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Mechanistic Studies of Rat Protein Farnesyltransferase Indicate an Associative
Transition State
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ABSTRACT: Protein farnesyltransferase is a zinc metalloenzyme that catalyzes the transfer of a 15-carbon
farnesyl group to a conserved cysteine residue of a protein substrate. Both electrophilic and nucleophilic
mechanisms have been proposed for this enzyme. In this work, we investigate the detailed catalytic
mechanism of mammalian protein farnesyltransferase by measuring the effect of metal substitution and/
or substrate alterations on the rate constant of the chemical step. Substitution of cadmium for the active
site zinc enhances peptide affinity approximately 5-fold and decreases the rate constant for the formation
of the thioether product approximately 6-fold, indicating changes in the migti@late coordination in

the catalytic transition state. In addition, the observed rate constant for product formation decreases for
C3 fluoromethyl farnesyl pyrophosphate substrates, paralleling the number of fluorines at the C3 methyl
position and indicating that a rate-contributing transition state has carbocation character. Magnesium ions
do not affect the affinity of either the peptide or the isoprenoid substrate but specifically enhance the
observed rate constant for product formation 700-fold, suggesting that magnesium coordinates and activates
the diphosphate leaving group. These data suggest that FTase catalyzes protein farnesylation by an
associative mechanism with an “exploded” transition state where the metal-bound peptide/protein sulfur
has a partial negative charge, the C1 of FPP has a partial positive charge, and the bridge oxygen between
C1 and thex phosphate of FPP has a partial negative charge. This proposed transition state suggests that
stabilization of the developing charge on the carbocation and pyrophosphate oxygens is an important
catalytic feature.

Protein farnesyltransferase (FTds& a zinc metallo- proteins B8, 6). Since farnesylation is critical for the
enzyme [, 2) that catalyzes the transfer of a 15-carbon transformation of normal cells into cancerous cells by mutant
farnesyl group from farnesyl pyrophosphate (FPP) to a forms of Ras, inhibitors of FTase are being investigated for
conserved cysteine residue of the C-terminal “CaaX” motif antitumor activity b, 7, 8).
of protein and peptide substrate8, @). More than 30 Two distinct catalytic mechanisms have been proposed for
farnesylated proteins have been identified in mammalian cellsFTase (Scheme 1): electrophilicy{Bor dissociative) with
including Ras proteins, Rho proteins, nuclear lamins, and a carbocation at C1 of the FPP or nucleophilig,ZSor
several proteins involved in visual signal transduction associative) with a thiolate at the cysteine residue of the CaaX
(5, 6). Farnesylation of these proteins is required for motif. Evidence for electrophilic character in the transition
membrane association and, possibly, interaction with other state was obtained from the decreased steady-state turnover

of yeast FTase when FPP substrate analogs substituted with
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ylated pentapeptide Gly-Cys-Val-Leu-Ser; Hepp$2-hydroxyethyl]- zinc-containing enzymes and proteins that catalyze sulfur-
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I mammalian FTase using transient kinetic studies of metal-
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Scheme 1. Reaction Catalyzed by FTase and Possible Transition States
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substituted FTase and FPP analogs. Substitution of the activeor Cct (Cd-FTase) by incubating the apo-enzyme (i.e., 100
site zinc with cadmium increases the affinity of the peptide «M enzyme, 50uM EDTA) with the respective atomic
substrate and decreases the rate constant for the chemicalbsorption grade (Aldrich, Milwaukee, WI) metal salt (i.e.,
step, suggesting that the metal-coordinated substrate thiolated 50 M) for 5—10 min on ice before dilution into the assay
plays a nucleophilic role in catalysis. Removal of magnesium mixture.

ions significantly decreases the rate constant for farnesylation Peptide Dissociation Constanidissociation constants for
without affecting substrate binding, consistent with the Dns-GCVLS were determined fluorimetrically, as described
magnesium ion coordinating the pyrophosphate moiety of previously (2). The assays contained 20 nM FTase and
the substrate to stabilize the developing negative charge on80 nM{ (E,E)-2-[2-0x0-2-[[(3,7,11-trimethyl-2,6,10-dodeca-
the leaving group in the transition state. Finally, substitution trienyl)oxy]amino]ethyl]phosphonic acid, sodigiriCalbio-

of fluorine on the methyl group at the C3 position of FPP chem, San Diego, CA), an inhibitory FPP analog, in 50 mM
significantly decreases the rate constant for the chemicalHeppse-NaOH (pH 7.8), ionic strength maintained at 0.1
step, indicating that the transition state has carbocationM with NaCl, 1 mM TCEP, and 5 mM MgG! For apo-
character. These data suggest that the mechanism of FTasETase, the MgGlwas omitted and 20M EDTA was

is associative with an “exploded” transition state where the included in the assay. The data were fit to eq Kif >
bond to the pyrophosphate leaving group is nearly broken 3[FTase] or eq 2 iKp < 3[FTase] (22), wherdFL is the
and the bond with the incoming thiolate nucleophile is

barely formed. (EP—IF)

AFL =K Dns)

