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Role of Metals in the Reaction Catalyzed by Protein Farnesyltransterase
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ABSTRACT. Protein farnesyltransferase catalyzes the posttranslational farnesylation of several proteins
involved in signal transduction, including Ras, and is a target enzyme for antitumor therapies. Efficient
product formation catalyzed by protein farnesyltransferase requires an enzyme-bound zinc cation and
high concentrations of magnesium ions. In this work, we have measured the pH dependence of the chemical
step of product formation, determined under single-turnover conditions, and have demonstrated that the
prenylation rate constant is enhanced by two deprotonations. Substitution of the active site zinc by cadmium
demonstrated that one of the ionizations reflects deprotonation of the metal-coordinated thiol of the peptide
“CaaX” motif, pKa1 = 6.0. These data provide additional evidence for the direct involvement of a metal-
coordinated sulfur nucleophile in catalysis. The second ionization was assigned to a hydroxyl on the
pyrophosphate moiety of farnesyl pyrophosphat&,.p= 7.4. Deprotonation of this group is important

for binding of magnesium. This second ionization is not observed for catalysis in the absence of magnesium
or when the substrate is farnesyl monophosphate. These data indicate that the maximal rate constant for
prenylation requires formation of a zinc-coordinated thiolate nucleophile and enhancement of the
electrophilic character at C1 of the farnesyl chain by magnesium ion coordination of the pyrophosphate
leaving group.

Protein farnesyltransferase (FTasetalyzes the formation ~ Scheme 1: Reaction Catalyzed by FTase
of a thioether linkage (Scheme 1) between the 15-carbon HS
farnesyl group of farnesyl pyrophosphate (FPP) and the /k/\)\/\/k/\ ﬁ (||J ]YNH-aaX
cysteine residue of the carboxyl-terminal “CaaX” motif of = A A O-IP-O-lF’-O"f Protein-NH" 2 Y;
proteins such as Ras, nuclear lamins A and B, and several o O o
proteins involved in visual signal transductiod, (2). o
Farnesylation of these proteins is essential for membrane FTase a" o0
integration and may facilitate proteirprotein interactions g
(1, 3. The transformation of normal cells into cancerous cells < P P o o
by oncogenic forms of Ras is dependent upon membrane W NH-aaX + HO-:-“l'-O-Ii'D-O'
localization via the farnesyl group4d{6). Because Ras Protein-NH" 5 Tt
mutations have been implicated in up to 30% of all human 0 o
cancers, inhibition of FTase is a potential target for antitumor
therapies 7—9). FTase is am/3 heterodimeric metalloenzyme that contains

an active site zinc ion that is required for catalytic activity
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after formation of the ternary substrate compleb?)( times (0.005-60 s) by the addition of 100L of 20% acetic
Magnesium coordination of the nonbridging oxygens of FPP acid, 80% 2-propanol. The samples were dried under vacuum
has been proposed to polarize the pyrophosphate moiety andand resuspended in 12 of 50% 2-propanol. Products were
make it a better leaving group to facilitate formation of the separated from substrates by thin-layer chromatography
positive charge at C11@). Metal-dependent activation of a  (TLC) on silica gel plates with an 8:1:1 (v/v/v) 2-propanol/
pyrophosphate leaving group has also been proposed foiNH,OH/H,O mobile phase. Tritiated substrates and products
solvolysis of prenyl pyrophosphate2-25) and for en- were visualized by autoradiography with an intensifying
zymes involved in the synthesis of prenyl pyrophosphates screen (TranScreen-LE; Kodak, Rochester, NY) or following
(22, 26-28), terpenes 43, 27, 29, and nucleotides30— fluorographic enhancement (Efance; NEN LifeSciences,
32). However, in most of these cases, a conserved group ofBoston, MA). The bands corresponding to substrates and
acidic amino acids have been identified as a magnesiumproducts were excised, and the percentage product formed
binding site. A similar site has not been identified in FTase, was calculated from the ratio of the radioactivity in the
although a recent crystal structure of an FTase ternaryproduct band to the total radioactivity. The observed rate

complex containing a K-Ras4B peptide and a FPP analogueconstants for product formatioky,s Were calculated from

positions a bound manganese ion in the vicinity of the
pyrophosphate33).
In this work, we further investigate the role of zinc and

magnesium ions in the catalytic mechanism of FTase. The

pH dependence of the chemical step of product formation

reveals two ionizations that increase the rate constant for

formation of the thioether product. One ionization is con-
sistent with deprotonation of the bound peptide cysteine thiol

a fit of the data to eq 1 (pH-5.5) or eq 2 (pH=<5.5):
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to form a metal-coordinated thiolate that acts as a nucleophilewhereP is the product formed at timg P, is the endpoint
in the reaction. The other ionization decreases the concentra-of the reaction which ranged from 65% to 90%, akxdand

tion of magnesium required to activate farnesylatif,
and additional evidence supports the assignment of #is p
to a hydroxyl of the pyrophosphate moiety of FPP.

