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Background: FTase recognizes and modifies many proteins with C-terminal CA1A2X sequences.
Results:Mutating active site residues Trp-102� and Trp-106� significantly alters FTase peptide selectivity both in vitro and in
vivo.
Conclusion: FTase substrate selectivity includes negative discrimination that can be relaxed/altered without losing activity.
Significance: Deciphering FTase peptide recognition allows creation of bioengineered prenylation pathways and provides a
model for other multispecific enzymes.

Post-translational modifications play essential roles in regu-
lating protein structure and function. Protein farnesyltrans-
ferase (FTase) catalyzes the biologically relevant lipidation of up
to several hundred cellular proteins. Site-directed mutagenesis
of FTase coupled with peptide selectivity measurements dem-
onstrates that molecular recognition is determined by a combi-
nation of multiple interactions. Targeted randomization of
these interactions yields FTase variants with altered and, in
some cases, bio-orthogonal selectivity. We demonstrate that
FTase specificity can be “tuned” using a small number of active
site contacts that play essential roles in discriminating against
non-substrates in thewild-type enzyme. This tunable selectivity
extends in vivo, with FTase variants enabling the creation of
bioengineered parallel prenylation pathways with altered sub-
strate selectivity within a cell. Engineered FTase variants pro-
vide a novel avenue for probing both the selectivity of prenyla-
tion pathway enzymes and the effects of prenylation pathway
modifications on the cellular function of a protein.

Posttranslational modifications are essential for the proper
function of a large portion of the eukaryotic proteome. These
modifications are estimated to increase the complexity of the
proteome by 1–2 orders of magnitude beyond that provided by
the open reading frames in the human genome (1), complicat-
ing the task of translating genomic information to the biological
function of proteins. Enzymes that catalyze posttranslational
modifications, ranging from phosphorylation to acylation, face
a common task of selecting the correct amino acid(s) to modify
from among a host of potential sites similar in both structural

context and chemical reactivity. Understanding how these
enzymes achieve this molecular recognition is essential to
defining the full extent of posttranslationalmodificationwithin
the proteome and developing inhibitors targeting these
enzymes for use as therapeutics.
Protein farnesyltransferase (FTase)3 is a model system for

studying interactions involved in substrate recognition by post-
translational modification enzymes. FTase is a member of the
prenyltransferase family of sulfur alkyltransferases (for review,
see Refs. 2 and 3) that catalyzes the covalent attachment of a
15-carbon farnesyl group from farnesyl diphosphate (FPP) to a
cysteine residue near the C terminus of a protein substrate. The
attached lipid aids in localization of proteins to cellular mem-
branes and enhances protein-protein interactions (4, 5). Preny-
lation is required for the proper function of many proteins,
including members of the Ras and Rho superfamilies of small
GTPases (2, 6). FTase is known to modify a large number of
proteins within the cell (7–10); recent experimental and theo-
retical/computational studies using small peptide substrates
suggest that several hundred proteins within the human pro-
teomemay be farnesylated (11–14). Based on peptide reactivity
and structural studies of FTase-substrate complexes, aminimal
substrate recognition motif for FTase is a peptide or protein
containing a cysteine four amino acids from the C terminus
(-CXXX). Analysis of known prenylated proteins has con-
strained this model further, suggesting that the best substrates
for FTase contain a C-terminal “CA1A2X” sequence (9, 15–18).
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,
alanine) or a related enzyme, protein geranylgeranyltransferase
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type I (leucine, phenylalanine). Expanding upon the CA1A2X
box paradigm, bioinformatics analysis and biochemical studies
of known substrates and related proteins indicate that
sequences immediately upstreamof the conserved cysteine res-
idue modulate substrate selectivity (10, 19, 20).
Defining FTase substrate selectivity remains an area of

intense interest, as many prenylated proteins play key roles in
signaling pathways and cell function (2, 3, 6). Surveys of natu-
rally prenylated proteins suggest that FTase favors a subset of
moderately sized hydrophobic amino acids (valine, isoleucine,
leucine, methionine, and threonine) at the A2 position (10),
consistent with substrate preferences revealed by statistical
analysis of reactivity with a peptide library (11). Functional
studies of substrate selectivity at theA2 position of the CA1A2X
sequence reveal that FTase recognizes both steric volume and
polarity of this residue (21). Additionally, selectivity atA2 is also
dependent on the identity of the amino acid at the adjacent X
position, with the steric discrimination relaxed when theX res-
idue is methionine or glutamine (21).
Crystallographic structures of FTase and geranylgeranyl-

transferase type I complexed with peptide substrates and iso-
prenoid mimetic inhibitors illuminate the active site environ-
ment that leads to the A2 selectivity (9). The binding site
surrounding the A2 residue is composed of the side chains of
two tryptophan (Trp-102� and Trp-106�) and one tyrosine
(Tyr-361�) residues as well as the third isoprenoid unit of the
bound FPP mimetic inhibitor (Fig. 1) (9), presenting a hydro-
phobic and closely packed environment consistent with the
preference for moderately sized nonpolar amino acids at this
site. Mutation of amino acids contacting the A2 residue can
relax selectivity of FTase for the prenyl donor cosubstrate (22,
23). The structural studies predict that these same mutations
should also affect peptide selectivity, but this possibility has not
been explored. Changes in the structure of the isoprenoid tail of
the prenyl donor cosubstrate can also alter FTase peptide selec-
tivity (24), providing further functional evidence for a network
of interactionswithin the FTase binding site that acts in concert
to recognize peptide substrates.
In this study we redesigned the peptide substrate selectivity

of FTase by altering the active site contacts with the A2 residue
of the CA1A2X sequence. Given the discrimination that FTase
exhibits against large and charged amino acids at the A2 posi-
tion, we first re-engineered the substrate specificity of FTase by
substituting either a smaller (alanine, valine) or polar (histidine)
amino acid at Trp-102� and/or Trp-106�. These substitutions
significantly and specifically increase the reactivity of FTase
with substrates containing tryptophan and aspartate at the A2
residue, respectively. Based on this success, we then created a
library of mutants at Trp-102� and Trp-106� of FTase using
saturation mutagenesis and screened for variants with altered
specificity. Excitingly, we identifiedmutants that increase reac-
tivity by up to 104-fold with target peptides containing either
lysine or aspartate at A2, demonstrating catalytic efficiencies
equivalent to that of WT FTase with natural substrates. Fur-
thermore, these variants expressed in tissue culture cells cata-
lyze in vivo prenylation of proteins containing non-natural
CA1A2X sequences. The altered substrate specificity exhibited
bymembers of the 102/106 library reveals that FTase selectivity