Miscellaneous Methoddritium-labeled FPP EH]FPP) AFL =IF + w
and unlabeled FPP were purchased from American Radio- 2[FTase]
labeled Chemicals, Inc. (St. Louis, MO) or NEN LifeSciences [((FTase]+ [Dns] + K)* — 4[FTase][Dns]}] (2)
(Boston, MA). Peptidesx95% pure) were synthesized and
HPLC-purified by Applied Analytical Industries (Chapel Hill,  ghserved fluorescence after background subtraction, EP is
NC). Peptide concentrations were determined spectrophotothe fluorescence end point, IF is the initial fluorescence,
metrically from the reaction of the cysteine with 55 [pns] is the concentration of Dns-GCVLS, aii@ is the
dithiobis(2-nitrobenzoic acidlLg, 19). Protein concentrations  dissociation constant for Dns-GCVLS.
were determined by the Coomassie Blue binding metR0H ( Transient Kinetics with Metal-Substituted FTaSéngle-
USing a commercial kit (B|O'Rad) All assays were conducted turnover reactions contained OﬂM FTase, Ol//tM
at 25°C. Unless otherwise stated, curve fitting was performed [3H]FPP (10 or 20 Ci/mmol), and 0:5.004M GCVLS or
with KaleidaGraph (Synergy Software). Dns-GCVLS in 50 mM HeppseNaOH (pH 7.8) and 1 mM

Preparation of Apo-FTase and Reconstitution with Metals. TCEP, with or without 5 mM MgCl The residual EDTA
Recombinant rat FTase was overexpresselsoherichia concentration was less than QuM. The binary FTase
coli and purified as described previousBij. The zinc was SH-FPP complex was incubated for-%0 min at 25°C before
removed from the enzyme-(L mg/mL) by dialysis for24 h  the reaction was initiated by the addition of peptide. For
at 4 °C against 50 mM TrisHCI (pH 7.8), 1 mM tris(2- assays performed in the absence of MgCb uL reactions
carboxyethyl)phosphine hydrochloride (TCEP), and 5 mM were incubated for various times (5 s to 30 min) and
EDTA followed by an additional 24 h dialysis against 50 then mixed with 15:L of 60% 1-propanol, 1 mM HCI to
mM Tris—HCI (pH 7.8), 1 mM TCEP, and 50M EDTA stop the reaction. Assays containing 5 mM MgQ30 uL
(11). After dialysis, the apo-FTase was concentrated to total volume) were carried out using a Kin-Tek rapid-quench
greater than 50M, flash-frozen, and stored at -8C. FTase apparatus and were quenched at various times {601s)
was reconstituted with 2 (Zn-FTase), C& (Co-FTase), by the addition of 10Q.L of 60% 1-propanol and 1 M HCI.

(1)
EXPERIMENTAL PROCEDURES

[([FTase]+ [Dns] + Kp) —



Catalytic Mechanism of FTase Biochemistry, Vol. 39, No. 10, 200®595

Product (fH]farnesylated GCVLS) was separated from R

substrate @H]FPP or PH]farnesol if the stop solution PPO N, Z &
was 60% 1-propanpll M HCI) by thin-layer chromatog-
raphy (TLC) on silica gel plates using a 6:3:1 (v/v/v)
1-propanol/NHOH/H,O mobile phase 2Z3). The 3°H-
labeled substrates and products were visualized by auto- Fy-FPP R =CHF

radiography (2448 h at—80 °C) following fluorographic F,-FPP [Fz-FPP R =CHF,

enhancement (EWIANCE; NEN Life Science, Boston, F3-FPP R =CF;

MA). The product and substrate bands were excised from Ficure 1: Structures of C3 fluoromethyl FPP analogs-BPP)
the plates, and the radioactivity was quantified by scintillation (9).

counting. The percentage of product formed was calculated
from the ratio of radioactivity in the product band to the
total radioactivity. The observed rate constant for product
formation in the absence of magnesium was calculated
using eq 3. For assays performed in the presence of
magnesium, several data sets measured at varying peptid
concentrations were fit simultaneously to eq 4 using Systat
5.2 (Systat, Inc.), where %P is the percent product at time
EP is the percent product end poirk, is the peptide
association rate constant, [GCVLS] is the concentration of
peptide substrate, and is the observed rate constant for
product formation.

FPP R=CH;,

by Dr. C. Dale Poulter, University of Utah. Transient kinetics
with these substrates were measured by the transient absor-
bance of the ligangdmetal charge transfer band (340 nm)
or the d—d transition band (635 nm) of Co-FTasELl]. The
o-FTaseFPP or Co-FTasé€,-FPP binary complexes
20 uM, 1:1 stoichiometry of enzyme to FPP op-FPP)
were mixed with M GCVLS, in 50 mM Heppse-NaOH
(pH 7.8), 1 mM TCEP, and 5 mM Mgglto initiate the
reaction. For FPP and,fPP, the reaction was monitored
at 340 nm using a Kin-Tek stopped-flow spectrophotometer
with a 2.5 cm path length. To measure rate constants for
product formation using #PP and EFPP as substrates,
Kk the time-dependent absorbance at 340 and 635 nm was
%Pt) =EP(1—e Zt) ®3) measured using a Uvikon 9410 UV/vis double beam
1 (I alGeVLSTt _ spectrophotometer. The reference cuvette contained the same
k,[GCVLS] — kz\ 2 concentration of Co-FTadg-FPP used in the sample
cuvette. The time-dependent changes in the absorbance
kl[GCVLS]e*kzt) (4) were fit to an equation describing either two consecutive first-
order reactions (FPP, eq 5) by nonlinear regression using
the Marquat-Levenberg method provided in the Kin-Tek
software package2#) or to a single first-order exponential
(F-FPP, eq 6), wherd is the absorbance at tinteat the

