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ABSTRACT: Protein farnesyltransferase (FTase) and protein geranylgeranyltransferase type | (GGTase 1)
catalyze the attachment of lipid groups from farnesyl diphosphate and geranylgeranyl diphosphate,
respectively, to a cysteine near the C-terminus of protein substrates. FTase and GGTase | modify several
important signaling and regulatory proteins with C-terminal CaaX sequences (“C” refers to the cysteine
residue that becomes prenylated, “a” refers to any aliphatic amino acid, and “X” refers to any amino
acid). In the CaaX paradigm, the C-terminal X-residue of the protein/peptide confers specificity for FTase
or GGTase |. However, some proteins, such as K-Ras, RhoB, and TC21, are substrates for both FTase
and GGTase |. Here we demonstrate that the C-terminal amino acid affects the binding affinity of K-Ras4B-
derived hexapeptides (TKCVIX) to FTase and GGTase | modestly. In contrast, reactivity, as indicated by
transient and steady-state kinetics, varies significantly and correlates with hydrophobicity, volume, and
structure of the C-terminal amino acid. The reactivity of FTase decreases as the hydrophobicity of the
C-terminal amino acid increases whereas the reactivity of GGTase | increases with the hydrophobicity of
the X-group. Therefore, the hydrophobicity, as well as the structure of the X-group, determines whether
peptides are specific for farnesylation, geranylgeranylation, or dual prenylation.

Protein farnesyltransferase (FTas@)ptein geranylgera-  of the protein substratel(2). The attached lipid enhances
nyltransferase type | (GGTase 1), and protein geranylgera- membrane association and proteprotein interactions that
nyltransferase type Il (GGTase Il) comprise the class of are necessary for proper functioning of the modified protein
enzymes known as the protein prenyltransferases (for review(3, 4).
see refsl and2). Protein prenylation is a type of posttrans-  The protein prenyltransferases catalyze thioether bond
lational modification in which a 15-carbon farnesyl group formation by means of a catalytically essential zinc ian (
from farnesyl diphosphate (FPP) or a 20-carbon geranylgera-2, 5—7), which coordinates the cysteine sulfur near the
nyl group from geranylgeranyl diphosphate (GGPP) is C-terminus of the protein substrate, stabilizing the nucleo-
covalently attached to a cysteine residue near the C-terminusphilic thiolate @). The Zn(ll)-stabilized thiolate nucleophile
reacts with the carbon-1 of FPP via a proposed concerted
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limited toxicity in developed cells, perhaps due to dual
prenylation of some protein substrates by both FTase and
GGTase | 17). Prenylation of Ras oncoproteins is required
for membrane association and subsequent oncogenic activity,
identifying FTls and GGTase | inhibitors (GGTIs) as targets
for cancer therapy, 18). Given the biological and clinical
importance of prenylation, it is important to understand the
in vivo substrate specificity of these enzymes. FTase and
GGTase | have been proposed to prenylate proteins or
peptides with C-terminal CaaX sequences where “C” refers
to the cysteine residue that becomes prenylated, “a” refers
to any aliphatic amino acid, and “X” refers to methionine,
serine, glutamine, or alanine for FTase and leucine or
phenylalanine for GGTase 19—24). In the CaaX paradigm,

the C-terminal X-residue confers the specificity of the protein
or peptide for FTase or GGTaselld—24). However, some
proteins, such as K-Ras4B, have been shown to be substrates
for both FTase and GGTase |, indicating that the specificity
of these enzymes may be broader than the CaaX paradigm
predicts @5, 26).

Structurally, FTase and GGTase | aré5 heterodimers
with identical a-subunits ands-subunits with only 25%
identity @, 11). Thus, the differential CaaX substrate
preferences of these enzymes are due to differences in their
pB-subunits. In the crystal structures of ternary complexes of
FTase [FTas€PT inhibitor Il (12 TKCVIM] and GGTase
| [GGTase t3-aza-GGPPKCVIL], the carboxylate of the
protein/peptide X-residue forms a hydrogen bond with the
side chain of residue GInl67and a buried solvent molecule,

; ; ; ; ; Ficure 1. Peptide binding sites of wild-type FTase and GGTase
which, in turn, is coordinated by Glu1B8His14, and I. The C-terminal X-residues of the peptide substrates (methionine

Arg2025 of FTase (Glul6s, His12}5, and Argl73 in and leucine, respectively) appear in red, theubunits in yellow,
GGTase ) 11, 27). In the crystal structure of FTase and thes-subunits in orange. Figures were generated from Protein
complexed with 12 and KKKSKTKCVIM, the C-terminal  Data Bank files using ViewerPro (Accelrys Software Inc., San

methionine side chain forms van der Waals contacts with Di€90, CA) and Photoshop (Adobe Systems Inc., San Jose, CA)
software. Panel A: Crystallographic model of the FTase specificity

Alaogs, Ser9@, Trpl07, His14P, Alalsys, ProlSE, and  pocket with bound 12 and K-Ras4B peptide (Protein Data Bank
Tyrl3la (27) (Figure 1A). However, in the crystal structure code 1D8D) 27). Panel B: Crystallographic model of the GGTase
of the GGTaseB-aza-GGPRKKSKTKCVIL complex, the | specificity pocket with bound 3-aza-GGPP and peptide KKSK-
van der Waals contacts with Leu are altered; TS4B1r49%3, TKCVIL (Protein Data Bank code 1N4QL.
and Metl2# in GGTase replace Ala@ Trpl02, and EXPERIMENTAL PROCEDURES
Prol5%, respectively, in FTase (Figure 131, 27).

Here we examine features of the C-terminal amino acid
that are important for determining the substrate specificity

of FTase and GGTase |. To do this, we measured the affinity diphosphate BH]JFPP) and geranylgeranyl diphosphaféi{f

and _(rjeactivi;y of FTase andd G.GT;‘SS | with _3 serieslof GGPP) were purchased from Amersham Biosciences
peptides using a K-Ras4B-derived hexapeptide template pigeaiaway, NJ). Peptides were synthesized and purified