is highly tunable through mutation of only two amino acids.
Surprisingly, this enhancement in reactivity does not necessi-
tate loss of reactivity with natural substrates, suggesting that
the conservedTrp-102� andTrp-106� side chains decrease the
substrate promiscuity of FTase mainly by discriminating
against non-substrate sequences. These findings suggest that
the complete conservation of Trp-102� and Trp-106� in FTase
reflects a requirement for maintenance of substrate selectivity
rather than catalytic activity. Additionally, the FTase variants
developed in thisworkwill serve as important tools for studying
the activity, selectivity, and biological function of the in vivo
prenylation pathway.

EXPERIMENTAL PROCEDURES

MiscellaneousMethods—All assays were performed at 25 °C.
All curve fitting was performed with Graphpad Prism (Graph-
pad Software, San Diego, CA). 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) (21). Major contaminants consist of smaller peptide
fragments, as indicated by mass spectrometry, that are not effi-
cient substrates for FTase (25, 26). Peptides were solubilized in
absolute ethanol containing 10% (v/v) DMSO and stored at
�80 °C. Peptide concentrations were determined spectropho-
tometrically using Ellman’s reagent (27).
Preparation of Wild-type FTase and Single Site FTase

Variants—Wild-type FTase and FTase variants were expressed
in BL21(DE3) Escherichia coli using a pET23aPFT vector and
purified as described previously (21, 25, 28). Mutations at Trp-
102� and Trp-106�were introduced into the pET23aPFT plas-
mid using QuikChange XLmethodology (Stratagene) and con-
firmed by sequencing.
Steady-state Kinetics—The initial velocity for farnesylation

catalyzed by FTase was determined from a time-dependent
increase in fluorescence (�ex 340 nm, �em 520 nm) upon farne-
sylation of the dansylated peptide (29). Assays were performed
with 0.2–10 �M dansylated peptide, 20–100 nM FTase, and 10
�MFPP in reaction buffer (50mMHEPPSO, pH7.8, 5mM tris(2-
carboxyethyl)phosphine (TCEP), 5 mM MgCl2, and 10 �M

ZnCl2) at 25 °C in a 96-well plate (Corning). Fluorescence was
measured as a function of time in a POLARstar Galaxy plate
reader (BMGLabtechnologies, Durham,NC) to define both the
initial linear velocity as well as the reaction end point. The total
fluorescence change observed upon reaction completion was
divided by the initial concentration of the peptide substrate to
yield a conversion from fluorescence units to product concen-
tration; these values were averaged over several peptide con-
centrations to produce an amplitude conversion (AmpConv).
The linear initial rate, in fluorescence intensity per second, was
then converted to a velocity (�M product produced/s) using the
equationV� (R/AmpConv), whereV is velocity in�M/s, R is the
velocity of the reaction in fluorescence units/s, and AmpConv
refers to the ratio described above in fluorescence units/�M

product. The steady-state kinetic parameters were calculated
from a fit of theMichaelis-Menten equation to the peptide con-
centration dependence of the initial velocity at saturating FPP.
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Construction of FTase 102/106 Variant Plasmid Library—
Randomized codons (NNK, where N � equal mixture of A, T,
G, and C and K � G or T) were introduced at positions 102�
and 106� in FTase using a modification of the QuikChange
methodology (Stratagene). Library diversity was verified by
sequencing �20 randomly selected colonies without observa-
tion of a repeat of codons at both positions 102 and 106.
Screening of the FTase Library—Plasmid DNA encoding the

FTase 102/106 library was transformed into BL21(DE3) E. coli
using electroporation followed by selection on LB agar plates
containing 100 �g/ml ampicillin. Single colonies (1504 total)
were inoculated into single wells of a 96-deep well (2.2 ml vol-
ume) plate containing 900 �l of LB media with 1% glucose, 100
�g/ml ampicillin, and 60 �M isopropyl �-D-1-thiogalactopyra-
noside. Each 96-well plate was inoculated with a colony trans-
formed with wild-type FTase (well A01, positive control), and
well A02 was not inoculated (negative control), yielding a total
of 16 plates for the FTase 102/106 library. Plates were sealed
with gas-permeable seals (Abgene) and shaken for 20–24 h
(380 RPM) at 28 °C. After growth, glycerol stocks were pre-
pared and stored at �80 °C.
Cell lysates were prepared by the addition of 100 �l of lysis

solution (Fastbreak bacterial lysis reagent (Promega) supple-
mented with 2 mg/ml lysozyme, 125 units/ml Benzonase
(Sigma), and 100 �g/ml phenylmethylsulfonyl fluoride) to the
cell cultures in 96-well plates followed by shaking (380 rpm) at
28 °C for 20 min. Lysates were stored on ice until assayed.
FTase activity in the cell lysates was measured under steady-

state conditions similar to those reported above for purified
FTase, measuring the time-dependent increase in fluorescence
(�ex 340 nm, �em 520 nm) upon farnesylation of the dansylated
peptide (29). Initial screens were performed with 3 �M dansy-
lated peptide, 2 �l cell lysate, and 10 �M FPP or GGPP in reac-
tion buffer at 25 °C in a 96-well plate (Corning model 3650).
Peptides were incubated in reaction buffer for 20 min before
initiation of the assay reactions by the addition of the peptide
solution to a solution containing the cell lysate. Fluorescence
wasmeasured at timepoints (1min, 30min, 1 h, 2 h, 3 h, 4 h, and
5 h) in a POLARstar Galaxy plate reader (BMG Labtechnolo-
gies, Durham, NC). For each peptide (dns-GCVLS, dns-
GCVDS, and dns-GCVKS), active variants were assigned as
those that exhibited both a doubling in fluorescence intensity
and a plateau in fluorescence within �1.5 h indicating reaction
completion.
In the secondary screen, reactions were performed under the