%P() = EP[l +

Transient Kinetics with Apo-FTasd.o determine the
activity of apo-FTase in the presence and absence of 5 mM
MgCl,, the reactions were conducted in Zn-free glass vials
(Fisher Scientific, Pittsburgh, PA) using solutions treated with _ gt kot
Chelex-100 or EDTA. The FTas#l-FPP complex was Agudl) = AA, (€ ) + AAS(e ) + EP ©)
preformed by incubating 1M apo-FTase with 5uM ) = AA.(e ) + EP 6
[3H]FPP (2 Ci/mmol) in 50 mM HeppseNaOH (pH 7.8), Aaao or 6afl) = AR ) ©)

1 mM TCEP, and 20uM EDTA (7.5 uL total assay  gpecified wavelengthAA, is the change in absorbance due
volume). For reactions in the presence of magnesium, MgCl peptide binding,k; is the rate constant for peptide

(99.995%; Aldrich, Milwaukee, WI) was added to a final  555qciationAA, is the change in absorbance due to product
concentration of 5 mM after incubation of the apo-FTase ¢, mation, k, is the observed rate constant for product
with the PH]FPP. The reaction was initiated by the addition ¢y mation. and EP is the absorbance end point.

of GCVLS (10-100 uM) and quenched at various times  proqyct Formation with R-FPP and Dansylated Peptide.

(5 s to 2 h) with 7.5uL of 2-propanol. Substrates and  gjngle-turnover rate constants for product formation with
products were separated on silica geI_TLC plates using apns.GCVLS and FFPP catalyzed by Zn- and Cd-FTase
8:1:1 (v/v/v) 2-propanol/N&DH/H,O mobile phase and then \yere measured using the fluorescence enhancement of the
processed as described above. _ dansyl group (excitation at 340 nm, emission at 496 nm) of
Steady-Sta;[ie KlnetlcSteaply—state assays contained _24 M the peptide substrate upon product formatias, @6). The
FTase, 1uM [*H]FPP (10 Ci/mmol), and 10M GCVLS in reaction was initiated by the addition of Dns-GCVLS(#)
50 mM Heppse-NaOH (pH 7.8), 1 mM TCEP, and 5 mM 4 FTaser,-FPP (0.24M, 1:1 stoichiometry of FTase to,F
MgClz (7.5uL total volume). For apo-FTase, 200 EDTA FPP) in 50 mM HeppseNaOH (pH 7.8), 1 mM TCEP, and
was included in the reaction. The reaction was initiated by g\ MgCl. The observed rate constant for product

the adldition of FTase and quenched at various times (5 s t0formation. k,, was obtained by fitting the data to eq 7, where
1 h) with an equal volume of 2-propanol. The percentage of g| 1 js the fluorescence at time EP is the fluorescence
product formed was determined as described above usinggpg point, and IF is the initial fluorescence.

TLC and scintillation counting. The initial velocity was

calculated from a linear fit of the first 10% of the reaction. FLt) = (EP— IF)(1— e ) + IF @)
Since both substrates are saturating, this value reflects the
steady-state rate constahis: Measurement of FPP Affinit{zPP affinity was measured

Time-Dependent Absorption Spectra of Co-FTdseP by equilibrium dialysis as described previousBl). The
analogs containing mono-, di-, or trifluoromethyl at the C3 assay was performed in 50 mM HeppddaOH (pH 7.8)
position [R-FPP @), Figure 1] were generously provided and 1 mM TCEP, with or without 5 mM Mg@l One
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Table 1. Kinetic Values for Metal-Substituted FTase

Kp (uM)? ki (M-1s79) ko (s7h) ko, —Mg?" (s 1P keat(s™)
Zn-FTase 0.06: 0.003 (5.5 0.6) x 10 1242 (1.7+£0.3)x 102 (2.24+0.1)x 102
Co-FTase 0.0% 0.01 (7.1+£0.7) x 1P 10+ 4 (1.5+£0.8) x 10°2 (224+0.2)x 102
Cd-FTase 0.01z 0.003 (5.3 0.4)x 10° 2+04 1.7+ 0.4) x 102 (3.0+0.2) x 10?2
apo-FTase >10° ND¢ <lx10* <1lx 105 (1.9+0.2) x 104

2 Peptide dissociation constants were measured with Dns-GCVIRese assays were performed without MgEND denotes not determined.
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FiGure 2: Peptide affinity of metal-substituted FTase. Dissociation
constants were determined for Dns-GCVLS by direct titration
of 20 nM metal-substituted FTase, 80 n]ME,E)-2-[2-0x0-2-
[[(3,7,11-trimethyl-2,6,10-dodecatrienyl)oxy]amino]ethyl]phos-
phonic acid, sodiufnas described in the Experimental Procedures.
The fluorescence emission was monitored at 496 nm after excitation
at 280 nm. The plot shows peptide titrations for the binary
complexes of Zn-FTas@®|, Co-FTase4), and Cd-FTaseX) after
subtraction of Dns-GAVLS background. Th€p, values were

calculated from eq 1 (Zn-FTase and Co-FTase) or eq 2 (Cd-FTase) OT | 5

(see Table 1). Time (s)

chamber contained-2100 nM FTase (1 mL), while the other ~ FIGURE 3: Product formation in the presence of MgCSingle-

; : turnover assays were performed as described in the Experimental
chamber contained 20 NMHJFPP (20 Ci/mmol, 1 mL). 5oV &3 w)i/th 0.2Mpenzyme, 0.1 VPP, and 0.5?100

