turnover results for two of the mutant enzymes
(4 uM FPP, 40uM H-Ras) to confirm that the concentrations are displayed graphically in Figures 3 and 4. For the D297A
of both substrates were truly saturating. The finding that mutant (Figure 3), a plot ok.s vs H-Ras concentration
the initial rates obtained were essentially the same for both revealed that, like the wild-type enzyme, the rate constant
conditions indicated that they were indeed Wigy rates. was linearly dependent on protein substrate concentrations
As noted abovek.,; values of the mutant FTases were some from 1 to 10uM. From these data, the second-order rate
15—-500-fold lower than that of the wild-type enzyme (Table constant for association of H-Ras protein with the D297A
1). FTaseFPP complex was determined to be at least 14 M

A more detailed analysis was performed for wild-type s (Table 1), which is some 3000-fold slower than that for
enzyme and the most active mutant, that being H362E. Inthe wild-type enzyme. We attempted to obtain the rate
these experiments, enzymatic activities were determined atconstant of the product formation step for this mutant enzyme
varying concentrations of H-Ras protein at saturating FPP, by using even higher concentrations of H-Ras (up tak1)
and the steady-state rate constants were determined by fittingo determine whether product formation would become rate-
the data obtained to the MichaetiMenten equation. The limiting under the single-turnover condition. Unfortunately,
values ofk.y obtained from this analysis were essentially the binding of the protein substrate was still rate-limiting
identical to those estimated from th&,.x data (Table 1). even at these higher H-Ras concentrations. However, this
Additionally, these experiments revealed that both the wild- analysis did allow for an estimate for the lower limit of the
type enzyme and the H362E mutant possessed siiiifar rate constant of the product formation step for the D297A
for H-Ras (1.3 and 0.8M, respectively). This finding is  mutant as~3 x 104 s™. That this rate constant was 5-fold
consistent with those in a recent study of yeast FTase mutantshigher thark.,;indicated that the rate-limiting step in steady-
containing alterations in residues implicated in zinc binding state turnover remained as product release for the D297A
by this enzyme Z8). mutant.
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FIGURE 3 Single-turnover experiments of D297A mutant of FTase. Figure 4: Single-turnover experiments of H362Q mutant FTase.
(A) Time course analysis. Preformed D297A FT&$#> complex  (A) Time course analysis. Preformed H362Q FF&&P complex
(0.1uM) was reacted with LM (@), 2 uM (O), 5uM (M), or 10 (0.1 M) was reacted with %M (O), 10 M (@), 20uM (»), 30

#M (0O) H-Ras protein, and product formation was determined as ;1 (m), or 40uM (O) H-Ras protein, and product formation was
a function of time as described in Experimental Procedures. determined as a function of time as described in Experimental
Complete product formation was designated as the 100% point; procedures. Complete product formation was designated as the
this value ranged from 1.7 to 2.5 pmol for the various concentrations 1009 point; this value ranged from 1.2 to 1.6 pmol for the various
of H-Ras. The solid lines were calculated assuming a first-order concentrations of H-Ras. The data were fit as those in Figure 3
process and yielded rate constarks,d of (2.9 + 0.2) x 1075, and yieldedkoss values of (4.3 0.5) x 1075, (4.6+ 0.2) x 1075,
(3.74+0.1) x 1075, (7.6 4 0.4) x 1075 and (13.6+ 0.6) x 10° (4.7+0.2) x 10°5, (4.2+ 0.3) x 10°5, and (5.0+ 0.6) x 105
stfor1, 2,5, and 1M H-Ras, respectively. (B) Dependence of 51 for 5 10, 20, 30, and 4QuM H-Ras, respectively. (B)
Kobs ON the concentration of H-Ras for the D297A mutant. Kig ~  Dependence d,,s 0n the concentration of H-Ras for the H362Q
values were determined from the experiments shown in panel A. mytant. The dashed line was derived from the average of all five
The I|ne was fit as descrlbed n EXpel’Imenta| Procedures; the Sloperate constants; the resumng first_order rate constant':(:m) X

of this plot represents the lower limit of the second-order rate 10551 represents the rate constant of the product formation step
constant of the association of H-Ras protein with the D297A o this mutant.

