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ABSTRACT. The zinc metalloenzyme protein farnesyltransferase (FTase) catalyzes the transfer of a 15-
carbon farnesyl moiety from farnesyl diphosphate (FPP) to a cysteine residue near the C-terminus of a
protein substrate. Several crystal structures of inactive FIFB&peptide complexes indicate that K164
interacts with thex-phosphate and that H24&nd Y30@ form hydrogen bonds with thé-phosphate of

FPP [Strickland, C. L., et al. (1998jiochemistry 3716601-16611]. Mutations K1644, H248A3, and

Y300F3 were prepared and analyzed by single turnover kinetics and ligand binding studies. These mutations
do not significantly affect the enzyme affinity for FPP but do decrease the farnesylation rate constant by
30-, 10-, and 500-fold, respectively. These mutations have little effect on the pH and magnesium dependence
of the farnesylation rate constant, demonstrating that the side chains ot KYB0Q3, and H24® do

not function either as general aeidase catalysts or as magnesium ligands. Mutation of f248 Y30@,

but not K164, decreases the farnesylation rate constant using farnesyl monophosphate (FMP). These
data suggest that, contrary to the conclusions derived from analysis of the static crystal structures, the
transition state for farnesylation is stabilized by interactions between-heosphate of the isoprenoid
substrate and the side chains of YBQthd H24@. These results suggest an active substrate conformation

for FTase wherein the C1 carbon of the FPP substrate moves toward the zinc-bound thiolate of the protein
substrate to react, resulting in a rearrangement of the diphosphate group relative to its ground state position
in the binding pocket.

Protein farnesyltransferase (FTdsegtalyzes the transfer  of modifications also includes the related geranylgeranyla-
of a 15-carbon isoprenoid chain from farnesyl diphosphate tion, N-myristoylation, ands-acylation. Farnesylation of the
(FPP) onto a cysteine sulfur of protein substrai@sHrotein protein C-terminus increases its hydrophobicity, which
substrates of FTase contain a C-terminal CaaX motif, whereincreases the affinity of the protein substrate for the cell
C is the farnesylated cysteine and the X residue is frequentlymembrane and is likely also important in protejprotein
a methionine, serine, alanine, or glutami@e Farnesylation interactions of a number of the protein substrat&sy).
is one form of posttranslational protein lipidation; this class Therefore, these modifications play an important role in cell

signaling by controlling localization and function of signaling

P . . molecules. Known substrates of FTase include H-Ras, K-Ras,
GMA060Z (CAF ) and GM46372 (PL.C., Nationl Ingitutes of iealth N-Ras, RhoB, CENP-E, and CENP-F. The short-circiting
Postdoctoral Training Grant F32 CA84757 (K.E.B.), and National of signaling in the cell by farnesyltransferase inhibitors (FTIs)

'“Sf“T“teshOf Health Tra"éing Graﬁ“ (|3 dMSSS%Zi (J-S-F;-)-E I fene @S been a tremendous area of research in the past 10 years,
L xhom correspondence should be addressed. E-mall: fletke@ 1o 4ing to several compounds currently in clinical trials for

* University of Michigan. the treatment of human cancef 7).

® Duke University Medical Center. FTase is ar/f heterodimer that contains an active site
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Department of Life Science, National Tsing Hua University, Hsinchu, Z!N¢ 10N that is essential for activityd{-10). The zinc ion

Taiwan. coordinates the cysteine sulfur of the protein substrate and
. lhAbbLeviations: FTase, prgtein fﬁfTeiyltragsferhasde; FrI]DIP, O1|‘arrlesyl lowers the thiol K, from 8.1 to 6.4, creating a reactive
iphosphate; TCEP, tris(2-carboxyet osphine rochloride; Dns- thi i indi

GF(’:VLg o atad per(]tapepti Xy GI;’_)prs_V%I_Leu_ySer; Drrin e thiolate at neutral pH1(L, 12). Available data indicate that
dithiobis(2-nitrobenzoic acid); 12, FPT inhibitor II; HEPES, 4-(2- the FTase-catalyzed reaction proceeds by an associative
hydroxyethyl)-1-piperazineethanesulfonic acid; DTT, dithiothreitol; mechanism with dissociative character, so that, in the
FPLC, fast protein liquid chromatography; SBBAGE, sodium transition state, the C1 on FPP has carbocation character and

dodecyl sulfate-polyacrylamide gel electrophoresis; Mes, N+thor- ; ; i i
pholino)ethanesulfonic acid; Bebl,N-bis(2-hydroxyethyl)-2-amino- the diphosphate leaving group develops additional negative

ethanesulfonic acid; Bicindy,N-bis(2-hydroxyethyl)glycine; Heppso, charge {3, 14).
N-(2-hydroxyethyl)piperaziné¥-hydroxypropanesulfonic acid?H]- Magnesium ions accelerate the farnesylation rate constant