same conditions described above and monitored continuously
to measure the initial velocity. The initial velocity was deter-
mined from the time-dependent fluorescence change as previ-
ously described for assaying the activity of purified FTase. The
steady-state kinetic parameters were determined from a fit of
theMichaelis-Menten equation to the dependence of the initial
velocity on the peptide concentration.
Construction of pCAF Vectors—A vector allowing co-expres-

sion of FTase and a fluorescent fusion protein was constructed
using the pACT vector (Promega) that was modified by
removal of a HindIII restriction site and introduction of a SacII
restriction site. The pCAF vector contains two open reading
frames for mammalian protein expression, ORF1 under the

control of a CMV promoter and ORF2 under the control of a
SV40 promoter. pCAF plasmids with the fluorescent fusion
protein cloned into ORF2 and FTase cloned into ORF1 are
referred to as pCAF2 vectors. A plasmid map for the pCAF2
parent vector is included in supplemental Figs. S3–S5. The
DNA encoding the �- and �-subunits of FTase was subcloned
from the pET23aPFT vector (28), and the TagRFP fusion pro-
tein was constructed by cloning TagRFP from the TagRFP-N
vector (Evrogen) with the addition of a 3�-extension coding for
the last 20 amino acids of H-Ras terminating in the -GCVLS
sequence. FTase variants andmutations of the -CVLS sequence
at the C terminus of the TagRFP fusion protein were prepared
in pCAF2 usingQuikChangeXLmethodology (Stratagene) and
confirmed by sequencing. A table of vectors listing vector name
and encoded genes in each open reading frame of the pCAF
vectors is included in supplemental Table S1.
Cell Culture, Transfection, and Imaging—HEK293T cells

(ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 10% fetal bovine serum and
1% v/v pen-strep (Invitrogen). For transfections, cells were
cultured in 12-well tissue culture plates (Corning). Mamma-
lian expression vectors were transfected into HEK293T cells
using the FuGENE 6 transfection reagent (Promega) according
to the manufacturer’s protocol. After 48 h of transfection, cells
were washed with 1� PBS, fixed in 3.7% formaldehyde in 1�
PBS, and imaged in 1� PBS on a Nikon TE2000 inverted
microscope.

RESULTS

Mutagenesis of Trp-102� and Trp-106� to Increase Reactiv-
ity with dns-GCVWS and dns-GCVWS—Structural models of
CA1A2X peptide substrates bound to the FTase active site
revealed that theA2 residue is contacted by several amino acids
including Trp-102� and Trp-106� (Fig. 1) (9). The juxtaposi-
tion of these two tryptophan residues creates a closely packed
hydrophobic pocket for theA2 residue, consistent with the rec-
ognition of the A2 side chain of the substrate based on both the
volume and hydrophobicity of the side chain (21). This binding
pocket discriminates against peptide substrates containing

FIGURE 1. FTase active site structure. Structure of a peptide substrate
bound to FTase illustrate the A2 residue binding pocket. The A2 residue of the
peptide substrate KKKSKTKCVIM (green) is surrounded by residues Trp-102�
(orange), Trp-106� (red), and Tyr-361� (not shown) within the active site of
FTase. The A2 residue also contacts the isoprenoid tail of the FPP analog inhib-
itor FPT-II (purple). The figure was derived from PDB ID 1D8D and adapted
from Reid et al. (9).
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large or charged residues at the A2 position. For example, the
reactivity of FTase with the peptide substrate dns-GCVDS
(kcat/Km � 41 � 5 M�1 s�1) decreased by 4000-fold compared
with dns-GCVLS (21).
To enhance the reactivity of FTase with substrates contain-

ing large amino acids at the A2 position, Trp-102� and Trp-
106� were individually mutated to alanine or valine to reduce
steric bulk while maintaining a nonpolar environment. To ana-
lyze the substrate selectivity of these variants with three target
peptides (dns-GCVGS, dns-GCVLS, and dns-GCVWS) the
specificity constants, kcat/Km values, were measured, as this is
the most relevant parameter for specificity in the presence of
competing substrates (Fig. 2) (30).Mutation of either Trp-102�
or Trp-106� to alanine or valine had minimal effects (�5-fold)
on the value of kcat/Km for peptides bearing either glycine or
leucine at the A2 position, demonstrating that these trypto-
phans are not essential for FTase activity. In contrast, reactivity
with the dns-GCVWS peptide increased (up to 25-fold) as the
steric bulk at Trp-102� or Trp-106� decreased from trypto-
phan (227.8 Å3) to valine (140 Å3) to alanine (88.6 Å3) (31). In
fact, the kcat/Km value of the W102A or W106A variant for
reaction with dns-GCVWS was comparable with that of dns-
GCVLS and within 2-fold of the reactivity of WT FTase with
dns-GCVLS. These data demonstrate that steric clash with the
side chains of Trp-102� and Trp-106� discriminates against
large amino acids at theA2 position of the substrate andplays an
important role in FTase substrate recognition.
To investigate whether the recognition of substrates with

polar side chains at theA2 site of theCA1A2X sequence could be
enhanced by mutations at Trp-102� and Trp-106�, we substi-
tuted histidine for each tryptophan. Mutation of tryptophan to
histidine introduces partial positive character while maintain-
ing the planar geometry and aromatic character of the naturally
occurring tryptophan. The reactivity of the W102H, W106H,
andW102H/W106H FTase variants was comparable to that of
WT FTase (�2-fold decrease) with dns-GCVAS (Fig. 3), a pep-
tide substrate chosen to mimic dns-GCVDS without introduc-
tion of negative charge at the A2 position. In contrast, the
W102�H and W106�H mutations increased the value of
kcat/Km for farnesylation of dns-GCVDS by �10- and 4-fold,
respectively, compared with WT FTase. The effects of these
mutations are roughly additive. The value of kcat/Km for farne-
sylation of dns-GCVDS catalyzed by the double mutant
(W102H/W106H) was �30-fold larger than that ofWT FTase,
leading to a significant alteration in substrate recognition by
this mutant FTase.
Randomization of Trp-102� and Trp-106� and Library

