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ABSTRACT: Prenylation is a posttranslational modification whereby C-terminal lipidation leads to protein
localization to membranes. A C-terminal “Ca;a,X” sequence has been proposed as the recognition motif
for two prenylation enzymes, protein farnesyltransferase (FTase) and protein geranylgeranyltransferase
type I. To define the parameters involved in recognition of the a, residue, we performed structure—activity
analysis which indicates that FTase discriminates between peptide substrates based on both the
hydrophobicity and steric volume of the side chain at the a, position. For nonpolar side chains, the
dependence of the reactivity on side chain volume at this position forms a pyramidal pattern with a maximal
activity near the steric volume of valine. This discrimination occurs at a step in the kinetic mechanism
that is at or before the farnesylation step. Furthermore, a, selectivity is also affected by the identity of the
adjacent X residue, leading to context-dependent substrate recognition. Context-dependent a, selectivity
suggests that FTase recognizes the sequence downstream of the conserved cysteine as a set of two or
three cooperative, interconnected recognition elements as opposed to three independent amino acids. These
findings expand the pool of proposed FTase substrates in cells. A better understanding of the molecular
recognition of substrates performed by FTase will aid in both designing new FTase inhibitors as therapeutic
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agents and characterizing proteins involved in prenylation-dependent cellular pathways.

Protein farnesyltransferase (FTase)! and protein gera-
nylgeranyltransferase type I (GGTase-I) are members of the
prenyltransferase family of sulfur alkyltransferases (reviewed
in refs 7 and 2). These enzymes, which are both heterodimers
composed of a and 3 subunits, employ a zinc ion to catalyze
the covalent attachment of a 15-carbon farnesyl group from
farnesyl diphosphate (FPP) or a 20-carbon geranylgeranyl
group from geranylgeranyl diphosphate (GGPP) to a cysteine
residue near the C-terminus of a protein substrate (2, 3). The
attached lipid aids in localization of proteins to cellular
membranes and enhances protein—protein interactions (4, 5).
Prenylation is required for the proper function of many
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proteins, including members of the Ras and Rho superfami-
lies of small GTPases (I, 6). While many proteins have been
experimentally shown to be prenylated in vivo (7—10), the
extent of prenylation within the proteome remains unclear.
Farnesyltransferase inhibitors (FTIs) are in development
as therapeutics to treat cancer, parasitic infection, and other
medical conditions (//—13). Defining the prenylation-
dependent pathways potentially responsible for the efficacy
of these treatments could provide valuable insights for
development of novel pharmaceuticals. Understanding the
in vivo substrate selectivity of FTase and GGTase-I consti-
tutes an important step toward characterizing the prenylated
proteins involved in these pathways. Based on comparison
of known prenylated proteins, both FTase and GGTase-I have
been proposed to recognize protein or peptide substrates
containing a C-terminal “Ca;a,X” sequence (/4—20). In this
model, “C” refers to a cysteine residue three residues
removed from the C-terminus that is prenylated at the thiol
group to form a thioether, “a” refers to any aliphatic amino
acid, and “X” refers to a subset of amino acids that are
proposed to determine specificity for FTase (methionine,
serine, glutamine, and alanine) or GGTase-I (leucine and
phenylalanine). Expanding upon the “Ca;a,X” box paradigm,
bioinformatic analysis and biochemical studies of known
substrates and related proteins indicate that sequences
immediately upstream of the conserved cysteine residue may
also play a role in substrate selectivity (8, 9, 21).
Biochemical studies of prenyltransferase substrate speci-
ficity indicate that recognition of peptide substrates is more
complex than originally proposed. For instance, although
FTase and GGTase-I specificity is determined predominantly
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FIGURE 1: Structure of a peptide substrate bound to FTase illustrating
the a, residue binding site. The a, residue of the peptide substrate
KKKSKTKCVIM (green) is surrounded by residues W10243
(orange), W106/ (red), and Y3617 (yellow) within the active site
of FTase. The a, residue also contacts the isoprenoid tail of the
FPP analogue inhibitor FPT-II (purple). Figure derived from PDB
ID 1D8D and adapted from ref /0.

by the X residue (14, 17—20, 22—26), some substrates react
efficiently with both enzymes (/4, 26). Peptide substrate
specificity also depends on interactions of the peptide with
the FPP cosubstrate, as peptide substrate reactivity can be
altered in a sequence-dependent manner in the presence of
FPP analogues (27—29). As these findings reflect, under-
standing FTase and GGTase-I substrate specificity will
require identification and energetic characterization of in-
teractions involved in substrate recognition.

As crystallographic structures of FTase and GGTase-I
complexed with peptide substrates have become available,
the “Ca;a,X” model has been modified and interpreted in
the context of the active site environment. Surveys of known
prenylated proteins suggest that selectivity at the a; position
is rather relaxed, a finding consistent with structural studies
which indicate that the a; residue of the peptide substrate is
exposed to solvent within the interface of the FTase a and
J subunits (8, 10). In contrast to the a; position, naturally
prenylated proteins appear to favor a subset of moderately
sized hydrophobic amino acids (valine, isoleucine, leucine,
methionine, and threonine) at the a, position (9). The
structural basis for this selectivity at the a, position is
proposed to be due to the hydrophobic nature of the active
site surrounding the a, residue, largely composed of two
tryptophan residues (W102 and W1060), a tyrosine residue
(Y361p), and the third isoprenoid unit of the FPP mimetic
inhibitor present in the crystal structure (Figure 1) (10).

The convergence of sequence preferences from known
FTase substrates and potential interactions observed within
the active site structures provides valuable insight into the
basis of FTase substrate selectivity. However, the functional
mechanism by which substrate—enzyme interactions are
transduced into differential substrate reactivity with FTase
remains largely undefined. To understand how FTase recog-
nizes various a, residues and then preferentially catalyzes
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turnover of a subset of potential substrates, the specific
attributes that FTase recognizes at the a, position need to be
identified.

