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ABSTRACT. Protein farnesyltransferase catalyzes alkylation of the cysteine in a carboxy-terminal CaaX
motif where a is typically an aliphatic amino acid and X is alanine, methionine, serine, glutamine, or
cysteine by a farnesyl residue. The modification enhances the lipophilicity of farnesylated proteins and
promotes their association with membranes as part of their normal cellular function. Among the proteins
modified by farnesyl residues is Ras, an important component in the signal transduction network for cell
division that has been implicated in several forms of human cancer. In this paper, we describe isotope
trapping, rapid quench, and single turnover experiments with the yeast enzyme using farnesyl diphosphate
and the short peptide RTRCVIA as substrates. The kinetic constants for substrate binding, chemistry,
and product release were determined from a fit of the differential equations describing the minimal catalytic
mechanism to the kinetic data by numerical integration. Rate constants for chemistry and product release
were 10.5 and 3.57, respectively. The dissociation rate constant (33 for release of peptide from

the ternary enzymesubstrate complex was three times larger than the rate constant for chemistry. The
enthalpy of reactionAH, = —17 + 1 kcal/mol for farnesylation of cysteine, was measured by
microcalorimetry. Isotope trapping experiments revealed that the ertanmesyl diphosphate complex

was efficiently trapped by peptide but that the enzypmeptide complex was not trapped by farnesyl
diphosphate. These results are consistant with an ordered mechanism for formation of a catalytically
competent ternary enzynfarnesyl diphosphatpeptide complex.

The posttranslational modification of proteins withsC  Scheme 1: PFTase-Catalyzed Farnesylation of Cysteine
farnesyl or Gy geranylgeranyl groups is a frequent occur- opp

rence in eukaryotic cells (Clarke, 1992; Rando, 1996). These kJ\/\J\/\,k

modifications are essential for the function of the proteins " . W
and serve to promote proteimembrane or proteiaprotein L(m _— s

interactions. Two different classes of protein prenyltrans- """ m.an.NHL["X

ferases are known. The first consists of two enzymes that
catalyze alkylation of the cysteine in carboxy-terminal CaaX
motifs, where a is typically an aliphatic amino acid and X is
the amino acid that determines whether the protein is a
substrate for protein farnesyltransferase (PFTasg)rotein
geranylgeranyltransferase-l (PGGTase-1). When X is ala-
nine, methionine, serine, glutamine, or cysteine, the protein

?s farnesylated (Scheme 1), and when X is leucine, the proteinIoenzymes containing a tightly bound Zrand also require
IS geranylgerany.lated (Moores et al., 1991; Omer et al., Mg?* for maximal activity. Recently, a second PFTase of
1993). The proteins that are substrates for these two enzyme%onsiderably higher molecular mass (250 000 Da) was

include mem_bers of the Ras anq Rho/Rac f.amily of low isolated from Burkitt lymphoma Daudi cells (Vogt et al.,
molgcular welght GTPase}s-,subunlts. of G proteins, .nuclear 1995). Thes-subunit for the enzyme was immunologically
lamins, G-protein-coupled receptor kinases, and retinal CGMP, jitinguishable from th@-subunit of other PFTases, but
phosphodiesterase (Schafer et al., 1989). The CaaX motify,e _sybunit reacted poorly with a rat brain antiantibody.

is the major binding determinant for the protein substrates, | aqgition, the new PFTase retained a significant level of
and CaaX tetrapeptides are good alternate substrates for th%lctivity in the absence of 2h. whereas Z# was an absolute
two enzymes. The second class of protein prenyltransferase%quirement for other PFTases (Reiss et al., 1992; Zhang et
consists of a single enzyme, PGGTase-Il, which catalyzesaL’ 1996).

the alkylation of cysteines in carboxy-terminal CCXX,  gteady-state kinetic studies with mammalian PFTases

XXCC, and XCXC motifs in the Rab GTPases (Moores et sy ggested a random mechanism for substrate binding (Pom-
al.,, 1991). In contrast to the protein prenyltransferases in

the first class, PGGTase-ll only recognizes Rab proteins as ! Abbreviations: ACES, N-(2-acetamido)-2-aminoethanesulfonic

substrates when they are complexed with an escort protein.acid; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; FPP,
farnesyl diphosphate; GGPP, geranylgeranyl diphosphate; HEPES,
hydroxyethyl)piperaziné¥'-2-ethanesulfonic acid; PFTase, protein

All three protein prenyltransferases are heterodimers
composed ofx- and 5-subunits, and the enzymes show a
substantial degree of similarity in their primary amino acid
sequences (Omer et al., 1991). In addition, PFTase and
PGGTase-I have the unusual property of sharing a common
o-subunit. All of the protein prenyltransferases are metal-
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pliano et al., 1992). Subsequent isotope trapping experimentsprepared by dissolving the peptide in water, were determined
conducted with recombinant human (Pompliano et al., 1993) by sulfhydryl analysis using dithiobisnitrobenzoic acid
and rat (Furfine et al., 1995) enzymes indicated that substrate(Russo & Bump, 1988). Stock solutions were combined with
binding was ordered, with the addition of FPP preceding the 5 mM DTT to a final concentration of-28 mM and stored
peptide. Stopped-flow fluorescence studies with rat PFTaseat—20°C. FPP was synthesized by the method of Davisson
suggested that farnesyl diphosphate (FPP) binds in a two-et al. (1986). 13-Trifluorofarnesyl diphosphate (TFPP) was
step process and that the peptide substrate binds to thesynthesized by Dr. Julia Dolence (Dolence & Poulter, 1995).
E-FPP complex irreversibly (Furfine et al., 1995). In Stock solutions of FPP and TFPP-2 mM) in 25 mM
addition, a series of single-turnover experiments with limiting ammonium bicarbonate were stored-#t0 °C until needed.
E-FPP showed that the rate constant for formation of Concentrations were determined by analysis for phosphate
enzyme-bound product was much faster that the catalytic (Cassidy et al., 1995). [IH]FPP (17.8 Ci/mmol) was
rate constanti(,y), indicating that catalysis was rate-limited purchased from DuPont-NEN (Boston, MA). Phospho-
by product release. cellulose P81 filter paper was from Whatman (Clifton, NJ).