EXPERIMENTAL PROCEDURES

Preparation of FTaseRecombinant rat FTase was over-
expressed inEscherichia coliand purified as described
previously @4). The bound zinc ion was removed from
FTase (apo-FTase) by dialysis against 50 mM Heppso
NaOH (pH 7.8), 1 mM tris(2-carboxyethyl)phosphine (TCEP),
and 5 mM EDTA for 24 h followed by an additional 24 h
against 50 mM HeppseNaOH (pH 7.8), 1 mM TCEP, and
50 uM EDTA. The apo-FTase was reconstituted with zinc

(Zn-FTase) or cadmium (Cd-FTase) as described previously

(12).

Transient KineticsSingle-turnover assays were conducted
between pH 4.8 and 9.0 using 50 mM buffer [Md$aOH
(pH 4.8-6.0), Bes-NaOH (pH 6.6-7.0), Heppse-NaOH
(pH 7.0-8.0), and Bicine-NaOH (pH 8.0-9.0)], with the
ionic strength maintained at 0.1 M with NaCl, and 5 mM
TCEP, with or without 5 mM MgGCl The enzyme is stable
over this pH rangel), and the peptide concentration used

in these assays was saturating at all pH values (data no

shown). For observed rate constants for product formation
slower than 0.1 ¢, FTase was preincubated with tritium-
labeled FPP gH]FPP), and then the reaction was initiated
by the addition of the peptide GCVLS so that the final
concentrations were 0,8M FTase, 0.4uM [®H]FPP, and
100 uM GCVLS (8 uL total volume). The reactions were
stopped at various times (5 s to 20 min) by the addition of
8 uL of 2-propanol. A KinTek rapid quench apparatus was

used for reactions where the observed rate constants of

product formation were faster than 0.11.sThese reactions
were initiated by the addition of GCVLS to a FTaSel]-
FPP binary complex so that the final concentrations were
0.2uM FTase, 0.1uM [*H]FPP, and 10«M GCVLS (30

uL total volume). The reactions were quenched at various

A, are the amplitudes of each phase. For the low-pH
reactions, the faster of the two rate constants was included
in the pH rate profile.

The K, value(s) associated with the chemical step were
calculated from the pH dependence of lagd using
weighted fits to the log form of eq 3 for reactions performed
in the presence of magnesium and to the log form of eq 4
for reactions performed in the absence of magnesium:

Kops = Kof[1 + 10PKar=PH) 1 1 ofPKaz=PH)
10(pKa1+pKa2*2PH)] ©)

K
1+ 10(pKa1—PH)

wherekmax is the pH-independent maximal rate constant for
product formation.

Magnesium Dependence of Product Formatidinese
reactions were performed essentially as described above
except that the ionic strength was maintained, with the
exception of the pH 5.5 reactions performed with 100 mM
MgCl,, at 0.114 M by decreasing the concentration of added

aCl as the concentration of MgGhcreased up to 38 mM.

he observed rate constants for product formation, deter-
mined at varying pH (5.59.1) and magnesium concentra-
tions (0-100 mM), were calculated using egs 1 and 2. These
rate constants were used to deterning¢, the calculated
maximal rate constant for product formation at saturating
magnesium concentrations at a given pH, dtgl, the
apparent dissociation constant for magnesium at that pH, by
fitting the data to eq 5:

kobs (4)

M
kmax ’

L E— 5
1+ Kyg/[Mg*'] ®)

kobs kO

wherekg is the rate constant in the absence of magnesium.
The kna9 values, calculated from eq 5, were used to
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Scheme 2: Kinetic Scheme for FTase

FPP kObS .PPi kcat
- === E + F-Pep + PP,

EeFPP + Pep =—=E
Trep *Pep *F-Pep =%

a E = protein farnesyltransferase; FRFarnesylpyrophosphate; Pep
= peptide substrate; and F-Pepfarnesylated peptide product.