In this study, we have applied structure—function analysis
to define the specific selectivity criteria that FTase employs
to recognize the a, residue of substrate peptides. We
measured the reactivity of FTase with several panels of
peptides wherein the a, residue is substituted with all 20
amino acids while keeping the remainder of the Caj;aX
sequence constant. Correlation of peptide reactivity within
each panel against both the amino acid polarity and steric
volume of the a, residue indicates that FTase recognizes both
the size and hydrophobicity of the residue at the a, position,
contrasting with the predominantly polarity-based recognition
observed at the X residue (27). Furthermore, comparison
across peptide panels indicates that a, selectivity is also
affected by the identity of the adjacent X residue, leading to
context-dependent substrate recognition. When X is alanine
or serine, substrate selectivity is based on both polarity and
steric discrimination, leading to a small number of side chains
that confer efficient catalysis in this context. In contrast, in
the presence of glutamine and methionine at the X position,
recognition of the a, residue is predominantly due to polarity;
substrates with a variety of amino acids at the a, position
are readily farnesylated. These findings suggest that the
current model describing FTase selectivity reflects only a
subset of potential FTase substrates, raising the possibility
of novel FTase substrates whose C-terminal sequences do
not conform to the canonical Ca;a,X motif.

MATERIALS AND METHODS

Miscellaneous Methods. All assays were performed at 25
°C. All curve fitting was performed with Graphpad Prism
(Graphpad Software, San Diego, CA). Farnesyl diphosphate
(FPP) was purchased from Sigma. Dansylated peptides were
synthesized by Sigma-Genosys (The Woodlands, TX) in
the Pepscreen format. Peptide purities were >75%, with the
majority of peptides examined exhibiting >90% purity, as
determined by HPLC (Alltech Nucleosil C-18 column), with
a gradient from water containing 0.1% TFA to 45%
acetonitrile in water containing 0.1% TFA flowing at 1 mL/
min over 25 min; peptides were detected by UV absorption
at 220 nm. Major contaminants consist of smaller peptide
fragments, as indicated by mass spectrometry, that are not
efficient substrates for FTase (24, 30, 31). Peptides were
solubilized in absolute ethanol containing 10% (v/v) DMSO
and stored at —80 °C. Peptide concentrations were deter-
mined spectrophotometrically at 412 nm by reaction of the
cysteine thiol with 5,5’-dithiobis(2-nitrobenzoic acid), using
an extinction coefficient of 14150 M~ cm™! (32). Inorganic
pyrophosphatase from bakers’ yeast, 7-methylguanosine, and
purine nucleoside phosphorylase were purchased from Sigma
(St. Louis, MO).

Preparation of Wild-Type FTase. Wild-type FTase was
expressed in BL21(DE3) Escherichia coli using a pET23aPFT
vector and purified as described previously (33, 34). Briefly,
following induction with isopropyl (-D-1-thiogalactopyra-
noside for 16 h at 25 °C, cells were lysed and FTase was
fractionated by sequential DES53 DEAE-cellulose and
POROS HQ-20 anion-exchange columns, both eluted by a
NaCl gradient. FTase concentration was determined by active
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Table 1: ke /KgP* Values for Farnesylation of Dansyl-GCVa,X Peptides Catalyzed by FTase

kcm/K}s[eP[ide (mel sfl)c

a residue volume (A3)“ AG ganster (kcal/mol)” X=A X=S X=Q X=M
K 168.6 -1.35 <0.004¢ 0.27 + 0.02 19405 13403
D 111.1 —-1.05 <0.004¢ 0.08 + 0.02 <0.004¢ 0.004 £ 0.003
E 138.4 —0.87 <0.004¢ 05403 <0.004¢ 07404
N 114.1 —0.82 0.6+03 3.6+£09 17+7 26+9
Q 143.8 -0.3 6.8 +0.9 45+9 3247 10+ 10
S 89 —0.05 32406 2+5 33438 70 + 20
G 60.1 0 1.6+£03 35+03 9.4+09 21+3
H 153.2 0.18 1.1+£05 19403 442 743
T 116.1 0.35 11+2 100 £ 20 50 + 10 130 + 50
A 88.6 0.42 39+04 3542 29+2 80 &+ 10
p 112.7 0.98 34406 5247 12+1 30 + 10
Y 193.6 1.31 742 21402 40+ 10 100 £ 20
\Y% 140 1.66 90 + 10 320 +20 60 + 30 150 + 40
M 162.9 1.67 80 + 30 160 =+ 40 110 £ 10 270 + 40
C 108.5 2.09 nd“ 14404 nd‘ nd“

L 166.7 2.31 70 + 20 170 =+ 40 60 + 20 250 + 30
F 189.9 243 40 £ 10 23+ 4 130 + 40 100 =+ 20
I 166.7 245 120 + 10 130 =+ 30 110 £ 30 110 + 30
w 227.8 3.06 10+2 541 50 + 20 70 £ 10

“ From ref 43. © From ref 42. ¢ The steady-state kinetic parameters were determined at saturating FPP (10 4uM) and varying peptide concentrations
(0.2—10 uM peptide) in 20—100 nM FTase under conditions described in Materials and Methods. ¢ Not determined due to severe substrate inhibition.

¢ Upper limit for k.,/Ky""™ based on assay sensitivity.

site titration using dansyl-GCVLS (33). Following dialysis
into HT buffer (50 mM HEPES, pH 7.8, 2 mM TCEP),
FTase was concentrated to 220 uM, aliquoted, and stored at
—80 °C.

Preparation of S99BA and WI02BA Mutant FTases.
S99B6A and W1025A mutations were introduced into the
pET23aPFT plasmid using QuikChange XL methodology
(Stratagene). Following confirmation of the desired mutation
by sequencing, mutant FTases were expressed and purified
using the same protocol as WT FTase.

Peptide Panel Design. Short peptides containing the
Ca,a,X sequence can serve as competent substrates for FTase
(35), simplifying access to substrate panels with exhaus-
tive amino acid substitution at a given position. A glycine
residue was appended upstream of the conserved cysteine
to avoid inhibitory interactions between the peptide substrate
N-terminal amino group and the FPP cosubstrate (36), and
a dansyl fluorophore was added at the N-terminus to allow
use of a previously developed fluorescence-based assay of
prenylation activity (35, 37).

