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ABSTRACT: Protein farnesyl transferase (FTase) catalyzes transfer of a 15 carbon farnesyl lipid to cysteine
in the C-terminal CaX sequence of numerous proteins including Ras. Previous studies have shown that
product release is rate limiting and is dependent on binding of either a new peptide or isoprenoid diphosphate
substrate. While considerable progress has been made in understanding how FTase distinguishes between
related target proteins, the relative importance of the two pathways for product release on substrate
selectivity is unclear. A detailed analysis of substrate stimulated product release has now been performed
and provides new insights into the mechanism of FTase target selectivity. To clarify how FTase selects
between different Ga:X sequences, we have examined the competition of various peptide substrates for
modification with the isoprenoids farnesyl diphosphate (FPP) and anilinogeranyl diphosphate (AGPP).
We find that reactivity of some competing peptides is correlated with appiéx€tide while the reactivity

of others is predicted by the selectivity factor appareatKPePide The peptide target selectivity also
depends on the structure of the isoprenoid donor. Additionally, we observe two peptide substrate
concentration dependent maxima and substrate inhibition in the steady-state reaction which require a
minimum of three peptide binding states for the steady-state FTase reaction mechanism. We propose a
model for the FTase reaction mechanism that, in addition to FPP stimulated product release, incorporates
peptide binding to the FTasé-PP complex and the formation of an FTageoduct-peptide complex
followed by product release leading to an inhibitory FTageptide complex as a natural consequence of
catalysis to explain these results.

The protein prenyltransferases, farnesyltransferase (BTase 0 0
and geranylgeranyltransferase type | (GGTase-l), are zinc S N o oo
metalloenzymes that catalyze the first and obligatory step o B o o-— o
in a series of ordered post-translational modifications that
direct protein membrane localizatiori<4). FTase and 1: FPP
GGTase-l catalyze the transfer of a 15- or 20-carbon
isoprenoid, respectively, from farnesyl diphosphate (FRP, H\)\/\)\/\ o 0
Figure 1) or geranylgeranyl diphosphate (GGPP) to form a N~ o o To.
thioether with a conserved Cys residue four amino acids from @ o ©
the C-terminus of target protein58). Protein substrates 2: AGPP

for both FTase and GGTase-l contain a&X4 group at their FIGURE 1: Structure of farnesyl diphosphate FPP) and 8-anili-
nogeranyl diphosphat&,(AGPP).
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Scheme 1: Generally Accepted FTase Kinetic Mechahism  mixture, Ky, is the Michaelis-Menten constant for each

[CaaX] substrate, ane is the total enzyme concentration.
E =—=E-FPP === E-FPP-CaaX —> E-Product Interestingly, the ratio of products from the FTase cata-
[CaaX]JT [pmdu} E-Product-FPP4PP] lyzed farnesylation of competing @aX peptides has not
E-CaaX been reported. However, there are a number of reports

2E is the FTase enzyme, E-FPP is the FTEB® complex, suggesting that FPP binding may not be the sole, or even
e o wouna oot sompr. £ raduceFRE e e beunglomInart, mechanism or product releagh €5 29 30)
to both FPP and tr?e reaction pEodu’ct, and E-CaaX is the peptide boundA CrYStal structure of FTase bound to both the famesylated
FTase inhibitory complex. peptide and FPP ¢(EPPproduct) revealed that the product

prenyl chain is displaced from the active site into an external

(19, 20). Several FTase inhibitors (FTIs) are currently in hydrophobic groove (“exit groove”) and the new FPP is
phase |, Il, and llI clinical trials for the treatment of cancer bound in the active site2g). Surprisingly, the farnesylated
(21-24). peptide was not dissociated from the crystal by the presence

The currently accepted mechanism of the protein prenyl- of excess FPP. However, the farnesylated product was
transferases is unexpectedly complex (Scheme3))26). dissociated by additional peptide. Complicating matters
Substrate association is assumed to proceed through durther, Hartman et al.10) found that some FTase reaction
functionally ordered mechanism where FPR frst binds products do not dissociate from the enzyme even in the
FTase, giving the enzymiePP complex (E-PP) followed presence of excess FPP or peptide. However, the addition
by CaaX substrate association forming the enzyReP of a different, un-farnesylated @aX peptide stimulated
CaaX peptide complex (E-PRPCaaX) @7, 28). After product release. They go on to suggest that the enhanced
thioether formation, the modified peptide remains associatedfarnesylation of one protein in the presence of a second
with FTase in an enzymproduct complex (Eproduct) @8, protein substrate may be a novel regulatory mechanism.
29). Product release is the rate determining step) (for These observations are inconsistent with FPP stimulated
the FTase reaction mechanis28(30). An unusual feature ~ product release as the sole mechanism for dissociation, and
of the FTase mechanism is that product dissociation is greatlyindicate that CaX substrate stimulated product release may
enhanced by binding of either a new FPP ofd& peptide also be important.
substrateZ9). Apparently, two competing pathways canlead A wide range of CaX sequences have been identified
to the release of farnesylated peptide, depending on whethe@s potential FTase substrate$§). However, farnesylation
FPP or CaX peptide binds to the fproduct complex. has only been confirmed for some of them. Understanding
However, for the farnesylation of CVIM, FPP stimulates FTase substrate specificity may be critical for understanding
release slightly faster than does peptid8)( It is generally which CaaX motifs are farnesylated. Hartman et al. reported
accepted in the literature that FPP is the substrate primarilythat the appareni../Kn¢*i% varies over 400-fold for 14
responsible for stimulating product releas?9,(31). The CaaX peptides with different X-groupslQ). However, it
steady-state kinetic constant/K, is often used to describe  is unclear whether the product distribution for the competition
the selectivity of an enzyme for its substrat&®?)( The of peptides for farnesylation by FTase will be adequately
apparenk.o/K.PePidejs also the catalytic efficiency of FTase, predicted by the appareki./Kn"e*i"since product release
and measures the ability of the enzyme to catalyze a reactioncan potentially be stimulated by either of the two competing
at low peptide substrate concentrations. Unlike the selectivity peptides or FPP20).
constant, catalytic efficiency does not depend on the com- The FTase reaction is unique because the FPP lipid moiety
petitive interaction of an alternative substrate target. In the forms a substantial part of the binding surface for the target
case of FTase, the apparégiKPePideshould describe FTase CaaX peptide 80, 34). Crystallographic studies of FTase
selectivity for different CgapX peptide substrated(, 31). with a bound CgX substrate and a nonhydrolyzable FPP
For example, apparerk../KPePic for the H-Ras CVLS  analogue indicate that the-terminal isoprene unit of the
peptide is twice that measured for the K-Ras CVIM peptide. lipid is in direct contact with the zaresidue of the CapX
If apparentkea (P%.) is dominated by FPP stimulated motif (30, 35). Unnatural FPP analogues with structures that
product release, appardgi/KPePideshould describe FTase  differ from FPP may be useful in determining the molecular
selectivity. Therefore, the expected ratio of products from features of both the lipid and @aX peptide that contribute
the farnesylation of two competing @gX substrates is given  to the FTase mechanisn8), 36—38). 8-Anilinogeranyl