Pt/ Pend

determine the pH dependence of product formation at
saturating magnesium using a weighted fit to eq 4. The
apparent g, of the group interacting with the magnesium
ion was obtained from a weighted fit to eq 6:

app __ pKa—pH

Kug ™= Kl + 1077 ©) 0.01 0.1 1 10 100 1000

Reaction with FMPAssays for the reaction of FTase with time, seconds
tritium-labeled farnesyl monophosphatéHJ[FMP) were
performed as described above fSHJFPP. Separation of
substrates and products was accomplished by TLC using a
7:2:1 (viviv) 2-propanol/NEHOH/H,O mobile phase. The
individual observed rate constants for product formation were
calculated using eq 1. The Idgfy at varying pH were fit,
with weighting, to the log form of an equation (eq 7)
describing two ionizations:

Kops = Kal[1 + 10PKar=PH) | 1 PH-PKad | 10(pKaeraz)]

(7)
whereknax is the maximal rate constant for product forma- Y. W N SRS R
tion. 5 6 7 8 9
Miscellaneous Method$rotein concentrations were de- pH

termined using the method of Bradfor83 and a com- Ficure 1: pH dependence of product formation. Single-turnover

mercially available dye (BioRad). The peptide substrate assays at various pH values (49.1) were conducted as described
GCVLS (=95% pure) was synthesized using manual solid- under Experimental Procedures. (A) Product formation with Zn-

phase techniques and purified by HPLC. Peptide concentra-FTase at pH 4.7Q), 5.5 @), 6.2 (), and 9.1 ). A single-
tions were determined from the reaction of the cysteine group €XPonential equation (eq 1) is used to fit the data at pH 9.1 and

. L . . . . . 6.2, and a double-exponential equation (eq 2) is used to fit the lower
with 5,5-dithiobis(2-nitrobenzoic acid)36) using an extinc- 11\ ajyes. (B) pH dependence of product formation by Zn-FTase

tion coefficient of 14 150 M*cm™ (37). [*H]FPP (20.5 Ci/  (0) and Cd-FTase ¢) in 5 mM MgCl. The K, values associated
mmol) was obtained from NEN LifeSciences (Boston, MA), with these data were calculated from eq 3 (see Table 1). The filled
and PH]JFMP (15 Ci/mmol) was obtained from American circles are calculated using eq 8, derived from the pH and
Radiolabeled Chemicals, Inc. (St. Louis, MO). All reactions magnesium dependence illustrated in Scheme 3 assuming that all

o of the protonation and magnesium binding reactions are rapid
were conducted at 25C, and curve fitting was performed  ¢ompared to alkylation, with the following values (taken from

with KaleidaGraph (Synergy Software). Figures 1 and 3)knax= 13 s°L, pKay = pKaz = pKaz = 6.0, Kas
= pKaS =17.4, andKMgl = KMgZ =2 mM.
RESULTS AND DISCUSSION

A basic kinetic scheme for the reaction catalyzed by FTase have previously been used to study the characteristics of the
is shown in Scheme 2. For mammalian FTase, substratetransition state of the reaction catalyzed by FT&s3. (
binding and product release are rate-limiting for steady-state pH Dependence of Product Formatiofio investigate
catalysis under conditions of subsaturating and saturatingionizations that enhance the observed rate constant for
substrate concentrations, respectiva§,(39. Therefore, the  formation of the thioether product, the single-turnover rate
steady-state kinetic parametelgy and keafKy, do not constantk.ps Was determined over a range of pH values
necessarily provide information on the chemical step of the (4.8—9.0). The individual reactions proceed to completion
reaction. To study ionizations that enhance formation of the and are well-described by a single-exponential equation (eq
thioether product, it is necessary to isolate the chemical step.1) above pH 5.5 (Figure 1A). Below this pH, the reaction is
The chemical step can be isolated by performing single- biphasic with a rapid phase accounting for-80% of the
turnover assays with limitingfH]FPP (L2) and high peptide  reaction and a second phase with a rate constant that is more
concentrations (10@M) so that formation of the ternary  than 10-fold slower than the first phase. The rate constant
complex is fast relative to the rate constant for product of the first phase (eq 2) was used in the analysis of the pH
formation and essentially irreversible?, 14, 38. The assays  dependence of this reaction. A plot of the pH dependence
are initiated by the addition of the peptide substrate to a of log(k.py for the reaction catalyzed by Zn-FTase in the
preformed FTas§®H]FPP binary complex. Under these presence of 5 mM MgGlis shown in Figure 1B. At low
conditions, the observed rate constant for product formation pH, logkobs is linearly dependent upon pH with a slope of
(chemistry) kons Can be determined. Single-turnover assays 2, indicating that the reaction is characterized by two
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Table 1: pH Dependence of Product Formation