The FPP dissociation constaip, was obtained fromeq 8, i GCVLS in 50 mM Heppse-NaOH (pH 7.8), 1 mM TCEP,
and 5 mM MgC}. (A) Product formation by Zn-FTase at Q.1
[E-FPP]__ EP 8 (©), 2 uM (®), 50 uM (O0), and 100xM (M) GCVLS peptide
[FPP]t 1+ KD/[E]free (8) substrate. The peptide asso_ciation rate constapfaind the rate
constant for product formatiork,, were calculated from data
. . collected at varying peptide concentrations using eq 4 (see Table
where [EFPP] is the concentration of enzyme-bound FPP, 1) (B) Product formation by Zn-FTas®), Co-FTase 4£), and
[FPP} is the concentration of total FPP, EP is the maximal Cd-FTase[) measured at 100M GCVLS.
ratio of bound to total FPP, and [fz} is the concentration  removal of the active site metal decreases the affinity of
of free enzyme. FTase for Dns-GCVLS more than 150-fold (Table 1),
RESULTS consistent with previous work suggesting that the bound zinc
was required for peptide binding)(

Affinity of Metal-Substituted FTase for Peptidésc and Effect of Metal Substitution on Product Formatidror
cobalt are similar metals in both size (88 and 83 pm, mammalian FTase, substrate association and product
respectively) and polarizability. Cadmium is a significantly dissociation, respectively, are the rate-limiting steps in steady-
larger (99 pm) and more polarizable metal than zinc and state turnover under conditions of subsaturating and saturat-
consequently has a higher affinity for coordination of sulfur ing substrate31, 32). Therefore, neither of the steady-state
atoms 27). Since the metal ion in FTase coordinates the rate constantd.,:or keaf Ky, provides information about the
substrate thiolate at physiological p#1{ 12), substitution transition state of the chemical step. To determine whether
of the zinc with a more polarizable metal should lower the substitution of the active site metal affects the rate constant
dissociation constant of the peptide. As expected, substitutionfor the formation of the farnesylated peptide product, we
of cobalt for the active site zinc does not greatly affect the measured product formation using transient kinetics to isolate
dissociation constant of the peptide Dns-GCVLS (Figure 2, the chemical step (Figure 3). We fit these data using an
Table 1). However, the affinity of Cd-FTase for Dns-GCVLS equation describing two consecutive, irreversible steps (eq
or GCVLS (data not shown) is enhanced approximately 1) reflecting substrate association followed by farnesylation
5-fold compared to that of Zn-FTase. This effect is somewhat for the following reasons. Previous pre-steady-state kinetic
smaller than that observed for small molecule complexes studies of mammalian Zn-FTase in the presence of MgCl
where cadmium generally coordinates thiolates 1-2 ordersindicated that the rate constant for association of the peptide
of magnitude more tightly than zin2%—30). However, these  substrate to the FTadePP binary complex is essentially
model systems do not reflect a catalytic system where bothirreversible, since the rate constant for farnesyl-
a reactive thiolate and rapid product dissociation are required.ation is faster than the rate constant for substrate dissociation

%Product
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Scheme 2. Minimal Kinetic Scheme for FTase 0.005 T r T T
0.004
kl .FPP k2 PP kcat
E+FPP==|E®FPP + CaaX‘kTE CaaX;W:E.F- CanX —~—E+PP;+F-CaaX 0.003
£ 0002
2The steps in parentheses are those that are measured by the single- 0.001
turnover assays described in this paper. For this sch&maenotes
the peptide association rate constant &nds the rate constant for 0
product formation (chemistry). For mammalian FTase, the steady-state .
rate constantk.,;, is rate-limiting in the overall reactior8(, 32). 0 01 02 03 04 05

i i Time (s)
(k; > k1) (see Scheme 2; refsl and31). Consistent with FiGURE 4: Reactivity of Co-FTase with fluoromethyl FPP analogs.