by eq 1, diphosphate (AGPP2}) contains an aniline moiety which
replaces thev-terminal isoprene of FPR39, 40). AGPP is
Vinax A& a good substrate for FTase with steady-state transfer constants
B a apparenﬂ(manalogue(apq(manalogus and apparenkca{Kmanalogue
Kma(l + K_) + A K_A nearly identical to those of FPBY, 40). Recent studies with
Va_ m, _ M (1) other FPP analogues have shown that the lipid structure can

V, V,, %Bq K, ai, significantly affect the CaX target selectivity of the FTase
— enzyme (see companion manuscript, 38f (31).
K (1 + A) +B Kmb In this report, we measured the ability of FTase to
® K selectively modify peptides corresponding to six different
CaaX motifs with the isoprenoid donors FPP and AGPP.
wherek../Kn, is a selectivity factorV, andV, are the rates  The reactivity and the selectivity of FTase for the peptides
of modification of the individual reaction components A and were similar for both isoprenoid donors. Surprisingly, we
B, A and B are the concentrations of the reactants in the found that the CapX substrate selectivity of the enzyme is

m.
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not predicted by the selectivity factor appar&gi/K,Pertide on when fluorescence enhancement ceased (see below). The
for all peptides. Rather, the ratio of products from competi- velocity of each reaction was determined by converting the
tion reactions between some @ peptides correlated with  rate of increase in fluorescence intensity units (FLU/s) to
the ratio of2PKPeride instead of the appareiit./KqPertide uM/s with eq 2,

ratios. We further analyzed the steady-state peptide dependent

kinetics of the FTase reaction and found that there were at v; = (RP/(Frax — Frin) 2
least three GaX substrate concentration dependent binding

states in the FTase reaction mechanism. We propose thatvherey; is the velocity of the reaction inM/s. Ris the rate
the binding states are due to peptide binding to tHePP of the reaction in FLU/sP is equal to the concentration of
complex, the Bproduct complex, and an-EaaX substrate ~ modified product irtM (see below)Fnyaxis the fluorescence
inhibition complex. These results demonstrate the importanceintensity of fully modified productF» is the fluorescence

of peptide stimulated product release in the mechanism of of a reaction mixture that contained 2Q of assay buffer
FTase and the involvement of this pathway in the selectivity in the place of FTase.

of the FTase enzyme for different @aX targets. Complete modification of peptides was assumed when
fluorescence stabilized for more than 10 min and was
EXPERIMENTAL PROCEDURES confirmed by RP-HPLC analysis of the reaction mixture. If

i , the reactions that contained higher concentrations of peptides
General ExperimentaAGPP and FPP were synthesized iq not go to completion, théFmax — Fmin value was

as described previouslyQ, 41). All RP-HPLC was per-  exrapolated using a linear plot of tfig,ax — Fmin for each
formed using an Agilent 1100 HPLC system equipped with of the Jower concentration reactions that did go to comple-
a microplate autosampler, diode array, and fluorescenceyion Alternatively the extent of input peptide modified was
detector. The HPLC analysis was performed on a microsorb getermined by RP-HPLC analysis of the dansyl moiety peak
C18 column with 0.01% TFA in water (A) and 0.01% TFA  gpsorbance corresponding to the unmodified and modified
CHLCN (B) as the mobile phase. Peptides were purchasedpeptides. The percent of modified peptide relative to the total
from Peptidogenics (Livermore, CA), and each contained a j,nyt peptide was then used to calculate the concentration
dansyl group N linked through a glycine linker to a Cys ¢ product in the mixture.

residue and then a variablgagX sequence (VLS, VIM, The velocities of the reactions were plotted against the
AHQ, RPQ, VIL, or KVQ). Spectrofluorometric analyses concentration of peptide and were fit to the Michaelis
were performed in a 96-well black polystyrene, flat bottom, \enten equation (eq 3) to give the apparkst(®k.a) and
non-binding surface plate (excitation wavelength, 340 nm; KnPeptide (apic, peptidd values. The initial velocities used for
emission wavelength 505 nm with a 10 nm cutoff) using a ipe nonlinear fit were below the firdtmae and were the

SpectraMax GEMINI XPS fluorescence well-plate reader. yinimum number possible to give an error in the fit below
Absorbance readings were determined using a Cary UV/Vis yqo4

spectrophotometer. All assays were performed at minimum
in triplicate. Recombinant mammalian (Rat) protein farnesyl Je = (% Pep])/@PRK Peptide t roq 3
transferase was a gift from Dr. Carol Fierke (University of u/& = ( [k‘:a‘[ pD/C m [PepD) 3)