Mg?+? Kmax (574)P pKa1 pKas
Zn-FTase + 1041 6.0£0.1 6.8+0.1
Zn-FTase - 0.015£0.001 5.6£0.2 ND
Cd-FTase + 2.3+0.1 50+ 02 6.6+£0.1
Cd-FTase - 0.010+£0.001 53:0.1 ND

aThese assays were performed with) pr without (—) 5 mM MgCl,.
bkmax is the pH-independent maximum rate constant for product
formation.© A second K, was not detected (ND) in the absence of
magnesium.

log (kobs)

ionizations ¢0). Fitting these data to the log of an equation
describing two ionizations (eq 3) where either protonated
species is inactive results in values &f;p= 6.0+ 0.1 and -5 . . .
pKaz = 6.8+ 0.1 (Table 1). The pH-independent maximal 5 6 7 8
value ofkyps calculated from this fitkmax = 10 £ 1 s, is pH

in agreement with previously reported values for the rate

: ; Ficure 2: pH dependence of reaction using FPP or FMP substrates
constant for product formation at high pii2, 14, 38. The in the presence and absence of magnesium. The pH dependence of

pKa values observed in the pH dependence of product e reaction of zn-FTase with FPP in the absence of magnesium
formation could represent ionization(s) of the enzyme and/ (@) and FMP in the presence&lf and absence of magnesium)(
or the substrates since both substrates have potential ionizings shown. The pH dependence ks for reaction of FPP with
groups. In addition, these ionizations could reflect substrate |_c|>_eptide, fit t? 'e:":lw‘;; r_evealts 3singlgg/¥ith a value of 5.6+ 0-%- i
binding or the chemical step of product formation. However, dgg]e%ifmo upon o nigniz:tri)c?r?s e('; q ugfnwirt"h‘z‘gp”\‘f;'ﬁ‘g i
we used near-saturating concentrations of peptide andapproximately 5.5 (5.5 0.7 and 5.5+ 0.7).
enzyme at all pH values (data not shown) so tKg yalues
reflect ionizations in the EEPPpeptide ternary complex. ) o
Furthermore, since product formation is essentially irrevers- (Table 1). The decrease of approximately 1 pH unitiasp
ible (12, 14, 38, only ionizations affecting the chemical step, 1S consistent with the approximately 5-fold increase in peptide
or, possibly, a conformational change after the formation of binding affinity for Cd-FTase relative to Zn-FTaséZ.
a ternary complex and before thiol alkylation, will be Thus, these data suggest th&t.pdescribes the ionization
observed. Regardless of the identities of the ionizing groups, of the metal-coordinated peptide thiol. Furthermore, in the
the maximal rate constant for product formation is obtained Single-turnover reactions the pH dependence is observed
when both sites are deprotonated. To assign tievalues ~ Mainly as a decrease ks (Figure 1A) rather than in the
to specific ionizations, we performed metal substitution and @mplitude of the reaction, indicating that protonation/
magnesium dependence studies. deprotonation is rapid compared to sulfur alkylation. The
One of the roles of the bound zinc ion in FTase is to lower identity of the second ionization is discussed further in the
the K, of the peptide cysteine thiol so that the thiolate anion N€Xt section.
can contribute as a nucleophile in the reaction at physiologi- ~Magnesium Dependence of FTase #itti For FTase, we