Yeast PFTase (Gomez et al., 1993; Mayer et al., 1993) is Dodecylf-p-maltoside was purchased from CalBiochem. All
somewhat smaller than its mammalian counterparts. Theother chemicals were from Sigma (St. Louis, MO) or USB
primary amino acid sequence of thesubunit in the yeast ~ (Cleveland, OH) and used without further purification.
enzyme bears approximately 30% identity to mammalian Enzyme AssayThe assay used for PFTase in our kinetic
proteins, while the identity in thg-subunit is slightly higher studies was essentially as described by Roskoski et al. (1994).
(Omer et al., 1993). In contrast to mammalian PFTases, [*HIFPP (0.5-10 uM, 200—-500 xCi/umol) was incubated
steady-state kinetic measurements for the yeast enzyme gavat 30.0°C with RTRCVIA (0.5-30 «M) and PFTase (15
typical double reciprocal plots consistent with an ordered hM) in assay buffer containing 10 mM Mg&£LouM ZnCly,
mechanism where FPP binds before peptide (Dolence et al.> MM DTT, and 0.04% (w/v) dodecyl-p-maltoside in a
1995). In addition, the yeast enzyme was strongly inhibited total volume of 50.Q:L of 50 mM buffer (PIPES, HEPES,
by its peptide substrate. Although a similar phenomenon is ACES, or Tris) at pH= 7.0. Reactions were initiated by
seen in the double reciprocal plots for mammalian PFTases,the addition of enzyme, quenched with 40 of 1.2 M HCI
the level of inhibition is much less pronounced. In this paper, after 5-20 min, and placed on ice (final pH G-8).
we describe the results of isotope trapping and pre-steady-Background reactions were conducted with reaction buffer
state kinetic experiments for yeast PFTase with a peptidein place of enzyme. A portion of the reaction mixture (30
substrate, RTRCVIA, which contains a RTR leader to uL) was spotted on a k 3 cm strip of phosphocellulose
facilitate separation of farnesylated peptide from unreacted P81 filter paper that had been numbered in pencil. The
FPP and the CVIA consensus sequence found in the yeassolution was allowed to permeate the paper for a few seconds
a-mating factor peptide, a normal substrate for the enzymebefore the strip was immersed in 1:1 75 mMR©,/95%
(Schafer et al., 1990). We have determined the individual €thanol (10 mL/strip). Additional reaction mixtures within
rate constants for binding and release of substrates and thén experimental run were spotted likewise and combined in
chemical step. In addition, we measured the enthalpy for the same wash solution. The strips were gently swirled on
farnesylation of cysteine by FPP using isothermal titration & rotary platform for 10 min, followed by two additional
calorimetry. The large negativeH for the reaction suggests ~ 10-min wash cycles with fresh wash solution. The individual

that the alkylation is irreversible. wet strips were transferred to scintillation vials containing
10.0 mL of Cytoscint (ICN) and 0.5 mLf& M HCI.
MATERIALS AND METHODS Trapping of Enzyme-Bound Substrat€éhe EFPP com-

plex was trapped essentially as described by Rose (1980).

Materials. Recombinant yeast PFTase was obtained from A pulse solution containing PFTase (M) and EH]FPP
Escherichia colistrain JM101/pGP114 and purified by ion- (200 nM, 1000uCi/umol) in 50 mM Tris reaction buffer
exchange and immunoaffinity chromatography as describedwas prepared in a 1.5-mL Eppendorf tube. Portions (25.0
previously (Mayer et al., 1993). Chromatographic fractions ;| ) were transferred to 0.7-mL Eppendorf tubes. Chase
were analyzed by SDSPAGE (MW = 77 kDa). Protein  solutions consisting of RTRCVIA (0:15.0 4uM) and TFPP
concentrations were determined by UV spectroscopy using (75 uM) in 50 mM Tris reaction buffer were prepared in a
a calculated extinction coefficient for PFTase= 1.99 mL Comp]ementary set of 1.5-mL Eppendorf tubes. The reaction
mg~t cm* (153 340 M cm ™) at 280 nm based on the  mixtures were allowed to equilibrate at 30 for 15 min. A
number of tyrosine and tryptophan residues (Gill & von 25.04L portion of chase solution was combined with the
Hippel, 1989) in the heterodimer. Concentrations determined py|se and vortexed for-35 s. Final reactant concentrations
by this procedure agreed closely with those from a Bradford jn the mixture were 100 nMBH]FPP, 700 nM PFTase, 0.65
assay (Bradford, 1976). Specific activities measured for 2.5uM RTRCVIA, and 35.0uM TFPP. After vortexing,
different batches of purified yeast PFTase used in both reactions were quenched by the addition of 10L.00f 1.2
calorimetric and kinetic experiments were from 2.9 to 3.6 M HCI and placed on ice. A 30.0L portion was removed
umol min~* mg™, as determined by a spectrofluorimetric and analyzed as described above. Blank reactions were
assay (Cassidy et al., 1995) using dansyl-GCVIA as the gptained by substitution of reaction buffer for either RTRCVIA
peptide substrate. The purified enzyme was stored inn the chase solution or enzyme in the pulse solution.
solution on ice until needed. Little or no loss of activity A similar experiment was performed for enzyme-bound
was observed over the course of 2 weeks. RTRCVIA using dansyl-GCVIA as the chase reagent.

Peptides RTRCVIA and dansyl-GCVIA were synthesized Control experiments showed that farnesylated dansyl-GCVIA
at the core facility of the University of Utah using solid- was not retained on the phosphocellusose paper. PFTase
phase peptide methods. Concentrations of stock solutionsand RTRCVIA in 40uL of buffer were incubated at 3TC
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for 15 min. A portion (2QuL) of a chase solution consisting

of [*H]FPP (100QuCi/umol) and excess dansyl-GCVIA was
combined with the pulse solution, vortexed, quenched with
10.0uL of 1.2 M HCI, and placed on ice. Final concentra-
tions were 250 nM enzyme, 1.8M RTRCVIA, 50 uM
dansyl-GCVIA, and 5.@M [3H]FPP. A 30xL portion was
removed and analyzed as described above. Blank reactions
were obtained by substitution of buffer in place of RTRCVIA

in the pulse solution.