(TKCVIM) with various C-terminal X-residues (TKCVIX). . high-pressure liquid chromatography as follows: dansy-
We chose K-Ras4B as our template since this is the form of | ;1eq GCVLL (dns-GCVLL), TKCVIS, dns-TKCVIM, and
Ras most often mutated in human cancers and it is prenylatedricyim by Bethyl Laboratories (Montgomery, TX):

by both FTase and GGTase I. As such, K-Ras4B defies theTkcv|Q, TKCVIF, TKCVIL, and TKCVIN by American
traditional “CaaX” paradigm and is largely resistant to peptide Co. (Sunnyvale, CA), and peptides TKCVIX (where
inhibition of prenylation by FTls due to prenylation catalyzed x = A |, Y, and N) and dns-TKCVIX (where %= A, C,

by GGTase 125). We demonstrate that the peptide specific- p, F, |, L, M, N, Q, R, S, T, V, and Y) by Sigma-Genosys
ity of these enzymes is determined mainly by changes in (The Woodlands, TX). Peptide purities weee70% as
reactivity, as measured by both transient and steady-stateindicated by mass spectrometry; the major contaminants are
kinetics, which generally correlate with the hydrophobicity smaller peptide fragments. The concentration of each peptide
of the C-terminal amino acid. These data not only broaden was determined spectroscopically at 412 nm by reaction of
our understanding of the definition of FTase and GGTase | the cysteine thiol with 5/5dithiobis(2-nitrobenzoic acid),
substrate specificity but also outline the kinetic and thermo- using an extinction coefficient of 14150 Mcm™ (28).
dynamic contributions of the enzyme binding pockets to Inorganic pyrophosphatase from bakers’ yeast, 7-methylgua-
specificity and cross-reactivity2b—26). nosine, and purine nucleoside phosphorylase were purchased

Miscellaneous MethodsAll assays were performed at
25 °C. All curve fitting was performed with Kaleidagraph
(Synergy Software, Reading, PA). Tritium-labeled farnesyl
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from Sigma (St. Louis, MO). All other chemicals were of GCVLS (8). The FTasd2-dns-GCVLS complex was ob-
reagent grade. Thin-layer chromatography (TLC) plates were served by FRET (excitation at 280 nm and emission at 496
prerun in 100% acetone before use. nm). The formation of FTasE-unlabeled peptide complex
Preparation of FTase and GGTaseNild-type FTase was  was observed by a decrease in FRET in 50 mM Heppso, pH
expressed in BL21(DE3) FPT/pET28acherichia coliand 7.8, 2 mM TCEP, 1 mM MgGl 20 nM FTase, 40 nM 12,
purified as described previousl¥4, 29). FTase concentration 40 nM dns-GCVLS, and 10 nM EDTA; ionic strength was
was determined by active site titratioh4j. The purified maintained at 0.1 M with the addition of NaCl. The samples
FTase was determined by SBBAGE to be>90% pure. were titrated with TKCVID (6-3 uM). A fit of eq 2 to the
The protein was dialyzed against HT buffer [50 mM 4-(2- data yielded the apparent dissociation constants, whEte
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), pH is the observed fluorescence at 496 nm corrected for
7.8, 1 mM tris(2-carboxyethyl)phosphine hydrochloride background, IF is the initial fluorescence, EP is the fluores-
(TCEP)], concentrated to 274M, and frozen at-80 °C. cence end pointK?*P"*®is the dissociation constant for the
Wild-type GGTase | was expressed in BL21(DE3) GGPT/ dansylated peptide, [peptide] is the concentration of the
pET23aE. coliand purified as described previously except dansylated peptide, [unlabeled] is the concentration of the
that the second Poros HQ column (Applied Biosystems, 7.9 ynlabeled peptide, andi"®***’is the dissociation constant
mL bed volume) was omittedL). The purified GGTase |  of the unlabeled peptide.
was determined by SDSPAGE to be>90% pure. The
protein was dialyzed against HT buffer, concentrated to 95 AFL =
uM, and frozen at—80 °C. GGTase | concentration was IF 1 EP
determined by active site titration of GGTase | with dns- 1 + (K‘[’,ep“dei[peptide])(l%— [unIabeIed]Kg“'abe'e‘j
GCVLL (8). The binding of dns-GCVLL to GGTase | was @)
observed by fluorescence resonance energy transfer (FRET)

whereby the tryptophan residues of GGTase | are excited at Transient KineticsSingle turnover assays were performed
280 nm, and their emission at 340 nm, in turn, excites the for wild-type FTase and GGTase | in 50 mM Heppso, pH
bound dansyl group whose emission is monitored at 490 nm.7.8, and 2 mM TCEP as described previoudl, (15). For
The assay was performed in 96-well plate format where eachFTase, 5 mM MgGl was included in the reaction buffer.
well contained 50 mM Heppso, pH 7.8, 2 MM TCEF500  Reactions with prenylation rate constants less than 0:1 s
nM GGTase |, and 61 uM dns-GCVLL. The plate was  were performed manually using 6-8.0 uM enzyme, 0.4
incubated with shaking for 5 min prior to measurement in a uM [3H]FPP or PH]GGPP, and 56800 uM peptide. The
PolarStar Galaxy platereader (BMG Labtechnologies, Durham, enzyme was preincubated witBHJFPP or PH]GGPP for
NC). Lines were fit separately to the first 10% of the binding 15 min at room temperature. The reactions were initiated
titration and to the points-500 nM. The intersection point by addition of saturating peptide and quenched at varying
of the two lines, representing formation of a 1:1 GGTase times (3 s to 4 h) by the addition of an equal volume of cold
I-dns-GCVLL complex, was used to determine the concen- 80% 2-propanol and 20% acetic acid (v/v). For reactions
tration of GGTase | in the sample. with rate constants faster than 0:%,s KinTek rapid quench
Peptide Binding AffinitiesThe affinities of FTasé2 and apparatus was used (KinTek Corp., Austin, TX). The
GGTase 13-aza-GGPP 30) (a gift from Robert Coates,  reactions contained 0-81.0 uM enzyme, 0.4«M [3H]FPP
University of lllinois) for the dansylated peptide substrates or [*H]GGPP, and 56800 M peptide and were quenched
were determined by fluorescence anisotropy as describedyith 80% 2-propanol and 20% acetic acid at varying times
previously (5). In this method, the dansyl group of the (0.005-120 s), then dried under vacuum, and resuspended
peptide is excited at 340 nm (band-pas<6 nm), and its  in 50% 2-propanol. The product was separated from substrate
emission is monitored at 496 nm (FTase, band-paskb by TLC on silica gel plates (Whatman PE SIL G) with an
nm) or 525 nm (GGTase |, band-passl6 nm). FTase and  8:1:1 (v/v/v) 2-propanol/NEOH/H,O mobile phase. The
GGTase | samples were prepared with 50 mM Heppso, pH product migrates in this mobile phase, but the FPP and GGPP

7.8, 2 mM TCEP, 10 nM (ethylenedinitrilo)tetraacetic acid substrates remain at the origin; the plates were cut accord-
(EDTA), and 2 nM dns-TKCVIX and then titrated with either  ingly, and the radioactivity was quantified by scintillation