cal pH (12, 15, 16. Previous work has shown that th&p have previously demonstrated that magnesium is not required
of the metal-coordinated thiol, derived from binding studies for formation of the thioether product but the presence of
utilizing FPP analogues, is approximately 615,(1. Since magnesium increases the single-turnover rate constant by
both of the X, values obtained from the pH dependence of several orders of magnitude at saturating enzyme and
product formation (6.0 and 6.8) are close to tl¥g derived substrate concentrationsld). Therefore, magnesium is
from the binding studies, we investigated which ionization involved in a step following formation of the ternary complex
is dependent upon the characteristics of the metal at the zincand at or before chemistry. In the pH dependence of the
site. Cadmium is a more thiophilic metal than zinc and single-turnover reaction in the absence of magnesium, only
should, consequently, coordinate the reactive sulfur of the a single ionization is observed with &pvalue of 5.6+
peptide cysteine with higher affinity4@). This increased 0.2 and a maximal value dsof 0.015 s* (Figure 2; Table
interaction has previously been observed as an increased). Although this K, is presumed to reflect ionization of
binding affinity and a decreased rate constant for product the bound peptide thiol, the cadmium effect is not observed
formation, suggesting that the metal-coordinated thiolate is under these conditions (Table 1), consistent with previous
directly involved in the catalytic mechanisrhi2). Further- results (2). The absence of a second ionization in the
more, binding studies suggest that th¢, pf the peptide  absence of magnesium suggests thiéf,ps involved in
thiol bound to Cd-FTase decreases (K. E. Hightower and C. magnesium binding or reactivity.
A. Fierke, unpublished data). If the protonation state of the  To further test this hypothesis, we determined the mag-
metal-coordinated sulfur is important for the rate constant nesium dependence of the single-turnover reaction at various
for product formation, the observedpof the peptide thiol pH values. As shown in Figure 3A, the rate constant for the
should decrease for the cadmium-substituted enzyme. Indeedteaction catalyzed by FTase is enhanced by the addition of
when we measured the pH dependence of the single-turnovemagnesium throughout the pH range studied. From these
rate constant in 5 mM MgGI(Figure 1B), fKa1 is signifi- data, the apparent dissociation constant for magnes{uwg,
cantly lower for Cd-FTase (54 0.2) compared to Zn-FTase and the maximal rate constant for product formation at
(6.0+ 0.1) while the values forlf,, are virtually unchanged  saturating concentrations of magnesiukp.9, can be
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Scheme 3: Model for the pH Dependence of FTase Activity
10F A . )
] o 0
; | K I
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g 3 Ka4 Kas
S o1k ¢
3 (o} (o}
[« I
e E-FPP-O _ Ka EoFPP-O S+ a2
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X Ka1 [Mg +] Ka2 KaS KaSKas
could reflect ionization of the peptide thiol in the PP
1 — Mg-peptide complex.
5 6 7 8 9 One proposed catalytic role for the magnesium ion is

