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ABSTRACT: Protein farnesyltransferase (FTase) and protein geranylgeranyltransferase type I (GGTase I)
catalyze the attachment of a farnesyl or geranylgeranyl lipid, respectively, near the C-terminus of their
protein substrates. FTase and GGTase I differ in both their substrate specificity and magnesium dependence,
where the activity of FTase, but not GGTase I, is activated by magnesium. Many protein substrates of
these enzymes contain an upstream polybasic region that is proposed to increase the affinity of the substrate
and aid in plasma membrane association. Here, we demonstrate that the addition of an upstream polybasic
region to a peptide substrate enhances the binding affinity of FTase∼4-fold for the peptide but diminishes
the catalytic efficiency of the reaction, reflected by decreases in both the prenylation rate constant and
kcat/KM. Specifically, the prenylation rate constant decreases 7-fold at 5 mM MgCl2 for the peptide
KKKSKTKCVIM (C-terminal sequence of K-Ras4B) in comparison to TKCVIM. This decrease is
accompanied by an alteration in the dependence on magnesium, as theKMg increases from 2.2( 0.1 mM
for TKCVIM to 11.5 ( 0.1 mM for KKKSKTKCVIM. The presence of an upstream polybasic region
does not significantly affect GGTase I-catalyzed reactions, as only minimal changes are seen inKd, kcat/
KM, andkchem values. Thus, the presence of an upstream polybasic region enhances the dual prenylation
of these substrates, by decreasing the catalytic efficiency of farnesylation catalyzed by FTase to a level
comparable to that of geranylgeranylation catalyzed by GGTase I.

Protein farnesyltransferase (FTase)1 and protein geranyl-
geranyltransferase type I (GGTase I) are members of a class
of enzymes known as protein prenyltransferases that catalyze
the attachment of hydrophobic isoprenoid groups, known as
prenyl groups, onto the cysteine sulfur of protein substrates.
Prenylation is required for membrane association and protein
function (1). FTase attaches a 15-carbon prenyl group onto
its protein substrates, which is donated from farnesyl
diphosphate (FPP), while GGTase I catalyzes the transfer
of a 20-carbon prenyl group from geranylgeranyl diphosphate
(GGPP). FTase and GGTase I are heterodimeric enzymes
with a commonR-subunit andâ-subunits that are 30%

identical (1). FTase and GGTase I contain a catalytic zinc
ion that coordinates the thiol of the peptide substrate.
Magnesium ions activate FTase, but not GGTase I (2-4).
The kinetic pathway for these enzymes has a preferred
binding order with FPP or GGPP binding before the protein
substrate, followed by a rapid prenylation step and slow
product dissociation (Scheme 1) (5, 6). In general, the
prenylation rate constant (kchem) catalyzed by GGTase is∼20-
fold slower than the farnesylation rate constant catalyzed by
FTase (2).

FTase substrates in vivo include a number of important
signaling molecules, including Ras-H, -N, -K4A, -K4B, and
Rheb (7). Many of these protein substrates have been
implicated in cancer progression; Ras, for example, is
mutated in 30% of all human cancers (8). Thus, in the past
decade, the pharmaceutical industry has developed FTase
inhibitors (FTIs) that interfere with the FTase-catalyzed
modification of both Ras and additional unidentified targets
(8). GGTase I modifies theγ-subunits of most heterotrimeric
G-proteins and many Ras-related G proteins, including
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Scheme 1: Minimal FTase Kinetic Mechanisma

a In the GGTase I-catalyzed reaction, the prenyl group is donated
by GGPP, rather than FPP. Other steps in the kinetic mechanism are
identical.
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members of the Rac, Rap, and Rho families (9-14).
Geranylgeranyltransferase inhibitors (GGTIs) inhibit human
tumor growth and show promise in the treatment of
cardiovascular disease (15). In general, peptide substrates
of both FTase and GGTase I are proposed to contain a
C-terminal Ca1a2X group, or “CAAX box”, where C is a
conserved cysteine residue, a1 and a2 are aliphatic amino
acids, and X can be various amino acids (1, 16, 17
(companion paper)). Many substrates also contain an up-
stream polybasic region, which has been proposed to increase
the affinity of the protein substrate for the prenyltransferase,
based on decreased IC50 values, and aid in plasma membrane
localization (18-20). This region might also serve as a
“second signal”, allowing these protein substrates to be
targeted directly to the plasma membrane from the endo-
plasmic reticulum rather than being trafficked through the
Golgi (21). The classic structure of an upstream polybasic
region is described by K-Ras4B, which has the sequence
KKKKKKSKTKCVIM. However, there is no real consensus
sequence for an upstream polybasic region, as some proteins
(like K-Ras4B, RalA, and Rac1) contain stretches of
positively charged amino acids, while other proteins (like G
proteinγ-T2 subunit and DnaJ) contain individually spaced
Arg, Lys, or His residues (Table 1). The crystal structure of
FTase with a bound K-Ras4B-derived peptide, K11K10K9S8K7-
T6K5C4V3I2M1, indicates that numerous hydrogen-bonding
interactions are made between the upstream lysines of this
peptide with FTase residues. For example, Glu161R and
Glu125R make backbone interactions with Lys7 and Lys10,
respectively, Asp359â makes a side chain interaction with
Lys5, and Asp91â hydrogen-bonds with Lys11 (22). Recent
data indicate that the peptide substrate specificity of the
prenyltransferases is more complex than originally proposed.
Some substrates have dual specificity, that is, can be modified
by either FTase or GGTase I. For example, K-Ras4B and
RhoB are prenylated by both FTase and GGTase I (7, 24-
26). The differentially modified forms of these proteins may
lead to resistance to FTIs and differential cellular effects (27,
28). Here, we examine the effect of an upstream polybasic
region, present in KRas-4B and RhoB, on reactivity with
FTase and GGTase I. As predicted, our data demonstrate
that the presence of an upstream polybasic region enhances
the binding affinity of the peptide. However, the upstream
polybasic region also decreases the apparent magnesium
binding affinity and the farnesylation rate constant at
saturating magnesium concentrations. These effects of the
polybasic sequence lead to adecreasein the value of the
specificity constant,kcat/KM