Michigan). wheree was the total enzyme concentration and [Pep] was
Steady-State Peptide Kinetickhe steady-state kinetic  the total input peptide.
constants?KqPePiee and ke, with FPP and AGPP as Substrate Inhibition AnalysisThe steady-state reaction
isoprenoid donors and each dns-G&A peptide were  profiles with high concentrations of peptide were analyzed
determined in triplicate. The following assay components s described above with peptide concentrations 4-, 5-, 6-,
were assembled in individual wells of a 96-well plate and 7. 8. 9- and 10-fold higher than tReK ,Pertide
incubated at 30°C for 20 min: total volume 30QuL Peptide CompetitiorCompetition reactions were prepared
containing 50 mM TrisHCI (pH 7.4), 12 mM Mggl12uM with the same components given for the appakesK,Peride
ZnCh, 0.0167%n-dodecyls-p-maltoside (DM), 6.7 MM analysis except two peptides were added to the mixture.
DTT, 6.7uM isoprenoid diphosphate (FPP or AGPP from a peptide stock concentrations were measured by reading the
25 mM NHHCGO; stock solution to give a final NFHCO; Abs at 340 nm (% = 4250 M-cm2). All peptide
concentration of 0.8 mM), andli-dansyl-GCaaX peptide  competition reactions contained a final concentration of 3
(variable concentrations, see below). Reactions were thenMM for each peptide except the dns-GCVIM:dns-GCRPQ
initiated by the addition of FTase (final concentration 5 nM competition, which contained 1.5M dns-GCVIM and
with the dns-GCLVS, dns-GCAHQ, dns-GCVIL, and dns-  4.5,M dns-GCRPQ. Separate reactions were prepared as a
GCRPQ peptide, 10 nM with the dns-GCVIM peptide).  standard with FPP or AGPP and only one peptide as
Final analysis peptide concentrations were chosen basedlescribed above. The reactions were initiated with the
on preliminary determination of th@Kpertidewith 0.5, 1, addition of FTase and analyzed spectrofluorometrically
5, and 10uM dns-GCaaX concentrations. Eight peptide (reactions containing dns-GCVIM peptide used 20 nM final
concentrations were used in the final analysis: 0.17, 0.2, FTase concentration, and all others used 10 nM). The
0.25, 0.5, 0.75, 1, 2, and 3 times the estimaiPertide reactions were stopped prior to consumption of more than
value with the dns-GCVLS, dns-GCAHQ, dns-GCVIL, dns- 50% of either peptide by adding 20 of a stop solution
GCRPQ, and dns-GCKVQ peptides, and concentrations at(isopropy! alcohol and acetic acid 4:1). HPLC analysis was
0.3,0.45,0.67,0.9, 1.8, 2.7, 3.6, and 4.5 times the estimatedthen performed with 10@L of the reaction mixture loaded
anK pertidefor dns-GCVIM. Fluorescence was detected using onto a C18 column and eluted with a linear gradient ef 0
a time based scan at 3@ for 120 min or longer depending 30 min 10% B to 100% B at a flow rate of 1 mL/min. Peaks
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Table 1: Kinetic Parameter8KPertide ap . and Apparent
KealKnPePide for dns-GCaapX Peptides with FPP or AGPP as the
Isoprenoid Dondr

Table 2: HPLC Retention Time Comparison of Unmodified and
Modified dns-GCaaX Peptided

tr (Min)

) ap[:Kmpeptide apq(cal apparenkcalepeptide peptide
donor peptide (uMm) (sHx102%2 (uMtsh x 102 substrate CaX C(HaaX C(ag)aaX
FPP CVLS 0.8£0.1 14+ 2 18+3
FPP CVIM  0.30+0.06 4.3+05 14+ 3 8’228 5558 11%71 110194
FPP  CAHQ 20:03  20£2 10+ 2 CKVO 6.2 162 11.4
FPP  CKVQ 1503 8+ 1 541 CVLS 80 177 130
FPP CVIL 6.6+ 0.6 23+ 2 3.5+ 04 CVIM 0.6 18.8 14.4
FPP CRPQ &1 8+1 1.6+04 CVIL 103 19.2 147
AGPP CVLS 0.5£0.1 12+ 2 24+ 6 ’ ’ ’
AGPP CVIM 0.18+ 0.06 1.6+0.3 9+ 3 aHPLC retention times were measured using a C18 column and
AGPP CAHQ 2.4t05 21+£3 9+2 gradient elution with 0.01% TFA in water and acetonitrile (p+2.4)
QSEE g\lﬂ/LQ 1é£:; 0.2 %%i % ﬁ: i o1 from 30% to 100% organic over 15 min. dns-GCAHQ, dns-GCRPQ,
AGPP CRPQ 161 214 2 21103 and dns-GCKVQ retention times were also measured in a=pH4

PQO2~ buffer with no change in the order of elution. The peptide
aKinetic parameter#KPertide apde .. and appareritzq/KnPeridefor hydrophobicity is increased by modification with either a farnesyl
dns-GCaaX peptides with either 6.7«M FPP or AGPP as the (C(faaX) or anilinogeranyl (C(ag)@X) group. Note that the
isoprenoid donor and varying concentrations of peptide in Tris-HCI anilinogeranyl group is less hydrophobic than the farnesyl group.
buffer (pH = 7.4) plus reducing agent and detergent.