pH coordination of the nonbridging pyrophosphate oxygens of
FicuRe 3: Influence of magnesium on single-turnover reactions I~ P t0 stabilize the pyrophosphate leaving group, as observed
catalyzed by FTase. (A) The observed rate constants for productin other enzymes 22, 26-30). For pyrophosphate, the
formation were determined at varying pH (59.1) and magnesium  tetrabasic species binds magnesium with the highest affinity
concentration (6100 mM) with Zn-FTase as described under (Kmg = 20 uM) with protonation decreasing affinity44).

Experimental Procedures. The plot shows the magnesium depen-g; ; ; PR
dence of Zn-FTase activity at pH 5.6), 6.2 @), 7.2 (), 7.8 Similarly, magnesium coordination by alkyl pyrophosphates

W), and 9.1 ©). The data are fit using eq 5. (B) The pH Should be pH-dependent, suggesting that tkig gbserved
dependence of the apparent magnesium dissociation cortétgnt, ~ in the pH dependence dfyg could reflect ionization of
indicates that the group coordinating the magnesium hd¢.afp bound FPP. Previous work on the hydrolysis of alkyl
7.4+ 0.1 and that the pH-independet, for magnesium is 2.0 phosphates and alkyl pyrophosphates has establiskgd p
+0.2mM (eq 6). values of approximately 1,-23, and 6.2-8 (24, 49 for the
hydroxyl groups, which are consistent with thié pralues
estimated. A plot of the pH dependencekafy (Figure 3B) for pyrophosphate46—49). Furthermore, the highesKgis
demonstrates that this parameter increases as the pH igonsistent with the value ofifa,. While it is not possible to
lowered and can be described by a single ionization with a rule out ionization of a group on the enzyme from these data,
pKa value of 7.4+ 0.1. The [K, reflects the ionization of a  the assignment ofia, to a FPP hydroxyl is consistent with
group that enhances the apparent affinity of magnesium. Thisthe data presented here.
value is slightly higher than the previously determined value  Product Formation with FMPTo test the proposal that
of 6.8 + 0.2 for Ky at 5 mM MgC} (Figure 1B), as pK a2 reflects ionization of enzyme-bound FPP and to further
expected since the appareros magnesium dependent investigate the substrate specificity of FTase, we examined
(see Scheme 3). Furthermore, kg, for magnesium, 2.0  whether farnesyl monophosphate (FMP) is a substrate for
+ 0.2 mM, is consistent with previous reports of the this enzyme. Under single-turnover conditions, FTase cata-
magnesium requirement for steady-state catalysis by FTasdyzes the reaction of FMP with GCVLS to form a product
(10, 21, 42, 43 and for several other enzymes where that has the same migration on TLC plates as the farresyl
magnesium has been proposed to play a role in activationpeptide product of the reaction with FPP. Howe\kgyx for
of a pyrophosphate leaving groudg; 29, 31, 32 Addition- product formation with FMP is decreased substantially
ally, the value ofkna,9 decreases about 3-fold as the pH is (0.005-0.006 s*, Figure 2), comparable tnax for FPP in
lowered from 9 to 5.5. This decrease in activity could reflect the absence of magnesium (0.015)s Significantly, the
an ionization with a g, near 6, consistent with the value of reaction with FMP is not enhanced by the addition of MgClI
pKaz calculated from the pH dependence of the reaction at 5 consistent with the pyrophosphate moiety of FPP coordinat-
mM MgCl, (Figure 1B) and with the previously reported ing Mg?" since the magnesium affinity of the monophosphate
pKa value of the bound cysteine thiol from peptide binding moiety is decreased substantialB8). Additionally, the pH
studies 15, 19. Therefore, this modest decrease in activity dependence of the single-turnover rate constant for farne-
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sylation using FMP is significantly altered (Figure 2); the groups with X, values of 6 and 7, although one of these
pH dependence is described by a bell-shaped curve indicatingonizations is not observable Win./KyPePi% perhaps due
that two ionizations, one protonation and one deprotonation,to kinetic perturbation of the K. Surprisingly, a third
are important for catalysis. The apparehtpalues associ- titratable group, with a basicq of ~9, was also observed
ated with these ionizations are both approximately 5.5, in in all the steady-state kinetic parameters exdéptPertide
either the presence or the absence of magnesium (Figure 2)In our transient kinetic data, a decrease in activity at high
The decreased activity at low pH can most reasonably be pH was not observed for the reaction of the peptide GCVLS
attributed to protonation of the zinc-bound peptide thiolate and FPP catalyzed by FTase. Potentially, the hidgtay p
which decreases the concentration of the nucleophilic thiolate observed in the steady-state kinetics could reflect ionization
and, consequently, lowers the observed rate constant forof a group that influences the rate constant for dissociation
product formation. The FTase-catalyzed farnesylation of of substrates and/or products. Alternatively, thi&, pould
peptides using FMP as a substrate is not activated by eitherreflect a new ionizable group that is introduced in the steady-
magnesium or a second deprotonation. This result is con-state kinetic experiments, such as a lysine in the KKSKT-
sistent with the hypothesis thaKg observed for FPP reflects KCVIM substrate, a histidine in the His-tagged-FTase, or
deprotonation of the pyrophosphate moiety of FPP. On the dithiothreitol in the buffer which is a substrate for FTase
contrary, for FMP the rate decreases at higher pH. One (K. E. Hightower and C. A. Fierke, unpublished data).
chemically reasonable mechanism for this observed pH Implications for the Catalytic Mechanismiluch effort has
dependence is that protonation of the phosphate leavingbeen made to understand the catalytic mechanism of FTase
group at low pH increases the reactivity by stabilizing driven, in part, by the desire to design new inhibitors as
product formation in the transition state. At higher pH, the antitumor compounds. Early work established the require-
phosphate group of FMP ionizes{fROPQH~ < R—OPQ2~ ment for zinc and magnesium in catalysi®( 11, 2}, the