peptide, for reaction with FTase. In
contrast, addition of a polybasic region has little effect on
the reactivity or affinity of peptides with GGTase I.
Therefore, these sequences enhance the dual specificity of
these peptides by decreasing the value ofkcat/KM

peptide for
farnesylation catalyzed by FTase relative to that of gera-
nylgeranylation catalyzed by GGTase I.

EXPERIMENTAL PROCEDURES

Miscellaneous Methods.All curve fitting was performed
with Kaleidagraph (Synergy Software, Reading, PA). Far-
nesyl protein transferase inhibitor II (I2) was purchased from
Calbiochem-Novabiochem Corporation (San Diego, CA).
The peptides used in these studies were synthesized and

purified by HPLC tog90% pure, as follows: SKTKCVIM
and TKCVIM, Bethyl Laboratories (Montgomery, TX);
CCKVL, N-terminal-dansylated (dns) dns-KKKSKTKCVIM
and dns-TKCVIM, Bio-Synthesis (Lewisville, TX); and
KKKSKTKCVIM, KRYGSQNGCINCCKVL, and dns-
SKTKCVIM, Sigma-Genosys (The Woodlands, TX). The
concentration of peptide was determined spectroscopically
by reaction of the cysteine thiol with 5,5′-dithio-bis(2-
nitrobenzoic acid), using anε412 of 14 150 M-1 cm-1 at 412
nm (29). Inorganic pyrophosphatase (PPiase) from Bakers’
Yeast, 7-methylguanosine (MEG), and purine nucleoside
phosphorylase (PNPase) were all purchased from Sigma (St.
Louis, MO). All other chemicals were reagent grade. Thin-
layer chromatography (TLC) plates were pre-run in 100%
acetone before use.

Preparation of FTase and GGTase I.Wild-type FTase was
expressed in BL21(DE3) FPT/pET23aEscherichia coliand
purified as described (30, 31). The FTase concentration was
determined by active site titration with dns-TKCVIM or dns-
GCVLS as described (31). Wild-type GGTase I was ex-
pressed in BL21(DE3) GGPT/pET23aE. coli and purified,
and the concentration was determined by active site titration
as described (2, 17). Purified FTase and GGTase I were
determined by SDS-PAGE to be>90% pure. The proteins
were dialyzed against HT buffer (50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (Hepes), pH 7.8, and 1 mM
tris(2-carboxyethyl)phosphine hydrochloride (TCEP)), con-
centrated to∼100 µM, and stored at-80 °C.

Steady-State Kinetics. The steady-state kinetic constantkcat/
KM

peptide was measured for wild-type GGTase I using a
continuous spectrofluorometric assay with dansylated pep-
tides (17, 32, 33). Assays were performed at 25°C in 50
mM Tris-HCl, pH 7.5, 5 mM dithiothreitol, 5 mM MgCl2,
and 10µM ZnCl2 with varying dansylated peptide (0.1-10
µM) and saturating GGPP (10µM) (33). Additional enzyme
(50-100 nM) was added to the reaction to reach the endpoint
fluorescence (25-45 min). The rate of increase in fluores-
cence intensity per second was converted to the rate of
increase in the product concentration per second using eq 1
whereV refers to the velocity of the reaction (inµM s-1), R
refers to the velocity of the reaction (in fluorescence units
s-1), P refers to the concentration of the limiting substrate,
andFmax refers to the maximal fluorescence intensity at the
endpoint (34). The steady-state kinetic parameterkcat/KM

peptide

was calculated from the slope of the linear dependence of
initial velocity on peptide concentration.

This fluorescent assay was also used to measure the steady-
state kinetics of FTase with the peptides dns-KKKSKT-
KCVIM, dns-SKTKCVIM, and dns-TKCVIM. The reactions
contained 0.1-3 µM peptide, 10µM FPP, 0-10 mM MgCl2,
50 mM Heppso-NaOH, pH 7.8, 5 mM TCEP, 10µM ZnCl2,
and 24 nM FTase. The Michaelis-Menten equation was fit
to the initial velocity data to generate values ofkcat/KM

peptide

andKM
peptideat 5 mM MgCl2. The dependence ofkcat/KM

peptide

on MgCl2 was also measured to determine values forkcat/
KM,Mg andKM,Mg.