FTasel2 or GGTase 13-aza-GGPP (8500 nM). For FTase,  counting. The radioactivity in the product was divided by
5 mM MgCl; was included. The samples were incubated the total radioactivity for each time point to calculate the
for 5 min prior to each measurement at Z5. A weighted  fraction of product formed. The rate constant for product
fit of eq 1 to the data yields the apparent dissociation formation k.9 was determined by fitting eq 3 to the data,
constants, wher@A corresponds to the observed fluores- wherePp; is the fraction product formed at tinteand P., is
cence anisotropy, EP is the fluorescence anisotropy end pointthe calculated reaction end point, which varied from 60% to
IF is the initial fluorescence anisotropy, [enzyme] is the 9o,

concentration of FTase or GGTase |, akff™®* is the

dissociation constant for dns-TKCVIX. P/P,=1—¢ " (3)
— EP +IFE (1) Alternatively, single turnover assays were performed for
1+ KPP9[enzyme] FTase and GGTase | in 50 mM Heppso, pH 7.8, 5 mM

MgCl;, and 2 mM TCEP in the presence of-[2-(1-
Competition Peptide Binding Affinityhe affinity of FTase maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide-
for the unlabeled peptide TKCVID was determined as labeled phosphate binding protein (MDCC-labeled PBR) (
previously described by measuring competition with dns- and inorganic pyrophosphatase @) to measure formation
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of diphosphate 32). MDCC-labeled PBP was dialyzed at 10uM peptide, significantly higher than measured values
against 0.5 uniuL~* purine nucleoside phosphorylase and of KyPeride (33), assuming that the peptide is saturating at
15 uM 7-methylguanosine to form ribose 1-phosphate from this concentration so thatreflectsVimax This is a reasonable
any monophosphate contaminants. FTase and GGTase | werassumption for all of the peptides except TKCVID, where
preincubated with FPP and GGPP, respectively, for 15 min K2P"*js very high for FTase.

at room temperature; the reactions were initiated by addition

of dns-TKCVIX, MDCC-labeled PBP, and RRe. The final RESULTS

concentrations were 0,.8M FTase or GGTase |, 0.2M ) . )
FPP or GGPP, 100M dns-TKCVIX, 5 M MDCC-labeled K-Ras4B Peptide Templat8hort peptides encompassing
PBP @1), and 33 units mt! PRase. A KinTek stopped- the CaaX sequence can compete with full-length proteins
flow instrument (KinTek Corp., Austin, TX) was used to for farnesyla;ion, and struc_tgrally, the CaaX sequence appears
monitor the binding of inorganic phosphate to the MDCC- 0 be the primary recognition element for both FTase and
labeled PBP, which is observed as an increase in fluorescenc&GTase | 11, 20, 36-38). Previous steady-state kinetic
(ex = 430 nm cutoff filter, lem = 450 nm cutoff filter). studies of the substrate specificity of rat FTase and GGTase
Under these conditions, the rate of cleavage of the pyro- | suggest that the_ |dent|t)_/ of the C_—termlnal re5|_d_ue of the
phosphate product catalyzed by@® and the association protein substrate_ls a main determinant of spgmﬁc]lg—(

rate for phosphate binding to MDCC-labeled PBP are fast 24). Sequence alignments and crystallographic analyses of
relative to the rate constant for diphosphate formation and FTase and GGTase | support these data as they reveal
release catalyzed by the prenyltransferasetfold) (32). var|ab|I.|ty in the binding 5|te§ for the side chain of the
The rate constant for product formatiokyn) was deter- ~ C-terminal residue of the peptide substreté, 27, 36). In
mined by fitting eq 3 to the fluorescence change as a function fact, crystallographic studies of FTase in complex with FPT

of time, whereP; is the fraction product formed at timeas inhibitor Illand various peptide sequences suggest multiple
indicated by fluorescence arik is the reaction end point ~ conformations of the X-group side chain that may correlate
(the maximal change in fluorescence). with reactivity (36). However, no systematic study of the

Steady-State KineticsThe steady-state kinetics were €ffect of varying the X-residue on the affinity and reactivity
determined for FTase using a radioactive assay as previoushyP! the peptide has yet been carried out. To examine the
described 14). The final concentrations were 24 nM FTase, Importance of the X-residue, we measured the peptide affinity
1 uM [3H]-FPP, and 0.£104M peptide in 50 mM Heppso- and reactivity with FTase and GGTaS(_a | using a peptld_e
NaOH, pH 7.8, 5 mM MgGJ}, and 2 mM TCEP. Reactions template corresponding to the C—terr_nmus of t.he'protlem
were quenched by the addition of an equal volume of 20% K-Ras4B (TKCVIM) where the terminal methionine is
(vIv) acetic acid/80% 2-propanol, and product was measuregsSubstituted with one of the following amino acids: Ala, Cys,
by TLC, as described. Asp, Phe, lle, Leu, Asn, GIn, Arg, Ser, Thr, Val, or Tyr.

The steady-state kinetics were measured for GGTase | Substrate Binding AffinityThe binding affinities of the
from the time-dependent increase in fluorescence intensityFTasel2 and GGTase -B-aza-GGPP complexes, respec-
(Aex = 340 nm,Aem = 520 nm) upon prenylation of dns- tively, for dansylated peptide substrates were measured from
TKCVIX. Assays were performed at 2% in 0.1-10 uM changes in fluorescence anisotropy (Figure 2). The dissocia-
dns-TKCVIX, 10uM GGPP, 50 mM Tris-HCI, pH 7.5, 5  tion constants from the FTad2-TKCVIX complex are
mM DTT, 5 mM MgCh, and 10uM ZnCl, in a 96-well between 6 and 26 nM for the majority (10 out of 14) of the
plate 83). Reactions were initiated by the addition of substituted amino acids (Table 1), indicating that peptide
GGTase | (25100 nM), which was at least 3-fold lower affinity is not the main determinant of specificity in FTase.
than the concentration of peptide. The fluorescence intensityHowever, three peptides have higher affinity (TKCVIM,
was measured every 2 min until the end point was reached. TKCVIF, and TKCVIL with Kp values of~1 nM, Table 1)