reported in the literature3(, 46). The other four substrates
on the 340 nm trace chromatogram that corresponded to bothcorrespond to Ga,X motifs from physiologically important
the standard reactions and fluorescent peaks were therproteins, three of which are canonical FTase substrates:
integrated. The ratios of products were calculated accordingCenp-F (dns-GCKVQ)47), the DNAJ homologue, RDJ2
to eq 4, (dns-GCAHQ) 48), and the hepatitis delta virus (HDV) large
antigen protein (dns-GCRPQ9), and the fourth, a canoni-
cal GGTase-l substrate @aX motif (dns-GCVIL) (5). These
substrates range widely in structure and physical properties.
The catalytic efficiency (appareric./K.PePi49 of the
! ' - > ! CaaX substrates varied over a 11- and 22-fold range with
peptide A,Bmod is the integral of the modified peptide B, Fpp ang AGPP, respectively (Table 1). The difference in
and B is the integral of the modified peptide B plus the eactivity of the peptides with each isoprenoid was similar,
unmodified peptide B. Alternatively, the ratios were calcu- \ynere dns-GCVLS was the most reactive peptide with both
lated using the integrals of the standard peptide ﬂuorescencqsoprenoids (Table 1). FTase showed slightly enhanced
relative_to compe.tition product ﬂuores_cence giving less than catalytic efficiency with AGPP relative to FPP for the dns-
a 5% difference in the calculated ratio. GCVLS, dns-GCVIM, and dns-GCRPQ peptides. Interest-
Overall Rate of Competition Reactiorihe overall rate  jqqg)y. the catalytic efficiency with the canonical GGTase-|
of the competition reaction was determined using the total g,pstrate dns-GCVIL was decreased nearly 3-fold for AGPP
amount of peptide modified as determined by RP-HPLC and (g|ative to FPP.
eq 2. For one dns-GCVIM/dns-GCVLS peptide competition,  gy,dies by Fierke and co-workers indicate that peptide
a1000uL total volume reaction was sampled for RP-HPLC  gglectivity for FTase over GGTase-l is determined in large
analysis every 45 min for 6 h. _ part by the polarity and size of the X-residu&0). In
Effect on Product Ratio of Increasing FPP and AGPP  naricylar, they showed that a series of dns-TKCVIX peptides
ConcentrationsCompetition reactions as described above \;ih Q, S, and M terminal residues are good FTase substrates
with final FPP concentrations of 0.5, 1, 3, 6, 33, and66 while those ending in L are not. In other work, we have
or AGPP concentrations of 0.5, 1, 10, 50, 200, and4l0 shown that FTase peptide selectivity is dependent on both
were prepared to determine the effect of increasing isoprenoid, o a and X-residues of the GaX motif (see companion
qoncentration on the product rat@os. FTase final concentra- paper, re3). Interestingly, the three peptides in this study
tions were 10 nM for each reaction. with Q X-residues all have different kinetic parameters (Table
1), suggesting that reactivity is also dependent on the identity
of the a and a residues. The catalytic efficiency (apparent
Individual CaaX Peptide Reacity Is Similar with Both Keal KnPeP199 of the six dns-GCaeX substrates was not
FPP and AGPPIn order to determine if appareki,/KyPeride correlated with the hydrophobicity of the peptides, even when
is the selectivity factor for FTase, we measured the apparentthe canonical GGTase-| substrate dns-GCVIL was removed
Keaf KnPePideandariK pertidefor six dansylated-GGapX (dns- from consideration (Table 2). The steady-state parameter
GCaaX) peptides with saturating concentrations of the apparentk.a/KPePide for the reaction catalyzed by FTase
isoprenoids FPP and AGPP utilizing a continuous fluores- includes the rate constants for the steps from peptide binding
cence assay (Table 11@ 39, 42, 43). The steady-state to E-FPP through farnesylation (Scheme 1). A critical step
kinetics of the K-Ras4B (CVIM) and H-Ras (CVLS) full in the reaction is the rotation of the FPP prenyl chain to
length proteins and the corresponding&4 peptides with position C1 of the lipid near the GaX peptide sulfur
FPP have been extensively characterize@ 28, 31, 44— nucleophile 80, 34). It is possible that the observed
46). We confirmed that appareht./KPePi%for the dansy- differences in the kinetic parameters for the three Q X-
lated-GCVIM (dns-GCVIM) and dansylated-GCVLS (dns- terminal peptides are due to different interactions between
GCVLS) substrates were identical to those previously the lipid and the aand a side chains of the peptide. These

(Amod Aron (Brod Brod) (4)

whereAnqq is the integral of the modified peptide Ay is
the integral of the modified peptide A plus the unmodified

RESULTS
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Table 3: Competition of dns-GGaX Peptide Pairs
(a) With FPP as the Isoprenoid Donor

dns-GCaaX reactants FPP
apparent _
product ratio Keaf KpPeptide appK peptide Pk ratio best predictor of
peptide A peptide B fA:fB ratio fA:fB ratio fB:fA fA:fB product ratio
CVIM CVLS 23+0.1 0.8+ 0.2 2.7+ 0.6 0.31+ 0.06 appK peptide
CVIM CRPQ 215+ 0.1 9+ 3 17+5 0.54+ 0.09 appg , peptide
CAHQ CRPQ 2.4+0.3 6+2 25+ 0.6 25+04 aPIK peptide
CVLS CRPQ 5.0+ 0.2 11+ 3 6+1 1.8+0.3 K peptide
CVLS CKVQ 1.4+0.2 3.6+ 0.9 19+ 04 1.8+0.3 appK peptide
CVLS CAHQ 1.8+ 0.1 1.8+ 0.5 254+ 0.5 0.7+ 0.1 Keal KPertide
CKVQ CAHQ 0.7+0.1 0.5+ 0.1 1.3+0.3 0.4+ 0.06 Keaf KnPertide
CVIL CRPQ 1.5+ 0.3 2.2+ 0.6 0.8+ 0.2 29+ 04 Keaf KnPertide
CAHQ CVIL 15+0.2 2.9+ 0.7 3.3+ 0.6 0.9+ 0.1 neither
(b) With AGPP as the Isoprenoid Donor
dns-GCaaxX reactants AGPP
apparent
product ratio Keaf KpPertide aprK  peptide Pk, ratio best predictor of
peptide A peptide B agA:agB ratio agA:agB ratio agB:agA agA:agB product ratio
CVIM CVLS 21+0.1 0.4+ 0.2 3+1 0.13+ 0.03 PP peptide
CVIM CRPQ 23+ 2 4+2 60+ 20 0.08+ 0.02 betweeh
CAHQ CRPQ 2.6:0.1 4+1 4+1 1.0+0.2 neither
CVLS CRPQ 14.9-0.3 11+ 3 20+ 4 0.6+ 0.1 betweeh
CVLS CKVQ 2.8+0.8 3+1 3.4+0.8 1.1+ 0.2 both
CVLS CAHQ 24+0.1 2.7+ 0.9 5+1 0.6+ 0.1 Keal KnPeptide
CKVQ CAHQ 0.9+ 0.1 0.7+ 0.2 1.4+ 0.3 0.52+ 0.09 Keaf KnPeptide
CVIL CRPQ 0.5+ 0.1 0.52+0.08 0.6+ 0.1 0.81+ 0.09 both