FTaseFPP complex of 14 M1 s,

In contrast, when this type of analysis was performed on Slower than that of the wild-type enzyme. A comparison of
the H362Q mutantkoss was found to be independent of the _rate cons_tants obtalneq from the steqdy—state kinetic
H-Ras concentration (Figure 4), suggesting tagsfor this studle_s ke With those obtained from the smgle-tu_rnover
mutant represents the rate constant of the product formation€XPerimentsk,d revealed that the values ks were either
step. This same type of behavior, i.e.kas that was essentially equal to or with a factor of 4 higher 'ghan those
independent of H-Ras concentration, was also found to be©f ket for these four mutant FTases, which was in contrast
the case with the remaining three mutant enzymes. Ad- © the wild-type enzyme, wheiey,s was~1000-fold higher
ditionally, the analysis was repeated for three of the mutant than kear (Table 1). For the D297N, H362A, and H362Q
enzymes, these being D297N, H362A, and H362E, using aMutants, the values dt, were similar to those dfops thus
peptide substrate, and the results were essentially the samé @Ppears that product formation is rate-limiting for these
as those obtained using a protein substrate, i.e., there wadhrée mutants. Additionally, for the H362E mutant enzyme,
essentially no difference in the rate constants of the productthe finding that itskss value was only 4-fold higher than
formation step when either H-Ras or simply a pentapeptide ket indicated that both the product release and product
encompassing the C-terminus of H-Ras was used as theformatpn steps are involved in limiting its overall rate of
substrate (data not shown). The single-turnover data for all catalysis.
the mutants are summarized in Table 1.

We were not able to obtain the rate constants for either DISCUSSION
the protein or peptide substrate binding step for the four The finding that any alteration of the zinc ligands in FTase
mutant enzymes in whicky,s was independent of substrate resulted in marked decreases in the catalytic rate of the
concentration. For the H362E mutant enzyme, however, theenzyme clearly demonstrates the importance of zinc in
minimum value of the association rate constant of protein catalysis by this enzyme. The observations that%-10°-
substrate with the FTadePP complex was estimated to be fold decrease in the rate of product formation and that the
3.1 x 1 M~ s71, which makes it a maximum of 10-fold  rate-limiting step changes from product release in the wild-
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type enzyme to the chemical step of product formation for substrate binds to the D297N FT&sBP complex. Although
three of the five mutant FTases support the hypothesis thatthe protein substrate binding step of the D297N mutant may
the zinc ion is directly involved in the chemical step of the be faster than that of the D297A mutant, the rate of product
reaction. Furthermore, a maximumi4dld reduction in the formation is still slower for the D297N mutarpresumably
rate constant of the protein substrate binding is consistentbecause of an unfavorable geometry during catalysis as
with previous studies which have shown that zinc is required mentioned above.
for the binding of this substrate8), It was somewhat Overall, the findings of this study support the idea that
surprising that product release step was still rate-limiting in zinc plays a major catalytic role in the mechanism of FTase.
two of the mutant enzymes that showed markedly compro- Together with the previous study indicating coordination of
mised rates of product formation. Important in this regard the thiol group of the cysteine residue of peptide substrate
may be that these two mutant enzymes required lower zincto the metal in the ternary complexes of Zsubstituted
concentration for their optimal enzymatic activities than the FTase, it seems likely that the chemical mechanism of FTase
other three mutant enzymes. Additionally, the capacity of is at least in part a nucleophilic one in which the role of
the sulfur atom of the product thioether to remain coordinated zinc is to activate the cysteine thiol of protein substrate for
to the metal after product formation may be a contributing attack at C-1 of the isoprenoid substrate. Three other zinc
factor (1). metalloproteins, cobalamin-independent methionine synthase,
Because the alteration of zinc ligands in FTase had the Ada protein fromE. coli, and methylcobamide:coenzyme
greatest effect on the product formation step and this stepM methyltransferase, have also been suggested to operate
became rate-limiting for three of the five mutant enzymes, via this type of mechanism in which a sulfhydryl group is
the rate constants of this step for all mutant enzymes haveactivated by a divalent zinc ior82—35). However, these
been closely examined. The rate constant of the D297A data do not exclude the possibility that the mechanism also
mutant was~10-fold higher than that of the D297N mutant; includes an electrophilic component. Additional kinetic and
this same behavior was seen in the comparison of the H362Amechanistic studies in combination with analysis of the
and H362Q mutants. It was somewhat unexpected that bothstructures of the ternary and product complexes of FTase
the D297N and H362Q mutants exhibited slower rate should ultimately provide a complete description of this
constants for product formation than those of their corre- mechanism.
sponding Ala mutants, since the Asn and GIn residues were
selected because it was hoped that they would at leastACKNOWLEDGMENT
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structural rearrangement has been observed in similar ZinCUniversity

ligand variants of carbonic anhydrase 81, but not for '

those mutant enzymes with an alanine substitution for the NOTE ADDED IN PROOF

zinc ligand. If so, this would indicate that an appropriate

geometry around the zinc in this enzyme is critical for  After the submission of this paper, a mutational analysis

catalysis in FTase. Such a structural rearrangement wouldof conserved residues of tifesubunit of mammalian FTase

also explain why no dependence of catalysis on the electro-was published36). The study included a steady-state kinetic

static nature of the metal ligands was observed. analysis of mutants of both Asp297 and His362, and their
Structural analysis of FTase indicates that Asp297 is a data also indicated markedly compromised catalytic activities

bidentate zinc ligandl@) (see Figure 1). Furthermore, data Of these mutants.
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