The steady-state parameterkcat/KM
peptidewas determined for

FTase with the peptides SKTKCVIM, TKCVIM, KRYG-
SQNGCINCCKVL, and CCKVL using a radioactive assay

V ) R‚P
Fmax

(1)
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(17, 31). Assays were initated by the addition of FTase to
peptide and FPP. The final concentrations were 24 nM
FTase; 1µM [1-3H]FPP and 0.1-4 µM peptide in 50 mM
Heppso-NaOH, pH 7.8, and 5 mM MgCl2; and 2 mM
TCEP, pH 7.8. Reactions were quenched by the addition of
an equal volume of 20% (v/v) acetic acid/80% 2-propanol.
The product was separated by TLC and quantified by
scintillation counting. The initial rate,V0, at each peptide
concentration was calculated from a linear fit of the first
10% of the reaction. The slope of the dependence ofV0/[E]
on the peptide concentration yields thekcat/KM

peptide values.
Direct Peptide Binding Affinity.The binding of dansylated

peptides to FTase and GGTase I was observed by fluores-
cence anisotropy (17, 35). The FTase (0.5 nM) samples were
prepared with 50 mM Heppso, pH 7.8, 2 mM TCEP, 1 mM
MgCl2, 57 mM NaCl, and 0.2 nM EDTA; in some cases, 1
nM I2, an FPP analogue, was also included in the sample.
Dansylated peptide (0-12 nM) was then titrated into the
enzyme solution, and the fluorescence anisotropy was
measured. The GGTase I titrations contained 50 mM Heppso,
pH 7.8, 2 mM TCEP, 2 nM dansylated peptide, and 10 nM
EDTA. GGTase I:3-aza-GGPP was then titrated into solution
(0-150 nM) and additional dansylated peptide to maintain
the 2 nM concentration of peptide. A weighted fit of eq 2 to
the data yields the apparent dissociation constants, where
∆A corresponds to the observed fluorescence anisotropy
(excitation, 340 nm; emission, 496 nm), EP is the fluores-
cence anisotropy endpoint, IF is the initial fluorescence
anisotropy, [enzyme] is the concentration of FTase, and
KD

peptide is the dissociation constant for the dansylated pep-
tide.

Transient Kinetics.Single turnover rate constants for FTase
and GGTase I were determined using a coupled stopped-
flow fluorescence assay with fluorophore-labeled phosphate
binding protein to measure the formation of phosphate, in
the presence of inorganic pyrophosphatase, as described (17,
36). Briefly, a mixture of 1.6µM FTase or GGTase I, 0.4
µM FPP or GGPP, 50 mM Heppso, pH 7.8, 0.01-50 mM
MgCl2, 2 mM TCEP, and a “phosphate mop” was mixed in
a stopped-flow apparatus (KinTek Corporation, Austin, TX)
with an equal volume of peptide (0.02-0.4 mM), 0.01 mM
MDCC-labeled A197C PBP, 100µL/mL PPiase, 50 mM
Heppso, 1 mM TCEP, and “phosphate mop”. The “phosphate
mop”, composed of 0.5 units/mL purine nucleoside phos-
phorylase (PNPase) and 15 mM 7-methylguanosine (MEG),
was added to remove any contaminating phosphate present
in the reaction mixture. Eq 3 was fit to these data to calculate
kchem values. Fl refers to the observed fluorescence (em)
450 nm), amp represents the amplitude of the fluorescence
change (em) 450 nm),kchem represents the rate constant
for formation of monophosphate (which equals the prenyl-
ation rate constant), and IF is the initial fluorescence.

The magnesium dependence of the farnesylation reaction
was determined by varying the magnesium concentration
from 0.01 to 50 mM and measuring the single turnover rate

constant using the phosphate binding protein stopped-flow
assay. Eq 4 was fit to these data.KMg represents the apparent
dissociation constant for magnesium,kmax

Mg is the rate con-
stant of the reaction at saturating magnesium concentration,
andk0 is the rate constant of the reaction in the absence of
magnesium.

RESULTS

A number of prenyltransferase substrates contain positively
charged amino acids on the N-terminal side of the CaaX
sequence, such as K-Ras4B, RalA, Rac1, G proteinγ-T2
subunit, and Dna J (Table 1) (20, 21). This region is proposed
to act as a “second signal”, allowing these proteins to be
targeted directly to the plasma membrane rather than being
trafficked through the Golgi (21). This sequence is also
proposed to increase the binding affinity of FTase for these
substrates, as suggested by a decrease in the steady-stateKM

(38). In addition, peptides based on the C-terminal region
of K-Ras4B have IC50 values for inhibition of farnesylation
in the high-nanomolar regime, and farnesylation of K-Ras4B
exhibits resistance to FTIs (19, 20). However, peptide
dissociation constants and chemical rate constants catalyzed
by the protein prenyltransferases cannot be directly deter-
mined using steady-state kinetics (3, 5).