a Product ratios from reaction mixtures containing (a) FPP or (b) AGPP at\.With two dns-GCaaX peptides at 3:M each were measured
by RP-HPLC analysis. Product was quantified by integration of 340 nm trace chromatogram. The best predictor of product ratio is indicated in the
right-hand column as either appardgl/KPertide apK pertide neijther, or both. Note that for the CVLS/CKVQ reaction with FPP, boti#e,; and
apK Peptide ratios are predictive? The value of the product ratio is between the ratio of the appaegii€,PePideand the ratio of theéPipeptide

differences may alter the prenyl chain rotation and/or the a product ratio of 23:10 fCVIM:fCVLS (Table 3). The dns-
chemical farnesylation step. GCVIM peptide was approximately 3-fold more competitive
Peptide Selectity Is Not Predicted by the Ratio of over the dns-GCVLS peptide than predicted by the ratio of
Apparent k./KPePtide We performed competition reactions  apparenk../KnPP"% We also found that the ratio of products
between pairs of dns-G@aX peptides in order to determine  was invariant for reactions where from 10% to 50% of the
whether apparenk../K PPt js the selectivity factor for ~ dns-GCVIM peptide was consumed. The correlation of
FTase. The products from competition reactions for pairs of product ratios of competition reactions for this subset of dns-
dns-GCaaX peptides with either FPP or AGPP were GCaa&X peptide pairs with the ratio of th#KPeridegave
separated by RP-HPLC and quantified by integration of the a slope of 0.81R = 0.98) for FPP and a slope 1.3 for AGPP
dansyl absorbance (Table 3). We were able to reliably (R = 0.99) (Supporting Information Figure 1). In order for
quantify 15 pmol and greater of the dansyl absorbance eq 1 to accommodate these observations, the ratiéla;
corresponding to modified peptide in individual reactions. for the competing substrates must be equal to an isoprenoid
The equimolar 3:tM concentration of each peptide was used dependent constant. However, inspection of the experimen-
to remove concentration dependence from the product ratiotally determined values f6P% . (Table 1) indicates that this
and was sufficient to accurately determine the amount of is not the case. Therefore, the isoprenoid dependent constants
product produced from each reaction without consuming (0.81 for FPP and 1.3 for AGPP) must be due to some other
more that 50% of either dns-G@aX substrate. In most  factor(s). These results suggest that the mechanism of
cases, the peptide concentrations were sufficiently high thatFTase is considerably more complex than previously ap-
the peptide substrates were expected to exhibit some degre@reciated.
of substrate inhibition with the exception of the dns-GCRPQ/  Product Ratio Is Independent of Peptide Stoichiometric
dns-GCVIL, dns-GCAHQ/dns-GCVIL, dns-GCAHQ/dns- Ratio and Concentratiorhe failure of appareria/KPertide
GCPRQ competition reactions (see below). Surprisingly, the to predict the preferred substrate for the competition reactions
ratio of products formed was not predicted from the ratio of between the CVIM/CVLS and CRPQ/CVIL peptide pairs
the apparenk../KePid for most pairs of dns-GGaX at 3uM each prompted us to examine the peptide concentra-
peptides examined (Table 3). The correct product distribution tion dependence of the product distribution. TR Peptide
was predicted by the ratio of the appardn/K.Pertide for for both the CRPQ and CVIL peptides with FPP is suf-
only seven of the 17 reactions examined. ficiently high to allow accurate product quantification at
Interestingly, the product distribution from eight of the substrate concentrations below, at, and abovértgpertide
reactions was correlated with the ratio 3¥fK,Pertide For We performed competition reactions between CRPQ and
example, a 4:5 product ratio of farnesyl-CVIM (fCVIM) to  CVIL peptides at various stoichiometric ratios and concen-
farnesyl-CVLS (fCVLS) was expected if apparény/KPeride trations and found that the product ratios were independent
is the selectivity factor for FTase (Table 3). Instead, we found of both the peptide ratio and concentration (Table 4).
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Table 4: Product Ratio for Competition Reaction with FPP between donor were Cho_ser_] because meep"de()f each was \_/ery
dns-GCVIL and dns-GCRPQ close, yet the individual reaction rates atu®1 peptide
dns-GCVIL/dns-GCRPQ concentration were sufficiently different to allow determi-
nation of which peptide had the largest effect on the overall
rate of the competition reaction. We found that the overall

dns-GCVIL  dns-GCVIL  stoichiometric  ratio farnesylated

M) M) ratllo products rate of the dns-GCKVQ/dns-GCAHQ competition reaction
2 g %i ii 8:? was the same as for the reaction of the dns-GCKVQ peptide
15 3 1:2 1301 alone. Of the pair, the dns-GCKVQ peptide has the lower
3 1.5 2:1 1.4-0.1 apK Pertideand the slower reaction rate. Similarly, the overall
3 6 1:2 13£0.2 rate of the dns-GCRPQ/dns-GCVIL reaction was the same
g 1§ ifi‘ ig’i 8'82‘ as for the lowera¥Peride dns-GCRPQ substrate alone.