this conclusion, theK,, for the peptide concentration g transient absorbance was measured at either 340 or 635 nm
dependence of the single-turnover farnesylation rate constantfter mixing 20 uM Co-FTaseFPP or Co-FTas&,-FPP (1:1
for Zn-, Co-, and Cd-FTase are calculated as 20, 14, and 6stoichiometry of enzyme to FPP of-FPP) with 4«M GCVLS in
uM, respectively, assuming a rapid equilibrium mechanism ??1 m'\l" :—Iehpps&tl_\laOH (pH 7-f8)’t}]m'\" T?Epvfagd E%"@MIQQ
(kI (Figre 3A). These values are Signifcanty igher | PELIICHSIme cbises [ e eacton of Coiee (e
than the direct measurements of the affinity of an FTase o eq 6 (F-FPP) to calculatéy andk..
isoprenoid binary complex for the peptide substrate, sug-
gesting that thd&;,, does not reflecKp but rather reflects a  zinc by either cobalt or cadmium, indicating that metal
change in rate-limiting steps from substrate binding to coordination of the farnesylated peptide product does not
farnesylation as the concentration of peptide increases. Thdimit product dissociation (Table 1).
measured values df, are comparable to previous values Fluoromethyl FPP AnalogsThe F-FPP analogs contain
measured under single-turnover conditions using the peptidefluorine substitutions on the methyl group at the C3 position
TKCVIM (11) or by fluorescence changes using a biotin- of FPP (Figure 1, re®). The fluorine is electron withdrawing
ylated GLPCVVM peptide 1) but are significantly faster  and destabilizes development of positive charge at the C1
than a recent pre-steady-state measurement for farnesylatiomosition in the transition state, resulting in a decrease in the
of a biotinylated KKSKTKCVIM peptide §3). observed rate constant for product formation in electrophilic
To test whether a metal-bound thiolate plays a nucleophilic reactions. Previously, Dolence and co-workers have shown
role in the catalytic transition state of FTase, we investigated that steady-state turnover catalyzed by yeast FTase is
whether changing the characteristics of the metfaiolate decreased significantly for fluorine-substituted FPP substrates
interaction affects the free energy of the transition state. (9). However, product release is partially rate-limiting for
Increasing the strength of the metdhiolate interaction yeast FTase39) so the decreased activity may not directly
should lower the K, and nucleophilicity of the metal-bound  correlate with destabilization of the transition state for
thiolate, thereby decreasing the rate constant for nucleophilicfarnesylation. Since product release is also rate-limiting for
reactions 84, 35). The observed rate constant for product mammalian FTase under steady-state conditiBhs32), we
formation,k,, for Zn-FTase is 12- 2 s ! (Figure 3B, Table used transient kinetics to study the influence of fluorine
1). As expected, substitution of the active site zinc with cobalt substitution on the transition state for farnesylation in FTase.
has little effect ork,. However,k; is 6-fold lower for Cd- The effects of fluoromethyl substitution at the C3 position
FTase (2 0.4 s*) when compared to Zn-FTase, suggesting of FPP on the reaction catalyzed by Co-FTase were
that a metal-bound nucleophile is involved in catalysis. These determined by transient absorbance spectroscopy under
effects of metal substitution ok, parallel the measured single-turnover conditions (Figure 4). These data are biphasic.
changes in thelf, of the metal-bound thiolate where cobalt The first phase, marked by an increase in the cetihiblate
substitution has no effect and cadmium substitution decreasesharge transfer band at 340 nm, monitors the binding of the
the Ka by approximately 1 pH unitd2, M. J. Saderholm  peptide to the enzyme-bound metal. The second-order rate
and C. A. Fierke, unpublished result). Cadmium substitution constant for peptide binding calculated from this phase
experiments performed with tHe. coli repair protein Ada is approximately 1x 10° M~ s for all of the Co-FTase
(36), cobalamin-dependent methionine syntha®®,(and F.-FPP complexes, suggesting that the fluorine substitutions

betaine-homocysteine methyltransferag8), zinc metallo- do not affect the association of the peptide with the enzyme.
proteins which also alkylate sulfur groups, show similar The second phase, characterized by a decrease in the 340
decreases in their reaction rates. nm absorbance, measures product formatldh Using FPP

Substitution of cadmium for zinc in FTase has little effect and R-FPP, the single-turnover rate constants were deter-
on other steps in the kinetic pathway, suggesting that this mined to be 8.8+ 0.5 and 0.22+ 0.06 s?, respectively
change does not cause major alterations in the active site(Table 2). For -FPP and EFPP, product formation was
structure. The association rate constakt, for peptide monitored by absorbance changes at 635 nm, indicative of
substrate binding to the FTa&®P binary complex is rapid  the geometry of the enzyme-bound cobalt ion, since the
((5—7) x 1®M~1s1 Table 1), not dependent on the nature background absorbance at 340 nm slowly decreased. The
of the metal ion at the active site, and consistent with rate constant for the chemical step decreases with each
previously reported valued g, 31). Therefore, the observed additional fluorine, resulting in a 40-fold decreasekjrfor
decrease in the peptid&, for Cd-FTase reflects a slower F-FPP, a 600-fold decrease foi-FPP, and an almost 3000-
dissociation rate constant. Additionally, the steady-state ratefold decrease for #£FPP compared to that for FPP. These
constantkes, for FTase is not altered by substitution of the decreases are somewhat larger than the data previously
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Table 2: Effect of Fluorine and Metal Substitution on the Observed Rate Constant of Product Formation

isoprenoid substrate

peptide
substrate FPP 1FPP R-FPP R-FPP
Zn-FTase Dns-GCVLS ko (s71) 42+04 (7.7+ 1.0) x 10°? (1.2+0.2) x 102 (1.1+04)x 103
Krel® 1 1.8x 1072 2.7x 103 2.6x 10
Co-FTase Dns-GCVLS ko (s 3.5+ 04
GCVLS ko (s79) 8.8+ 0.5 0.22+ 0.06 1.4+ 0.5x 1072 3.0+1.0x 1073
Keel? 1 2.5x%x 102 1.6x 1073 3.4x 104
Cd-FTase Dns-GCVLS ko (s79) 1.7+£0.2 (5.9+1.8)x 102 (1.0+0.3)x 1072 (1.3+0.7)x 10°°
Krel? 1 3.5x 1072 6.1x 1073 7.4x 104

a Fluorine substitution is on the methyl group on carbon 3 of the farnesyl chain (Figut@hg. observed rate constant for product formation

with FPP was taken as 1 for each metal-substituted FTase.

0.6

0.5

Fluorescence (a.u.)

0.11 L 1 1 1 L 1
0 20 40 60 80 100 120

Time (min)

140

reaction pathway4d). Alternatively, the multiple alterations
in the substrate (FFPP and Dns-GCVLS) and enzyme (Cd-
FTase) could significantly alter the reaction pathway. The
details of the transition-state structure in FTase will need to
be reexamined using multiple isotope effect experiments
where the alterations in the substrate structures are less
extensive.