Steady-State Kinetics. Steady-state kinetics were deter-
mined for FTase from a time-dependent increase in fluores-
cence (Aex 340 nm, A, 520 nm) upon farnesylation of the
dansylated peptide (35, 37). Assays were performed with
0.2—10 uM dansylated peptide, 20—100 nM FTase, 10 uM
FPP, 50 mM HEPPSO, pH 7.8, 5 mM tris(2-carboxyeth-
yl)phosphine (TCEP), 5 mM MgCl,, and 10 uM ZnCl, at
25 °C in a 96-well plate (Corning). Peptides were incubated
in reaction buffer for 20 min prior to initiation by addition
of FTase and FPP, with the FTase concentration at least
5-fold lower than the peptide concentration. Fluorescence
was measured as a function of time (intervals of 9—240 s)
in a POLARSstar Galaxy plate reader (BMG Labtechnologies,
Durham, NC) to define both the initial linear velocity and
the reaction end point. The total fluorescence change
observed upon reaction completion was divided by the initial
concentration of the peptide substrate in a given reaction to
yield a conversion from fluorescence units to product
concentration; these values were averaged over several

peptide concentrations to produce an amplitude conversion
(Ampeony). The linear initial rate, in fluorescence intensity
per second, was then converted to a velocity (uM product
produced per second) using eq 1, where V is velocity in
UM s~1, R is the velocity of the reaction in fluorescence units
per second, and Amp,,,, refers to the ratio described above
in fluorescence units per M product.

__R
Amp,,,,

ey

To confirm that farnesylation of the dansyl-GCVa,X
peptides goes to completion, HPLC analysis was performed
on a representative set of peptide reactions. Reactions
containing 3 uM dansyl-GCVa,X peptide were monitored
as described above until reaction completion was attained,
as indicated by a plateau in the observed fluorescence. The
reactions were then analyzed by HPLC (Zorbax Eclipse XDB
RP-Cg column), with a gradient from 20% acetonitrile in
water containing 0.05% trifluoroacetic acid (TFA) to 100%
acetonitrile containing 0.05% TFA flowing at 1 mL/min over
30 min; peptides and products were detected by fluorescence
(Aex = 335 nm and A., = 486 nm). In all cases, HPLC
analysis indicates that the peak for the dansyl-GCVa,X
peptide shifts completely to a longer retention time while
exhibiting an increase in observed fluorescence, consistent
with quantitative farnesylation, whereas parallel reactions
performed without FTase showed no change in peptide
retention time. Representative HPLC traces are included in
the Supporting Information.

For most peptides, k.,/K{P% was determined from a fit
of the Michaelis—Menten equation to the dependence of
initial velocity divided by enzyme concentration (V/E) on
the peptide concentration in the presence of saturating FPP.
For peptides that displayed substrate inhibition at high
peptide concentrations, ke /K{f"' was determined from a
fit of the Michaelis—Menten equation modified to include
substrate inhibition (eq 2):
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Transient Kinetics. Single-turnover assays were performed
in 50 mM HEPPSO buffer, pH 7.8, 5 mM TCEP, and 5 mM
MgCl, in the presence of N-[2-(1-maleimidyl)ethyl]-7-
(diethylamino)coumarin-3-carboxamide-labeled phosphate
binding protein (MDCC-labeled PBP) (38) and inorganic
pyrophosphatase (PPjase) to measure the formation of
diphosphate (39). Phosphate binding protein was purified and
labeled with N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)cou-
marin-3-carboxamide (MDCC) as in previous studies (26, 39).
FTase was preincubated with FPP for 15 min at room
temperature; the reactions were initiated by addition of
dansyl-GCVa,X peptide, MDCC-labeled PBP, and PP;ase.
The final concentrations were 800 nM FTase, 200 nM FPP,
25 uM dansyl-GCVa,X peptide, 5 uM MDCC-PBP, and 34
units mL~! PPase. A KinTek stopped-flow instrument
(KinTek Corp., Austin, TX) was used to monitor the binding
of inorganic phosphate to the MDCC-labeled PBP, which is
observed as an increase in fluorescence (A., = 430 nm cutoff
filter, Aeyy = 450 nm cutoff filter). Prior to reactions, the
KinTek stopped-flow instrument was treated with a “phos-
phate mop” consisting of 0.5 units mL~" purine nucleoside
phosphorylase and 15 M 7-methylguanosine in 50 mM
HEPPSO, pH 7.8, 5 mM TCEP, and 5 mM MgCl, to
sequester any monophosphate contaminants (26, 39).

Under these conditions, the rate of cleavage of the
pyrophosphate product catalyzed by PP;ase and the associa-
tion rate for phosphate binding to MDCC-labeled PBP are
fast relative to the rate constant for diphosphate formation
and release catalyzed by the prenyltransferases (39). The rate
constant for product formation (ksto) was determined by
fitting eq 3 to the fluorescence change as a function of time,
where Fl, is observed fluorescence, Amp is amplitude, ksto
is the observed rate constant, and Fl;; is the initial
fluorescence. The observed rate constant ksro is described
by eq 4, derived from a reversible two-step kinetic mecha-
nism proceeding from the E+FPP+peptide complex as shown
in Scheme 2 (40).

Fl,,.=Amp(l —e ")+ FI, 3)
kconfkchem
ksro = (4)
STO kconf + k—conf + kchem

Calculation of Relative Peptide Reactivity. For each
peptide panel (dansyl-GCVa,A, dansyl-GCVa,S, dansyl-
GCVa,Q, and dansyl-GCVa,M), —AAG was calculated
relative to the reactivity of the panel peptide with glycine at
the a, position according to eq 5, where R is the gas constant
and T is the assay temperature (298 K), unless noted
otherwise. For steady-state turnover, ke,/Kg" values from
Table 1 are used in eq 5. For single-turnover reactions, ksto
values from Table 2 are used in eq 5.