Screening—Despite the enhanced reactivity of the W102H/
W106H FTase variant, the catalytic efficiency for farnesylation
of dns-GCVDS remains approximately 2 orders of magnitude
below the reactivity ofWTFTasewith efficient substrates, such
as the C-terminal sequence of H-Ras (-CVLS) (21). However,
the significant increase in reactivity with dns-GCVDS demon-
strates the importance of Trp-102� and Trp-106� in substrate
recognition and suggests the potential for more substantial
alterations in substrate recognition with other substitutions at
these positions. Therefore, we constructed a library wherein
these two amino acids were randomized through introduction

of NNK codons coding for all 20 natural amino acids. From this
library �1500 colonies were picked to provide coverage of at
least 90% of the 400 possible doublemutations at Trp-102� and
Trp-106� (32). Individual colonies from the 102/106 variant
library were grown in 96-well plates along with one well con-
taining WT FTase (positive control) and one well containing
non-inoculatedmedia (negative control). Cell lysates were then

FIGURE 2. Mutations at Trp-102� and Trp-106� that reduce steric bulk
increase FTase reactivity with dns-GCVWS. a, shown is the kcat/Km value for
prenylation of dns-GCVGS, dns-GCVLS, and dns-GCVWS peptides catalyzed
by WT (solid bar), W102V (checkered bar), and W102A FTase (dotted bar). b,
shown is the kcat/Km value for prenylation of dns-GCVGS, dns-GCVLS, and
dns-GCVWS peptides catalyzed by WT (solid bar), W106V (checkered bar), and
W106A FTase (dotted bar). The measured kcat/Km values are as follows: WT
FTase, 3500 � 300 M

�1 s�1 (dns-GCVGS), 170,000 � 40,000 M
�1 s�1 (dns-

GCVLS), and 5,000 � 1,000 M
�1 s�1 (dns-GCVWS); W102V FTase, 2,390 � 210

M
�1 s�1 (dns-GCVGS), 52,000 � 19,000 M

�1 s�1 (dns-GCVLS), and 14,000 �
3,600 M

�1 s�1 (dns-GCVWS); W102A FTase, 5,000 � 350 M
�1 s�1 (dns-GCVGS),

74,000 � 5,400 M
�1 s�1 (dns-GCVLS), and 130,000 � 21,000 M

�1 s�1 (dns-
GCVWS); W106V FTase, 2,000 � 160 M

�1 s�1 (dns-GCVGS), 34,000 � 770 M
�1

s�1 (dns-GCVLS), and 22,000 � 2,200 M
�1 s�1 (dns-GCVWS); W106A FTase,

4,700 � 250 M
�1 s�1 (dns-GCVGS), 70,000 � 500 M

�1 s�1 (dns-GCVLS), and
87,000 � 11,000 M

�1 s�1 (dns-GCVWS).
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assayed for prenylation activity using an adaption of the well
established fluorescence-based prenylation assay (29). The
farnesylation activity was measured using three peptides: dns-
GCVLS, dns-GCVDS, and dns-GCVKS. dns-GCVLS serves as a
control for the presence or absence of prenylation activity with
a wild-type target protein sequence, whereas reactivity with
dns-GCVDS or dns-GCVKS indicates variants capable of rec-
ognizing substrate sequences with a negative or positive charge
at the A2 site, respectively. Each well was graded for observed
prenylation activity, in comparison to WT FTase with dns-
GCVLS, as described in the “Experimental Procedures” (sup-
plemental Figs. S3–S5). The peptide concentration in these
screening reactions (3 �M) constitutes kcat conditions for dns-
GCVLS and kcat/Km conditions for dns-GCVDS and dns-
GCVKS; although performing all screening reactions under
kcat/Km conditions would be preferable, the peptide substrate
concentrations were dictated by the fluorescence sensitivity of
our cell lysate-based assay.

Unexpectedly, a large fraction (73%) of the variants isolated
from the 102/106 library retain farnesylation activity with dns-
GCVLS that is within 2-fold of the WT FTase activity (Fig. 4).
This result indicates that themajority ofmutations at Trp-102�
and Trp-106� do not severely impact FTase folding, expres-
sion, substrate affinity, or catalytic activity. In contrast, a small
fraction of the variants have gained high reactivity with the
peptides containing a charged amino acid at A2; 111 variants
(7% of the library) and 32 variants (2% of the library) catalyze
farnesylation of dns-GCVDS and dns-GCVKS, respectively,
with a rate that is within 2-fold of that observed for WT FTase
with dns-GCVLS. After this initial screening, variants that
demonstrated the highest activity with dns-GCVDS and dns-
GCVKS were isolated and sequenced. A subset of these variants
was then retransformed into bacteria, and the farnesylation activ-
ity in the lysates was re-measured; all of the hits were reproduced
in this secondary screen (see supplemental Figs. S3–S5).
Sequencing of the successful variants isolated from the 102/

106 library revealed two common themes (Table 1). First and
perhaps not surprisingly, at least one of the two mutations
observed atTrp-102�orTrp-106� leads to charge complemen-
tationwith the chargedA2 residue present in the target peptide:
arginine or lysine is observed in variants active with dns-
GCVDS and glutamate or aspartate in variants that react with
dns-GCVKS. Second, the charged amino acid is accompanied
by mutation of the second tryptophan to either a second
charged group or a smaller amino acid, such as leucine or phe-
nylalanine. Taken together, these two mutations simultane-
ously provide for charge-matching with theA2 side chain while
increasing the size of the active site pocket comparedwithwild-
type FTase. The role of the decreased steric bulk in enhancing
the reactivity of the FTase variants could potentially arise from
multiple factors, such as allowing for solvation of the A2 resi-
due, accommodating alternate side chain conformers at A2,
and/or lowering energetic barriers involved in conformational
changes that occur during the FTase reaction cycle (33).
Reactivity of Active Variants—We selected the most active