The linear, initial rate €10% of the total reaction) in  including two of the X-groups that are proposed to confer
fluorescence intensity per second was converted to the ratespecificity for GGTase | (F and L), while the one peptide
of increase in concentration of product per second using egcontaining a negatively charged X-group, TKCVID, binds
4, whereV refers to the velocity of the reaction in micromolar ~ significantly less tightly £1300 nM, Table 1). The weak
per secondR refers to the velocity of the reaction in affinity of FTasel2 for TKCVID could be due to repulsion
fluorescence units per secorRirefers to the concentration  of the aspartate side chain of the peptide with FTase residue
of the limiting substrate, an@f ., refers to the maximal ~ Glul98 in the specificity pocket, the inability of the

fluorescence intensity at the end poiB6). aspartate side chain of the peptide to hydrogen bond with
H149, and/or unfavorable hydrophobic van der Waals
V=RPF,., (4) contacts between the aspartate side chain of the peptide with

FTase residues Ala®3 Trpl0Z3, Alal513, Prol53, or
The steady-state kinetic parametdqs; and keafKyPertide Tyrl3lo.
are generally determined from a fit of the Michaellidenten Similarly, the binding affinities of the GGTase3laza-
equation to the dependence of the initial rate divided by the GGPP complex for dns-TKCVIX peptide substrates (Figure
concentration of enzyme on the peptide concentration at2) are within an order of magnitude 30 nM) of one
saturating FPP/GGPP. However, in the interest of designinganother for all of the substituted amino acids, including Leu
a high-throughput screen, the valuekgfKy was determined  and Phe, except for the weakest binding peptide, TKCVIR
from the linear dependence of the initial velocity on (110 nM), which contains a positively charged amino acid
subsaturating peptide concentrations. A lower limit kg in the X-position. Unexpectedly, the peptides containing a
was estimated by measuring the steady-state turnover rateC-terminal methionine, TKCVIM (3t 1 nM), or aspartate,
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0.050 o : : TKCVIM (7.3 + 0.7 s'*) and TKCVIS (6=+ 1 s 1) have the

fastest prenylation rate constants (Figure 3, Table 1) and
TKCVIR, containing a positively charged side chain, has
the slowest prenylation rate constar)(001 s?, Table 1).

In general, FTase is most efficient at catalyzing farnesylation
of peptide substrates possessing small, polar X-groups. For
example, in the following series the prenylation rate constant
szTase'iIg] ‘ HM;5 100 increases as the hydrophobicity of the side chain of the
0.07 ' " ' X-group decreases: V (0.66 0.06 s?) < A (1.8 £ 0.8

s <T((24+02sY) <S(6£E1s?).

For GGTase |, the single turnover rate constants for
prenylation of TKCVIX vary by more than 900-fold (Table
2). Peptides with nonpolar X-groups (TKCVIV, TKCVIL,
and TKCVIF) have the fastest geranylgeranylation rate
constants (0.70.9 s?1), which are 2-3-fold faster than
reaction with TKCVIM (0.35+ 0.02 s, Figure 3, Table 2)
but ~10-fold slower than the maximal rate constants
observed for farnesylation catalyzed by FTase (Table 1). The
T . Poma e et o 4Tk PEpIdes wih charged X-groups, TKCVID and TKCVIR
(a) for FTase was determined by fluorescence anisotrapy= have the slowest prenylation rate const_am@.OOl .S.l '

340 nm, dem = 496 nm) as described under Experimental 1able 2).Incontrastto FTase, GGTase | is most efficient at
Procedures. The assay contained 50 mM Heppso, pH 7.8, 2 mMprenylating peptide substrates possessing nonpolar X-groups.
TCEP, 1 mM MgC}, 10 nM EDTA, and 2 nM dns-TKCVIQ. The  For example, in the following series of X-groups, the
ia'T‘ch"\ﬁQS were dg’:ﬁﬁ?ﬂxtqu%ﬁégt_eéogt g?ﬂgq -Iiht% ‘t’ﬁ'eusee %fata prenylation rate constant decreases as the hydrophobicity of
P;nel B: The dissociation constant for dns-TKCVI@)(was the side chain decreases: V (0.810.09 s¥) > T (0.19+
determined by fluorescence anisotropy,(= 340 NM,Aem = 525 0.01 s') > S (0.028+ 0.002 s'). These data demonstrate
nm). Dns-TKCVIM (2 nM) was preincubated in 50 mM Heppso, that the reactivity of the peptides bound to FTase and
pH 7.8, 2 mM TCEP, and 10 nM EDTA at 2& and then titrated  GGTase | is sensitive to the structure, size, and hydrophobic-
agg Se?;ﬁﬁe*g'zzaﬁv%fitg4% r(‘)';"()e' Tlh‘fo"t"’r‘]"e‘geo(:;?a ity of the X-group. Importantly, the peptide specificities of

y 9 q ' FTase and GGTase | are mainly determined by reactivity

. . . d not affinity. Furthermore, the differential specificity of
TKCVID (4 + 1 nM), bind to GGTase | with the highest an . )
affinity. Tﬁwe tight affi)nity of TKCVID for GGTase -I3-agza- FTase and GGTase | for the C-terminal X-group is affected

. : differential sensitivity to the hydrophobicity of this group.
GGPP suggests that the negatively charged aspartate re5|du%y . . ;
either binds in a different position or interacts with different Effect of Alterations of the X-Residue of the Peptide

residues in the specificity pocket of GGTase | compared to Substrate on Steady-State Tuzea To further investigate

FTase. Of the van der Waals contacts listed above for FTase,the importance of the X-group for substrate specificity, the

three of five residues are different in GGTase |; AIA98 s’geady—statg pargmeté«;@tand&alKM were measured using
Trp102, and Pro152 in FTase are replaced with Thi45 el_ther a radioactive assay or continuous fluorescence assay
Thr493, and Met 124 in GGTase |. These amino acid W'th _dansylated peptld_e substrates“(TabI_e_s_l and 2). ;I'he
substitutions create a more polar specificity pocket in kinetic parametgkca{KM IS termed_the spe_C|_f|C|ty constant
GGTase |, likely yielding a tighter binding affinity for (43) aljd should m@cate the relative reactivity of the enzyme
TKCVID. In summary, the similarity in binding affinities with different peptides. The values kikfKy vary by >40-

for these peptides suggests that the thermodynamics offOId for GGTase | and by-900-fold for FTase, indicating