FPP, tritium-labeled farnesyl diphosphate; TLC, thin-layer chromatog- _ ; ; Y.
raphy; CPM, counts per minute®H]FMP, tritium-labeled farnesyl 700-fold (13). The divalent magnesium ion is proposed to

monophosphate; FRET, fluorescence resonance energy transfer; EDTACOOrdinate Wi.tl'_‘ t_he nonbridgi_ng oxygens of the diphPSPhate
(ethylenedinitrilo)tetraacetic acid; RMSD, root mean square deviation. of FPP, stabilizing the leaving group by neutralizing the
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negative charge and promoting the development of positive farnesylation using FMP as a substrate, suggesting that the
charge at C1. The magnesium affinity of FTase increaseshydroxyl of Tyr30Q stabilizes the transition state by forming
with pH with a K, of 7.4, presumably reflecting the a hydrogen bond with thex-phosphate rather than the
deprotonation of the FPP diphosphate to enhance magnesiung-phosphate as observed in the crystal structures. Further-
coordination 15). The crystal structure of FTase with the more, the data provide compelling evidence that Lysl64
FPP analogue FPT inhibitor Il (12) and a K-Ras4B peptide does not interact with the-phosphate, while His248has
shows a manganese ion in the diphosphate binding pocketa partial interaction with the-phosphate. Together, our data
of FTase, but the absence of a diphosphate group on the IZndicate that FTase residues Lyst64#is2483, and Tyr30@3
analogue prevents accurate identification of the magnesiumfunction to both hold the FTase-bound FPP in an active
binding site (6). The amino acids of the diphosphate binding conformation, where the C1 of FPP is in the correct position
pocket of FTase are not the typical protein acidic residues to facilitate the reaction with the thiolate nucleophile, and
that coordinate magnesium. Crystallographic analysis of thelower the energy of the transition state by stabilizing the
FTaseFPPCVFM complex shows that residues Lysb64  formation of negative charge on the diphosphate leaving
His2483, Arg2913, Lys2943, and Tyr30@ form a positively group.
charged ppcket with extensive hydrogen-bonding interactions EXPERIMENTAL PROCEDURES
with the diphosphate oxygens?®). i

Although FTase has been well characterized by X-ray _Miscellaneous Method#\ll assays were performed at 25
crystallography, the crystal structures of the ternary com- C- All curve fitting was performed with Kaleidagraph
plexes (FTas&PPpeptide analogue or FTas®P analogue  (Synergy Software) *H]FPP was purchased from Amersham
peptide) reflect an inactive substrate conformation where the Pharmacia Biotech (Piscataway, NJ), vacuum-dried, washed
two reacting atoms, the C1 of FPP and the cysteine sulfur With 100% methanol, and resuspended in 20 mM Heppso,
of the peptide, are ove? A apart (6—18). A recent crystal ~ PH 7.8, and 0.5 mM 3-14 zwittergent, to a final concentration
structure of the FTastarnesylated peptide complex reveals ©f 20 uM. [*HJFMP was obtained from American Radio-
that the farnesyl moiety of the product undergoes a confor- labeled Chemicals, Inc. (St. Louis, MO). The peptides
mational twist in order to form a thioether bond with the GCVLS and dansylated-GCVLS were synthesized and HPLC
peptide sulfur £9). These structural snapshots of the begin- Purified by Bethyl Laboratories, Inc. (Montgomery, TX), and
ning and end points of the reaction provide a framework for the University of Michigan Peptide Core (Ann Arbor, MI),
biochemical and computational studies to address the strucTeSPectively. The concentration of peptide was determined
tural nature of the transition state and the active conformation SPectroscopically at 412 nm by reaction of the cysteine thiol
of the FPP substrate. Mutagenesis of the diphosphate binding/ith 5,5-dithiobis(2-nitrobenzoic acid) using an extinction
pocket is a logical place to begin these studies, since noneCoefficient of 14150 M* cm™ (22). FTase concentration
of the FTaseproduct crystal structures capture the position Was determined by absorbance at 280 nm using an extinction
of the diphosphate moiety prior to its dissociation from the Coefficient of 150000 M* cm™ (23). FPT inhibitor 1 (12)

complex. was purchased from Calbiochem-Novabiochem Corp. (San
The diphosphate binding pocket of FTase consists prima- Di€go, CA).
rily of residues Lys16d, His2483, Arg2913, Lys2943, and Preparation of FTaseMutagenesis of the FPT/pET23a