However, under these conditions, the reaction rate of the dns-

a Product ratio is independent of substrate stoichiometry and substrate A e hi _
concentration relative t6°K,PePide Reactions were prepared at the GCRPQ peptide is higher than that of the dns-GCVIL. For

following concentrations and analyzed by RP-HPLC as described in @ll Of the peptide pairs reported in Table 3, we found that
the Table 2 legend. the overall rate of reaction was that of the peptide with the

lowest @K Pertide For example, competition between dns-
Product Ratio Is Dependent on the Isoprenoid Donor GCVIM and dns-GCRPQ with AGPP proceeds at the rate
ConcentrationThe mechanism for FTase shown in Scheme of the reaction of dns-GCVIM with AGPP. In this reaction,
1 has two isoprenoid diphosphate bound states involved inthe ratio of 3K PePide js approximately 60 and the major
product formation and release with an experimental apparentproduct is modified dns-GCVIM with very little modified
Kisorrenoidfor hoth FPP and AGPP of 46 nM for the dns- dns-GCRPQ formation. These observations suggest that the
GCVLS (1uM) peptide. The correlation of the product ratios overall rate of the competition reactions is governed by the
from some of the competition experiments with an isoprenoid rate of the peptide with the lowedtKpertide
dependent ratio of th&*Kperide suggested the possibility There Are a Minimum of Three Peptide Binding States in
of a more complex dependence of the reaction on isoprenoidthe FTase Steady-State Reactibnthe generally accepted
diphosphate concentration. However, as the isoprenoid FTase mechanism shown in Scheme 1, FPP association with
concentrations used in the competition reactions were well the Eproduct complex is solely responsible for stimulating
above apparent saturation for the isoprenoid donor, we did product release20—31). As noted above, GaX peptides
not expect any change in the product ratios with increasing can stimulate product release, suggesting that peptide also
concentration of isoprenoid diphosphate. To clarify these interacts with the BEproduct complex. In addition, high
observations, we measured the product ratio from the reactionconcentrations of full length proteins and @& peptides
of dns-GCVIM and dns-GCVLS peptides over a range of slow the FTase reactiod®, 50). Presumably, this substrate
FPP and AGPP concentrations (Figure 2). Surprisingly, the inhibition occurs either due to slow formation of thelfaaX
product ratio decreased with increasing concentrations of thecomplex to an active #£PPCaaX complex or due to the
isoprenoid donor, trending toward the ratio expected from requirement for CaX dissociation from ECaaX prior to
eg 1. These unanticipated results suggest that the mechanisrBPP binding. In order to characterize 1&X peptide
shown in Scheme 1 is incomplete. stimulated product release, we investigated the FTase reaction
Overall Rate of Competition Reactions Is @wned by using peptide concentrations higher than those required to
the Rate of the Peptide with the Low&K,Peride To further reach maximum velocity. Much to our surprise, we found
characterize the peptide dependence of the observed produdhat increasing concentrations of the dns-GCKVQ substrate
ratios, we examined the overall velocity of the competition in reactions with both FPP and AGPP had more complex
reactions relative to the velocity of reactions for the effects than simple inhibition (Figures 4a and 4b). As
individual peptides. The product distributions from competi- previously reported, the reaction rate increased to a maxi-
tion reactions between the dns-GCVIM and dns-GCVLS mum, before falling as the concentration of peptide was
peptides with both FPP and AGPP are not predicted by theincreased. Surprisingly, at even higher concentrations of
ratio of apparenk../KPePi% rather they correlate with the  peptide, the rate again increased slightly to a second, smaller
ratio of @K Pertide (Table 2). For both isoprenoid diphos- maximum before finally approaching zero. To our knowl-
phates, the dns-GCVIM has both a lovi&KPertideand rate edge, the second peptide concentration dependent rate
of transfer than dns-GCVLS. We found that the overall increase has not been previously described. To confirm these
reaction rates of competition reactions between the dns-observations, we examined the FTase reaction for the dns-
GCVIM and dns-GCVLS peptides with both FPP and AGPP GCaaX concentration dependence of the dns-GCVLS and
as the isoprenoid donor were the same as for the dns-GCVIMdns-GCAHQ peptides with FPP (Figures 4c and 4d). The
peptide alone. appearance of two peptide substrate concentration dependent
In contrast, the product distribution from competition maxima in these reaction profiles was similar to what we
reactions between the dns-GCKVQ/dns-GCAHQ and dns- observed for dns-GCKVQ. The second rate maximum for
GCRPQ/dns-GCVIL peptide pairs with AGPP correlates with the dns-GCVLS peptide was less pronounced than for dns-
the ratio of apparenk./K.PePi% Competition reactions  GCKVQ. Interestingly, with increasing concentrations of dns-
between the dns-GCKVQ/dns-GCAHQ and dns-GCRPQ/ GCAHQ we found that the rate dipped slightly after the first
dns-GCVIL peptide pairs with AGPP as the isoprenoid donor maximum and then rose gradually to a second, higher
were run in parallel with the corresponding single peptide maximum before decreasing. Similar trends were observed
reactions at the same individual substrate concentrationswith FPP and the peptides CVIM, CRPQ, and CVIL (see
(Figure 3). This set of peptides and AGPP as the isoprenoid Supporting Information Figure 1).
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Ficure 2: FTase competition product ratio is affected by isoprenoid concentrations. dns-GCVIM/dns-GCVLS peptide pair product ratios
were measured from reaction mixtures containingdvBof the dns-GCVIM and dns-GCVLS peptide with (a) FPP or (b) AGPP at increasing
concentrations. Note that the effect of increasing concentration of FPP on the product ratio is much greater than the effect with increasing
AGPP concentrations. Also note that both plots are semilogarithmic and that the line is for illustrative purposes only.
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Ficure 3: Overall rate of the competition reaction (blue) is governed by the rate of individual peptide reaction (red and green) with the
lowestarK pertide(green). Reactions were prepared that contained the peptide pair indicated in parallel with each individual peptide reaction
at the same enzyme and peptide concentration. Data is the average of triplicate assays. (a) Competition of dns-GCAHQ and dns-GCKVQ
peptides for AGPP modification. (b) Competition of dns-GCAHQ and dns-GCKVQ peptides for AGPP modification. Note that the rates

of the competition reactions (blue) are the same as the rates of the single peptide reaction where the peptide is the one with the lowest
apparentPeriide (green).
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FiGure 4: Steady-state inhibition reaction indicates three peptide binding states with (a) BRB®-GCKVQ, (b) AGPPt+ dns-GCKVQ,