: P : : that the X-group of the peptide substrate is a major
Egggi?iiit?/lrc])?lggr a': en:rg dt thrprgg]e ?etermlnant of substrate determinant of substrate selectivity (Tables 1 and 2). These

data demonstrate that FTase is most selective for catalyzing

Transient Kinetics of FTase and GGTaseThe rate prenylation of TKCVIM, TKCVIQ, TKCVIC, and TKCVIS
constants for prenylation of TKCVIX catalyzed by FTase (k. ./K, > 10* M~ s7., Table 1) followed by TKCVIA,

and GGTase | were determined under single turnover TKcvIN, and TKCVIT (Kea/Kn > 10° M~is7L, Table 1).
conditions, where the enzyme and peptide concentrations arerpjs |ist includes the X-groups (M, S, Q, and A) previously
in excess of the prenyl diphosphate concentration. Previousppserved most frequently in FTase substraBgsHowever,

kinetic data suggest the basic kinetic scheme illustrated in steady-state turnover is also observed for peptides containing
Scheme 1 for both FTase and GGTase |, where substratey variety of other X-groups (D, F, V, and Y). Conversely,

binding is functionally ordered with FPP/GGPP binding GGTase | is most specific for reacting with TKCVIF,
before peptide and the rate constant for prenylation is fastertkcvil, TKCVIL, and TKCVIM (KealKn > 10 M1 571,
than product dissociatioi(39—-42). For both enzymes, the  Taple 2) with decreased specificity for TKCVIC, TKCVIV,
single turnover rate constant measures the formation of thegng TKCVIY (kea/Ky > 10° M1 s7L, Table 2). These data
E-product complex from the £PP/GGPFpeptide ternary  giso indicate that the peptides with nonpolar X-groups are
complex and likely reflects the rate constant for prenylation the preferred substrates for GGTase | and that the peptides
catalyzed by FTase and GGTased] (5). with polar X-groups are the preferred substrates for FTase.
For FTase, the single turnover rate constants for farnesy- For both FTase and GGTase |, the steady-state rate
lation of TKCVIX vary by more than 7000-fold where constantk.y is proposed to reflect the rate constant for
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Table 1: Kinetic and Thermodynamic Constants of Wild-Type FTase

peptide KEePide (nv)a Kenem (™3P Keat ()¢ KealKn (M~1s71)°
TKCVIA 18 +5 1.8+0.38 0.046+ 0.002 3700+ 200
TKCVIC 7+1 32403 0.31+ 0.02 35000k 2000
TKCVID 1300+ 200 0.33+0.03 0.0005G: 0.00006 80+ 30
TKCVIF 1.1+0.1 0.06+ 0.01 0.0082% 0.0008 900t 60
TKCVII 16 +4 0.14+ 0.02 <0.00F <100
TKCVIL 1.1+01 0.07+ 0.01 <0.00F <100
TKCVIM 0.86 + 0.08 7.3+0.7 0.041+ 0.004 16000k 1000
TKCVIN 1543 1.84+0.1 0.013+ 0.001 1500 100
TKCVIQ 12+5 2.4+08 0.161+ 0.006 44000+ 2000
TKCVIR 7+2 <0.000% <0.00F <100
TKCVIS 26+5 6+1 0.21+0.02 14200+ 600
TKCVIT 842 24402 0.017+ 0.001 1000k 30
TKCVIV 7+2 0.66+ 0.06 0.0021- 0.0004 60+ 10
TKCVIY 6+1 0.12+ 0.02 0.0017= 0.0002 100+ 10

2 Peptide dissociation constants were measured with dansylated peptides at'’bkdnd-8s the single turnover rate constant for product formation
at pH 7.8 at 5 mM MgCl ¢ The steady-state kinetics were determined at saturating concentrations of F#¥®)(@0d varying TKCVIX (0.1-10
uM) in 24 nM FTase, 50 mM Heppso, pH 7.8, 5 mM MgCand 2 mM TCEP. The value ¢, Was estimated at saturating (M) peptided The
peptide dissociation constant was measured with unlabeled peptide by competition with dns-GCVLS at fit¢s&8han 10% product was
formed i 4 h sothat thekchemWas <0.0001 s, assuming an end point of 100%.ess than 10% product was formedi h sothat the initial rate
was <0.001 s?, assuming an end point of 100%Less than 10% product was formed 1 h sothat the maximak./Ky was <100 Mt s74,
assumingKy > [peptide].

Scheme 1: Kinetic Mechanism for FTase
E + FPP — E+FPP + pep E*FPPepep — [E-FPP+pep]*

% F-pep
F-
pep : 7/ Kerem
kcat E-F- PPi
FPP .%-PeP

EeF-peps’FPP 2 E«F-pep

aFor GGTase |, FPP is replaced by GGPP.

product dissociation rate constant than on the substrate
affinity, suggesting differential interactions with the protein
in the two complexes. The measurable valueskgf for
GGTase | are less variable; omitting TKCVIC, the values
of keat Vary only 5-fold for nonpolar X-groups (F, I, L, M,

V, and Y). However, no steady-state turnover is observable
for peptides containing a polar X-group (N, Q, S, and T),
suggesting that product dissociation is very slow. Therefore,
nonpolar X-groups enhance the rate constant for product
dissociation from GGTase |. These data demonstrate that the
X-group modulates the rate constants for both prenylation
and product dissociation. In general, the rate constants for
FTase are enhanced by polar X-groups while those for
GGTase | are increased by nonpolar groups.

T A significant fraction of the peptides examined did not
exhibit any measurable steady-state turnover activity. Thus,
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FicURE 3: Single turnover kinetics for FTase and GGTase | with the peptides can be divided into three classes: (A) those that
TKCVIM. Single turnover rate constants were measured as bind but do not react (X= D and R for GGTase |; X= R
described under Experimental Procedures. Assays contained 0.8 fqr FTase), (B) those that bind and catalyze a single turnover

1.0uM FTase @) or GGTase | @), 0.4uM [3H]FPP or BH]GGPP, : .
saturating peptide (51800 «M), 50 mM Heppso, pH 7.8, and 2 bGuGt_POt nﬂu)l(tE)IIe tucrjnlf)\f/ersF_I(_X— A, N(’j QC Sﬁ and hT fgr q
mM TCEP. For FTase reactions, 5 mM MgGlas added to the ase |; X=land L for FTase), and (C) those that bin
reaction buffer, and the ionic strength was maintained at 0.2 M and react under both single and multiple turnover conditions
with NaCl. The data were normalized for clarity using the formula (X = C, F, I, L, M, V, and Y for GGTase |; X= A, C, D,