Tyr30Q5. Previous work has shown that mutation of TyrB00  plasmid was performed using the QuikChange site-directed
to Phe (Y300PB), Lys164x to Ala (K164Ax), and His248 mutagenesis kit (Stratagene) with the following codon
to Ala (H248A03) decreases the rate of chemistky{.) 500- changes: Lysl@fAla, AAA to GCA,; His248Ala, CAC
fold, 40-fold, and 10-fold, respectively2Q, 21). Tyr30Q5 to GCC; Tyr30@Phe, TAC to TCC. The changes were
and Lys164 have been proposed to act as general-acid confirmed by DNA sequencing (University of Michigan
base catalysts on the basis of alterations in the pH depen-DNA Sequencing Core). Recombinant rat FTase was over-
dence of steady-state kinetics of the mutants compared toexpressed ifescherichia colBL21(DE3) cells and purified
wild-type FTase 12, 20). Lys164x has also been implicated as described previously, with the changes noted beR#ljv (
in binding the peptide CaaX motif and is the only residue The second phenyl column was omitted, and the final phenyl-
from the o subunit proposed to be important for FTase Sepharose column was run in a@ M KCI gradient. After
catalysis 21). each column, the protein fractions were tested for FTase
In this study, we further investigate the catalytic function activity in a 96-well plate. Each well contained 50 mM
of residues in the diphosphate binding pocket. In particular, Heppso, pH 7.8, 5 mM MgG| 1 mM TCEP, 0.2uM FPP
we examine the properties of the FTase active site mutants(Sigma), 1uM Dns-GCVLS, and 1Q:L of protein sample
K164Aa, H248A35, and Y300IB using ligand binding studies (100 uL total volume). The relative fluorescence of each
and transient kinetics. The use of transient kinetics allows fraction was detected directly after the addition of Dns-
for isolation of the chemical rate constakintn), so that the GCVLS by the Polarstar Galaxy fluorescence platereader
effect of pH and magnesium ion concentration on the (BMG Lab Technologies, Durham, NGz = 320 nm,Aem
chemical step of the reaction can be directly studied. =520 nm). FTase eluted in two peaks from the final phenyl-
Mutations at these sites have no effect on the magnesiumSepharose column, the first peaklaM KCI and the second
dependence of the chemical step, the magnesium-dependerieak 40 M KCI. Substrate binding studies with Dns-GCVLS
pKa, nor the enzyme-bound peptide thiddpdemonstrating  demonstrated that the FTase isolated in the first peak has a
that these side chains neither function as general-diade contaminant bound at the active site (data not shown);
catalysts of the farnesylation step nor do they coordinate thetherefore, the second peak was used in all studies. The
catalytic magnesium ion. However, these mutations do resultpurified FTase was determined by SBBAGE to be>90%
in clear and differential effects on the rate constant for pure. The protein from peak 2 was dialyzed against HT buffer
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(50 mM Hepes, pH 7.8, 1 mM TCEP), concentrated te-40  both wild-type and mutant FTas&5) (data not shown). The
60 uM, and frozen at-80 °C. assays were done as described above*itjHPP. The TLC
Transient KineticsSingle turnover assays were performed plates were run in a 7:2:1 (v/v/v) 2-propanol/dbH/H,O
for FTase mutants K164#& H248A3, and Y300 at mobile phase, and eq 1 was fit to the data.
varying magnesium concentration (all mutants) and pH Peptide Binding AffinityThe K, of the peptide substrate
(K164Ao and Y300IB) as described previousii). The thiol was determined as previously described by measuring
reaction pH was varied between 5.5 and 9.0 using the the affinity of FTase2 for dansyl-GCVLS as a function of
following buffers (50 mM): Mes-NaOH (pH 5.5, 6.1), pH (11). The binding of dansyl-GCVLS to FTase was
Bes—NaOH (pH 6.5, 7.0), HeppseNaOH (pH 7.8, 8.0), observed by FRET (fluorescence resonance energy transfer),
and Bicine-NaOH (pH 8.3, 9.0). The MgGlconcentration  where the tryptophan residues of FTase are excited at 280
was varied from 0.01 to 60 mM. The ionic strength in the nm and the bound dansyl group emits at 496 nm. The
reactions was kept constant at 0.2 M with the addition of samples were prepared with the pH buffers described above
NaCl, and 1 mM TCEP was used as a reductant. Reactions(50 mM), 2 mM TCEP, 1 mM MgGl 40 nM 12, 20 nM
with farnesylation rate constants of less than 0:1wgere K164Aa or Y300F3 FTase, and 10 nM EDTA. The ionic
measured manually using O/ FTase, 0.4«M [3H]FPP, strength of the samples was maintained at 0.1 M with NaCl.
and 100uM GCVLS (8 uL reaction volume). FTase was The sample was preincubated for 15 min, and then aliquots
preincubated with®H]FPP for 15 min, and then the reaction of Dns-GCVLS (0-4 uM) were added wh a 2 min stirred
was initiated by addition of GCVLS. The reactions were and a 1 min unstirred incubation prior to each measurement.
quenched at varying times (3 s to 3 h) by the addition of 8 A weighted fit of eq 4 to the data at each pH yielded the
uL of cold 2-propanol and placed on ice. For reactions with apparent dissociation constants, whafeL represents the
product formation rate constants faster than 0*1a&KinTek observed fluorescence corrected for background, EP is the
rapid quench apparatus was used (KinTek Corp., Austin, fluorescence end point, IF is the initial fluorescence, [Pep]
TX). The 30uL reactions contained 0,2Vl FTase, 0.1uM is the concentration of Dns-GCVLS, ad"™ is the appar-
[*H]FPP, and 10@M GCVLS. The reactions were quenched ent dissociation constant for Dns-GCVLS. To calculate the
with 80% 2-propanol and 20% acetic acid at varying times thiol pK, from the pH dependence of Dns-GCVLS binding,
(0.005 to 600 s), then dried under vacuum, and resuspendedhe K2Pas a function of pH was fit by eq 5, whekg is the
in 50% 2-propanol. maximum dissociation constant for Dns-GCVL%pwas
The product was separated from substrate by thin-layer set as the K, of the free peptide thiol (8.1), andp, is the
chromatography on polyester-backed silica gel plates (What-pK, of the enzyme-bound peptide thiol.
man PE SIL G) with an 8:1:1 (v/v/v) 2-propanol/NEH/
H,O mobile phase. The product migrates in this mobile EP