Here, we investigate the molecular recognition and func-
tion of interactions between FTase or GGTase I and
positively charged upstream amino acids in a series of
peptides using single turnover and steady-state kinetics and
direct binding assays. The reactivity and affinity of peptides
based on two proteins that are prenylated by both FTase and
GGTase I (Table 1), K-Ras4B (KKKSKTKCVIM, SKT-
KCVIM, and TKCVIM), and Rho B (KRYGSQNGCINC-
CKVL and CCKVL) are examined (7).

Polybasic Region Decreases SelectiVity for FTase. The
steady-state parameterskcat/KM

peptideandkcat were measured
for a series of peptides based on the protein substrates with
and without upstream polybasic sequences (Tables 2 and 3).
The addition of an upstream polybasic region decreases the
value of kcat modestly (2-fold) for the peptide KKKSKT-
KCVIM in comparison to TKCVIM. However, the value of

∆A ) EP

1 + KD
peptide/[enzyme]

+ IF (2)

Fl ) amp[1- exp(-kchemt)] + IF (3)

Table 1: Selected Prenylated Proteins Containing an Upstream
Polybasic Regiona

protein C-terminal sequence modification

Rac1 CPPPVKKRKRK CLLL geranylgeranylated
RalA KKKRK SLAKRIR ERCCIL geranylgeranylated
R-Ras APRKK GGGCPCVLL geranylgeranylated
Guanine nucleotide

binding protein
G(1)/G(S)/G(O)
gamma-11 subunit

KNPFKEKGSCVIS farnesylated

DnaJ EDDEHHPRGGVQCQTS farnesylated
PRL-1 (PTPCAAX1) KDSNGHRNNCCIQ farnesylated
G protein,

γ-T2 subunit
DKNPFKEKGGCLIS farnesylated

K-Ras4B KKKKKK SKTKCVIM both
RhoB KRYGSQNGCINCCKVL both

a Data taken from the Swiss-Prot databank and refs20 and21.

kobs)
kmax

Mg

1 + KMg/[Mg2+]
+ k0 (4)
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kcat/KM
peptide is the most relevant kinetic parameter since it

reflects the specificity constant under steady state turnover,
indicating which peptide is most likely to be prenylated under
steady-state conditions when in competition with other
substrates, as would be seen in vivo (37). Our data dem-
onstrate that addition of lysines at the N-terminus (KK10-
KSKTK5CVIM1 versus SKTK5CVIM1) decreases the value
of kcat/KM

peptide by 30-fold at 5 mM MgCl2, specifically
reducing the specificity of FTase for catalyzing farnesylation
of the peptide with the polybasic region. Similar results were
obtained with nondansylated peptides using a radioactive
assay (data not shown). In contrast, previous comparisons
of farnesylation of the full-length proteins N-Ras (-QGC-
MGLPCVVM), K-Ras4A (-GCVKIKKCIIM), and K-Ras4B
(-KKKSKTKCVIM) catalyzed by human FTase demon-
strated that K-Ras4B had the highest value ofkcat/KM

protein

and lowest value ofKM (38). The authors concluded that
the polybasic region enhances catalytic efficiency of this
substrate; however, our data suggest that these two effects

may be caused by the sequence changes at the a1 and a2
position of the CaaX sequence rather than the upstream se-
quence. Alternatively, the differential results could be caused
by the lower concentration of FPP (0.5µM versus 10µM)
in the previous work or the use of full-length proteins. In
summary, our data demonstrate that the catalytic efficiency
for farnesylation of peptides catalyzed by rat FTasedecreases
with the addition of an upstream polybasic sequence.

In contrast, the specificity constants for farnesylation of
KRYGSQNGCINCCKVL and CCKVL are nearly identical,
likely reflecting the absence of specific interactions between
the amino acids immediately upstream (amino acids 5-12)
of the CAAX box (Table 3), including positively charged
residues. The high reactivity of the peptides based on
K-Ras4B (Table 2) is not unexpected as this protein is
farnesylated in vivo. However, the comparable values ofkcat/
KM

peptide for the reaction of FTase with the RhoB peptides,
where the terminal amino acid (“X”) is Leu (-CCKVL), is
surprising given the low specificity rate constant (kcat/KM

peptide

< 101 M-1 s-1) previously measured for the TKCVIL peptide
(17). The data in Table 3 demonstrate that the enhanced
reactivity of the RhoB peptide with FTase is not caused by
the upstream polybasic sequence. Therefore, changes in the
YCa1a2X sequence, such as Lys at a1, Ile at a2, or Cys at Y,
must enhance the reactivity of this peptide with FTase.