)

) kdns—GCVaZX
— AAG(kPeptide) =RT1n( )

fdns-GCVGX
RESULTS

FTase-Catalyzed Farnesylation of Peptides Depends on
the Amino Acid at a,. The initial peptide sequences were
based on the C-terminal sequence of H-Ras (-CVLS), an

Hougland et al.

Table 2: Single-Turnover Rate Constants (ksto) for Farnesylation of
Dansyl-GCVa,S and Dansyl-GCVa,M Peptides Catalyzed by FTase

ksto (s71)*
a X=S X=M
G 0.092 £ 0.004 0.26 = 0.01
A 1.4+0.1 47 +0.1
S 0.84 +0.08 2.14+02
T 324+02 62+04
\% 69+09 6.5+03
M 6.5+0.8 8.7+0.6
1 3.54+0.1 79+03
L 3.8+0.5 47+£0.2
F 0.41 £0.02 2.7+0.1
\\% 0.11 £0.01 1.5+£0.1

“ Single-turnover farnesylation rate constants were determined using a
fluorescence-based assay as described in Materials and Methods.

extensively studied prenylated human protein. We first
measured the steady-state kinetic parameters for FTase-
catalyzed farnesylation of 20 peptides of the form dansyl-
GCVa,S; this panel randomizes the a, residue while main-
taining the rest of the H-Ras Caj;a,X sequence constant.
FTase-catalyzed farnesylation is observed for 19 of the 20
peptides (excluding GCVRS) using a fluorescence-based
assay (35, 37) (Table 1). The values for k. /KfPi are
reported in Table 1, as this is the most relevant parameter
for specificity in the presence of competing substrates (41).
Nonetheless, the value of this parameter varies by a factor
of nearly 10°-fold as the identity of the amino acid at the a,
residue varies. The values of k., for a subset of peptides are
reported in Supporting Information. Subsequent radioactive
assays indicate that FTase catalyzes farnesylation of dansyl-
GCVRS slowly with an apparent value for k.,/Ky < 1000
M~! s, which is comparable to that of the other peptides
containing a charged a; residue (i.e., ke KEFOCVKS = 270
M~! s7!). These data indicate that the arginine residue in
the a, position minimizes the change in dansyl fluorescence
that occurs upon farnesylation (data not shown).

To examine the basis for substrate selectivity at the a,
position using structure—function analysis, we correlate
relative values of k.,/K{P % for various peptides with both
the hydrophobicity (as indicated by AG st Of the side chain
between octanol and water) and steric volume of the a,
residue (42, 43). The relative peptide reactivity is expressed
as the value of —AAG(k../K{P%) (eq 5 in Materials and
Methods) comparing the reactivity of a peptide with an
altered sequence at a, to the peptide with glycine at this
position. A complication of this analysis is that for many
amino acids hydrophobicity correlates linearly with steric
volume (Figure 2a) (42, 43), making identification of the
important parameters for selectivity more difficult. For the
dansyl-GCVa,S peptides, FTase reactivity is maximal for
a, residues with AGnsrer f ~1.7 kcal/mol, e.g., valine and
methionine (Figure 2b). For small “nonpolar” amino acids,
as defined in the legend of Figure 2a, the relative peptide
reactivity with FTase correlates with the hydrophobicity (as
measured by AGy.ster) Of the a, residue. The reactivity of
FTase with a peptide substrate (as indicated by —AAG (k¢!
K{Pid®)) trends sharply downward as hydrophobicity at the
a, position decreases below the AGister for glycine (~0 kcal/
mol) (slope = 4.8 &+ 0.9, R? = 0.89), consistent with the
Caja,X box paradigm. However, reactivity also decreases
for large hydrophobic amino acids such as phenylalanine and
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FIGURE 2: Reactivity of FTase with dansyl-GCVa,S peptides
correlates with the hydrophobicity and steric volume of the a,
residue. (a) Correlation of AGansrer, indicative of amino acid
hydrophobicity (42), with steric volume (43). For amino acids that
lie on the solid black line (G, A, S, P, T, V, I, L, M, F, and W;
filled squares) hereafter referred to as the “nonpolar”” amino acids,
hydrophobicity is proportional to steric volume (slope = 0.021 £
0.002, R = 0.91). A second group of more polar amino acids (D,
E,N, Q,H, Y, K, R, and C; open squares) also shows a correlation
between hydrophobicity and volume (slope = 0.028 & 0.004, R?
= 0.91) although they fall on a different line. Three amino acids
(C, K, and R) appear to be outliers. (b) Correlation between the
relative reactivity of FTase with dansyl-GCVa,S peptides and the
hydrophobicity of the a, residue. The solid (a, = G, A, S, T, P,
and V; slope = 1.1 & 0.4, R*> = 0.63) and dashed (a, = V, M, I,
L, F, and W; slope = —1.5 4= 0.5, R?> = 0.72) lines are linear fits
to the relative reactivities of FTase with the * nonpolar amino acids.
The dotted line (slope = 4.8 & 0.9, R*> = 0.89) is a linear fit to the
reactivities of FTase with a subset of the polar amino acids (D, E,
N, and Q). The —AAG(keo/ KffPi%) values are calculated relative
to dansyl-GCVGS as described in Materials and Methods from &,/
KPPi% values reported in Table 1. Symbols are identical to those
described in (a). (c) Correlation between FTase reactivity with
dansyl-GCVa,S peptides and the steric volume of the a, residue.
The solid and dotted lines are linear fits to the relative reactivities
of FTase with the “nonpolar amino acids described in (a). The
solid line (encompassing “nonpolar” amino acids with volumes
<140 A3) has a slope of 0.033 % 0.003 kcal/(mol - A%) (R* = 0.97),
and the dotted line (including “nonpolar” amino acids with volumes
>140 A% has a slope of —0.031 £ 0.003 kcal/(mol-A%) (R? =
0.96). The —AAG(ke/ KEEPi®) values are calculated relative to
dansyl-GCVGS as described in Materials and Methods from k,/
K{Pide values reported in Table 1. Symbols are identical to those
described in (a), except for proline being represented by an open
triangle.
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Scheme 1
Dansyl - GCVayX

tryptophan, indicating that increased reactivity due to favor-
able hydrophobic contacts alone does not determine selectiv-
ity at the a, position.