Pre-Steady-State Kinetic ExperimentEhe approach to
steady-state and single turnover measurements were per-
formed using a KinTek rapid mixing apparatus (Johnson,
1995). The sample, reaction, quench, and exit loop volumes
were measured to within 1% with a solution of'Q]-
isopentenyl diphosphate (400 cprh). Measurements were time (s)
performed with a pre-equilibrated solution of PFTa3¢}{ Ficure 1: Thermogram (heat flow versus time) obtained for a

FPP in the first sample loop (14/4.) and RTRCVIA in single 10xL injection of 1.74 mM RTRCVIA. The reaction cell
the second sample loop (144B), all in 50 mM Tris reaction contained 10«M FPP and 200 nM PFTase in a total volume of

buffer (pH = 7) at 30.0°C. Final sample concentrations 1.00 mL before injection. The small, endothermic dip at the
o 3 ; initiation of titration represents the heat of dilution for peptide. The

B e s s b by et area fom 50010 1000 s 112

the rapid guench experiments and 100 r’M]FPP, 700 nM

PFTase, and 3.0 or 64M RTRCVIA for the single turnover

Heat (uJ/s)

0 300 600 900 1200

FPP and PFTase to concentrations of Z80and 200 nM,
; ! h ith ¢ respectively, in a total volume of 1.40 mL. One milliliter
experiments. Reactions were quenched with2D®f 0.2 ¢ g mixture was transferred to the calorimeter cell using

NII HCI. bThe eLe_cLed quuid_lwa_ls ‘;0”9.‘;}5(’. in 13 70 mm a glass syringe (Hamilton). The solution was allowed to
glass tubes, which were silanized with SigmaCote (Sigma) equilibrate at 25C with stirring at 50 rpm for 36-45 min.

and placed on ice. Under these conditions _(pH_ 0.8), the 5 100.0u«L glass syringe with an extended buret attachment
farnesylated product was stable, and neutralization of theWas filled with 1.5-2.0 mM RTRCVIA in calorimetry

reaction mixture was not necessary. A 7gl0portion was buffer. The syringe was attached to the calorimeter with
removed, spotted on a 16 4.5 cm phosphocellulose strip, he buret tip immersed in the cell, and the system was
and analyzed as described for the normal assay (20 mL wash llowed to equilibrate for an additional-30 min. A
strip). Blank reactions were performed in separate Eppendorfy sefine signal was collected for at least 300 s before
tﬁbesd‘c’j"_'t_h q“?”Ch added to pre-equilibratet P before  jnitiating the reaction with 5.0 or 10.0L of titrant. Heat
the addition of RTRCVIA. output J/s) was recorded every 0.5 s. Data for single

Pre-Steady-State Trapping of Enzyme-Bound SubstrateSyjations were collected for at least 1500 s. For sequential
The rapid mixing apparatus was used to trap enzyme-boundy ations, individual injections were spaced by 1200 s. Heats
substrate. Pre-equilibratetH|FPP (10uM, 9004Cijumol) of dilution for titrants were obtained by an analogous
and PFTase (400 nM) were mixed with RTRCVIA (100) procedure without enzyme in the reaction cell. Integration
in 50 mM Tris assay buffer at 3%C and allowed to react ¢ yhe thermograms was performed with Kaleidagraph
for 10—200 ms before diluting the reaction mixture with 200 (Synergy Software, Reading, PA).

KL of 100 uM unlgbeled FPP from the cer)tral Syringe on Numerical and Statistical AnalysiKinetic constants were
the mixing machine. The total volume ejected from the

. . . : determined by a nonlinear regression fit of the coupled
machine for ?aCh t.|me point was Zm’.Of Wh'Ch. .29”L. .. differential equations associated with the kinetic mechanism
was the reaction mixture volume. The final specific activity

of the original PH]JFPP was therefore diluted more than 100- for PFTase to the pre -st.eady—state kinetic data.. The standard

L S error ok, for each kinetic parametdg was obtained from
fold. After ejection into 13x 70 mm silanized glass tubes, the curvature of? with respect td, and the propagation of
the mixtures were swirled for 15 s to allow any labeled P y propag

intermediates to react before the addition ofi@0of 1.5 M errors formula was used to obtain standard errors for
HCI to stop the reaction. A portion of the reaction.mixture parameters calculated from fitted parameters (Bevington &

(85 uL) was spotted on a 1.5 4.5 cm phosphocellulose Robinson, 1992). In some cases, kinetic constants were also

strip and analyzed as described above. Blank reactions Weredetermlned by an explicit weighted nonlinear regression fit

performed in separate tubes with HCI quench added to pre'?érﬁ?n?cuipg?f?vc::z gglr):ggabeé §>re55|on utilizing Grafit
equilibrated EFPP before cold FPP and RTRCVIA. ' e

Calorimetry. Enthalpies of reactionH») were obtained  peguLTS
from thermograms collected with a Calorimetry Sciences
Corporation (Provo, UT) isothermal titration calorimeter. The  Enthalpy of Reaction for Farnesylation of Cysteirtégure
cell was calibrated at 28C with an internal cell heater. The 1 shows a typical thermogram (heat flow versus time)
titrate was a solution containing enzyme and excess FPP.obtained for a single 104 injection of 1.74 mM RTRCVIA
RTRCVIA was the titrant. The buffer used for calorimetry into a reaction cell preloaded with 1Q(M FPP and 200
consisted of a 20 mM ACES, HEPES, PIPES, or Tris buffer, nM PFTase in 1.0 mL total volume (before injection) of 20
pH 7.0, containing 10 mM MgGJ| 10uM ZnCl,, 5 mM DTT, mM PIPES buffer. The concentration of RTRCVIA was
and 0.04% dodecy$-p-maltoside. Titrate solutions were approximately 5-fold lower than that of FPP. The positive
prepared in the appropriate calorimetry buffer by diluting heat flow from the calorimeter cell quickly reached a
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FIGURE 2: Thermogram for successive titrations. Substrate and [RTRCVIA] (uM)

enzyme concentrations were the same as in Figure 1. Each peal
corresponds to the heat evolved after injection pt%f 1.74 mM
RTRCVIA. Integrated peak areas were (in sequence) 631, 530, and
638 uJ.

li:IGURE 3: Plot of initial velocity versus the concentration of
RTRCVIA containing 50 mM PIPESY), HEPES @), ACES ()
and Tris @) assay buffers with 1&M FPP and 2 nM PFTase.
The fitted curve was obtained from eq 2 with= 0.72umol min~t

. " . mg 1, KyPEP = 3.5uM, andK,' = 16 uM.
maximum after addition of the titrant and then decayed to g M “ ! #

baseline as the limiting substrate was depleted. The small,Scheme 2: Ordered Bireactant Mechanism with Inhibition
endothermic dip at the initiation of titration corresponded to by Peptide Substrate
the heat of dilution for peptide. Typical values obtained from K, FPP ke PEP e ke
identical experiments without enzyme were 8uJjuL of E = E-FPP === E-FPP-PEP ——= E:F-PEP:PR — products
titrant. The integrated area from 300 to 1000 s in Figure 1 k“ (PP
corresponded to 1182J after correcting for the heat of
dilution of peptide. The average integrated heat for six E-PEP
additional measurements (data not shown) was H &0
ud. Although kinetic information can be obtained from 10 form faresylated RTRCVIA. The average valug\di
thermograms (Sturtevant, 1955; Morin & Freire, 1991; for the farnesylation of cysteine from a total of eight
Williams & Toone, 1993), the response time of our calo- Measurements wasl7 + 1 kcal/mol.
rimeter was not measured, and the apparent time required Based on thelg, values for inorganic pyrophosphate (PP
for the reactions shown in Figure 1 to proceed to completion one would predict that the reaction should proceed with the
was substantially longer than the actual time. net transfer of the sulfhydryl proton to PR a pH 7 buffer.