variants with each target peptide under the screening condi-
tions to measure the steady-state kinetic parameters, Vmax and
Vmax/Km (Table 2). SDS-PAGE analysis of cell lysates indicates
that the concentrations of all of the variants were within 2-fold
of the concentration of wild-type FTase as a percentage of total
cellular protein (see supplemental Fig. S2). Therefore, signifi-
cant increases in the observed velocities for the variant enzymes
arise from an enhancement in catalytic efficiency (higher values
of kcat and/or kcat/Km) rather than increased expression leading
to higher enzyme concentrations in the cell lysates.
The steady-state kinetic parameters for reaction of the

mutant FTases with dns-GCVDS are significantly improved
compared with the values for WT FTase. Purified WT FTase
catalyzed farnesylation of dns-GCVDSwith values of kcat/Km �
40 M�1s�1 and Km �� 10 �M (Fig. 3); in the cell lysate-based
assay, the reactivity of WT FTase with dns-GCVDS was lower
than the detection limit for reaction velocity of �0.01 nM s�1

(yielding an upper limit for WT FTase reactivity with dns-
GCVDS of Vmax/Km � 0.001 � 10�3 s�1, assuming that 10 �M

dns-GCVDS is subsaturating). In contrast, the substrate-de-
pendent activity of three variants with the highest reactivity

FIGURE 3. Histidine mutations at Trp-102� and Trp-106� enhance FTase
reactivity with dns-GCVDS. a, dependence of activity on the peptide con-
centration catalyzed by WT (circle) and W102H/W106H (square) FTase is
shown. Reactivity was measured with purified enzymes using the fluores-
cence-based assay as described under “Experimental Procedures.” b, shown is
reactivity of W102H, W106H, and W102H/W106H FTases with dns-GCVDS
(solid bar) and dns-GCVAS (checkered bar) relative to WT FTase. Relative reac-
tivity was calculated as (kcat/Km)variant/(kcat/Km)WT with kcat/Km measured as
described under “Experimental Procedures.” The measured kcat/Km values are
41 � 5 and 15,800 � 130 M

�1 s�1 for dns-GCVDS and dns-GCVAS, respectively
(WT FTase), 430 � 30 and 15,700 � 100 M

�1 s�1 (W102H FTase), 160 � 20 and
8,900 � 50 M

�1 s�1 (W106H FTase), and 1,200 � 100 and 9,000 � 50 M
�1 s�1

(W102H/W106H FTase).
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with dns-GCVDS (W102R/W102L, W102L/W102R, and
W102R/W102K) each show curvature with calculated Km val-
ues ranging from 3 to 11 �M and values for Vmax/Km ranging
from0.4� 10�3 to 1� 10�3 s�1 (Fig. 5 andTable 2). Therefore,
mutations at these two positions can increase the catalytic effi-
ciency of FTase for farnesylation of dns-GCVDS by �100-fold.

The initial velocity for farnesylation of dns-GCVKS-cata-
lyzed by WT FTase is linearly dependent on the peptide con-
centration, indicating that the value of Vmax/Km � 0.024 �
10�3 s�1 with Km �� 10 �M. One of the two variants tested,
W102L/W106E, also exhibits a linear dependence on the con-
centration of dns-GCVKS, reflecting Km �� 10 �M. However,
the value ofVmax/Km for this variant is 0.15� 10�3 s�1, a 6-fold
increase compared with WT FTase. In contrast, the W102F/
W106E variant exhibits a Km value for farnesylation of dns-
GCVKS of 1.4 �M (Table 2), suggesting a significant enhance-
ment in peptide binding affinity, and a Vmax/Km value of 1.4 �
10�3 s�1, a 60-fold increase compared with WT FTase.

To prenylate non-natural sequences, such as CVDS or
CVKS, the substrate selectivity of FTase must either expand or
alter. Expansion leads to a “permissive” FTase variant, capable
of prenylating both natural substrate sequences, such as CVLS,
and non-natural target sequences. For example, the W102L/
W106L variant catalyzed prenylation of dns-GCVLS with an
initial velocity of 0.9 nM s�1 that was comparable to the initial
velocity of 1.1 nM s�1 observed in parallel reactions with WT
FTase using a comparable enzyme concentration. In contrast,

FIGURE 4. Activity assays of the 102/106 mutant library reveals both permissive and bioorthogonal variants. a, the reactivity of the 1504 variants in the
102/106 library is plotted as a heatmap, with wells A01-H12 across rows and plates JLH01-JLH16 across columns. White indicates a variant is active, satisfying the
“hit” criteria outlined under “Experimental Procedures.” Each plate contains WT FTase in well A01 and media alone in well A02. For dns-GCVLS, 1095 of 1504
variants (73%) displayed activity; for dns-GCVDS, 111 of 1504 variants (7%) were active; for dns-GCVKS, 32 of 1504 (2%) were active. b and c, shown are initial
rates for prenylation of dns-GCVLS (solid bar), dns-GCVDS (checkered bar), and dns-GVKS (dotted bar) measured with WT FTase, and active variants are identified
in the initial screen. Bars marked with an asterisk (*) denote initial velocities below the detection threshold (�0.01 nM s�1) of the cell lysate-based assay. b,
selectivity of variants that react with dns-GCVDS is shown. WT FTase displays activity with dns-GCVLS, no reaction with dns-GCVDS, and limited reactivity with
dns-GCVKS. The W102L/W106L variant exhibits permissive activity with dns-GCVDS as defined under “Results”; the W102R/W102L, W102K/W106L, and
W102R/W106K variants display bioorthogonal reactivity with dns-GCVDS. c, selectivity of variants with enhanced reactivity with dns-GCVKS. The W102L/W106E and
W102F/W106E variants exhibit permissive reactivity with dns-GCVKS, whereas the Trp-102D/W106E displays bioorthogonal reactivity as defined under “Results.”

TABLE 1
102/106 library variants identified in primary and secondary screens
that catalyze farnesylation of dns-GCVDS and dns-GCVKS with
enhanced efficiency
Charged residues are highlighted in bold.