(c) FPP+ dns-GCVLS, and (d) FPR dns-GCAHQ. Reaction velocities were measured as described in Table 1. Note the second increase
in the reaction rate after the first,.x point has been reached. Also note thatyttaxis andx-axis scales are different with different peptides

and that the lines are for illustrative purposes onlig is the initial rate divided by the enzyme concentration.

The effect of the dns-GGaX peptide sequence on the 4d. The @K Peride for these substrates is not simply the
relative®KPerideand appareritPePidefor the FTase reaction  affinity of the peptide for BFPP. It has previously been
with FPP is illustrated in Table 1 and Figures 4a, 4c, and shown that the rate of the FTase reaction is not dependent



11306 Biochemistry, Vol. 46, No. 40, 2007 Troutman et al.

Scheme 2: Extended FTase Reaction Mechanism This state is formed in competition with-fgroductFPP.
Incorporating Peptide Stimulated Product Reléase Release of product from the iroductCaaX complex would
[CaaX] E-CaaX* [Product] leave the third state, ‘EaaX. In this scheme, product
= dissociation from EproductCaaX (Scheme 2) would form
E E-Product-CaaX
[FPF’]“ the inhibitory ECaaX complex as a natural consequence of
[FPF”” Caax Jr [CaaX1 Path B catalysis. Additionally, higher concentrations of 1&X
E-FPP E-FPP-CaaX —> E-Product peptide will drive formation of the inhibitory #£aaXx
N /[FPP] Path A complex at the expense of EPP by favoring formation of
Product] ¢ product-FPP E-productCaaX relative to EproductFPP without requiring

~ 2The mechanism is split into two pathways with path A resulting dissociation of FPP from €EPP. The experimental results
in FPP stimulated product release and path B resulting in peptide gre consistent both with FPP binding to the inhibitory E

stimulated product release. E is the FTase enzyme, E-FPP is the ] .
FTaseFPP complex, FPPCaaX is the FTasEéPPCaaX peptide CaaX to form the first peptide bound staté-EPCaaX and

complex, E-Product is the FTase bound product complex, E-Product- With dissociation of the CaaX peptide fromE&aaxX to give

FPP is the FTase bound to both FPP and the reaction product, andfree enzyme. While the data are insufficient to distinguish
E-CaaX is the peptide bound FTase inhibitory complex. E-Product- between these models, the high affinity of both FPP and
CaaX is the new peptide bound enzyme product complexCaEX CaaX peptides for FTase suggests that formation of free

formation slows the overall rate of the FTase reaction due to either the : ; . . i~
slow binding of FPP to give an active-EPPCaaX complex or  €nZyme is unlikely in reactions performed under conditions

requirement for the CaaX peptide to dissociate to give free enzyme Of Saturating substrate. These results provide a possible
prior to FPP binding. explanation for how a full length protein can bind to FTase

alone without requiring FPP to disassociate from therP

on or correlated with the affinity of the GaX peptide for complex @7).
the EFPP complex 10, 31). For example, Fierke and co- Competition by two CaX peptides for the Bproduct
workers have shown that dns-TKCVIQ is greater than 400 complex suggests a mechanistic explanation for the observa-
times more efficiently turned over than dns-TKCVIL but has tions that the peptide with the lowestKPeridecontrols the
a 10-fold lower affinity for EFPP. RatherK,*¢Pid¢is a more overall FTase reaction rate. In this scheme, the overall rate
complex parameter that includesHPPCaaX formation as  will depend on the relative affinity of the peptides and
well as the interaction of the GaX peptide with both FTase  isoprenoid diphosphate for thegoduct complex, as well
and the Eproduct complex. The peptide concentration as the rate of product release from thg@i®ductCaaX and
required to reach the second maximum in the transfer reactionE-productFPP complexes. If one of the competing peptides
is negatively correlated with apparent peptide hydrophobicity binds the Eproduct complexes more efficiently and/or
(Table 2, Figures 4a, 4c, 4d). Previous reports have high- stimulates faster product release frormp®ductCaaX, then
lighted the importance of the X-residue in FTase selectivity its rate will determine the overall rate. Consequently, the
and reactivity 8, 10, 51, 52). While both dns-GCKVQ and  ark,, for both peptides in eq 1 will be the same. Second,
dns-GCAHQ share the same X-residue, they have veryincreasing isoprenoid will compete with the peptides for E
different reactivity. These results provide further evidence product and increase flux through path A of Scheme 2.
that FTase substrate reactivity is dependent on the identitiesConsequently, the ratio of products formed under high
of all three terminal residues in the @aX peptide. concentrations of isoprenoid donor in a competition reaction