When correlated with the steric volume of the amino acid
at the a, position, the relative peptide reactivity with FTase
displays a maximum near the steric volume of valine at 140
A3 (Figure 2c). In this plot, the data cluster into two groups
per the two trend lines shown in Figure 2a. “Nonpolar”” amino
acids (solid squares) form a pyramidal pattern peaking at
140 A3. The polar and charged amino acids (open squares)
fall below the pyramidal curve in an apparent scatter plot,
indicating that the volume of the a, residue is not the main
determinant of reactivity for amino acids with hydrophilic
side chains. An increase in the polarity at a given steric
volume of the amino acid at the a, position of the peptide
leads to decreased reactivity, as also illustrated in Figure 2b.
This lower reactivity for polar amino acids is consistent with
the hydrophobic preference previously proposed for the a;
and a, positions of the Caja,X sequence. However, the
decrease in reactivity for nonpolar amino acids larger than
valine suggests that substrate discrimination is also based
upon the steric volume of the a, residue. Therefore, our data
support a model wherein FTase recognizes the side chains
at the a, position of potential substrates based upon both
size and polarity.

Determining the Effect of Changing the X Residue on a;
Selectivity. To ascertain whether recognition of the a, residue
by both polarity and size is a general feature of FTase
substrate selectivity, we measured the reactivity of FTase
with peptides terminating in other X residues commonly
found in naturally occurring FTase substrates: methionine,
alanine, and glutamine (Scheme 1) (16, 17, 24). For all of
these peptide panels, the reactivity of FTase with the peptides
decreases with increasing polarity of the a, residue for the
polar amino acids as defined in Figure 2a; in fact, the
reactivity of FTase with some of the peptides with charged
a, residues is below the detection limit of the fluorescence
assay (Table 1). This trend indicates that the preference for
hydrophobic residues at the a, position is general, as
previously proposed (I, 3, 14, 17, 25, 44, 45). In contrast,
for the “nonpolar” amino acids, the dependence of reactivity
on the volume of the a, residue is dependent on the identity
of the X group (Figure 3); proline-containing substrates (open
triangles) are excluded from the correlation analysis as they
appear to be outlier points, possibly due to changes in
conformation of the peptide substrate. Peptides terminating
in alanine display a reactivity trend similar to that seen with
serine (Figure 3a) although the peak reactivity volume
increases to ~160 A>. Strikingly, the reactivity of FTase with
peptides ending with glutamine (Figure 3¢) and methionine
(Figure 3d) shows limited dependence on the volume of the
a, residue. For these peptides, the measured reactivity
plateaus and does not decrease when the residue volume is
larger than ~110 A3, Furthermore, the increase in reactivity
(as measured by k., /K{P4) for the most reactive peptide
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FIGURE 3: The identity of the X residue affects a, selectivity. For all four peptide panels, —AAG(ke,/KEP®) for ten “nonpolar” peptides
is plotted versus residue volume (filled squares); proline-containing peptides are shown as an open triangle. A subset of a, residues (G, A,
V, M, F, and W) are labeled. Linear fits were performed within the low volume (solid line) and high volume (dotted line) regions of the
plot. (a) Dansyl-GCVa,A peptide panel. The solid line has a slope of 0.026 + 0.004 kcal/(mol* A% (R? = 0.93), and the dotted line has a

slope of —0.021 =+ 0.003 kcal/(mol+A3) (R2 = 0.92). (b) Dansyl- GCVa,S peptide panel (duplicated from Figure Ic). (¢) Dansyl-GCVa,Q
peptide panel. The solid line has a slope of 0.018 £ 0.004 kcal/(mol - A3) (R? = 0.92), and the dotted line has a zero slope within error. (d)
Dansyl-GCVa,M peptide panel. The solid line has a slope of 0.020 % 0.003 kcal/(mol - A3) (R = 0.96), and the dotted line has a zero slope
within error. The —AAG(k.,/KEP1%) values are calculated relative to peptides containing glycine at the a, position as described in Materials

and Methods from kcal/Kgifp“dC values reported in Table 1.

compared to the substrate with glycine at the a, position
varies with the X group; this ratio is 91 & 6-fold and 75 +
6-fold with serine and alanine at the X position, respectively,
compared to the smaller ratios of 14 + 4-fold and 13 +
2-fold with glutamine and methionine, respectively, as the
X residue. This dependence of the relative reactivity of FTase
with peptides containing different a, residues on the identity
of the X residue reflects functional interconnection in
recognition of these two side chains by FTase.

Comparison of the reactivity of FTase with peptides
containing the same a, residue and different X residues
reveals that alteration of the structure of the X residue results
in both increases and decreases in peptide reactivity.
Replacement of alanine at the X position with glutamine
increases the reactivity of FTase with peptides containing
either small or large nonpolar residues at the a, positions; in
contrast, the reactivity of peptides with a, residues of
intermediate size is unaffected (Figure 4a). When the X
residue is changed from serine to glutamine (Figure 4b), the
reactivity of FTase similarly increases for peptides containing
small or large nonpolar a, residues; however, the reactivity
of several peptides with a, residues in the middle of the
volume range decreases. Similar changes in reactivity occur
when the X residue is changed from serine to methionine
(Supporting Information).