phase, but the FPP substrate remains at the origin, so the AFL = 1+ Kapp/[Pep]+ IF (4)

plates were cut accordingly and the radioactivity was D

quantified by scintillation counting. The radioactivity in the Ko(1+ 1dgH_pKa1)

product was divided by the total radioactivity for each time Kaep — D (5)

point to calculate percent product formed. The rate constant P 1+ 10°H PK=

for product formation K,,) was determined by fitting eq 1

to these data, wher®, is the product formed at timeand FPP Binding Affinity. FPP dissociation constants were

P., is the calculated reaction end point, which varied from determined by equilibrium dialysis in 50 mM Heppso

65% to 90%. NaOH, pH 7.8, 5 mM MgGl, 5uM ZnCl,, and 1 mM TCEP

as described previouslyl®). One side of the dialysis

5 —1— g Knd (1) membrane contained 1 mL of 20 nMH]FPP, while the
P, opposite side contained 1 mL of mutant FTaseZ00 nM).

) _ After being shaken at 4C for 24 h, duplicate aliquots of

The magnesium dependence at each pH was determined gg 4L were withdrawn from each chamber and analyzed
by plotting the keps against the MgGl concentration and  py Jiquid scintillation counting. Dissociation constants for
fitting eq 2 to the dataKyy represents the apparent ppp KPP \ere calculated using a nonlinear least-squares
dissociation constantkys, is the rate constant of the fit of eq 6 to the data, where FEPP] is the concentration of
reaction at saturating magnesium concentration kaigithe enzyme-bound FPP, [FRR]s the total concentration of FPP
rate constant of the reaction in the absence of magnesiumin the chamber containing FTase, {EJis the concentration
The magnesium-dependenpwas determined for the  of free enzyme, and EP is the maximal ratio of bound FPP
mutants K164A and Y300 using a weighted fit of eq 3 g total FPP.
to the data, Wherd!(g’}gzJ is the pH-independent magnesium

binding constant. [E-FPP] EP ©)
kM9 [FPPlet 1+ KEP7[Elee
kps= -1tk )
1+ Kyg/Mg™] RESULTS
K&%pz K%g(le 103Ka*pH) (3) Mutagenesis of the Diphosphate Binding PocKet.

determine the influence of specific amino acids in the
Reaction with FMP.The reactions with3H]FMP were diphosphate binding pocket on the farnesylation rate constant,
performed at pH 6.1, the optimum pH of the reaction for residues K164, H2483, and Y30@ were mutated to remove
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Scheme 1
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Table 1: Kinetic Constants of FTase Mutants

FTase Kena (S72)2 ko (s Kpy' ™ (nM) KEES(mye K2 (mMm) Kepam (S
wild type 10+ 19 (1.6+£0.8) x 1072 6.5+ 1.7 62+ 8 2.0+ 0.2 (6.84+0.2)x 104
K164Aa 0.33+£0.01 (5.7£0.2)x 104 254+ 0.7 70+ 6 2.3+ 0.1 (5.6+ 0.5) x 1074
H248A8 0.99+ 0.06 (1.0£0.1) x 1073 14+2 ND 3.44 0.2 (1.44+0.07)x 104
Y300/3 (1.96+ 0.04) x 102 (2.0£0.4) x 104 20+ 10 50+ 8 0.9+0.1 (2.3£0.3)x 10°®

akmax is the pH-independent rate constant for product formation at saturating concentrations of Mg@ the rate constant for product
formation in the absence of MggCht pH 7.8.¢ Peptide dissociation constants were measured with Dns-GCVLS at pi Oaéa from ref15.
¢ Data from refll f Data from ref21. 9 Data from ref13. " These values are the constants at pH 7.8, not the pH-independent'\liglenotes
not determined.