Influence of Magnesium on Product Formatiémaddition
to enzyme-bound zinc, millimolar concentrations of mag-
nesium are required for optimal activity of FTase under
steady-state conditiond,(45). The maximal observed rate
constant for product formation under single-turnover condi-
tions is also achieved whenl10 mM magnesium is present

FIGURE 5: Measurement of the rate constant of the chemical step in the assay (M. J. Saderholm and C. A. Fierke, unpublished

with Dns-GCVLS. The assays were performed with @\ FTase
Fo-FPP, 1uM Dns-GCVLS in 50 mM HeppsoNaOH (pH 7.8), 1
mM TCEP, and 5 mM MgGCl The fluorescence emission of the
dansyl group was monitored at 496 nm after excitation at 340 nm.
The plot shows data for the reaction of Zn-FTa®§ &nd Cd-
FTase [0) with F;-FPP. The observed rate constants for product
formation were calculated using eq 7 (see Table 2).

obtained for yeast FTas8)(and indicate that the transition
state of rat FTase has significant carbocation character.

results). However, a slow rate of product formation is
observed even in the absence of magnesium (Table 1). This
rate constant is unaffected by procedures that decrease any
potential magnesium contamination, such as treatment of
buffers with Chelex, addition of the metal chelator EDTA,
and use of metal-free reaction vials (see the Experimental
Procedures). Thk, for product formation in the absence of
magnesium, approximately 1 102 st irrespective of

The previous sets of experiments suggest that the mech-the metal at the active site (Table 1), is decreased 700-fold

anism of catalysis of rat FTase is concerted with both for Zn- and Co-FTase and 120-fold for Cd-FTase compared
electrophilic and nucleophilic characteristics. To further test to the reaction containing Mg. Nonetheless, this. is

this hypothesis, we investigated the effect of metal substitu- Significantly higher than that of the measured background
tion on the single-turnover rate constant for product formation reaction for apo-FTase. These data demonstrate that mag-
using the fluoromethyl FPP analogs. If the mechanism is nesium accelerates a step at or before formation of the
concerted, substitution of the more polarizable cadmium for transition state for farnesylation. However, the absence of
the zinc or cobalt should have an additive effect on the an effect of cadmium substitution émsuggests an alteration
observed rate constant of product formation with the fluoro- in either the structure of the transition state or the rate-
methyl analogs, resulting in a greater decreask,.inThis limiting step for formation of the thioether product in the
experiment is similar to multiple isotope experiments that absence of magnesium.

have been used extensively to distinguish a concerted To determine whether magnesium influences the formation
mechanism from a stepwise mechanisti43) by com- of the ternary complex, the effect of magnesium on substrate
bining isotopes which test each potential step in the transition binding was studied. Previous work suggested that magne-
state. If the mechanism is concerted, the effects of the sium was not required for FPP bindint) (The dissociation
multiple isotopes should be additive. Changes in the fluo- constants for FPP (Figure 6) were determined to bed6.5
rescence of Dns-GCVLS upon product formation were used 1.7 nM in the presencl) and 5.2+ 1.2 nM in the absence

to determinek; for Zn- and Cd-FTase (Figure 5). Contrary of 5 mM MgCl,, indicating that the affinity of FPP for FTase
to the expected result for a concerted mechanism, the effectis not affected by magnesium under these conditions. These
of cadmium substitution ok, decreases for the fluoromethyl values are similar to previous FPP dissociation constants
FPP analogs from a Zn-FTase/Cd-FTase ratio of 2.5 for FPPmeasured in the presence of magnesi@t) 46). Similarly,

to approximately 1 for -FPP and B-FPP (Table 2). These magnesium does not affect the affinity of peptides for a
data indicate that the rate-limiting transition state for the binary complex containing an inhibitory FPP anald@)(
fluorinated analogs is altered with less dependence on theFinally, the association rate constant for GCVLS with the
nucleophilicity of the metatthiolate. This behavior could  Co-FTaseFPP complex, measured by transient absorption
potentially indicate that destabilization of the carbocation by spectra, was determined to be 8510 M~ s™! in the
fluorine causes the transition state to occur earlier on the absence of magnesium (data not shown), which is similar to
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1 T T T type | (GGTase-l; refi8), which catalyzes a reaction similar
to FTase and probably has a similar catalytic mechanism. A
~ U 9 general increase in peptide affinity due to enhanced metal
thiolate coordination would have little effect on tike./
KyPertidefor peptide substrates where peptide association is
essentially irreversible and occurs at a diffusion-controlled
rate constant KPPt < Kepemisiy), as observed for a
biotinylated GLPCVVM peptide 31). However, for more
weakly bound peptides a decreaseKigPeride would cause
L an increase irk./KyPePide These alterations in the micro-
0 20 40 60 80 100 scopic rate constants would be observed as a net reduction
[E],. ("M) in the peptide specificity of the enzyme.
FiGURE 6: Effect of magnesium on the FPP dissociation constant. A Weak metat-thiolate bond in the FTasgeptide com-
The FPP dissociation constants was determined using equilibriumplexes might be an important catalytic feature as this should
dialysis as described in the Experimental Procedures with 2-100 increase thelg, and enhance the nucleophilicity of the bound
g“g)zarr‘{glﬁﬁ/l %r”gEzF? Cv'}ﬁlﬁgfaﬁhigu?% m’l\\"ﬂ He%??ﬁ'e\'?ggﬁzd thiolate. Consistent with this proposal, the reactivity of the
dissociation constants (eq 8) are &51.7 21) gnd 52+ 1.2nM peptide decreases in the_ more tlghtly bound Cd-FTaf5e
in the presence®) and absence), respectively, of magnesium. ~ complex. In fact, for cadmium substitution the decrease in
the farnesylation rate constant parallels both the decrease in
the association rate constant measured in the presence ofe metat-thiol pK, and the increase in peptide affinity.
magnesium (Table 1, rell). These data indicate that These data could be described simply as stabilization of the
magnesium has little or no effect on the formation of the ground-state FTasePPpeptide complex by 1 kcal/mol

ternary FTasé-PPpeptide complex but significantly en- relative to FTasé=PP with no alteration in the energy of
hances the rate constant of a step after formation of thethe transition state. This hypothesis is consistent with model