For GGTase I, the presence of an upstream polybasic
region has a limited effect on the value ofkcat/KM

peptide for
the K-Ras4B peptide series (Table 2); dns-KKKSKTKCVIM,
dns-SKTKCVIM, and dns-TKCVIM have nearly identical
values ofkcat/KM

peptide (16-20 mM-1 s-1). Thus, upstream
polybasic regions have little effect on the specificity of
geranylgeranylation catalyzed by GGTase I. A similar
conclusion has been previously reached for geranylgerany-
lation of peptides catalyzed by “humanized” rat GGTase I
(38). Taken together, these data indicate that upstream
polybasic residues alter the partitioning of a given peptide
toward geranylgeranylation by GGTase I compared to
farnesylation by FTase. This ratio, indicated by (kcat/
KM

peptide)GGTase/(kcat/KM
peptide)FTase, increases from 0.3 for

TKCVIM to 7.4 for KKKSKTKCVIM, suggesting that, in
the presence of equal concentrations of GGTase‚GGPP and
FTase‚FPP, TKCVIM would be predominantly (∼80%)
farnesylated while KKKSKTKCVIM would be mainly
geranylgeranylated (∼90%). Thus, the upstream polybasic
region in the K-Ras4B peptide modulates the dual specificity
of this peptide. Interestingly, although methionine at the
C-terminus has been suggested as a determinant of reactivity
with FTase, the K-Ras4B peptides are efficient substrates
for GGTase I withkcat/KM

peptide values comparable to both
the reaction of GGTase I with peptides where X) L (Tables
2 and 3) and reactivity of FTase with peptides where X)
M (Table 2) (17).

The partitioning between farnesylation and geranyl-
geranylation of a given peptide is also altered by the mag-
nesium concentration since FTase, but not GGTase I, is
activated by magnesium (2, 40). To investigate whether up-
stream polybasic residues affect the magnesium dependence
of FTase, the dependence ofkcat/KM

peptideon the concentration
of magnesium was measured for the peptides KKKSKT-
KCVIM, SKTKCVIM, and TKCVIM (Table 2) (Figure 2).
The value ofKM,Mg is calculated from the dependence of
kcat/KM

peptide on the concentration of magnesium and likely

Table 2: Kinetic Constants of FTase and GGTase I with K-Ras4B
Peptides

dns-KKKSKTKCVIM dns-SKTKCVIM dns-TKCVIM

FTase
kcat/KM

peptide

(mM-1 s-1)a,b

(5 mM Mg)

2.7( 0.7 80( 8 16( 2

kcat (s-1)a,b 0.052( 0.008 0.20( 0.04 0.096( 0.008
kcat/KM

peptide

(mM-1 s-1)a,c

(saturating
Mg)

10 ( 1i 82 ( 5 41( 3

KM,Mg (µM)a,c 13 ( 3 100( 10 24( 6
KD

peptide(nM)d 0.14( 0.03 0.22( 0.03 0.86( 0.08
kchem(s-1)

(5 mM Mg)b,e

1.1( 0.1 0.92( 0.09 7.3( 0.7

KMg (mM)e,f 11 ( 1 11( 1 2.2( 0.2
kmax (s-1)e,f,g

saturating
Mg

3.3( 0.3 3.4( 0.3 9( 3

k0 (s-1)h 0.029( 0.003 0.023( 0.002 0.24( 0.03

GGTase I
kcat/KM

peptide

(mM-1 s-1)a

20 ( 1 21( 1 16( 1

KD
peptide(nM)d,i 1.0( 0.4 2.0( 0.9 3( 1

kchem(s-1)e 0.94( 0.01 0.34( 0.06 0.35( 0.02

a Assays were performed with saturating FPP or GGPP at pH 7.8
with dansylated peptides.b Measured at 5 mM MgCl2. c Bothkcat/KM,Mg

and KM,Mg are kinetic parameters determined from the magnesium
dependence ofkcat/KM

peptide at saturating FPP.d Measured from fluo-
rescence changes of dansylated peptides.e Single turnover assays were
measured at pH 7.8 with saturating enzyme and peptide.f The single
turnover rate constant was measured as a function of Mg(II) concentra-
tion. g Saturating Mg(II).h Single turnover rate constant at zero Mg(II).
i Binding assay done in the presence of the non-hydrolyzable analogue
3-aza-GGPP.i Value calculated using [Mg2+] < 0.7 mM sincekcat/
KM

peptide decreases at higher concentrations.

Table 3: Kinetic Constants for Farnesylation of Peptides Based on
RhoB

FTase KRYGSQNGCINCCKVL CCKVL

kchem(s-1)a 0.44( 0.04 1.1( 0.1
kcat/KM

peptide(mM-1s-1)b 48 ( 6 70( 10
a Single turnover assays were measured at pH 7.8 with saturating

enzyme and peptide.b Steady-state kinetics measured using the radio-
active multiple turnover assay.
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does not directly measure the binding affinity for magnesium.
The value of KM,Mg increases with the addition of one
upstream lysine from 24 to 100µM, while additional lysines
cause a decrease inKM,Mg. For peptides with multiple
upstream lysines, the value ofkcat/KM

peptide decreases at
concentrations of MgCl2 above 0.7 mM. These data dem-
onstrate that the upstream polybasic residues alter the
dependence ofkcat/KM

peptide on the concentration of MgCl2.
Polybasic Region Enhances Binding Affinity for FTase.