functionality from their side chains. Lysine l&4and GCVLS was determined by fluorescence. THESV-S
histidine 24@ were each changed to alanine (K164A  values for the mutants were also similar to those of wild
H248Ap), and tyrosine 30®was changed to a phenylalanine type at pH 7.8 (Table 1). Therefore, these mutations have
(Y300F3). Replacement of His or Lys by Ala changes not little or no effect on substrate binding affinity.
only the charge and hydrogen-bonding characteristics of the  Magnesium Dependence of Cataly&ise to the proximity
side chain but also the van der Waals contacts; the VO|Umeof the diphosphate b|nd|ng residues to the proposed mag-
change for a Lys to Ala mutation is 64.5 ihile the volume nesium binding site, the magnesium dependeiGg,)(of
change for a His to Ala mutation is 66.4 £5). The mutant kehemWas measured for the K164AH248A3, and Y300
enzymes had expression leveldEincolicomparable to those  mutants. Wild-type FTase was previously shown to have a
of wild type (30 mg/L cell culture) and behaved similarly to pH-independenK'f}g of 2 mM (15). At pH 7.8, the magne-
the wild-type enzyme during purification. sium dependence of K1644 H248A3, and Y300 is
Effect of Mutagenesis on Product Formatioro inves- unchanged from that of wild type (Figure 1B). Therefore,
tigate the function of residues in the diphosphate binding the effect of these residues on catalysis is independent of
pocket, the rate constant for product formation for each of magnesium binding.
the mutants was determined. For mammalian FTlas@nd The observed magnesium affinity constag) for wild
kealKm do not reflect the rate constant of the chemical step; type decreases as the pH increases with an appakgmifp
kea/Km andkear mainly reflect the rate constants for substrate 7.4, which is proposed to reflect deprotonation of the terminal
association and product dissociation, respectively. We mea-phosphate of FPPLE). The tribasic diphosphate coordinates
sured the rate constant of the chemical stegeq under  the magnesium ion with higher affinity, and the bound2¥g
single turnover conditions where the enzyme concentration facilitates catalysis by stabilizing the developing charge on
is higher than the FPP concentration. The enzyme is the nonbridging oxygens in the transition state. p
preincubated with FPP to form-EPP, then the reaction is  \as measured as a function of pH for K16#and Ygggf%
initiated with addition of excess GCVLS to rapidly form the o determine if these mutations alter the pH dependence of
E-FPRGCVLS ternary complex, and then the rate constant magnesium binding. Previous measurements indicated that
for the formation of farnesylated product is measured these mutations alter the pH dependence of steady-state
(Scheme 1). The farnesylation rate constant measured forparameters 12, 20). The magnesium-dependenk s ob-
the mutants is consistent with previous measurements by preseryed for K1644 and Y300 using transient kinetics are
steady-state kinetics [Y30BF-H248A5 (20)] and transient  sjmilar to those of wild-type FTase, at 7450.1 and 7.3
kinetics [K164Aa (21)]. For wild-type FTase, the observed .1, respectively (Figure 1C, Table 2). The pH-independent
rate constantig,) at 1 mM magnesium, pH 7.8, is 1.7's - magnesium affinity, represented kg3, is also relatively
(15). Of the mutations, H248A decreasesops 5-fold (0.3 nchanged from wild type for K164Aand Y3001 (Table
s), K164Aa. has a 30-fold decrease (0.08) and Y300 1). Additionally, the farnesylation rate constant of the reaction
reducesknem 170-fold (0.01 s%) (Figure 1B). However, the i the absence of magnesium is dramatically attenuated in
mutants cause larger decreases under optimal catalytiGhese mutantsk, is decreased 16-fold for H248% 28-fold
conditions. The pH-independent rate constakiad at  for K164A0, and 80-fold for Y300 at pH 7.8 (Table 1).

saturating magnesium concentrations is 10fsr wild-type  Thege data clearly indicate that these residues do not facilitate
FTase 15). Of the mutations, H248A decrease&max 10- magnesium binding, and further they establish that these

fold (1 s, K164_Aa shows a 30-fold _de_crease (0.3% residues are not involved, either directly or indirectly, in the
and, most dramatically, the Y30@Bubstitution reducesnax ionization that enhances Mg affinity.

500-fold (0.02 s¥) (Table 1, Figure 1A). pH Dependence of Peptide Bindingnother ionization
Ligand Binding AffinityThe affinity of the FTase mutants  that enhances the FTase farnesylation rate constant is the

for FPP was measured by equilibrium dialysis. Thig"~ stabilization of the peptide substrate cysteine thiolate upon

values of K164Ax, H248A3, and Y3008 are within 3-fold binding to the active site zind(, 12). The coordination of

of the wild-type KEPP measured under identical conditions the cysteine sulfur to the zinc ion lowers its appareld p

[Table 1 @6)]. The binding affinity of mutant FTase for Dns-  from 8.1 free in solution to 6.4 upon binding to the enzyme.



Active Substrate Conformation of FTase

1 rrm
0.8 |
06|

04

[product])/[FPP+product]

02

0d
0.001 0.01 0.1 1 10
time (sec)

100 1000 10*

10

01k

—~
(2
~
]
Q
]

=° 001}

0.001

0.0001
0.0001 0.01 1

[MgCL] mM

100

0 ———

100 £

(mM)

10 |

Mg

K

0-1-....I--..l....l...-l....