0.8

]

0.6

0.4

[E-FPP]/[FPP]

free

ternary complex and at or before the chemical step. studies mimicking theE. coli DNA repair protein Ada, a
zinc—metalloprotein that facilitates a sulfur-alkylation reac-
DISCUSSION tion similar to FTase, which suggests that alkylation of

metal-thiolate coordination complexes occurs via a dissoci-

Zinc—Thiolate NucleophileFor zinc-metalloenzymes,  ated thiolate49). However, the visible spectrum of Co-FTase
substitution of the zinc by other metals can provide important with bound farnesylated product is consistent with metal
information about the zinc coordination sphere and its thioether coordinationi(l), and similar metal coordination
involvement in catalysis. Previously, &esubstituted FTase  of a thioether product has been suggested for A@ag1).
has been used to demonstrate that the peptide cysteine iaken together these data suggest that a metal-assisted
directly coordinated to the metall) and that the K, of nucleophile is involved in the catalytic mechanism of FTase.
the thiol is lowered by interaction with the metal. These Transition State StructurePreviously, the decreased
studies suggest that the zinc in FTase is directly involved turnover of fluorine-substituted FPP catalyzed by yeast FTase
in the catalytic mechanism, consistent with the direct suggested an electrophilic component in the rate-limiting
zinc—sulfur coordination observed in the X-ray crystal transition state of this enzym®)( Using transient kinetics,
structure of a FTase ternary complex containing the peptidethe electrophilic character of the transition state for farnes-
substrate acetyl-CViselenoM and an inhibitory FPP analog, ylation catalyzed by mammalian FTase was investigated.
a-hydroxyfarnesylphosphonic acidl@®. A more direct  Fluorine substitution at the C3 methyl decreases the rate
assessment of the role of the zinc ion in catalysis can beconstant for the chemical step, suggesting that the transition
explored by substitution of the zinc with cadmium. Cadmium  state has substantial carbocation character. The decreases in
is a more thiophilic metal than zinc and cobal7) and reactivity caused by fluorine substitution in both mammalian
should consequently have a stronger interaction with the and yeast FTase are significantly smaller than the effects of
peptide cysteine thiolate. This increased interaction should fluorine substitution on either the solvolysis of dimethylallyl
be manifest as a tighter dissociation constant for the peptide,p-methoxybenzenesulfonates or the reactivity of farnesyl
as observed (Table 1). Furthermore, th&, pf the metal-  pyrophosphate synthase, which both proceed via an electro-
bound peptide thiol decreases for the cadmium-substitutedphilic reaction 9, 52). The effects of the fluorine substitution
enzyme (M. J. Saderholm and C. A. Fierke, unpublished on FTase reactivity more closely parallel the effects on
data), consistent with enhanced cadmittiiolate coordina-  solvolysis reactions in the presence of a potent nucleophile
tion in the ground state. However, the observed 5-fold such as azide, which proceed via an associative mechanism
increase in affinity is less than the 3Q00-fold enhancement  with an “exploded” transition stat&8, 54). This correlation
for thiolate coordination by cadmium in small molecule syuggests a similar transition-state structure in FTase.
complexes 28—30). These data suggest that the metal These fluoromethyl FPP analog experiments (Tables 1 and
thiolate coordination in FTasgeptide complexes is sub- 2. ref 9) indicate the existence of carbocation character in
optimal, consistent with the long (2.5 A) metahiolate  the transition state. However, the magnitude of this effect
distance observed in the X-ray crystal structut)( as well as the dependence of the farnesylation rate constant

The enhancement of peptide affinity in cadmium- on the nucleophilicity of the metaitthiolate suggests that
substituted FTase may explain the altered peptide specificitythe transition state of FTase has associative character.
under steady-state conditions observed for Cd-FT4ge (  Additionally, the inability to trap a carbocation intermediate
and cadmium-substituted protein geranylgeranyltransferaseby reaction with water (farnesol product) or addéeHabeled
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Mg?* FPP could be stabilized in the transition state by interactions
with the side chain of K164. This group is within hydrogen-
bonding distance of am phosphate oxygen, and mutagenesis
studies suggest that Kl@4stabilizes the farnesylation
transition state 33).