(fraction of product— background)/(fraction of produglx — F,M,N, Q,S, T,V, and Y for FTase). Classes A and C
background). The prenylation rate constaptwas calculated by oo e o .
a fit of eq 3 to the data. were expected. However, we were surprised to observe
peptides that bind to these enzymes and form product in a
product dissociation4@, 44) so this kinetic constant can be  single turnover but do not have multiple turnover activity
used to evaluate the importance of the X-group for product (class B). These data suggest that the prenylated products
dissociation. For the majority of the TKCVIX peptides, the of these peptides do not dissociate readily from the enzyme,
single turnover prenylation rate constant is faster tkan an extreme case of product inhibition. One possible explana-
(Tables 1 and 2), suggesting that product dissociation remaingion for the class B peptides is that the X-group of the
the rate-limiting step irkear For FTase, the values & prenylated peptide forms highly favorable interactions with
vary by >300-fold, where product dissociation is fastest for the binding pocket of FTase or GGTase | that significantly
TKCVIC, TKCVIS, and TKCVIQ (ke > 0.1 s, Table 1) enhance the affinity of the product to prevent product
and slowest for TKCVIlI and TKCVIL K.t < 0.001 s?, dissociation. Alternatively, upon prenylation of the peptide,
Table 1). These data suggest that the identity of the X-residuethe X-group could adopt a conformation in the active site
also affects the rate constant for product dissociation with that kinetically blocks dissociation, perhaps by hindering
peptides containing a polar X-residue dissociating more either movement of the prenylated product into the exit
rapidly from FTase than substrates with nonpolar X-residues. groove or binding of a subsequent molecule of FPP or GGPP
The structure of the X-residue has a larger effect on the (10, 11). The observed lack of steady-state turnover for these
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Table 2: Kinetic and Thermodynamic Constants of Wild-Type GGTase |

peptide KEEPUdE (nv1)a Kenem(S~2)P Keat (S3)° kealKm (M~Ls7%)

TKCVIA 17 +3 0.0154 0.004 <0.00F <100
TKCVIC 8+1 0.0484 0.004 0.0063t 0.0004 4000t 1000
TKCVID 4+1 <0.000F <0.00F <100
TKCVIF 20+ 10 0.7+£0.2 0.064 0.01 13000t 1000
TKCVII 9+1 0.24+ 0.02 0.048+ 0.002 15000k 2000
TKCVIL 20 £+ 10 0.82+ 0.09 0.08&+ 0.001 3900G+ 9000
TKCVIM 3+1 0.35+ 0.02 0.082+ 0.009 16000k 1000
TKCVIN 7+4 0.15+ 0.02 <0.00F <100
TKCVIQ 9+5 0.031+ 0.004 <0.00F <100
TKCVIR 110+ 20 <0.000% <0.00F <100
TKCVIS 1246 0.0284 0.002 <0.00F <100
TKCVIT 19+9 0.194 0.01 <0.00F <100
TKCVIV 40 +10 0.91:+ 0.09 0.107+ 0.004 1000+ 600
TKCVIY 14 +4 0.054: 0.009 0.022+ 0.001 1600+ 300

2 Peptide dissociation constants were measured with dansylated peptides at'’bkdnd-8s the single turnover rate constant for product formation
at pH 7.8 in the absence of MgCF The steady-state kinetics were determined at saturating concentrations of GG @fd varying TKCVIX
(0.1-10 uM) in 25—100 nM GGTase |, 50 mM Tris-HCI, 5 mM DTT, 5 mM Mggland 10uM ZnCl,. ¢ Less than 10% product was formed in
4 h so that théremWas <0.0001 s?, assuming an end point of 100%d_ess than 10% product was formedi h sothat thek., was <0.001 s?,
assuming an end point of 100%d.ess than 10% product was formed 1 h sothat theke./Ky was <100 M~is™%, assumingu > [peptide].

class B peptides may be a second mechanism for determining
substrate specificity.

However, the class B peptides could potentially be
prenylated and released in vivo if other cellular factors
enhance product dissociation. This hypothesis is validated
by experiments indicating that farnesylated TKCVIL (class
B peptide) isnot an inhibitor of the reaction of FTase with
a second peptide, dns-TKCVIC (class C peptide), as would
be expected if dissociation of farnesylated TKCVIL from i ]
FTase is extremely slow. In these experiments, FTase, FPP, AG s (ka1 mOT)
and TKCVIL (1:1:1 stoichiometry) are incubated at 25
for 1 h toform the EF-peptide product. No multiple turnover
activity is observed when this complex is diluted 250-fold
into an assay containing 1 FPP and 1M dns-TKCVIL,
consistent with the lack of multiple turnover activity previ-
ously demonstrated (Table 1). However, when this inactive
product complex (Harnesylated-TKCVIL) is diluted into
an assay containing 10M FPP and 1uM active peptide
dns-TKCVIC (Table 1), multiple turnover activity is im-
mediately observed. The value kf/KyPeid (35000 M
s1) under these conditions is identical to the value measuredFIGURE 4: Comparison of kinetic data for FTase (panel A) and

i i i i GGTase | (panel B) with the hydrophobicity of the peptide
In the absence of preincubation with TKCVIL/FPP. These C-terminal residue. The values kf,/Ky are taken from Tables 1

experimen.ts Sugg?St that FPP and the peptide dr‘S'TKC\/lcand 2. Peptides witk.o/Knm values below the detection limit were
catalyze dissociation of the farnesylated TKCVIL product excluded from this plot. ThRAG*2values are plotted as a function
from FTase even though FPP and dns-TKCVIL do not of the AG°yansterOf the peptide X-residuet6) and fit to two lines.
enhance product dissociation. Catalysis of product dissocia-For FTase, the corresponding slopes of the lines are2-0Q.97)
tion from FTase by a peptide has been suggested previoushyfQ: S: A T, Y, V) (#) and 2.0 R = 0.70) (M, C, F) &). For

. . GTase |, the corresponding slopes of the lines-a2e0 R =
(45) although this process has not been as well characterize 1999) (V, C, I, F) @) and—1.8 R = 0.92) (Y, M. L) ).

as the FPP-catalyzed product dissociation. These data suggest

that FTase has the potential to catalyze multiple turnovers 4tfinity of peptide substrates, we correlated A Gissod

of farnesylation of TKCVIL in the presence of a second o pinding affinity and theAAG* 2 for reactivity with either
peptide that can enhance product dissociation. Therefore, thgne AGe,,nsebetween octanol and water (FigureMG° yanster
loss of FTase-catalyzed multiple turnover of the peptide {aken from ref46) or the volume 46) of each amino acid
TKCVIL reflects the inability of FPP alone to catalyze gjge chain located in the X-position. We omitted both the
product dissociation. This mechanism is likely to be true for charged C-terminal amino acids and the peptides with

the other class B peptides as well. These data suggest th values below the detection limit of the assay from this
possibility that farnesylation of one protein can be enhanced analysis.