5 6 7 8 9 10
pH

Ficure 1: Effect of mutations on the magnesium dependence of

Biochemistry, Vol. 42, No. 32, 2003745

Table 2: pH Dependence of FTase Mutants K164#&nd Y300B

FTase Kar? pKa?
wild type 6.4+ 0.1° 7.4+£0.19
K164Aa <5 75+0.1
Y300F5 6.2+ 0.1 7.3+ 0.1

apKa was determined from the pH dependence of Dns-GCVLS
binding to FTasd2. b pK,, was determined from the pH dependence
of Kyg. ¢ Data from refll 9 Data from refl5.

10 g T T T T T

K™ (uM)

0.01 ' . L

pH

Ficure 2: pH dependence of peptide binding to wild-type FTase

(0), K164A (@), and Y300F M). The K&® of Dns-GCVLS
binding to the enzyme was measured at varying pH<(B.1) by
fluorescence as described under Experimental Procedures, and eq
5 was fit to the data. Wild-type data were from Hightower et al.
(1.

Scheme 2

K
E+ Pep-SH—= E+Pep-SH

of 1

H*%+ E+ Pep-S- K# E *Pep-S~+ H"
GCVLS, for the K164A and Y3008 mutant enzymes as
a function of pH (Figure 2, Table 2). For the Y3@®mutant,
the pH dependence curve overlays the wild-type curve, and
the (K, is comparable at 6.2 0.1, so the hydroxyl group
of this residue must not stabilize the enzyme-bound thiolate
or enhance the affinity of the peptide substrate. The KI64A
mutant, however, has an altered pH dependence of peptide
binding; the mutant enzyme has a similar affinity for the
deprotonated peptide as the wild-type enzyme, but the affinity
of the protonated peptide is decreased more than 10-fold in
the mutantKp > 10 uM). The K, for the deprotonation of
the peptide thiolate bound to K164/Acan be estimated as
<5 using a thermodynamic boK g, = Kp:Kpa/Kpz; Scheme

the FTase reaction. (A) Single turnover assays were conducted as?). From the crystal structures of the ternary complex of

described under Experimental Procedures for wild-type FTage (
H248A @), K164A (@), and Y300F M) at saturating magnesium
(10-60 mM MgChL) and wild-type FTase in the absence of
magnesium 4) at pH 7.8. Equation 1 was fit to the data to
determine kops and normalized for clarity using the equation
(CPMyrodg — CPMyin)/(CPMpax — CPMmin) x 0.9. (B) Single

turnover reactions at varying magnesium—@D mM) were

FTase 17, 18), it is unclear how Lys164 could directly
interact with the substrate thiol to alter thEp since they
are not within an appropriate distance to interact. Therefore,
it is likely that this lysine stabilizes the binding of the
protonated peptide to the enzyme.

Reactvity with FMP. Mutations at residues K1é4and

performed at pH 7.8 as described under Experimental Proceduresy3003 significantly decrease the chemical rate constant but

for wild-type FTase©), H248A ), K164A (@), and Y300F H),
and eq 2 was fit to the data. (C) pH dependenc&gf for wild-
type FTase @), K164A (®), and Y300F M), fit by eq 3. Wild-
type data were taken from Saderholm et &b)(

To test if K164x and Y30@ of FTase alter stabilization of
the zinc-bound thiolate, thisfy was determined by measur-

do not affect the magnesium-dependéefy, ghe dependence

of the reaction on magnesium, or the affinity of substrates
for the enzyme. The Y30@Fmutation also does not affect
the thiol K, yet decreases the rate constant for product
formation by 500-fold. To further investigate the function
of these residues, we compared the transient kinetics for

ing the binding affinity of the dansylated peptide, Dns- product formation using FMP compared to FPP as a
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| — T S — dependence of steady-state turnover do not necessarily
o directly reflect changes in thermodynamic ionizations since

08| = product and substrate dissociation is slow relative to the
/D/ farnesylation step2({, 28).
0.6 | - Under single turnover conditions that directly measure the
chemical step, our data show that the mutation of Kil64
04} . and Y30@ has no effect on the magnesium-dependéht p
of mammalian FTase, a property that likely reflects ionization
02 i of the diphosphate leaving group. Additionally, the pH
dependence of peptide binding to the mutant enzymes shows
0 that the K, of the enzyme-bound peptide thiol of the
0 5000 10000 15000 Y300F5 mutant is also unchanged from the wild-type value.
time (sec) Therefore, there are no data indicating that Y3@@ts as a
Ficure 3: Single turnover kinetics of wild-type and mutant FTase general acietbase to catalyze farnesylation in FTase. The

e e otk i KI64Ac mtan, however, does sfow a decrease n te
as described under Experimental Procedures. Equation 1 was fit toenzyme-bound peptide thiokg relative to wild type. The

the data to determinkgs and normalized for clarity using the ~ Nigh Kp values at low pH compared with the normigh
equation (CPMod — CPMnin)/(CPMmax — CPMpin) x 0.9. values at high pH suggest that the K1@Anzyme has a