The Rate Constant for Peptide Farnesylation Varies with
the Peptide Sequence at the a, Position. The rate constants
for farnesylation of the “nonpolar” peptides from the dansyl-
GCVa,S and dansyl-GCVa,M panels catalyzed by FTase
were determined under single-turnover conditions using a
fluorescence-based assay that detects the release of pyro-
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FIGURE 4: The effect of altering the X residue on reactivity of FTase
with peptides. (a) Reactivities of FTase with dansyl-GCVa,Q
peptides compared to dansyl-GCVa,A peptides. For each a, residue,
the relative reactivity is calculated as log[(ke/KEmY-0CVaQy,
(koo KZans¥-GCVaAY] (b) Reactivities of FTase with dansyl-GCVa,Q
peptides compared to dansyl-GCVa,S peptides. For each a, residue,
the relative reactivity is calculated as log[(ke,/Kgansy-GCVaQ)y/
(kcu[/K&ansyl—GCVaZS)].

phosphate following farnesylation (38, 39). Previous kinetic
studies of FTase suggest the basic kinetic pathway shown
in Scheme 2 (34, 35, 39, 46—48). Substrate binding is
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Scheme 2

FPP

functionally ordered, with FPP binding before peptide, and
the rate constant for farnesylation is faster than product
dissociation under saturating (k.,;) multiple-turnover condi-
tions (46, 47, 49, 50). The pathway also includes a confor-
mational rearrangement of the first two isoprene units of FPP
that has been proposed based on structural and mutagenesis
studies (33, 36, 51, 52). The observed rate constant for
formation of the farnesylated product, ksto (dotted outline,
Scheme 2), measures the formation of the E-farnesylated-
peptide complex from the E+FPP-peptide ternary complex
(39, 49, 53). This observed rate constant includes both the
rate constants for the chemical step and the conformational
rearrangement of FPP.

For the “nonpolar” peptides from the dansyl-GCVa,S
panel, values of ksto vary by ~75-fold from the slowest
peptide (a; = G) to the fastest (a, = V) (Table 2). The range
of values for the dansyl-GCVa,M “nonpolar” peptides is
similar (~30-fold), but the trend of ksyo with a, residue
volume is distinct from that observed with the dansyl-
GCVa,S peptides. When relative ksto values are correlated
with a, residue volume (Figure 5a), the peptides terminating
in serine exhibit a pyramidal pattern similar, in both shape
and relative energetics, to that seen for relative peptide
reactivity under ke./K,,P*i® conditions (Figure 3b). Correla-
tion of relative kspo values with a, residue volume for the
dansyl-GCVa,M peptides (Figure 5b) also strongly resembles
the similar correlation with the steady-state reactivity (Figure
3d). These data demonstrate that the relative peptide reactiv-
ity of FTase under subsaturating steady-state reaction condi-
tions mirrors the relative reactivity under single-turnover
conditions.

Reactivity of Dansyl-GCVa,M Peptides with WI1023A and
S995A FTase Mutants. Previous structural analysis of several
peptide substrates bound to FTase suggests that peptides
terminating in methionine or glutamine may form hydrogen
bonds with the side chains of residues W102/3 and S99/
within the FTase active site (Figure 6); substrates with serine
or alanine at the X position cannot form these interactions.
To examine the functional importance of these proposed
hydrogen bonds, including whether they are important for
a, selectivity, we determined the reactivity of the W1025A
and S99BA mutants with the dansyl-GCVa,M peptide panel.
These two alanine mutations minimally affect both the
reactivity of FTase with peptides relative to WT FTase
(Supporting Information) and the trend of a, selectivity
(Figure 7). These data indicate that any contacts formed
between the terminal methionine residue of the substrate and
the side chains of the active site residues W102/ and S99
contribute neither to acceleration of peptide substrate turnover
under subsaturating conditions nor to selectivity at the a,
position. While these contacts may be important for other
steps along the FTase reaction pathway, the interactions that
lead to recognition of the a, residue and the cross-talk
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FIGURE 5: Correlation of the single turnover rate constant for
farnesylation catalyzed by FTase with the volume of the a, residue
for dansyl-GCVa,S and dansyl-GCVa,M peptides. For both peptide
panels, —AAG(ksto) for ten “nonpolar” peptides is plotted versus
the a, residue volume (filled squares). A subset of a, residues (G,
A, V, M, F, and W) are labeled. (a) Dansyl-GCVa,S peptide panel.
The solid line has a slope of 0.030 £ 0.006 kcal/(mol-A%) (R* =
0.91), and the dotted line has a slope of —0.032 + 0.005 kcal/
(mol+A%) (R* = 0.91). (b) Dansyl-GCVa,M peptide panel. The solid
line has a slope of 0.03 % 0.01 kcal/(mol*A%) (R*> = 0.820), and the
dotted line has a slope of —0.008 £ 0.003 kcal/(mol-A%) (R*> =
0.63). The —AAG(ksto) values are calculated relative to peptides
containing glycine at the a, position, as described in Materials and
Methods, using the ksto values reported in Table 2.

between the a, and X residues remain functionally unaffected
by these mutations.

DISCUSSION

Reaction Steps Involved in Peptide Selectivity of FTase.
The steady-state kinetic parameter that best reflects the
selectivity of an enzyme for different substrates is key/Kum
(41). In FTase, the steady-state parameter k.,/K{Pi% includes
the rate constants for reaction steps from peptide binding to
the E+FPP complex through farnesylation and dissociation
of diphosphate, which is the first irreversible step (47, 51, 52).
In contrast, peptide farnesylation catalyzed by FTase mea-
sured under single-turnover conditions (with saturating
enzyme) monitors only steps that occur after peptide binding
and prior to diphosphate release (Scheme 2) (26, 39).
Therefore, single-turnover kinetics in the presence of limiting
FPP (relative to [E]) isolates the farnesylation step from the
product release steps and includes the FPP conformational
change and farnesylation of the peptide (49, 53). The
similarity of the dependence of the values of ke, /KffPi% and
ksto for FTase on the peptide sequence suggests that the same
reaction step(s) are rate-limiting under both conditions and
indicates that the observed peptide specificity is not signifi-
cantly dependent on peptide binding. Based on this correla-
tion, FTase-catalyzed farnesylation of peptide substrates
under k.,/KEPi conditions appears to be limited by the rate
constants for either or both the conformational rearrangement
of FPP and/or the chemical step. As multiple studies have
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FIGURE 6: Crystallographic contacts observed between the X residue of the Ca;a,X sequence and the FTase active site. Proposed hydrogen
bond contacts are shown as dashed lines between heteroatoms, and distances were measured between heteroatoms involved in the proposed
hydrogen bond. In each case, the peptide substrates are complexed with FTase and the FPP analogue inhibitor FPT-II. Peptide substrate
residues are denoted with a “sub” subscript. Figures are adapted from ref /0. (a) Complex of a KKKSKTKCVIM substrate with FTase and
FPT-II (PDB ID 1D8D). The substrate methionine sulfur is positioned to form hydrogen bonds with the side chain hydroxyl of S995 (3.2
A) and side chain indole nitrogen of W10243 (3.5 A) (b) Complex of a DDPTASACNIQ substrate with FTase and FPT-II (PDB ID 1TNG6).
The amide oxygen of the glutamine side chain in the peptide substrate is proposed to hydrogen bond with the side chain indole nitrogen
of W10243 (2.8 A) and side chain hydroxyl of S99 (3.5 A), and the amide nitrogen is near the side chain hydroxyl of S994 (3.4 A) and
the backbone carbonyl oxygen of A98f (2.9 A). (¢) Complex of a GCVLS substrate with FTase and FPT-II (PDB ID 1TNS). The substrate
serine hydroxyl group is positioned to form a hydrogen bond with the backbone carbonyl oxygen of A98f3 through a water molecule (blue
sphere), with distances of 2.7 A from the serine hydroxyl group oxygen to the water molecule oxygen and 3.0 A from the water to the
backbone carbonyl oxygen of A980.