by the presence of a second protein substrate, which could
function as a novel regulatory mechanism. 3 ) - ~
Sensitiity of Reactiity to Hydrophobicity and Size of the Calculated as followsAAGasses = AGricuix — AGrkevm = RT
. . .. In KD — RTlIn KD ) AAG = AG TKCVIX — AG TKCVIM —
X-ResidueTo further examine the role of the hydrophobicity = RTin k../Ky ™™ — RTIn ke/Ku™ SV (assuming that the [peptide]
and/or size of the X-group in determining the reactivity and is 1 M); andAAG*(Kehen) = RT IN Kehent Y™ — RTIN Kenem KV,

8 [
T T

AAGH (kcal mol™)

(=3
T

'
L=

AAG* (kcal mol™)

2
o -1
AG ranster (kcal mol™)
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Although the binding affinities vary 1630-fold for FTase 10°
and GGTase | as the C-terminal residue of K-Ras4B is
modulated, there is little or no correlation of the\Ggissoc x
values with the hydrophobicity of the peptide X-group s
(AG®ranste) [data not shownR = 0.3 (GGTase I) and 0.6 .
(FTase)]. These data indicate that substrate binding affinity < 1F
has little dependence on the hydrophobicity of the X-residue \
side chain for uncharged amino acids. 102

The AAG* values (calculated frorR../KuPePid9 increase S s cwr
for FTase (Figure 4A) and, in contrast, decrease for GGTase X group
| (Figure 4B) as the hydrophobicity of the C-terminal ggyre 5: Differential reactivities of FTase and GGTase I. The

X-residue AG°vanste) iNncreases. However, the data suggest multiple turnover rate constark./Ky, was determined for FTase
that the X-groups fall into at least two groups. For FTase, and GGTase | with dns-TKCVIX as described under Experimental
the AAG* values for the peptides with the highest affinities Procedures and in the legend of Figure 4.
(M, C, and F) can be described by one line (Figure 4A, slope
= 2,R=0.7). TheAAG for the remaining peptides, with
the exception of N at the X-position, can be described by a
second line (Figure 4A, slope 2, R = 0.97), indicating a
significant increase in reactivity with decreasing hydropho-
bicity in both cases. However, the fact that the reactivity of
the peptides cannot be described by a single line demonstrate
that the structure of the X-group also affects reactivity; the
side chains of M, C, and F confer a higher valuekgf/
KywPreridethan predicted solely from the hydrophobicity while
the N side chain at the X-position has a lower activity than
redicted. Reactivity AAG") of peptide substrates with ' L ,
ETase also correlateysz\svith volume of the X-group side chain P ePtides containing M, A, Q, and S at the C-terminus have
(—RT In volume). In this case, linear correlations between been proposed to specify faresylation catalyzed by FTase
reactivity and volume also split into multiple groups accord- (19_2.4)_' The data_presented here suggest that Caax pepudes
ing to the X-group, as follows: Y, F, M, and ¢ 0.91); containing C-terminal C, N, F,.a_md T may also be efflcu?n.tly
V, T, N, and C R = 0.94). The two smallest X-groups (A farn_esylated by FTase._ Ad_dltlonally, pepudes containing
and S) have higher activity than predicted solely from the '€ucine and phenylalanine in the X-position of the Caax
volume of the side chain. For GGTase I, the dependence of MOlif aré proposed to specify geranylgeranylation catalyzed
AAG* (KeafKni) 0N AG®yansrercan also be described by two, by GGTase I1_9—24). Our data demonstrate_ t_hat substrates
parallel lines (Figure 4B), including the following side chains with the X-reS|du.es M and : can . gfﬁuent substrates
at the X-position of the peptide substrate: V, C, F, and | of GGTasg | while peptides with C-terminal V, C, and Y
(slope= —2, R=0.999) and Y, M, and L (slope —1.8, are 'poten_tlall substrates a_slwell (Table 2). Moreover, the
R = 0.92). For GGTase I, a modest correlation between efficient binding and reactivity of TKCVIM and TKCVIF

o : ; by both FTase and GGTase | observed in this study suggest
reactivity AAG*, keafKy) and side chain volume—RT In o .
volume) is observed for peptides with the following X- that the dual specificity between FTase and GGTase | is due,

groups: Y, F, I, M, and LR = 0.73). These data demonstrate at least in part, to the identity of the X-residue.
that side chain hydrophobicity and structure are important
for determining the substrate selectivity of FTase and DISCUSSION
GGTase |. Role of the X-Residue in SpecificiWe examined the
Furthermore, a correlation withG°yanseriS Observed for  functional importance of the C-terminal X-residue of the
the AAG* values calculated fronk:nem measured for the  peptide substrate in the reactions catalyzed by FTase and
reaction of FTase with these peptides; however, the slope isGGTase |. The consistently high affinity of FTase and
decreased. The valuesANG* (kehen)? for reaction of FTase ~ GGTase | for peptide substrates with various C-terminal
with peptides containing a terminal Q, S, A, T, Y, V, I, L, residues is unexpected given the reported in vivo preferences
and F show a linear correlation withG®yansrer(Slope= 0.9, of the enzymes for proteins containing enzyme-specific
R = 0.92). The single turnover reactivity of FTase also C-terminal residues (i.e., L and F for GGTase | and M, S,
correlates modestly with decreasing volume of the X-residue A, and Q for FTase). In contrast, the reactivity of peptides
side chain (data not shown). For GGTase I, the dependencewith FTase and GGTase I, reflected kyemandkea/Ky, in
of AAG* (Kenen) ON AG°yanster iS less clear. The peptides general correlates with the hydrophobicity and/or volume of
appear to split into two groups: higher activity including X the C-terminal amino acid of the peptide; transient and
=F, L, M,V, T, and N (slope= —0.33,R=0.9) and lower steady-state rate constants decrease for FTase and increase
activity including X=1, C, Y, A, S, and Q (slope= —0.37, for GGTase | as the hydrophobicity or volume of the
R = 0.78). Similarly, for GGTas | a modest correlation  C-terminal X-residue increases (Figures 4 and 5). These
betweemAAG* (kehen) @nd increasing volume of the terminal  results demonstrate that the primary determinant of substrate
amino acid is observed(= 0.6). specificity in both FTase and GGTase | is reactivity, as
The observation of two lines for the dependence of activity opposed to substrate affinity. Kinetic versus thermodynamic
on the hydrophobicity of the X-group side chain (Figure 4) specificity has previously been well documented for a

could be consistent with multiple X-residue binding sites.
Two binding sites for the X-residue of peptides bound to
FTase have been observed by structural stu@i@s Crystal-
lographic models indicate that the size and properties of the
%;-residue can shift the peptide backbone as well as the