Reactive with
dns-GCDVS

Reactive with
dns-GCVKS

102 106 102 106

Leu Arg Leu Glu
Arg Leu Asp Glu
Lys Arg Phe Glu
Asn Arg Thr Gln
Lys Tyr Ser Asp
Arg Val Ile Asp
Lys Asn
Lys His
Lys Ile
Ile Lys

Tuning FTase Selectivity through Active Site Mutations

NOVEMBER 2, 2012 • VOLUME 287 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 38095



W102L/W106L FTase catalyzed farnesylation of dns-GCVDS
�100-fold faster than WT FTase (Fig. 4, Table 2). This muta-
tion allows more permissive substrate recognition, illustrating
that mutations do not necessarily lead to the loss of reactivity
with naturally occurring substrates. Alternatively, in a
“bioorthogonal” variant, FTase switches substrate specificity to
the target peptide at the expense of reactivity with the natural
substrate, as exemplified by the W102R/W106L variant. For
this enzyme the initial velocity for farnesylation of the dns-
GCVDS target peptide was increased from undetectable with
WT FTase to 1.9 nM s�1, whereas the reactivity with the dns-

GCVLS control peptide was decreased 4-fold (0.24 versus 1.1
nM s�1 for WT FTase), leading to an alteration in the ratio of
reactivity with the two substrates that is �30,000-fold.4 Fur-
thermore, the differential reactivity of these two variants indi-
cates that the roles of Trp-102� and Trp-106� in substrate rec-
ognition are not redundant within the FTase active site.
As these data demonstrate, mutating Trp-102 and Trp-106

can drastically alter the peptide substrate selectivity of FTase.
These same mutations may also relax the selectivity of FTase
for FPP compared with GGPP. For example, mutation of Trp-
102 to threonine enhances the reactivity of FTase with larger
prenyl donor cosubstrates, such as GGPP or biotin-geranyl
pyrophosphate (22, 23). To determine if the FTase variants
selected in this work also exhibit broadened co-substrate selec-
tivity, the reactivity of five variants with significantly altered
peptide selectivity (W102R/W106L, W102L/W106R, W102R/
W106K, W102L/W106E, and W102F/W106E) were measured
with GGPP as the cosubstrate. None of the variants exhibited
observable prenylation of dns-GCVLS, dns-GCVDS, or dns-
GCVKS with GGPP, suggesting that the mutations at Trp-102
and Trp-106 in these variants do not significantly alter FTase
selectivity for FPP over GGPP.
Testing Variant FTase Activity under in Vivo Conditions—

The variants developed herein catalyze farnesylation of non-
natural peptide sequences efficiently in in vitro assays. How-
ever, the screening conditions used to identify these variants are
significantly different from those that would be encountered
within mammalian cells. For example, the FPP concentration
(10 �M) is several orders of magnitude higher than the best
estimates for the in vivo FPP concentration (34). Similarly, the
concentrations of the protein substrates in vivo are likely signif-
icantly lower than the �M range, and in vivo there is a complex
mixture of potential substrate and non-substrate proteins
within the mammalian proteome.
To evaluate farnesylation of substrates within a biologically

relevant context, we imaged the localization of a fluorescent
fusion protein expressed in HEK293T cells (Fig. 6). The fluo-
rescent fusion protein consists of a red fluorescent protein

4 Change in reactivity ratio is calculated as (Adns-GCVDS/Adns-GCVLS)variant/
( Adns-GCVDS/Adns-GCVLS)WT, with A denoting farnesylation activity (e.g. initial
velocity, kcat/KM�) of a given FTase with the target peptide. Initial velocities
were used for library variants, and kcat/KM� values of 40 and 1.7 � 105

M
�1s�1 were used for WT FTase activity with dns-GCVDS and dns-GCVLS,

respectively.

TABLE 2
Steady-state kinetic parameters for farnesylation of dns-GCVDS and dns-GCVKS catalyzed by WT and variant FTases
FTase variant concentrations in cell lysate reactions are estimated to be�5 nM, based on the initial velocity observed for the cell lysate-based prenylation of dns-GCVLS by
WTFTase (1.1 nM s�1) at 3�Mdns-GCVLS and themeasured value of kcat/Km of 1.7� 105 M�1s�1 forWTFTase with dns-GCVLS (21). The dash denotes “not tested.” ND,
not determined.

FTase Reaction with dns-GCVDS Reaction with dns-GCVKS
Vmax/Km Vmax Km Vmax/Km Vmax Km

10�3 s�1 nM s�1 �M 10�3 s�1 nM s�1 �M

WT �0.001a ND �� 10 0.024 � 0.001 � 0.2 ��10
W102RW106L 0.8 � 0.1 7 � 1 9 � 2 � � �
W102LW106R 1.0 � 0.2 3.2 � 0.5 3 � 1 � � �
W102RW106K 0.44 � 0.03 4.8 � 04 11 � 2 � � �
W102LW106E � � � 0.15 � 0.01 � �2 � 10
W106F W106E � � � 1.4 � 0.4 1.9 � 0.2 1.4 � 0.5

a WT FTase activity with dns-GCVDS estimated based on a limit of detection for initial veloity of 0.01 nM s�1 and assumption that reaction of WT FTase with dns-GCVDS is
under subsaturating (Vmax/ Km) conditions at 10 �M dns-GCVDS.

FIGURE 5. Evaluation of the reactivity of WT FTase and FTase variants
with target peptides. Initial velocities were measured for WT FTase and
selected FTase variants in the cell lysate-based fluorescence assay at four
peptide concentrations, as described under “Experimental Procedures.” a,
initial velocity for reaction with dns-GCVDS is shown; squares, WT FTase; cir-
cles, W102R/W106L variant; triangles, W102L/W106L variant; inverted trian-
gles, W106L/W106K variant. B, initial velocity for reaction with dns-GCVKS is
shown; squares, WT FTase; circles, W102F/W106E variant; inverted triangles,
W106L/W106E variant.
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(TagRFP) with an appended C-terminal tail containing the
upstream sequence ofH-Ras (-KLNPPDESGPGCMSC-) termi-
nating with one of four GCA1A2X sequences: -GCVLS, -GS-
VLS, -GCVDS, -GCVKS. Similar fusion proteins constructed
with GFP have been used successfully in other studies to follow
protein localization in the presence and absence of prenylation
pathway modifications (35–37). The TagRFP-CAAX fusion
proteins were co-expressed with either WT FTase or FTase
variants selected for reactivity with dns-GCVDS (W102R/
W106L) or dns-GCVKS (W102F/W102E) using mammalian
dual expression (pCAF2) vectors (see “Experimental Proce-
dures” and supplemental Fig. S1).