At constant temperature and pressure, the measured heah potential source of error in the value fAHx, might arise
(Q) is directly proportional to the amount of produd®)( from contributions to the measured enthalpy from protonation

ko

formed and the enthalpy of reactionH,x,) according to or deprotonation of the buffer. As a control, a series of
successive titrations were conducted in 20 mM PIPES,
dQ = dPAH,,.\V, (1) HEPES, ACES, and Tris buffers (data not shown). Enthal-

pies of protonationfHg) are—2.9,—5.2,—7.5 and—11.4
whereV, is the final cell volume after addition of the titrant ~ kcal/mol, for PIPES, HEPES, ACES, and Tris, respectively
(Tinoco et al., 1995; Wiseman et al., 1989). To determine (Morin & Freire, 1991; Roig et al., 1993; Murphy et al.,
AHx from eq 1, the reaction must be functionally irrevers- 1993), and represent a sufficiently large range to detect
ible. This was confirmed for the PFTase reaction by variations inAH., due to net proton transfers to or from
conducting a sequence of titrations on the same solution ofthe buffer. Substrate and enzyme concentrations were the
titrate. The thermogram from this experiment is shown in same for each experiment (1M FPP and 200 nM PFTase
Figure 2. Substrate and enzyme concentrations were theas the titrate, 5.QuL of 1.66 mM RTRCVIA titrant).
same as for the experiment described in Figure 1. After Integration of the thermograms obtained for each buffer
measuring the baseline for 300 s, heat evolution was showed no significant variation in calculated values for
measured continuously for three/b-injections of 1.74 mM AHrn.
RTRCVIA spaced 1200 s apart. After correcting for the heat  Initial Velocity MeasurementsA minimal mechanism for
of dilution, the integrated areas for the three signals in Figure the ordered addition of substrates by PFTase (Dolence et
2 were (in sequence) 631, 530, and 638 Additional al., 1995) is shown in Scheme 2, where PEP represents
titrations (data not shown) confirmed that on average eachRTRCVIA and F-PEP the farnesylated peptide. A control
peak had the same area. If the reaction were partially experiment using the filter paper assay was conducted to
reversible, the integrated heat signal should decrease withdetermine if RTRCVIA showed substrate inhibition, similar
each additional titration because the starting concentrationto that seen for dansyl-GCVIA in the fluorescence assay
of FPP relative to the peptide also decreases. This relative(Cassidy et al., 1995). A plot of initial velocities versus
change will shift the equilibrium by a small but detectable [RTRCVIA] measured in 50 mM Tris, HEPES, PIPES, and
amount to give progressively less product and, as a conse-ACES assay buffers containing &M FPP and 2 nM PFTase
quence, a smaller evolution of heat in each cycle. All of are shown in Figure 3. In each case, substrate inhibition
the peptide injected during each titration apparently reactedwas seen at higher concentrations of peptide. Furthermore,
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the choice of buffer did not alter the inhibition pattern. A 8 0—r——7r——7T—7— —
fit of the equation for substrate inhibition to the initial s [ .
velocity, v, in Figure 3 c i 4
~ 60 -
V[PEP] s ]
7 K, T+ [PEPI(1+ [PEPIK, ) s I ]
w o+ [PEPI(L+ [PEPIK/) 2oL ]
gaveV = 0.72umol mint mg? (Kear = 1.0 %), KyPEP = 3 [ |
3.5uM, andK' = 16 uM. In comparison, dansyl-GCVIA S - .
gaveV = 3.3 umol min~! mg?, Ky"EP = 1.5 uM, and K/’ 220 7]
= 1.1 uM at similar enzyme and substrate concentrations o .
using a spectrofluorimetric assay (Dolence et al., 1995). ol o+ o v o]
Initial velocity measurements were performed in duplicate 0 0.5 1 15 o o5 3

for four concentrations of FPP (£30.0 uM) and six
concentrations of RTRCVIA (0:520.0 uM). Efforts to [RTRCVIA] (uM) _
globally fit the two-dimensional steady-state rate equation FIGURE 4: Plot of enzyme-bound®i]FPP that is converted to

associated with Scheme 2 (Dolence et al., 1995) to theseProduct versus the concentration of RTRCVIA. The error bars refer
" to ranges of duplicate determinations. The pulse solutions contained

data to were unsatisfactory. The higheri concentrqtions'of 1.44M PFTase and 200 nMIH]FPP in 50 mM Tris reaction buffer.
RTRCVIA needed to accurately determine the Michaelis SinceKpFPP = 75 + 15 nM (Dolence et al., 1995), greater than
constant for FPPK""" also produced substrate inhibition. 90% of the fH]FPP was bound. The chase solutions contained 0.1

A similar prob'em was observed with dansy'-GCV|A SOMM RTRCV'A and 70ﬂM TFPP. Concentraﬂ.ons were dlluted
Estimates fokea, KuP®, andK; for RTRCVIA were obtained g:ﬁ/‘g ‘\jv‘;%“o“g't’g{:]gegfftrg‘?npg:;%awnﬁh‘izazseofg;“ioglsdggad;%ayed
graphically (Segal, 1975). Values wekgi= 1+ 1 s, E-FPR, = 88 + 4 nM.

KwPEP =2 + 1 uM, andK, = 8 + 5 uM.