very low affinity for the thiol peptide (PepSH) but can bind
substrate. The reaction of wild-type FTase with FMP is the thiolate peptide (PepBwith identical affinity as the wild
independent of magnesium concentration and demonstratesype. Mutation of lysine to alanine removes the positive
a pH dependence curve with twéys of ~5.5 (15). At pH charge, the hydrogen bond donating ability, and also deletes
6.1, near the maxima)'" the farnesylation rate constant the van der Waals volume from this position in the active
for wild-type FTase is (7+ 1) x 10 s The crystal site. The positive charge on Lyslé4was noted to be
structures 17) of the EFPP and inactive ternary complexes important for peptide binding in previous studiesl); In
indicate that K164 interacts with thex-phosphate of FPP  the crystal structure of the FTase ternary complex with the
and that H248 and Y30 interact with the3-phosphate of  isoprenoid analogue |12 and a K-Ras peptide, Lys1i643.25
FPP. Therefore, we predicted that only mutation of Ki64 A from the backbone carbonyl oxygen of the peptide residue
would affect the rate constant of catalysis using FMP as a on the N-terminal side of the cysteine (TKCVIM)&, Figure
substrate. Surprisingly, however, we observed the opposite4). It is possible that when the bound peptide is protonated,
results when we examined the three mutant enzymes. Thethe zinc-thiol bond lengthens, allowing a hydrogen bond
rate constant of the chemical step using FMP is virtually between Lys16d and the backbone carbonyl to form and
unaffected by the K164& mutation (5.6x 104 s™2) but is enhance the affinity of the protonated peptide.

decreased 300-fold in the Y30@fnutant (2.3x 10°s™) Magnesium AffinityThe farnesylation rate constants of
and 5-fold in the H2488& mutant (1.4x 10°*s™) (Figure  muytants K1644, H248A3, and Y300 are accelerated in
3). These differences are almost certainly not due to a changgne presence of magnesium by 460-, 1200-, and 90-fold,
in mechanism for the two mutants, as the pH dependence ofrespectively, at pH 7.8, paralleling the 500-fold acceleration
the farnesylation rate constant with the FMP substrate is notgpserved with wild type at this pH. The magnesium
affected (data not shown). These data demonstrate thafdependence Oznem represented biyg, is unchanged for
Y3005 and, to a lesser extent, HJ&8but not K164y, the mutants relative to wild-type FTase. Therefore, these
complex. This result suggests that YBnd H24@ interact  styyctures of the FTase ternary complex containing the FPP
with the phosphate of FMP and, by analogy, éhphosphate  apalogue 12 cocrystallized with Mn (in place of magnesium)
of FPP in the normal reaction catalyzed by FTase. proposed that Lys1@4moves to allow for metal binding;
however, our data indicate that removal of the Lys side chain
DISCUSSION does not alter the apparent magnesium affinity, suggesting
General Acid-Base CatalysisThe polar amino acids that the movement observed in the crystal structure has no

around the FPP binding pocket are highly conserved among@PServed energetic consequences.

the prenyltransferases FTase and GGTase |, yet the role of Computer calculations on the FTaSEP binary complex
these residues is still not well understood. Kagm values have predicted that the interactions between the negatively
determined by the single turnover studies of the mutants charged diphosphate and the positively charged residues of
K164Aa, H248A5, and Y300 agree with previously the diphosphate binding pocket are the principal source of
published pre-steady-state data and, in particular, indicatebinding energy for FPF29). However, this report and others
that the hydroxyl group of Tyr3@Dis very important for show that eliminating the positive charge of one of the
enhancement of farnesylation catalyzed by FTase. Wu anddiphosphate binding pocket amino acids through mutagenesis
colleagues and Rozema and Poulfgt, 0) have suggested  has only a modest effect (3-fold or less) on g of FPP

that Tyr30(% and Lys164 act as acietbase catalysts of  binding to the enzyme2(l, 26). Consistent with this, FPP
farnesylation for mammalian and yeast FTase, respectively.Mg?" binds with a similar affinity to the enzyme as FPP,
These studies showed a change in the pH dependence of theuggesting that the negative charge on the diphosphate
steady-state kinetic constants for the mutant enzymes.moiety is not the dominant factor for FPP affinity for FTase
However, these apparenKg determined from the pH  (13).

[product]/[FMP+product]
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Ficure 4: Computational model of the proposed active substrate conformation. (A) Model of the inactive FPRKEVIM ternary

complex, where the C1 of FPP and the peptide thiolate are separated by 7.32 A. The complex was created bK overlaying the two crystal
structures FTasEPPL-739750 [PDB ID 1JCQ17)] and FTasd2-K-Ras peptide [PDB ID 1D8D16)] in MOE to 1.8 A RMSD and then

creating a FTas&éPPK-Ras peptide by deleting one of the FTase molecules, L-739750, and 12 from the overlay. The sequence N-terminal
of KCVIM in the K-Ras peptide was omitted for clarity. (B) Proposed active substrate conformation of FTase, which brings the C1 of FPP
within reacting distance of the peptide thiolate. The bond angles of FPP were adjusted using MOE to reflect an active conformation consistent
with the diphosphate rearrangement predicted by the kinetic data presented here. (C) Crystal structure of 4h@@Icseomplex. The
coordinates of the side chain of the farnesyl-KCVIM lysine beyopdv€re absent from the PDB and, thus, are not shown.