tent with this conclusion, the value of k., has a significantly
altered dependence on substrate structure (see Supporting
Information) compared to ke /KPP, In summary, peptide
selectivity under k. /KgP% conditions reflects sequence-
dependent modulation of the chemical step and/or the
conformational rearrangement of FPP prior to farnesylation.
Interactions Potentially Involved in a, Recognition. De-
2 ————————— pending on the peptide sequence context, selectivity at the
50 75 100 125 150 175 200 225 250 a, position presumably involves both positive hydrophobic
Residue Volume (A%) and negative steric interactions. This dual selectivity is

FIGURE 7: Substitution of the S99 and W1024 side chains with consistent with predictions from both structural and bio-
alanine does not alter a, selectivity in the dansyl-GCVa,M peptide informatic studies (9, 10); structural data yield insight into
panel. Relative reactivities for dansyl-GCVa,M peptides with which groups may interact with the a, side chain to transduce

-AAG(Kae/Kp)PePHide
(kcal/mol)
[relative to dansyl-GCVGM]

W102A (filled squares) and S998A (open triangles) mutant FTases

are plotted versus the steric volume of the a, residue; —AAG(kcy/
Kgeride) values are calculated relative to dansyl-GCVGM as
described in Materials and Methods from k./K{Pi values reported
in Table 2. —AAG(ke,/KEP®) values for reaction of dansyl-
GCVa,M peptides (solid line with filled circles) and dansyl-GCVa,S
peptides (dotted line with open circles) with WT FTase are plotted
for comparison; —AAG(ke,/KEP14) values for peptide reactivity
with WT FTase are all calculated relative to reactivity with dansyl-
GCVGM.

shown that product release is rate-limiting under k.,
conditions (39, 48), these data indicate that different reaction
steps are rate-limiting for FTase under subsaturating (k.,/
KgEride)y and saturating (ke steady-state conditions. Consis-

recognition (/0). The a, binding site in FTase is formed by
residues W1023, W1068, and Y3615, as well as the third
isoprenoid unit of the FPP co-substrate (Figure 1). This
hydrophobic, tightly packed binding site appears well
designed to bind moderately sized nonpolar amino acids.
Mutations of these residues have been shown to affect
enzyme behavior, in one case transforming FTase into a
GGTase (54, 55), indicating that these residues play impor-
tant roles within the FTase active site. Studies combining
mutagenesis at these positions with structure—function
analysis of peptide reactivity provide valuable insight into
the identity, nature, and energetic contributions of interactions
used by FTase for substrate recognition.
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Dependence of a, Selectivity on the X Residue. The
reactivity of FTase with peptides depends on identity of both
the a, and X residues (Tables 1 and 2), consistent with
previous measurements of FTase selectivity (I, 14, 17, 24—27,
45, 56); furthermore, the identity of the X residue affects
the FTase selectivity at the a, position under both steady-
state and single-turnover conditions. This type of cross-talk
in recognition of peptide substrates has previously been
observed with other enzymes, including proteinases. Context-
dependent recognition of side chains in peptide substrates
has been extensively evaluated for several well-studied serine
proteases, such as trypsin and chymotrypsin, leading to
models wherein substrate—enzyme interactions far from the
cleavage site can dramatically affect catalysis through
substrate alignment, inducing favorable conformational
changes, and other potential mechanisms (reviewed in ref
57).

We envision two types of potential mechanisms that could
lead to the observed dependence of the a, selectivity on the
X group in FTase: one mechanism is a change in rate-limiting
steps where the two potential rate-limiting steps have a
differential dependence on the peptide sequence, and a
second mechanism is alteration of the structure of the
FTase-peptide complex (discussed further below). As de-
scribed above, the rate-limiting step under single turnover
and multiple turnover with subsaturating peptide conditions
could be either the FPP conformational change required to
form an active FTase:FPP-peptide ternary complex or
farnesylation of the peptide from this active complex. Kinetic
isotope effect experiments performed under single-turnover
conditions have demonstrated that the rate-limiting step alters
with the structure of the peptide substrate, varying from rate-
limiting conformational rearrangement of FPP for the peptide
GCVLS to rate-limiting farnesylation for the peptide
TGCVIM (40, 58). Therefore, the a,—X cross-talk in the
peptide specificity data could be caused by these two kinetic
steps having a differential dependence on the side chain
structure of the amino acids at the X and the a, positions
leading to changes in the rate-limiting step as the peptide
sequence varies. The isotope effect and single-turnover data
suggest that the X-group mainly affects the rate constants
for the conformational rearrangement (Table 2, 26, 40, 58).
By analogy, we propose that the conformational rearrange-
ment is the main rate-contributing step in farnesylation of
dansyl-GCVGS catalyzed by FTase. If alteration of the X
group to methionine (dansyl-GCVGM) changes the main
rate-contributing step to farnesylation by enhancing the
conformation rate constant, as previously observed for
TGCVIM, then the dependence of the observed rate constants
on the structure of the a, position will also change. While
the extensive structural contacts observed between the peptide
substrate and the isoprenoid tail of FPP may suggest that
modulation of the conformational rearrangement step serves
as the primary mechanism for modulating peptide reactivity
(10, 36, 59), further kinetic isotope effect experiments will
be required to deconvolute the sequence-dependent interplay
of the chemical and conformational rearrangement steps
potentially responsible for FTase peptide selectivity.