~ Pulse-Chase Experimentsin the typical protocol for  GcvIA was not retained on the filter paper after workup.
isotope trapping with a bireactant enzyme, labeled substrateths, dansyl-GCVIA, an alternate peptide substrate, served
is incubated with enzyme to form an& complex. The a5 3 sujtable chase reagent. Enzyme and RTRCVIA were
solution is then rapidly mixed with a second solution mixed to form the pulse solution, and dansyl-GCVIA and
containing the second substrate and a large exces6Q- [®H]JFPP were combined for the chase. At the highest
fold) of unlabeled first substrate (Rose, 1980). Upon mixing concentrations of FPP (67 Kp™PPand 10x KyFPP) used in

the two solutions, labeled first substrate that dissociates fromihe chase, less than 3% of the starting RTRCVIA was

the ES complex before it is converted to product is trapped converted to product under these conditions. Since the

specific activity is reduced to a negligible level. The amount 10.fold larger than the value f,, determined from Figure

of label in the product reflects the amount ofSthat is 4, the principle route to a catalytically active ternary complex

converted to product before dissociation tot£S. involved the addition of FPP before peptide. This conclusion
As a variation on this strategy, we used a trifluorinated agrees with previous steady-state kinetic studies with yeast

derivative of FPP (TFPP) in place of unlabeled FPP in the prTase (Dolence et al., 1995).

chase solution to trap-EPP. The fluorinated analog was Rapid Quench ExperimentsRapid quench techniques

much less reactive (770-fold) and bound more tightly (5- \yere used for pre-steady-state kinetic measurements (Fersht,
fold) than FPP to PFTase (Dolence & Poulter, 1995; Dolence 19g5. anderson et al.. 1988 Johnson. 1995 Fierke &

etal., 1995).. Thus, TFRP served as a more efficient trappingHammes, 1995). The efficiency of the HCI quench was
reagent. Using the partition approach of Cleland (1975), the yetermined for various concentrations of the acid. Duplicate
amount of radioactivity appearing in the observed product \,oasurements spaced-80 min apart, but worked up

(F-PERoJ is consecutively, were in agreement if HCI concentrations were
E-FPR[PEP] K . +k greater than 50 mM. Figure 5 shows a plot for the formation

[F-PER,J=—— = 1(2) of product from 5 to 500 ms for &M [3H]FPP, 50uM
Ky + [PEP] koks RTRCVIA, and 350 nM PFTase. The error bars represent

3 the range of duplicate determinations. The burst amplitude
is small, which indicates thaboth the chemical and the

¢ product release steps are important in determitkigg
Scheme 3 shows the minimal mechanism used to interpret

the rapid quench results. Binding of FPP to free enzyme

after the first turnover was assumed to be fast as compared

to peptide binding and catalysis (see below). The formation

(88 + 4 nM) was similar to the value calculated frdfaFP of product as a function of reaction tinhés given by eq 4

and the enzyme and substrate concentrations used in théFerSht’ 1985; Fierke & Hammes, 1995)

experiment, suggesting that enzyme-bound FPP was ef- _ . _

ficiently trapped and was converted to product irreversibly. [F-PERyd = [F-PEP]+ [E-F-PEPPR] =

The experiment was repeated twice with similar results. o[l — efﬂ‘] + 9t (4)
Trapping of enzyme-bound RTRCVIA was also attempted.

Control experiments showed tha&H|]farnesylated dansyl-  wherea is the apparent burst amplitudgjs the reciprocal

where EFPR is the concentration of enzyme-bound FPP,
K, is the peptide concentration needed to convert half o
the EFPP complex to product, and PEP is the concentration
of peptide after mixing the pulse and chase solutions. The
results are shown in Figure 4. A fit of eq 3 to the data
yieldedK,, = 0.57+ 0.03uM. The fitted value for [EFPR)]
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Ficure 5: Plot of the formation of farnesylated RTRCVIA between
5 and 500 ms. Enzyme and substrate concentrations waid 5
[BH]FPP, 50uM RTRCVIA, and 350 nM PFTase. The error bars

represent the range of duplicate determinations. The progress curve

for intermediates FPRPPEP (--—) and EF-PEPPR (—---—), and

product F-PEP (---) were calculated by integration of the differential

Mathis and Poulter

shown). Since the tritium label offi]FPP was at C1, the
value for ks may include ana secondary isotope effect.
However, recent studies for a related allylic system, the
chorismate synthase-catalyzed formation of chorismate from
5-enolpyruvylshikimate 3-phosphate suggests that the mag-
nitude of the isotope effect will be less than 10% (Bala-
subramanian et al., 1995).

In order to assess the effect of substrate inhibition, time
curves were obtained by combining preformedrEP with
RTRCVIA and by combining free enzyme with a mixture
of FPP and RTRCVIA. Final concentrations after mixing
for both experiments were 50M RTRCVIA, 5 uM [3H]-

FPP, and 200 nM PFTase. Time curves measured from 40
to 500 ms, corresponding to three enzyme turnovers, had
the same apparent burst amplitude and steady-state rate. Since
substrate inhibition reduces the concentration of free enzyme
available for catalysis, the time curve for preformedEP
should have shown a larger apparent burst amplitude and
Steady-state rate as compared to the time curve for free

| enzyme if substrate inhibition was an important factor in our

equations associated with Scheme 3 Using the rate constants in Tabléapid quench experiments. Our results indicated that PEP
1 and reactant and enzyme concentrations listed above. The soliddid not substantially alter the amount of free enzyme

line (—) corresponds to the sum oflEPEPPR and F-PEP.

Scheme 3: Mechanism for Conversion of BinanFEP
Complex to Products
k, PEP Ky

k,
E*FPP =——= E:FPP-PEP — = E.F-PEP-PP, ——= products
ka

lifetime of E-F-PEPPR, y is the steady-state rate

_ kK iy
a—EFPFg,(k,+k4) B=K +k,

B Kk,
y=EFPR{—| ©)

4,

andk is the effective first-order rate constant for formation
of E-F-PEPPR:

B ks[PEP]
 (k_, + ky)/k, + [PEP]

1

(6)

available for binding FPP for the concentrations of enzyme
and substrates used in the rapid quench experiments. These
observations support the use of the simplified Scheme 3 to
model the rapid quench kinetics.