To further investigate the role of the upstream polybasic
region, we measured the binding affinity of FTase and
GGTase I for a number of peptides. As predicted, the addition
of upstream lysine residues increases the affinity of a peptide
for FTase 3-4-fold, as indicated by a comparison of theKD

values for dns-KKKSKTKCVIM with that of dns-TKCVIM
(Figure 3). The presence of an upstream region also has a
modest effect on the affinity of GGTase I for peptides,
increasing the affinity of K-Ras4B-derived peptides by 2-fold
(Table 2). However, FTase binds K-Ras4B-derived peptides
with 4-9-fold higher affinity than GGTase I. This increase

in binding affinity for FTase is not observed as an increase
in thekcat/KM

peptidefor FTase; rather, the specificity constant
decreases (Table 2). This result demonstrates that the binding
affinity of a peptide does not correlate with reactivity for
FTase.

Lysines Decrease Prenylation Rate Constant and Mag-
nesium Affinity. To further understand the effects of the
upstream polybasic residues on catalysis, the rate constant
for farnesylation or geranylgeranylation was measured under
single turnover conditions (Figure 4). Unexpectedly, up-
stream polybasic residues in the K-Ras4B peptide series
cause a significant decrease (7-fold) in the farnesylation rate
constant catalyzed by FTase at 5 mM MgCl2 (Table 2). This
effect is mediated by the upstream lysine residue at position
7, as the measured rate constants for SK7TKCVIM and
KKKSK7TKCVIM are nearly identical and slower than
TKCVIM. The addition of an upstream sequence lacking this
lysine, as in the peptide KRYGSQNGCINCCKVL (Table
3), has a smaller effect onkchem consistent with this
conclusion. To investigate whether the lysine residues also
affect the apparent magnesium affinity of the FTase‚FPP‚

FIGURE 1: The overall reaction catalyzed by FTase. A thioether
bond is formed between Carbon 1 (C1) of FPP and the Cys thiolate
of the CAAX box. For FTase, Mg2+ is known to enhance the rate
constant of chemistry, while GGTase I catalysis is magnesium-
independent. The chemical reaction catalyzed by GGTase I is nearly
identical, except that a 20-carbon group is attached to the Cys
thiolate of the CAAX box, which is donated from GGPP.

FIGURE 2: The dependence ofkcat/KM
peptide on the magnesium

concentration was determined for the peptides dns-TKCVIM (2),
dns-SKTKCVIM ([), and dns-KKKSKTKCVIM (0). The value
of kcat/KM

peptidewas measured using the continuous fluorescent assay
(see Experimental Procedures) under standard conditions with
varying concentrations of Mg(II). The Michaelis-Menten equation
was fit to these data yieldingKM,Mg andkcat/KM

peptideat saturating
MgCl2 (Table 2).

FIGURE 3: Measurement ofKd for the FTase‚dns-KKKSKTKCVIM
complex using changes in the fluorescence anisotropy. The solution
anisotropy was measured as the peptide dns-KKKSKTKCVIM was
titrated into 0.2 nM FTase as described in Experimental Procedures.
Equation 2 was fit to these data to calculate a value ofKd.

FIGURE 4: The single turnover rate constant for prenylation of
KKKSKTKCVIM. Prenylation of KKKSKTKCVIM catalyzed by
FTase (O) and GGTase I (0) was measured using the stopped-
flow assay. The peptide KKKSKTKCVIM was mixed with enzyme
in a KinTek stopped-flow at the following concentrations: saturat-
ing peptide (20µM) and either 1.6µM FTase or GGTase I, in 0.4
µM FPP or GGPP, 50 mM Heppso, pH 7.8, 2.5-5 mM MgCl2, 2
mM TCEP, 0.5 units/mL PNPase, 15 mM MEG, 100µL/mL
PPiase, and 0.01 mM MDCC-labeled A197C PBP. The increase
in phosphate concentration was measured fluorometrically by
binding to MDCC-labeled A197C PBP, as described in Experi-
mental Procedures. Equation 3 was fit to these data to obtain values
for kchem.
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peptide ternary complex, the single turnover rate constant
was measured at varying concentrations of magnesium to
measureKMg. Magnesium ions accelerate the single turnover
rate constant for farnesylation of GCVLS catalyzed by FTase
700-fold with aKMg of 2 mM (3, 42). Magnesium ions are
proposed to coordinate to the diphosphate of FPP, leading
to stabilization of the diphosphate leaving group in the
transition state for farnesylation (42). The measured value
of KMg for farnesylation of TKCVIM catalyzed by FTase is
2.2 ( 0.1 mM (Figure 5), nearly identical to the value of
KMg determined for GCVLS. Therefore, the lysine adjacent
to the CAAX box does not alter the apparent Mg(II) affinity.
The value ofKMg is much higher than the value ofKM,Mg