The presence of two peptide substrate concentrationbetween two peptides will be less dependent on peptide
dependent maxima and substrate inhibition in the steady-stimulated release. These conclusions are consistent with the
state reaction profile requires a minimum of three peptide experimental findings that the peptide with the lowest
binding states. The generally accepted mechanism (Schemeneasured®XPeridedetermines the overall rate and that, in
1) has only two peptide bound state?,(50). The second  some cases, the ratio 8k for each of the competing
peptide bound state, -EaaX, is thought to result from substrates will be equal to an isoprenoid dependent constant.
dissociation of FPP from the-EPP complex, followed by Figure 2 shows that, at low isoprenoid concentrations, the
peptide binding to FTase3(, 50). Previous reports have product distribution of competition reactions between dns-
shown that ECaaX is nonproductive and is unable to bind GCVLS and dns-GCVIM for both FPP and AGPP are at
FPP to form the reactive -EPRCaaX complex 27, 28). the ratios predicted by the ratio of thélKPPide In both
Rather, the productive ‘EPP complex is generated by cases, as the isoprenoid donor concentration increases, the
peptide dissociation from-EaaX followed by FPP binding.  ratio of products decreases and trends to that predicted by
In this model, formation of the inhibitory EEaaX requires the ratio of the selectivity factors. While the behaviors of
peptide to out-compete FPP for association with the free FPP and AGPP are similar, they are not identical. At low
enzyme. However, FPP has a much higher affinity for FTase AGPP concentrations, the ratio of modified dns-GCVIM to
than do the CaX peptides, and CVLS peptide affinity for ~ dns-GCVLS is approximately 2.5, the ratio of the two
E-FPP is 70-fold higher than for the free enzyri3d)( Also, peptides@KPertide However, the trend of the product ratio
the EFPP complex is highly committed toward catalysis toward the ratio of the selectivity factors with increasing
since FPP dissociates at a rate 2.5 times slowerkhg27). AGPP concentration is proportionally less than it is with FPP,

Here we propose a more complex model for the FTase suggesting that FPP stimulates product release more ef-
reaction mechanism that takes these observations into accourficiently than AGPP (Figure 2). The measuf@ePertidefor
(Scheme 2). In common with the generally accepted mech-dns-GCKVQ is almost the same for reaction with FPP and
anism, the first peptide bound state is theFEPCaaX AGPP (Table 1). However, inspection of Figure 4a and 4b
complex. The second state is thepEbductCaaX complex indicates that the concentration for dns-GCKVQ inhibition
which is responsible for peptide stimulated product release.is lower for AGPP than it is for FPP. These results are
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consistent with AGPP being less efficient than FPP at w-isoprene interacts directly with the @sidue of the GaxX
stimulating product release and there being greater flux sequence. Interestingly, the canonical GGTase-l target
through the peptide stimulated release pathway at comparablesequence X-residue binds to a different site partially made
isoprenoid concentrations. Crystal structures of theFRP up of the aresidue of the GaX peptide and the-isoprene
and EproductFPP complexes indicate that the isoprenoid of FPP. In AGPP the-isoprene of FPP is replaced with an
in both complexes binds to the same hydrophobic surfaceaniline moiety. The difference in the binding conformation
in the enzyme active sit&(). Incorporation of the aromatic  and interaction with the X-residue of the dns-GCVIL peptide
ring and heteroatom into AGPP decreases its hydrophobicitymay account for the difference in the ability of AGPP to
relative to the isosteric farnesol, and the difference in polarity react with the dns-GCVIL peptide.
between the two molecules may account for the relatively Endogenous FTI ClearancETase and GGTase-| catalyze
higher efficiency of FPP stimulated product release. There- prenylation of proteins with distinct, but partially overlap-
fore, the product distributions from competition reactions ping, sets of CaX motifs, where many of the canonical
containing AGPP and multiple peptides would likely be more GGTase-I target peptides are poor substrates for FTase and
dependent on peptide stimulated product release than a FPRice versa(11, 12). The identity of the C-terminal residue
competition reaction under similar conditions. of the CaaX sequence is an important determinant of the
in vivo protein substrate preferences of the two enzyrfes (
DISCUSSION 10). An investigation into the role of the C-terminal X-residue
Role of Peptide Stimulated Product Release in Specificity. revealed that a wide range of &gX peptide substrates for
We examined the functional importance of peptide stimulated both enzymes had consistently high affinity for both the
product release in the reaction catalyzed by FTase. TheFTase and GGTase-FEPP complexesl(). A consequence
efficient product release stimulated by peptide was unex- of this high affinity is that GGTase-l substrate 1@
pected given the reported preference of FTase for FPPpeptides can efficiently bind to the FTas@P complex and
mediated product releas€9). We found that the rate  undergo chemistry to form farnesylated products that are
constant for product release is sensitive to the structure ofslowly turned over. In extreme cases &X substrates with
both the prenyl diphosphate and peptide substrates. The fluxvery slow product release may act as FTls. A particularly
through the FPP and peptide stimulated release pathways iglramatic example is the dns-TKCVIL peptide which under-
likely to depend on the relative binding affinity of the peptide goes a single turnover where the farnesylated product is not
or isoprenoid to the froduct complex as well as the rate released from the active site even in the presence of FPP or
of product dissociation from the correspondingpiduct excess dns-TKCVIL peptidel(). Interestingly, this product
substrate complexes. Under competition conditions this inhibition is relieved by the addition of a second;&X
scheme becomes even more complex due to additional routepeptide (dns-TKCVIC) to the dns-TKCVIL froduct com-
for product release made possible by association of alterna-plex. The possibility exists that some of the approximately
tive peptide substrates. It is also possible that peptide binding700 putative proteins with GaX motifs found in the human
affinity to the Eproduct complex depends on the &X genome may also act as product inhibitors of the FTase
sequence of the isoprenylated product bound in the activereaction 83). Such naturally occurring FTIs may slow
site of the enzyme. These observations can be interpreted tdarnesylation of important cellular proteins, suggesting that
suggests an explanation for whyK Peridejs reported to be  peptide stimulated product release may be an important
uncorrelated with, for Ca;@X association with EFPP (L0, mechanism to allow tightly bound farnesylated &
31). By incorporation of path B (Scheme 2) into the peptides to be cleared from the FTase active Sif®. (
mechanismaPK Peride glso includes the affinity of peptide
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