Pre-Steady-State Isotope Trapping Experimem{set of
isotope trapping experiments using cold FPP was performed
with the rapid mixing apparatus. Each experiment was run
in parallel with an HCI quench. PFTase afH]FPP were
preincubated before mixing with peptide to a final concentra-
tion of 200 nM enzyme, 5uM [*H]FPP, and 50uM
RTRCVIA. After a specified time interval, the reaction was
guenched with 10xM cold FPP and allowed to incubate
for 15 s before the addition of HCI to a final concentration
of 0.17 M. When HCI was used in the quench, the acid
immediately inactivated PFTase and the radioactivity in
farnesylated RTRCVIA represented the sum of free F-PEP
and EF-PEP. In contrast, FPP did not inactivate the enzyme.
Thus, the radioactivity in the farnesylated peptide in an FPP
trap was the sum of F-PEP;IEPEP, EFPPRPEP, and the
fraction of EFPP that was committed to catalysis. The 15-s

The derivation of eq 4 invokes a steady-state approximation interval between the addition of cold FPP and the addition
for the concentration of the ternary reactant complex of HCI was sufficient for all of the ternary complex to
(E-FPPPEP) and assumes that the time derivative of PEP turnover, and the 200-fold dilution of radioactivity in FPP

is zero (dPEPM= 0) in order to linearize the coupled
differential equations and permit an analytic solution. A fit
of eq 4 to the data in Figure 5 yielded= 0.13+ 0.03uM,

B =12+ 3.0s? andy = 0.824 0.06uM s™%. Since the

was sufficient to supress additional formation $4JF-PEP
from free enzyme.

The results for addition of cold FPP (open circles) and
HCI (closed circles) are shown in Figure 6a. The time course

experiment was conducted with a high concentration of for the HCI quench was similar to that shown in Figure 5.

RTRCVIA, K in eq 6 was approximately equal ke With

However, the time course for isotope trapping by cold FPP

this approximation, rearrangement of eq 5 and application was constant at reaction times corresponding to the first

of the propagation of errors formula yieldi&g= 8.0 + 3.2
sLk=42+1.1s? and EFPR = 0.30+ 0.06uM. The

turnover of EFPP and then increaseed in parallel with the
HCI curve. The amount of product formed at short reaction

enzyme concentration employed in the experiment (deter-times closely corresponded to the amount of enzyme used

mined by UV absorption) was 0.38M, in agreement with

in the reaction. These results indicate that FPP is a “sticky”

the fitted value. Note that the apparent burst amplitude (0.13 substrate and that thef[HPP complex is efficiently converted
uM) was significantly smaller than the employed enzyme to product in the presence of peptide.

concentration, due to the similarity &f andk,. Variations
of substrate and enzyme concentrations (500 uM
RTRCVIA, 5-10 uM FPP, 0.2-0.8 uM PFTase) and the

A difference plot for the two time courses (see Figure 6b)
corresponds to the sum of the time courses fdfFP and
E-FPRPEP. The time scale for conversion of PP to

time interval over which the reaction was monitored (up to E-FPPPEP was fast under the conditions of the experiment

2 s) did not significantly change the value {ér(data not

([RTRCVIA] = 15 x Ky"E) and the data in Figure 6b
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- i i Ficure 7: Plot of the pseudo-first-order appearance of product
S associated with a single turnover of enzyme-bound FPP. Concentra-
£ 200 tions before addition of the quench were 700 nM PFTase, 100 nM
® [BH]FPP, and 3@) or 6 (O) uM RTRCVIA. Fits of eq 8 yielded
e k =224 0.2 and 3.9+ 0.3 s for 3 and 6uM RTRCVIA,
o) respectively. The fitted value for-EPR was 90+ 5 nM for both
) experiments. The curves are theoretical observed product
£ 100 (E‘F-PEPPR + F-PEP) concentrations as a function of time,
o calculated by integration of the differential equations associated
with Scheme 3 using the rate constants in Table 1 and reactant and
enzyme concentrations listed above.
0
0 100 200 300 of FPP. Both of these reagents gave results similar to those

. obtained for cold FPP (data not shown).

time (ms) Single Turneer Experiments Kinetic measurements for
Ficure 6: Time course for formation of radiolabeled peptide. An  a single turnover of enzyme-bound FPP were conducted by
isotope trapping experiment performed with the rapid mixing mixing a pre-equilibrated solution of 700 nM PFTase and

machine. (a) Time courses obtained with HCI quer@hgnd 100 .
uM cold FPP dilution ©). The enzyme concentration was 200 nM, 100 nM PH]FPP with 3 or 6uM RTRCVIA. Under these

and substrate concentrations wereuSl [3H]FPP and 50uM conditions, greater than 90% of thé"ﬂFF"P was bpund
RTRCVIA. The reaction was quenched by the addition of HCl or (Dolence et al., 1995). The results are displayed in Figure
cold FPP. The error bars for the open data points represent the7. The reactions were guenched with 0.2 M HCI, and

scatter observed with duplicate determinations. The theoretical ; Nty ;
curves were generated with the rate constants in Table 1 and theradloacmmy in the product was measured by the strip assay.

enzyme and substrate concentrations listed above. (b) Differen(:eA plot of F-PEP versus time appeared to follow first-order

between the 10@M cold FPP data points and the HCI data points, Kinetics (Figure 7).

corresponding to the time dependence eFEP + E-FPPPEP. The equation for pseudo-first-order formation of product

The displayed line is the theoretical time dependence-BPP+ is given by

E-FPPPEP.

primarily represent the conversion of the ternary reactant [F-PEP,,J = E-FPR(1 — ¢ ) (8)

complex to product. The expression for the time dependence

of E-FPPPEP is given by wherek is the same as in eq 6. As seen for eq 4, eq 8
_pt assumes that [PER} [E-FPP] and that BEPRPPEP is at

[E-FPPPEP]=a+ be (7) steady state. Fits of eq 8 to the data in Figure 7 gave values

for k' of 2.2 + 0.2 and 3.9+ 0.3 s for 3 and 6uM
RTRCVIA, respectively. The net rate constant for peptide
binding, given by

wherea is approximately the steady-state concentration of

E-FPPPEP,b is proportional to the enzyme concentration,

andp is the decay constant given in eq 5. A fit of eq 7 to

the data in Figure 6b gavee= 20+ 15 nM,b =181+ 15 K

nM, and$ = 16 + 4 s'*. This value for compares well Koot = kz(—3) ~ K/[RTRCVIA] 9)

with the value fors obtained from eq 4 and Figure 5 (#2 ¢ koot ks

3 s1). Interpretation of the values fa andb is difficult

because of the approximations associated with eq 7. was 7x 10° M~ s™1. The fitted value for BFPR = 90 +
Additional experiments using 50 uM TFPP or 100 5 nM for both fits agreed with the concentrations used in

mM EDTA in place of 100uM cold FPP were also the experiments.