Conformation of FPPFTase has also been structurally minimum along the reaction coordinate prior to the transition
well characterized by crystallographic studies. However, the state.
crystal structures of the ternary complex all reflect an inactive  Given that the FTasproduct crystal structure demon-
FPP binding mode where the two reacting atoms, the C1 of strates that the first and second prenyl groups rearrange
FPP and the cysteine thiolate, are greatentfiad apart, relative to the binding pocket to bring C1 of FPP within
presumably due to the fact that the complexes are formedreacting distance of the thiolate of the peptide, it is reasonable
with components that are catalytically inactid&{18). The to hypothesize that the position of the diphosphate moiety
recent crystal structure of the FTageduct complex sug- ~ adopts an altered conformation as well. After rotation of the
gests that, in the catalytically competent ternary complex, first two isoprene units of FPP so that the two reacting atoms,
the conformation of the FPP molecule is altered where the C1 and the peptide thiolate, are less than 2.5 A apart, the
first and second prenyl units are rotated so that the C1 of diphosphate can be positioned such that the phosphate
FPP is close to the zinc-bound sulfi9). These rotations ~ ©Xygen bound to C1 of FPP is within hydrogen-bonding
likely also affect the position of the diphosphate moiety distance of Y30f. This places the diphosphate bridging
bound to FTase. To examine the location of the bound ©XY9en in position to interact with H2#8and thef-phos-

diphosphate in the active complex, we have measured thePate within hydrogen-bonding distance of K&64This

effects of mutations on the farnesylation transition state using 2/t€réd substrate conformation may be important for setting

FMP compared to FPP as a substrate. Assuming that the FMPP intgractions that maximally stabilize the.development of
molecule binds in the same way and proceeds through thenegative charge on the diphosphate predicted by the “ex-

transition state of the FTase reaction in the same way aspIOded transition statelg, 14). The synergy between the

. conformational change of bound FPP and peptide binding
FPP, the smg_le_ phosphate of F.MP models dAghosphate is likely a method the enzyme uses to limit catalysis of
of FPP. Surprisingly, these studies demonstrgt'e that removalhydrOIySiS of FPP in the absence of peptide or to prevent
of the hydroxyl of Tyr30f affec_ts the reactivity Of.bOth reaction with other nonspecific substrates, thus optimizing
FPP and FMP equally, suggesting that this group interacts

. - the specific farnesylation reaction. The importance of the
with thea-phosphate of FPP. Similarly, the data suggest that e sence of the peptide chain is evidenced by the fact that

H2483 interacts with thea-phosphate, although more  he tamesylation rate constant of the®PPpeptide complex
weakly. In contrast, the K164 mutation only affects the 5 enhanced Fofold compared to the reaction with small
reactivity of FPP, suggesting that this side chain interacts {hjg|s, such as dithiothreitol and 2-mercaptoethanol, with
with the S-phosphate of FPP to stabilize the transition state. gimilar pKas (30). Other enzymes, such as hexokinase, use
One reasonable explanation for these data is that the positionzonformational changes to alter the rates of reaction with a
of the diphosphate moiety changes from that in the inactive supstrate nucleophile compared teCH although in these
ternary complex visualized in the crystal structure to an active cases the conformational change is mainly in the protein and
substrate conformation like the one presented in Figure 4.not in the substrate3().

For the purposes of this discussion, this conformation will  Taken together, the data suggest that the dramatic chemical
be referred to as an active substrate conformation, which israte attenuation resulting from mutation of Tyr@0i8 due

a distinct ES complex from that studied crystallographically. to the absence of a critical hydrogen bond that energetically
However, our data cannot delineate between a substratestabilizes the “active” FPP conformation relative to the
conformation present only in the transition state versus an “inactive” conformation. A 500-fold decrease in the enzyme-
intermediate active ES complex representing an energycatalyzed rate constant of farnesylation upon deletion of the
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tyrosine hydroxyl corresponds to destabilization of the

transition state by 15.4 kJ/mol, which is consistent with the

energy of a charged hydrogen borg2). A hydrogen bond
between the hydroxyl group of Tyr36@nd thex-phosphate

of FPP could also stabilize the transition state in this reaction
by stabilizing the developing negative charge on the leaving

group (diphosphate or phosphate).

These studies provide key insight into the structure of the
transition state of FTase, which has been elusive to crystal-
lographic analysis. FTase inhibitor studies can benefit from

this model by creating transition state mimics to tightly bind

to the enzyme active site. Further mutagenesis studies in the
diphosphate binding pocket coupled with a computational 18

analysis of FPP binding modes will test our model of the

ground and transition state structure and add more detail to

our understanding of the FTase reaction.
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