Expression of the unmodified TagRFP fluorescent protein
yields diffuse fluorescence throughout the cell, consistent with
the lack of cellular localization reported previously for this pro-
tein (Fig. 6) (38). The fusion protein terminating with -CVLS
(TagRFP-CVLS) exhibits localization to cellular membranes,
consistent with previous studies of prenylated protein localiza-
tion using GFP fusion constructs (35–37). A fusion protein
wherein the cysteine of the farnesylation target sequence is
mutated to a serine to block farnesylation (TagRFP-SVLS) dis-
plays diffuse fluorescence, indicating that protein farnesylation
is required for the localization observed with TagRFP-CVLS.
When a fusion protein terminating in a sequence-containing
aspartate at the A2 position (TagRFP-CVDS) is co-expressed
with WT FTase, the fusion protein again displays diffuse fluo-
rescence, consistent with an absence of farnesylation of this
sequence (Fig. 6d). However, co-expression of TagRFP-CVDS
with the W102R/W106L FTase variant results in a marked
change in fluorescence localization, suggesting that introduc-
tion of the W102R/W106L variant leads to fusion protein
farnesylation. Similarly, TagRFP-CVKS exhibits diffuse fluo-
rescence when co-expressed with WT FTase, but localization
to cellular membranes is observed when the W102F/W106E
FTase variant is co-expressed (Fig. 6e). This functional comple-

mentation of the farnesylation defect caused by mutations at
the A2 position confirms the ability of the FTase variants from
the 102/106 library to functionwithin the cellular environment.
Furthermore, the ability of FTase variants to rescue prenylation
of a protein unreactive withWTFTase constitutes the first step
toward developing a synthetic prenylation pathway functioning
in parallel to the natural pathway within the cell.

DISCUSSION

The preference of FTase for moderately sized nonpolar
amino acids at the A2 position of the CA1A2X motif has been
recognized from the earliest identification of prenylated pro-
teins (3). The hydrophobic, tightly packed A2 binding pocket
recognizes amino acids based on both polarity and size, leading
to a preference formoderately sized nonpolar amino acids such
as valine, isoleucine, and leucine (9, 21). The effects of altering
the structure of this pocket on FTase peptide selectivity have
remained a largely unanswered question. Given the biological
role of FTase in which it must act upon a wide range of sub-
strates while simultaneously avoiding aberrant modification
of non-substrates, defining how peptide binding site muta-
tions impact FTase substrate selectivity will aid in under-
standing the molecular recognition performed by this mul-
tisubstrate enzyme.
Mutagenesis of the conserved side chains, Trp-102� and

Trp-106�, demonstrates that these side chains are important
for the discrimination against large or polar amino acids at the
A2 position of the canonical CA1A2X sequence. Furthermore,
the substrate selectivity of FTase can be facilely tuned by two
single sitemutationswithin the FTase active site. This plasticity
in substrate selectivity is remarkable in both the small number
of mutations required to significantly alter specificity and the
range of amino acids that can be tolerated at the A2 position of
the substrate by FTase variants, including those bearing bulky
and charged side chains. Furthermore, the ability of mutations
at these two active site residues to radically alter FTase speci-
ficity without loss of activity suggests that other binding inter-
actions (second shell or further) play aminor role in controlling
FTase substrate selectivity at the A2 position.

Similar changes in substrate selectivity have been attempted
in other protein-modifying enzymes such as trypsin, chymo-
trypsin, thrombin, and the bacterial endopeptidaseOmpT (39–
42). In comparison to FTase, altering the substrate selectivity in
these proteases required a larger number of mutations, reflect-
ing a more diffuse array of interactions involved in substrate
recognition. For example, altering trypsin specificity to mirror
chymotrypsin requires the substitution of two surface loops on
trypsin with their chymotrypsin counterparts in addition to
mutations in the substrate binding site that directly interact
with the aromatic or positively charged amino acid defining the
proteolytic cleavage site (39). The mutagenesis experiments
with thrombin and OmpT focused on switching the enzyme
specificity from the natural sequence to a new substrate. Con-
sequently, the potential to broaden the specificity of these pro-
teases to include new substrates whilemaintaining activity with
natural substrates (the equivalent of the permissive FTase vari-
ants developed in this study) is unknown. In a study using phy-
logeny and gene synthesis to recreate an ancestral precursor of

FIGURE 6. Fluorescent fusion protein localization confirms the in vivo
activity of FTase variants. Mammalian expression vectors encoding TagRFP
or TagRFP with a C-terminal extension terminating in a -CVA2S sequence in
combination with a FTase variant were transfected into HEK293T cells and
imaged as described under “Experimental Procedures.” a, shown is tag RFP
alone, no FTase co-expressed. b, shown is TagRFP-CVLS co-expressed with WT
FTase. c, shown is TagRFP-SVLS co-expressed with WT FTase. d, shown is
TagRFP-CVDS co-expressed with either WT FTase or W102R W106L FTase. e,
shown is TagRFP-CVKS co-expressed with either WT FTase or W102F/W106E
FTase.
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a group of serine proteases, Wouters et al. (43) found that a
large number of mutations were required to generate a “prim-
itive” serine protease with broadened specificity. Thus, the ease
of altering FTase selectivity and the ability of this enzyme to
expand its substrate manifold without losing overall activity is
remarkable compared with other reported examples.
FTase is an example of a “multispecific” enzyme, as defined