determined from the magnesium dependence ofkcat/KM
peptide

(Table 2), since the latter value reflects the concentration of
Mg(II) required to change the rate-limiting step from a
Mg(II)-dependent step, such as farnesylation, to a Mg(II)-
independent step, such as peptide association. However,
addition of a lysine residue at position 7 (SK7TKCVIM)
decreases both the apparent Mg(II) affinity 5-fold (KMg )
11 ( 1 mM) and the farnesylation rate constant at saturating
Mg(II) by 2-3-fold (Table 2). In the absence of Mg(II),
addition of a lysine at position 7 in the peptide also decreases
the farnesylation rate constant by∼10-fold. Additional
upstream lysine residues, as in the peptide KKKSKTKCVIM,
have little affect on the value ofkmax, k0, or KMg measured
at pH 7.8. These data demonstrate that a lysine at position 7
from the C-terminus decreases both the farnesylation rate
constant and the magnesium affinity, while modestly enhanc-
ing kcat/KM

peptide (Table 2).
In contrast to FTase, the presence of an upstream poly-

lysine region modestly increases the magnitude of the
chemical rate constant catalyzed by GGTase I in the
K-Ras4B peptide series. For example, KKKSKTKCVIM has
the largest value ofkchem (0.94 s-1), while the value of this
rate constant is decreased∼3-fold for peptides with fewer
upstream basic residues, including SKTKCVIM and TKCVIM.
However, this increase inkchemis not reflected as an increase
in kcat/KM

peptide, further demonstrating that geranylgeranylation
is not rate-limiting under these conditions.

DISCUSSION

Effects of the Polybasic Region on Binding and Catalysis.
KRas-4B is often mutated in human cancers; thus, there is
great interest in inhibiting prenylation of this protein.

However, KRas-4B has been shown to be largely resistant
to FTIs presumably because it has a lowKM for FTase and
can be alternatively prenylated by GGTase I (7). On the basis
of the crystal structure of KKKSKTKCVIM bound to FTase,
hydrogen-bonding interactions are made between the up-
stream lysine region of K11K10K9S8K7T6K5C4V3I2M1 with
negatively charged Glu and Asp residues on FTase (Figure
6). For example, Glu161R and Glu125R interact with the
backbone of Lys7 and Lys10, respectively. Asp359â makes
a side chain interaction to Lys5, and Asp91â hydrogen-bonds
to the side chain of Lys11 (22). Our data demonstrate that
the addition of the upstream lysine residues to the KRas4B
peptide increases the binding affinity by 0.75 kcal/mol, which
is less than the energy of forming one or more buried salt
bridges, but comparable to the energy of forming two or more
solvent-exposed salt bridges (0.1-0.5 kcal mol-1 each) (37).
However, each lysine has a modest effect; Lys7 causes the
largest enhancement, increasing binding affinity by 0.54 kcal
mol-1. Thus, the enhanced binding affinity observed for the
K-Ras4B peptide is likely due to a solvent-exposed salt
bridge formed between Lys7 and Glu161R in FTase as well
as the formation of several other weak hydrogen bonds.

Interactions between an enzyme and a substrate often cause
an increase in catalytic activity as well as enhanced binding
(17, 37). However, our data indicate that the presence of an
upstream polybasic region leads to decreases in thekcat/
KM

peptide for farnesylation. Since farnesylation followed by
rapid diphosphate release (36) is an irreversible step, the
steady-state parameterkcat/KM

peptideincludes the rate constants
for the steps from peptide binding to E‚FPP through
farnesylation. Crystallographic data suggest that, prior to the
actual farnesylation step, the prenyl chain of FPP rotates in
the FTase‚FPP‚peptide complex to position the C1 of FPP
near the sulfur nucleophile in the peptide (22, 44). Therefore,
the decrease inkcat/KM

peptide observed for the peptides
containing a polybasic region could reflect decreases in the
rate constant for peptide association, prenyl chain rotation,
and/or the farnesylation step (Scheme 1). The observed
decreases in the single turnover rate constant for farnesylation
(kchem) likely partially explain the decreases inkcat/KM

peptide.
However, at 5 mM magnesium, the decrease inkcat/KM

peptide

caused by the addition of an upstream polybasic region is

FIGURE 5: The single turnover rate constant for the peptides
TKCVIM ( b), SKTKCVIM ([), and KKKSKTKCVIM (0) was
measured using the stopped-flow PBP assay (as described in the
legend of Figure 3) at varying magnesium concentrations (0.01-
50 mM). Equation 4 was fit to these data to determineKMg (Table
2).

FIGURE 6: Crystal structure of FTase complexed with the peptide
K11K10K9S8K7T6K5C4V3I2M1 (PDB ID18D8). Highlighted are the
backbone interactions between Glu161R and Glu125R and Lys7
and Lys10, respectively. In addition, side chain interactions are
made between Asp359â and Lys5 and also between Asp91â and
Lys11 (22).
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significantly larger than the decrease inkchem (Table 2).
Therefore, a decrease in the peptide association rate constant
and/or alteration of the partitioning of the FTase‚FPP‚peptide
complex between peptide dissociation and farnesylation must
also play a role in the decreased specificity constant.
Alterations in the association rate constant could be related
to changes in the peptide conformation required to form
interactions between the upstream polybasic region and
FTase (Figure 6) that are observed crystallographically (22).
Although dissociation of the farnesylated product is the rate-
limiting step underkcatconditions (5), this step is not expected
to affect substrate selectivity as it occurs after the first
irreversible step. The addition of the upstream polybasic
region also decreases the product dissociation rate constant
modestly (2-fold); this effect is similar to the increase in
substrate binding affinity (∼3.5-fold).