Structural Insights into the Mechanism of a,—X Cross-
Talk. As stated above, an alternative mechanism for the
observed dependence of the a, selectivity on the X group
involves alternate binding modes for the peptide substrate.
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Peptides terminating in glutamine or methionine could form
contacts within the FTasepeptide complex that are absent
when the X residue is serine or alanine, with these interac-
tions leading to changes in a, specificity. The functional
interactions that would transduce the observed a,—X residue
cross-talk are presumably located within the FTase active
site near to the peptide substrate. Crystal structures of peptide
substrates KKKSKTKCVIM (PDB 1D8D) (59), DDPTASAC-
NIQ (PDB 1TN6) (10), and GCVLS (PDB 1TNS) (/0) allow
comparison of the observed contacts made by the various X
residues with side chains within the FTase active site,
specifically within the FTase 8 subunit (Figure 6). While
the peptide and FPP analogue bound to FTase in these
complexes are not positioned in a conformation that can
readily react (10, 52, 59), the conformational changes
required to form an active ternary complex are not proposed
to require repositioning of the a, or X residues of the peptide
substrate (57, 52). In these FTase*peptide complexes, both
methionine and glutamine at the X position appear to be
within reasonable hydrogen-bonding distance of the imine
hydrogen of W1024 as well as the side chain hydroxyl group
of S994. Furthermore, in the crystal structure glutamine
appears to also form a hydrogen bond with the main chain
carbonyl group of A98f5. In contrast, the serine in the
GCVLS substrate appears to only form a water-mediated
hydrogen bond to the backbone carbonyl of A98/ (Figure
6¢). The structurally observed contacts between methionine
or glutamine at the X position and S995 and W102 may
be responsible for the relative loss of a, residue selectivity.
However, removal of the side chains of S998 and W102(3
does not significantly affect either the reactivity of FTase
with peptides or the a, selectivity (Figure 7 and Supporting
Information). These findings suggest that these structurally
observed active site contacts with the X residue do not
provide an energetic stabilization of the rate-limiting step(s)
during multiple-turnover prenylation of target proteins at
subsaturating conditions. In future studies, further mutagen-
esis studies within the FTase active site coupled with both
steady-state and transient kinetic analysis will be used to
illuminate the functional connections between the a, and X
residues that contribute to FTase peptide specificity.
Potential for Novel FTase Substrate Sequences. This
functional demonstration of context-dependent peptide sub-
strate specificity suggests that the current Ca;a,X box model
for FTase selectivity may actually reflect a subset of the
potential FTase substrates. Given the observed functional
cross-talk between the a, and X residues demonstrated in
this work, it seems possible that some combinations of amino
acids that have been predicted to be nonreactive based on
the previous Ca;a,X box model may instead be efficient
substrates for FTase due to cooperative recognition of three
residues within the a;a,X tripeptide. Stated simply, the correct
combination of “bad” a, and X residues may lead to a “good”
substrate. For example, for proteins with a -Ca;a,X box
ending in methionine or glutamine, the a, residue could be
a variety of amino acids (i.e., I, L, V, T, M, F, W, Y, and
Q) rather than the predicted hydrophobic amino acids (i.e.,
I, L, V, and T). As a result, human proteins such as GPI
inositol-deacylase (-CNFM), brorin (-CRQM), beta-defensin
111 (-CLQQ), coiled-coil domain-containing protein 99
(-CPQQ), Rab-37 (-CSFM), and cystatin-M (-CVQM) may
be efficient substrates for farnesylation catalyzed by FTase;
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measurement of the reactivity of peptides containing the
Ca,a,X sequences from Rab-37 and cystatin-M suggests that
these proteins may be farnesylated (K. Hicks, H. Hartman,
R. Kelly, J. L. Hougland, and C. A. Fierke, unpublished
experiments). If this phenomenon of context-dependent
substrate recognition extends to the a; residue as well, the
potential for noncanonical FTase substrates would be com-
mensurately increased. A scan of the ExPASy Swiss-Prot
database for open reading frames within the human genome
containing a cysteine as the fourth amino acid from the
projected ORF C-terminus returns 591 proteins (60), with
many of these terminating in sequences that do not rigorously
obey the canonical Caja,X sequence. Context-dependent
protein substrate recognition by FTase could substantially
increase the potential number of FTase substrates within this
pool of human proteins. Further characterization of the
substrate recognition mechanism employed by FTase is
needed to allow for accurate prediction of the full comple-
ment of prenylation substrates within the human proteome.

Context-dependent a, selectivity suggests that FTase recog-
nizes the sequence downstream of the conserved cysteine
as a set of two or three cooperative, interconnected recogni-
tion elements. These findings raise the possibility that protein
substrates whose C-terminal sequences do not conform to
the canonical Ca,;a,X motif may be farnesylated by FTase.
By providing a better understanding of the features necessary
for substrate recognition and catalysis by FTase, this work
will aid in both designing new FTase inhibitors as anticancer
and antiparasitic agents and characterizing proteins involved
in prenylation-dependent cellular signaling and regulatory
pathways. Furthermore, the functional mechanism by which
a, and X residue recognition is transduced to changes in
peptide reactivity presents an appealing system for studying
the interplay of molecular recognition and catalysis in a
biological context.
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peptides; the effect of altering the X residue from alanine or
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