+ H*; pKa ~ 6—7 in solution @4, 45], decreasing the  specificity of the enzyme for isoprenoid and protein/peptide
stability of the phosphate leaving group and decreasing thesubstrates10, 11, 51-58), and the general kinetic scheme
observed rate constant for product formation. A similar pH for the reaction 38, 54, 59, 6D More recent work has
dependence has been observed for hydrolysis of alkyl focused on structure/function studies and in-depth investiga-
phosphates in solutiom). Although we have not defini-  tions of the catalytic mechanism. This work has led to a
tively demonstrated that this ionization cannot be attributed proposed “exploded” associative transition state with a partial
to a side chain group, the drastic differences in the pH positive charge on C1, the reactive carbon of FPP, and a
dependence of FPP and FMP suggest that ionization of thepartial negative charge on the zinc-coordinated sulfur of the

leaving group is more likely. carboxyl-terminal “CaaX” motif cysteinel@, 17.
Models of pH Dependencdogether, the findings pre- The role of the bound zinc ion in the reaction catalyzed
sented here support the assignment Kf;o the metal- by FTase has been well studied. The zinc is tightly bound

coordinated peptide cysteine thiol anlpto a pyrophos- to the enzyme and is required for catalysis and peptide/
phate hydroxyl group. A model for the pH dependence of protein binding {0—12). The open coordination sphere of
product formation is shown in Scheme 3. In the presence ofthe zinc 61) and the direct coordination of the peptide
saturating magnesium, the maximal rate constant for productcysteine thiol(ate) with the metal?, 13 indicate that the
formation, kmax iS achieved when both sites are deproto- zinc ion is directly involved in the catalytic mechanism. The
nated: the thiol is ionized to the thiolate to act as a decrease in the Ky of the peptide cysteine thiol upon
nucleophile, and the pyrophosphate hydroxyl is ionized to coordination with the metal suggests that the role of the zinc
enhance magnesium coordination. From this scheme, anis to lower the K, of the thiol to maximize the amount of
equation (eq 8, Scheme 3) describing the pH and magnesiunthiolate present at physiological pH while maintaining a
dependence can be derived assuming that all of the proto-relatively weak metatsulfur bond (5, 1. Furthermore,
nation and magnesium binding reactions are rapid comparedmetal-substitution studies have shown that the metal-
to alkylation. The observed pH dependence at 5 mM coordinated thiolate is directly involved in the transition state
magnesium (Figure 1B) is adequately described by this of the reaction12). The pH dependence of the rate constant
model, with the added simplification that the two ionizations for product formation catalyzed by Zn- and Cd-FTase
are independent, using the following values taken from described here indicates that the coordination of the metal
Figures 1B and 3B: . = pKaz = pKaz = 6.0, Koy = with the sulfur lowers the I§, of the peptide cysteine thiol
pKas = 7.4, andKugr = Kugz = 2 mM. In the absence of  and that this ionization is essential for the catalytic activity
magnesium, product formation is dependent upon formation of the enzyme. These data provide more evidence for a metal-
of the metal-bound thiolate but not upon ionization of the coordinated nucleophilic contribution to an associative transi-
pyrophosphate hydroxyl. This model adequately describestion state.

the pH dependence of substrate binding and single-turnover The role of magnesium in the reaction catalyzed by FTase
kinetics. If these were the only ionizations important for has not been clearly established. Early work suggested that
catalytic turnover, the pH dependence of the steady-statemagnesium is necessary for steady-state catalyfis2J).
kinetic parametersk{,: and keofKy) should show behavior ~ However, the requirement for millimolar concentrations of
similar to the single-turnover data. However, thé palues magnesium for optimal activity indicates that the magnesium
would be kinetically perturbed due to the slow rate constant is not tightly associated with the enzyme. In addition, recent
for dissociation of substrates and product compared to thework has shown that magnesium does not enhance binding
alkylation rate constantl@, 14, 38, 39, 50 Consistent with of either FPP or peptide in a binary& complex nor is it

our data, a recent determination of the steady-staterpk® essential for the chemical step of product formation, although
profiles of wild-type FTasel(7) reveals two acidic titratable  the presence of magnesium increases the rate constant for
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product formation by several orders of magnitud®)( As dependent upon the presence of magnesi@h This may
described here, the magnesium dependence of producskuggest a fundamental difference in the catalytic mechanisms
formation and the assignment oKp to a pyrophosphate of these enzymes where a residue from the enzyme substi-
hydroxyl are consistent with the suggestion that the mag- tutes for the magnesium in the reaction catalyzed by GGTase-
nesium is coordinated by the pyrophosphate moiety of FPP.I. Additional work will be required to pinpoint the mecha-
However, the apparent affinity of the enzyme-bound FPP nistic differences between these two related prenyltransferases.
for magnesiumKi, = 2 mM, is somewhat weaker than
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