performed (data not shown). Since TFPP was a competitive Ewvaluation of Rate ConstantsThe values for constants

inhibitor of PFTase with respect to FPP and noncompetitive obtained from Figures 4, 5, and Ky, ks, ks, kre) and the

with respect to peptide (Dolence et al., 1995), the fluorinated value for KpFPP = 75 nM (Dolence et al., 1995) constitute

analog stopped the reaction by binding to free enzyme five of the six unique parameters necessary to evaluate the

following turnover. EDTA quenched the reaction by com- individual rate constantk(;, ki,, ks, ks) defined in Scheme

plexing with Mg?*, a necessary metal for productive binding 2. The value for the peptide dissociation const&if=" =
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Table 1: Individual Kinetic Constants for Farnesylation of RTRCVIA Catalyzed by Yeast PF&adeCalculated Values for the Associated
Michaelis and Dissociation Constahts

% 6.4+ 1.4x 1P M-ts? Keat 26+0.1st (1+1syd
ko1 0.48+0.04 st KmFPP 420+ 90 nM

Kz 35+0.2x 1P M-ts? KoFPP (75+ 15 nMy
K2 33+ 25t KiPEP 3.1+ 0.2uM (2 £ 1uM)d
ks 105+ 0.1s! KpPEP 9.5+ 0.6uM

ke 35+02s! Knet 8.4+05x 1PM~tst

ak,,, ks, andk, obtained from a fit to the differential equations associated with Schemes 2 and 3 (see Fi§Bm8jly-state kinetic constants
and dissociation constants were calculated from individual rate constants using £ @btained from the measured valuekof, = 0.57uM
(Figure 4) andKpF. 9 Measured values (see discussion below eq B)easured by equilibrium dialysis (Dolence et al., 1995).

k_o/ky, for the ternary H-PRPPEP would permit us to 10
complete the evaluation of the individual kinetic constants.

A direct measurement oKpPE® was not possible under

normal catalytic conditions, and replacement of FPP with

an inactive analog may alter the binding of the peptide £
substrate. We obtained an estimat&kgf&° by a nonlinear N,
regression fit of the numerically integrated coupled dif- S0 n

ferential equations associated with Scheme 3 to the rapid = <
quench and single turnover data in Figures 5 and 7. The fit
varied the four rate constanks,, ks, andk, independently.
Concentrations were expressed as micromolar, and time was

in seconds. Enzyme and substrate concentrations were not

. . . . 0 1 | 1 | 1 i 1
treated as variables and were fixed at their experimental -60 30 0 30 60
values. Final values for these four rate constants were then
combined withKy, andKpFPPto calculate values fdk; and percent variation of rate constant
k-;. Recall that the steady-state approximation foFEP FiIGURE 8; Two-dimensional projections of thé(ke, k_, ks, ks)

PEP was made in egs 4 and 8, and that dPE#4d ignored.  hypersurface in the vicinity of the global minimum. Each curve
Numerical integration makes no approximations regarding represents the variation gf (see eq 10) with respect to the rate

the time dependence of the concentrations of speciesconStam labeled near the curve holding the remaining three fixed
. . . s and equal to their best fit values (Table 1). The abscissa was scaled
undergoing reaction. All of the rapid quench kinetic data according to Kkmn — 1) x 100% to account for differences in

were combined and fit simultaneously. ~units and magnitudes. The ordinate was scaledyByn, the
The FORTRAN code written to perform the analysis minimized value for2

employed a fourth-order Rung&utta numerical integration . . :

subroutine (Press et al., 1992) to integrate the differential the global minimum, did not change the f.'”f’%' values for the
equations (dEAJ dFPP/d, etc.) associated with the mecha- rate constants. To produce such large initial valuegyfor
nism shown in Scheme 3 for each trial set of rate constants. [0 the first iteration, starting values for rate constants of up
A nonlinear least squares subroutine (Chandler, 1976) linked!© £3 orders of magnitude different than the final fitted

to the integration routine varied the rate constants and made’2/Ues wzre uhsed in ovelr 50 different rur?s, a”hObeEiCh
repeated calls to the integration routine until a global CONVerge to the same values. Figure 8 shows the behavior

minimum in x2 was found. 42 is defined by of ;_{2 versus _each rate constant hc_JIding the other_s fixed at
their respective best fit values, in effect showing two-

Y, — y(x)) 2 dimensional projections of the&(k, k-2, ks, ks) hypersurface
¥ = z - (10) in the neighborhood of the global minimum. The abscissa
. o in Figure 8 was normalized to account for differences in units

and magnitudes between the rate constants and displays a
wherey; is the observed product concentration for data point 50% variation for each parameter. The ordinate was scaled
i, y(x) is the calculated value, ang is the experimental by the minimum value of? An increase iry? by a factor
error. When a global minimum gf was found, output files  of 5 or more for a 50% change in parameter provided a
were generated that contained (1) best fits for the rate measure of the quality of the fit. The standard eriiq,
constants, (2) values fg? calculated over at50% range for eachk; was obtained from the inverse curvatureyé(k;)
for eachk; holding the other rate constants fixed at their best evaluated at the minimum (Bevington & Robinson, 1992).
fitted values, and (3) theoretical time course curves for direct The curvature of the? projection forks in Figure 8 was
comparisons with experimental data. A time step of 0.1 ms particularly large and translated into a standard error of less
was sufficient to ensure conservation of enzyme or limiting than 1% for this rate constant. Standard errors for the
substrate to one part in 10 A typical run required remaining rate constantk,(k—,, andks) were approximately
approximately 500 iterations, and calculation of the final 6%. Inclusion of the pre-steady-state isotope trapping data
output required 23 min of real time on a Silicon Graphics in Figure 6, performed with a different batch of enzyme,
Indigo2 workstation. resulted in similar fitted values for rate constants but

Results for fitting the mechanism in Scheme 3 to the data increased the standard errorstt@d0—30%. While all fitting
in Figures 5 and 7 are presented in Table 1. Random procedures are subject to artifacts arising from local minima,
variations of the starting values f&i,, ks, andk,, such that we feel that this possibility was minimized by the large range
2 for the first fitting iteration was 18-10*-fold larger than of starting conditions we explored.
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Using fitted values fok., andks, the FPP bindingky) Poulter, 1996) and linear free energy correlations with
and dissociationk(_;) rate constants were evaluated from fluorinated analogs of FPP (Dolence & Poulter, 1995)