-residue binding pocketl@). These changes in the orienta-
tion of the substrate in the active site likely lead to the
observed alterations in activity, perhaps by altering the
concentration of the reactive conformation of the prenyl
diphosphate.
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number of other enzymes, including the aminoacyl tRNA via van der Waals and hydrophobic interactions; thus, the
synthetases4Q). hydrophobic character of the binding pocket discriminates
In FTase, the steady-state paraméggfyPerideincludes against polar and charged side chairgs)( Molecular
the rate constants for the steps from peptide binding-to E modeling of the X-residue binding pockets of both FTase
FPP through farnesylation (Scheme 1), including a step in and GGTase | reveals that large, bulky amino acids as well
which the prenyl chain of FPP rotates to position the C1 of as charged X-residues clash with the binding site and cause
FPP near the sulfur nucleophile in the peptide, as suggestedshifts in the peptide backbon8&@). Moreover, these data
by crystallographic datalQ—12). Therefore, the value of  reveal two possible X-residue binding sites for FTase: one
keaf KvPePide could be modulated by alterations in the rate site binds M, Q, and S while a second site was observed for
constants for peptide association/dissociation, prenyl chainF. Two binding sites have not been observed crystallographi-
rotation, and/or the farnesylation step (Scheme 1). The datacally for GGTase | (X= L, M, F), although alternative sites
demonstrate that the identity of the X-group amino acid alters may exist for other amino acid86). The data presented in
the rate constant of the prenylation step for both FTase andFigure 4 are consistent with the observation of two binding
GGTase |; however, at least one other kinetic step must alsosites for GGTase | as well as for FTase. However, even for
be altered since the X-group side chain has a larger effectFTase the X-groups that fall into the two binding sites<£X
on the value ok../KyPePidecompared tdchem(Tables 1 and M, Q, S versus F) do not match the two groups identified
2). by reactivity (Figure 4A). These discrepancies may reflect
Under steady-state turnover, kinetic steps that occur afterdifferences in conformation between inactive and reactive
the first irreversible step should not affect the substrate ternary complexes.
selectivity (as determined bi./KuPePi®y. For FTase and The identity of the X-residue side chain affects both the
GGTase |, diphosphate dissociation is rapid and irreversible position of the residue in the binding pocket (Figure 1) and
(32); therefore, the rate constant for dissociation of the the conformation of the backbone of the peptide substrate
prenylated peptide product would not be predicted to affect in the active site of FTase and GGTas&6); As such, the
the peptide selectivity of these enzymes. Nonetheless, theX-residue may affect the equilibrium between the active and
hydrophobicity of the X-group has a similar effect on the inactive forms of the FPP/GGPP substrate as the carbon-1
rate constants for both product dissociation and farnesylation.of FPP/GGPP moves from the inactive form toward the
This correlation may reflect similar interactions between the cysteine sulfur of the peptide substrate to establish the active
protein binding pocket and the X-group in the reactive ternary conformation and reactl0—12). The size and polarity of
substrate complex and the product complex. In some casesthe X-residue binding pocket may modulate reactivity by
the product dissociation rate constant for prenylated peptidesdifferentially orienting the protein/peptide substrate in the
is so slow that only a single turnover occurs and thE-E  active site, thus encouraging or preventing side chain specific
peptide product builds up (class B peptides). In this extreme interactions that optimally induce the respective rotations
case, slow product dissociation is a second mechanism usedbout the carbon-1 of FPP/GGPP during the formation of
by these enzymes to determine substrate selectivity. Intrigu-the active ternary complex. The detailed structure of this
ingly, the dissociation of the F-peptide product can be proposed reactive ternary complex has thus far remained
accelerated by the addition of a second peptide substrateglusive yet holds valuable clues regarding the substrate
rather than with FPP4§), potentially suggesting a novel specificities of these enzymes.
mechanism for coordinating prenylation of pairs of protein ~ Role of the X-Residue in &6. The inverse relationship
substrates. These findings indicate that the properties of thebetween hydrophobicity and reactivity for FTase and GGTase
X-residue may also affect the kinetics and thermodynamics | leads to a group of substrates with reasonable reactivity
of the movement of the prenylated product into the exit for both enzymes (Figure 5, Tables 1 and 2). The identity
groove prior to product dissociation. of the X-group amino acid can specify for reactivity with
Differential X-Residue Binding Pocket$he structural either or both prenyltransferases. The overlapping substrate
determinants of the differences in FTase and GGTase |specificities of FTase and GGTase | may allow GGTase |
peptide specificity are presumably mainly localized to to compensate for FTase when FTase-catalyzed prenylation
contacts with the X-residue in the binding pockets of these becomes slow or inhibited, as observed previously with
enzymes. However, the sequences of these pockets hav&-Ras4B (8). FTase-catalyzed prenylation is most obviously
significant homology, except that Ala88 Trp1025, and slowed in the presence of FTase inhibitors or when Mg(ll)
Prol5% in the FTase structure are replaced with the more concentrations are low; however, farnesylation kinetics can
polar residues Thr4h Thr493, and Met 124, respectively, also be affected by the properties of the protein substrate
in the GGTase | structure (Figure 1)1 27). The different (47, companion paper).
nature of these pockets is initially surprising since FTase The prenyl modification aids membrane association and
reacts more readily with substrates containing more polar protein—protein interactions that are essential for proper
X-groups while GGTase | reacts more readily with substrates functioning of the modified protein in cellular signaling and
containing more nonpolar X-groups. However, the X-groups regulatory events occurring at or near cellular membranes
alter reactivity and not affinity. For FTase, the X-residue of (2). The significance, if any, of a farnesyl versus a gera-
the peptide substrate forms both van der Waals and electro-nylgeranyl modification in vivo is not clear. A variety of
static interactions with the enzyma6). Subsites within the  data suggest that, for most substrates, the farnesyl versus
X-residue binding pocket of FTase possess hydrogen bondgeranylgeranyl distinction does not appear to be important
donating and accepting properties, thereby favorably accom-for membrane association, at least at the plasma membrane
modating most polar X-residue86). For GGTase |, the (18, 48—50). Localization of prenylated proteins to the
peptide binding pocket stabilizes the X-residue side chain peroxisomes, Golgi, and, perhaps, other specific organelles
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may show a higher dependence on the structure of the prenyl
group @, 51, 52). Therefore, although the properties of the
C-terminal residue of the peptide substrate affect reactivity
with FTase and GGTase |, it is not yet clear whether the 18.
nature of the prenyl group causes differential behavior in
Vvivo, such as targeting to a specific membrane. Moreover,

the overlapping specificity between the enzymes hints at the 19
importance of modifying substrates with a range of features,
suggesting that in some cases the farnesyl versus gera-
nylgeranyl distinction is not important.
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