byKhersonsky andTawfik (45) and others (44), that has evolved
to act upon a wide range of potential substrates. The require-
ment to react withmultiple substrates while maintaining selec-
tivity against non-substrates presents a formidable molecular
recognition challenge, one that requires both flexibility and
fidelity. The first step toward understanding howFTase accom-
plishes this task is to delineate the interactions involved in rec-
ognizing protein substrates and to then define the contribution
(positive or negative) of each interaction to binding and catal-
ysis. Structural studies of FTase and geranylgeranyltransferase
type I have provided a list of interactions proposed to partici-
pate in peptide substrate recognition (9), such as hydrogen-
bonding interactions of the C-terminal acid group with con-
served residues within the FTase and geranylgeranyltransferase
type I active sites, the interaction of the cysteine side chain with
the catalytic zinc ion, and the residues that form the binding
sites contacting the A2 and X residues. Some of these interac-
tions, including the cysteine-zinc coordination and the hydro-
gen bonding between the C-terminal carboxylate and con-
served active site residues, provide energetic stabilization of
substrate binding and can be considered “positive” in that they
select for substrates (9, 46). In contrast, interactions with Trp-
102� andTrp-106� lead to substrate selectivitymainly through
unfavorable interactionswith polar and large amino acids at the
A2 position leading to “negative” discrimination against non-
substrates. The observation that the large majority of the 102/
106 variant library retains near-WT activity with dns-GCVLS
indicates that the interactionswithTrp-102� andTrp-106� are
not essential for catalyzing prenylation of this natural sequence.
Based on these findings, we propose that FTase combines pos-
itive (pro-substrate) and negative (anti-nonsubstrate) interac-
tions to recognize a broad range of potential substrates to fulfill
the functional requirement for multispecificity.
Protein prenylation is a widespread modification across

eukaryotic biology, from animals to plants to yeast (2, 3, 47).
The ability of mutations at Trp-102� and Trp-106� to alter
FTase substrate selectivity suggests that sequence variation at
these positionsmay provide for changes in FTase selectivity and
divergent prenylated proteomes between different organisms.

To explore this possibility, we performed a sequence alignment
of available FTase � subunits to assess the conservation of Trp-
102� and Trp-106� across eukaryotes (Fig. 7 and supplemental
Fig. S6). ClustalW alignment of FTase � subunits from 59
organisms indicates high conservation of both Trp-102� (96%)
and Trp-106� (100%), suggesting that these residues are func-
tionally required for FTase activity. However, the robust
expression and catalytic activity of the variants within the 102/
106 library indicates that FTase can tolerate a wide range of
mutations at Trp-102� and Trp-106� while maintaining activ-
ity with naturally occurring substrates. Furthermore, muta-
tions at Trp-102� and Trp-106� expand the pool of FTase sub-
strates by relaxing discrimination against large or polar amino
acids at theA2 position. These effects on relative substrate reac-
tivity rather than overall FTase activity suggest that the conser-
vation of Trp-102� andTrp-106� reflects an evolutionary pres-
sure to maintain substrate selectivity and to limit the extent of
prenylation within the proteome.
Protein prenylation modifications are essential for the

proper function of many proteins involved in signaling path-
ways and other cellular processes. The prenylation pathway
includes three steps: prenylation of the CAAX sequence fol-
lowed by proteolysis of the -AAX sequence and then methyla-
tion of the C-terminal carboxylate. Although the enzymes in
the prenylation pathway are well known, the specific impact of
each modification on the localization and function of a specific
target protein has been difficult to define. Numerous studies
employing either inhibition and/or knockouts of prenylation
pathway enzymes indicate that each modification step can be
essential for substrate protein localization and function (35, 36,
48–50). However, these experiments eliminate modification of
all of the prenylated proteins, leading to an undefined alteration
of the membrane environment and cellular function. The
effects of blocking prenylation of a single protein can be ana-
lyzed by substituting a serine for the cysteine in the CAAX
sequence, but this does not allow individual analysis of each
step in the prenylation pathway. Ideally, the effects of preny-
lation pathway modifications on a target protein should be
analyzed in the background of an otherwise unperturbed cell.
The FTase variants developed herein provide a gateway toward
this approach by employing cognate non-natural CA1A2X
sequence/FTase variant pairs to control the prenylation state of
the target protein by transfection with a single vector. These
FTase variants can also be used to “bypass” the natural FTase
selectivity to probe the selectivity of downstream enzymes in
the prenylation pathway (such as the CAAX protease Rce1) in a

FIGURE 7. Trp-102� and Trp-106� exhibit high conservation across multiple eukaryotic kingdoms. ClustalW alignment of FTase � subunit sequences
from 59 organisms spanning animals, plants, and fungi reveals that both Trp-102� (96%) and Trp-106� (100%) are highly conserved. In the alignment, Trp-102�
and Trp-106� are highlighted in bold.
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systemic fashion and to identify specific interactions involved
in recognizing prenylated protein substrates. The “bioengi-
neered” prenylation pathways will allow well defined studies of
the effects of prenylation pathway modifications on protein
structure, localization, and function.
Understanding the role of prenylation in controlling cellular

function requires defining both the extent of the prenylated
proteome and the effects of each prenylation pathway modifi-
cation on protein localization and function. Extensive bio-
chemical, structural, and computational studies have led to the
identification of a large (and growing) pool of potential sub-
strates for FTase and geranylgeranyltransferase type I, but
development of improved models for predicting prenyltrans-
ferase substrates requires functional characterization of the
specific enzyme-substrate interactions that engender substrate
selectivity. Interactions betweenTrp-102� andTrp-106� in the
FTase active site and theA2 residue of theCA1A2X sequence are
the primary determinants for selectivity at this residue, with
these interactions discriminating against large and polar amino
acid side chains. Mutagenesis of Trp-102� and Trp-106� sig-
nificantly expands the substrate selectivity of FTase, revealing
that molecular recognition in this enzyme is exquisitely
dependent on a small number of discrete active site interac-
tions. These FTase variants provide an opportunity to investigate
the extent, selectivity, and impact of individual prenylation path-
way modifications on protein localization and function without
global perturbation of the endogenous prenylation pathway.
Such studies offer the potential to identify and functionally dis-
sect the substrates responsible for the efficacy of prenylation
pathway inhibitors on diseases such as cancer (6).
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