Ky andKp PP, k_; is related tok.et and Ky, according to indicate that the reaction proceeds by an enforced mechanism
through an exploded, highly polar transition state.
K_1= Knef12 (11) PFTase and PGGTase | bind substrates by an ordered

mechanism. Although the results of steady-state studies were
For Ky, = 0.57 4 0.03uM and knet = 0.84 & 0.05 x 10° ambiguous for the mammalian enzymes (Pompliano et al.,
M~1s71 calculated from the fitted rate constants in Table 1, 1992, 1993), their yeast Counterparts gave classic double-
k1=048+0.04s% k=64+14x10°M*stwas  reciprocal profiles for an ordered binding mechanism where

obtained fromk-; andKp™" = k-s/ky = 75 &+ 15 nM. the isoprenoid substrate adds first (Dolence et al., 1995).
The steady-state parametdes, Kv™", andKy"=" were Isotope trapping experiments performed with the mammalian
calculated according to enzyme, however, clearly indicated that the isoprenoid

diphosphate added before protein or peptide by an ordered

_ Kaks FPP_ Kakq process (Furfine et al., 1995). Under normal catalytic
At kgt Kk, M K, (ks + Kk,) conditions, the prenylation of cysteine is irreversible, and
K,(K_, + k thus, the order in which products are released has not been
= 2 ) (12) determined.
Ko(ks + ky) The enthalpy we measured for farnesylation of cysteine

L cop in RTRCVIA by FPP in pH 7 buffer was large and
The values werdea = 2.6 + 0.1 5%, Ky™" = 420+ 90 exothermic AHy, = —17 kcal/mol), consistent with an

nM, andKy"=" = 3.1+ 0.2 uM. ke andKy"=" obtained jrreversible chemical step in the enzyme-catalyzed reaction.
from eq 12 were similar to those obtained from the steady- Thjs value is 5 kcal/mol less exothermic than the estimate
state measurements (see above). of —22 kcal/mol, obtained from average SH (90), CO (82),

An inspection of the kinetic and binding constants in Table gn (119), and CS (75) gas-phase bond enthalpies (Griller
1 shows that the dissociation constant for FRB{") was ¢t 41, 1988). The rough agreement between the measured
nearly 5-fold smaller than its Michaelis constant. This 4nq estimated enthalpies of reaction evidently arises from a
indicates that when FPP binds to PFTase there is a 5-fold cancellation of errors associated with enthalpies of solvation.
larger probability of reaction as compared to dissociation |, the present work, the combination of data obtained from
i.e., there is a high commitment to catalysis. For the peptide e _steady-state, isotope partitioning, and equilibrium dialysis
dissociation constant, the ratio kf, andk, gaveKp™™" = gyneriments was sufficient to determine all of the rate
9.5+ 0.6uM, which was similar to the steady-state inhibition = onstants associated with the farnesylation of RTRCVIA.
constantK, = 8 uM. In contrast to FPP, the peptide Rate constants for peptide binding, conversion to product,
dissociation constant was 3-foldrger than its Michaelis and product release were deduced from rapid quench and
_constantf consistent with an acc_um_ulation of en_z;_/me-boundsing|e turnover measurements by performing a nonlinear
intermediates after the peptide binding step. This is expectediegression fit of the differential equations associated with
when product release is slower than conversion of enzyme-gcheme 3. The FORTRAN program written to perform the
bound substrate to enzyme-bound product (Fersht, 1985). it employed an accurate, variable step fourth-order Renge

Figure 5 shows theoretical progress curves for intermedi- i ytta numerical integration routine, which was coupled to
ates (EFPPPEP and BF-PEPPR) and free F-PEP calcu- 5 noplinear least squares fitting routine based on the Margardt
lated from the rate constants I|steq in Tablg 1. The amount algorithm (Press et al., 1992; Chandler, 1976). Both of these
of product (F-PERg observed in the single turnover no4ram components are well-documented, freely available
experiments is the sum of-E-PEPPR and F-PEP. The  (qyiines that are aptly suited for the fitting of time curves
simulated curves for F-PERshown in Figures 6 and 7 were  phaged on simulation. One aspect distinguishing our program
also calculated using the rate constants in Table 1 and thefom others discussed in the literature (Zimmerle & Frieden,
enzyme and substrate concentrations used in each experi19g9; Holzfter & Colosimo, 1990) is the graphic genera-
ment. Note that the simulated concentrations of intermedi- o5 of they2 hypersurfaced. eq 10 and Figure 8), thereby
ates in Figure 5 approach their steady-state values after 200,)1owing both a visual inspection of the quality of the fit
ms. Of the 23 data points used for the differential equation 44 5 calculation of standard errors for each fitted parameter
fit (10 from Figure 5, 13 from Figure 7), nine were measured (Bevington & Robinson, 1992).
att < 200 ms. The individual rate constants listed in Table 1 provide a

detailed profile for the step up to the release of products.

DISCUSSION The rates for the addition of FPP to free enzyme and the

PFTase, PGGTase-l, and PGGTase Il are related at theaddition of peptide to the PP complex are similar, and
structural and the functional level. All three enzymes are in the 16—10° M~* s range typical of proteirsmall
heterodimers with a substantial degree of amino acid molecule association rate constants for additions not limited
sequence similarity, and all are Znmetalloproteins. Al- by a conformational change in the protein. However, the
though the three prenyltransferases have different selectivitiesoff-rate for dissociation of peptide from the ternanfFBP
for their isoprenoid and protein substrates, each catalyzes &PEP complex is 70-fold faster than for dissociation of FPP
nucleophilic substitution of the diphosphate moiety in their from the binary EFPP complex. Thus, ‘EPP can be
allylic isoprenoid substrates by the sulfhydryl group in efficiently trapped by added peptide and converted to product
cysteine. Work with PFTase shows that the reaction in spite of an unfavorable partitioning of the ternary complex
proceeds with inversion of configuration (Mu et al., 1996). between dissociation of peptide and conversion to product.
Inhibition studies with transition-state analogs (Cassidy & The difference in dissociation rate constants is also manifest
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in the substantially smaller dissociation constant feff P
than for EFPRPEP.

The catalytic constant for yeast PFTakg:& 2.6 s2) is
40 times larger than for the mammalian enzyhg & 0.06
s L Furfine et al., 1995). Although not all of the individual
rate constants listed in Table 1. available for mammalian
PFTase, the rate-limiting step for turnover is thought to be
dissociation of the enzymeproduct complex. For yeast
PFTase, the chemical step)is only three times faster than
product releasekf). Given the observation that FPP and
peptide bind more tightly to mammalian PFTase than its
yeast counterpart, it is likely that the differencelkig; for

the two enzymes is determined by dissociation rather than

chemistry.
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Turnover is limited by the rate of dissociation of the
enzyme-product complex, although the overall rate for

product release is only three times slower than the chemical

step.
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