Additionally, the presence of an upstream polybasic region
leads to decreases in the single turnover rate constant for
farnesylation (kchem), both in the absence of magnesium and
in the presence of saturating levels of magnesium (k0 and
kmax), as well as an apparent decrease in the affinity of Mg(II)
(KMg). These decreases in the apparent magnesium affinity
and activity could be a direct electrostatic effect whereby
the polylysine region increases the overall positive charge
of the active site and inhibits the affinity of the positively
charged Mg(II) ion while destabilizing the developing
positive charge on C1 in the transition state (3). Alternatively,
the magnesium affinity may be linked to the bound confor-
mation of FPP. A crystal structure of an inactive FTase‚
FPP‚peptide complex indicates that the C1 of FPP is more
than 7 Å away from the nucleophile sulfur of the peptide
(22). The structure of the FTase‚farnesyl-peptide complex
indicates that the prenyl chain rotates to form the C1-S bond
(44). Therefore, a similar conformation change in FPP likely
occurs prior to catalysis and this step may be important for
regulating the farnesylation rate constant. Asp352â is
proposed to be a magnesium ligand in the FTase-catalyzed
reaction based on the decrease in Mg(II) affinity when
Asp352â is changed to Ala or Lys (4). However, in the
structures of FPP bound to FTase, the side chain of Asp352â
is >7 Å from the diphosphate of FPP. In the modeled active
ternary complex, an octahedral Mg(II) site is proposed to
form including as ligands two nonbridging oxygens of the
diphosphate, the two carboxylate oxygens of Asp352â, a
water molecule, and one carboxylate oxygen of Asp297â
(4). Therefore, Mg(II) binding could be linked to formation
of the active conformation. The crystal structure of the “full
length” KRas-4B peptide bound to FTase shows that the side
chain of Lys5 in the peptide is>7 Å from the side chain of
Asp352â in the ground state, ruling out a direct effect of
this side chain on Mg(II) affinity. However, the presence of
the upstream polybasic region could stabilize the FPP
molecule in the inactive conformation, leading to a lowered
farnesylation rate constant in the absence of Mg(II) (k0

decreases 10-fold). Given the coupling between Mg(II)
binding and the formation of the active complex, stabilization
of the inactive conformation should also increase the
concentration of Mg(II) required to shift the complex into
the active form and, hence, increase the value ofKMg, as
observed. Furthermore, the reactivity of the peptide with a
polybasic region remains lowered at saturating magnesium.
These changes in the observed single turnover rate constant

could either reflect a decrease in the reactivity of the active
conformationor a decrease in the concentration of the active
complex at saturating Mg(II) (Scheme 2).

In contrast, the presence of upstream polybasic residues
has a more limited effect on GGTase I catalysis and binding
with only a 2-fold effect onKD and a 3-fold effect onkchem.
This is not entirely unexpected, as the amino terminal
substrate residues were not observed in the electron density
of the crystal structure of KKKSKTKCVIL bound to GGTase
I (23). This suggests that no specific binding interactions
occur. In general, in the GGTase I-catalyzed reaction, the
presence of upstream polybasic content modestly increases
binding affinity and specificity constants.

Biological Implications.The data presented here indicate
that the upstream polybasic region can modulate the FTase/
GGTase I selectivity of a protein substrate by decreasing
thekcat/KM

peptidefor farnesylation leading to a net enhancement
of geranylgeranylation (Scheme 3). Therefore, the polybasic
sequence may be an important molecular recognition feature
that signals dual specificity of a peptide for reaction with
both FTase and GGTase I. Furthermore, the upstream
polybasic region alters the apparent magnesium affinity of
FTase, perhaps allowing for in vivo regulation of prenylation
rates and selectivity of the prenyl donor by changes in the
magnesium concentration. For example, it is possible that,
when magnesium concentration is low, GGTase I preferen-
tially modifies K-Ras4B, whereas, at higher Mg(II) concen-
trations, this protein is farnesylated. Biologically, the dis-
tinction between a geranylgeranylated versus farnesylated
version of a protein could have different effects. Recent work,
for example, indicates that geranylgeranylated RhoB sup-
presses Ras transformation in NIH-3T3 cells, while farnesyl-
ated RhoB does not (45). In vivo, magnesium is sequestered
by ATP, and thus, regulation of the differential prenylation

Scheme 2: Proposed Coupling between Mg(II) Binding and
Formation of the Active Complex in FTasea

a The polybasic peptides are proposed to stabilize the inactive
EPeptide

FPP andEpeptide
FPP,Mg conformations, relative to the active FPP confor-

mation, leading to decreased observed values ofk0 and kmax and an
increased value ofKMg assuming that there is a rapid equilibrium
between the four forms. This model also assumes thatKMg,2 < KMg,1

leading toK2 > K1.

Scheme 3: The Upstream Polybasic Region Mediates
Partitioning between FTase and GGTase I
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of substrates could involve delicate coordination of both ATP
and magnesium levels leading to divergent downstream
effects (41).
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