Role of MagnesiunT he role of magnesium in the reaction
catalyzed by FTase has not yet been clearly established.
While magnesium is not essential for catalysis by FTase,
both single-turnover (Table 1) and steady-state reactibns (
45) are enhanced several orders of magnitude by millimolar
concentrations of magnesium. Transient kinetics have con-
fined the activation of FTase by magnesium to a step or steps

. - . at or before chemistry but after formation of the ternary
FiGurRe 7: Proposed transition state of FTase. The results detailed | - ith lth .
here and in previous studie8-{15, 33) suggest that the transition ~ COMPIEX, consistent with a proposal that magnesium coor-

state of FTase is associative with a partial positive charge on C1 dinates the nonbridging pyrophosphate oxygens (Figure 7)
of FPP and partial negative charges on the peptide sulfur and theto activate the diphosphate moiety as a leaving group.

maghesiLimia shown coordinated to the nonpridging pyrophosphate, JJnesim ons bind o pyrophosphate 2 orders of
idgi ; ; :
oxy%ens. E denotes the FTase zinc ligands, a%d gtJhpeydaFL)she(?Iine?:nagmIUde more tl.g.htly than to prenyl diphosphates and
represent partial bonds. Adapted from 18t ence should stabilize the formation of the pyrophosphate
product and pyrophosphate-like transition st#i@, 61). In
pyrophosphate under any reaction conditions (C.-c. Huangfact, divalent metal ions enhance the solvolysis of prenyl
and C. A. Fierke, unpublished data) also argues against thediphosphates by a comparable amo&264). Furthermore,
formation of a stable carbocation intermedia&b)( A in the isoprenoid synthases and transferases, which also use
proposed associative transition state is shown in Figure 7 prenyl diphosphates as substrates, a magnesium ion polarizes
where the metal-bound peptide/protein sulfur has a partial and activates the pyrophosphate leaving group to facilitate
negative charge and the C1 of FPP has a partial positiveformation of a carbocation intermediat®5¢-68). This
charge. This associative transition state is also consistent withcatalytic magnesium ion binds to an aspartate-rich region
other properties of the reaction catalyzed by FTase, includingon the protein and coordinates the pyrophosphate oxygens
(1) the metat-thiolate coordination observed in ground-state in the bound complex. However, in the structure of FTase
FTaseisoprenoidpeptide complexeslQ, 11), (2) the inver- there is no conserved asparate-rich regie® ¢0) and no
sion of configuration at the C1 carbod3 14), (3) an evidence that magnesium binds to the enzyme in the absence
a-secondary kinetic isotope effect near unityp) (4) the of the substrate, suggesting that magnesium interacts mainly
spectral properties of the bound farnesylated prodig}, (  with the FPP substrate. In fact, coordinated magnesium ions
and (5) the properties of mutants in the FTase active site atmay displace side chains that form hydrogen bonds with the
positions Y308 and K164 (33, 56, 57). However, the phosphate oxygens in the absence of Mg@D)( Therefore,
details of the transition-state structure remain to be deter-a possible alternative explanation consistent with the transient
mined using additional structuregeactivity correlations and  kinetic data is that the magnesium ion stabilizes the formation
isotope effect studies. of an active ternary substrate complex with the C1 of FPP
The structure of this proposed transition state (Figure 7) near the metatthiolate. In light of these findings the report
compared to the ground-state structure suggests potentiathat the steady-state reaction catalyzed by GGTase-I may
mechanisms that FTase may use to selectively stabilize thisnot be dependent upon magnesium for maximal activity is
transition state and, hence, catalyze farnesylation. In par-intriguing (48), perhaps suggesting significant alterations in
ticular, stabilization of the developing negative charge on the reaction mechanism of these related enzymes. A com-
the pyrophosphate oxygens should stabilize this transition parison of the catalytic role of magnesium in the FTase and
state. The largest increase in negative charge occurs on th&sGTase-| will provide further insight into the mechanisms
bridge oxygen between C1 and thephosphate of FPP, of these enzymes.
while the charge on the nonbridging oxygens on the Zinc-Catalyzed Sulfur AlkylatiorA variety of metallo-
phosphate on FPP also increasBs, (59). Strengthening proteins catalyze the alkylation of sulfur groups including
hydrogen-bonding interactions with the bridging oxygen in the E. coli DNA repair protein Ada 11, 72), cobalamin-
the transition state would be one stabilization mechanism, dependent 37, 73) and cobalamin-independent4) me-
as has been proposed recently for Ras-catalyzed hydrolysighionine synthase, human betaiff@omocysteine methyl-
of GTP (9). Residue H248, which forms a 2.7 A hydrogen  transferase3g), methanot-coenzyme M methyltransferases
bond with the bridge oxygen between C1 and the (75, 76), and FTase and the related prenylation enzymes
phosphate of FPP in a modeled ternary compldk 83), is GGTase-l 45) and protein geranylgeranyltransferase type
a reasonable group to fulfill this function. However, muta- |l (77). For all of these enzymes, a metal-bound thiolate has
tions at position 248 appear to have small effects on catalysisbeen suggested as the nucleophile in the chemical step.
(33, 56). Potentially, other groups could interact with this However, FTase is the only member of this class of
bridging oxygen in the transition state. In the crystal structure metalloproteins for which an electrophilic transition state has
a 7 A distance is observed between the C1 of FPP and thebeen implicated; in all of the other cases, the potential
cysteine thiolate 10), which is likely overcome by a con-  carbocation is significantly less stable than the allylic cation.
formational change to form an active complex. The increased The transition states of these enzymes likely are more
charge on the nonbridging oxygens on ta@hosphate on  associative and the reaction is more dependent on the

Protein-NH
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reactivity of the metatthiolate. Model compounds that
mimic the zinc binding site of Ada have suggested that
increased coordination of the zinc by negatively charged
thiolate groups correlates with decreased zitihiolate
affinity (78). This weaker metal coordination should enhance
the nucleophilicity of the bound thiolate. Consistent with this
proposal, the majority of the metalloproteins that catalyze
sulfur alkylation have at least two cysteine ligand3)( A
comparison of the transition-state structure and strueture
reactivity parameters of these related enzymes will provide
a better understanding of the essential catalytic features of
zinc-catalyzed sulfur alkylation.
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