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ABSTRACT: Protein farnesyltransferase catalyzes the modification of protein substrates containing specific
carboxyl-terminal CgeX motifs with a 15-carbon farnesyl group. The thioether linkage is formed between
the cysteine of the GaX motif and C1 of the farnesyl group. Protein substrate specificity is essential to
the function of the enzyme and has been exploited to find enzyme-specific inhibitors for antitumor therapies.
In this work, we investigate the thiol substrate specificity of protein farnesyltransferase by demonstrating
that a variety of nonpeptidic thiol compounds, including glutathione and dithiothreitol, are substrates.
However, the binding energy of these thiols is decrease@ Kcal/mol compared to a peptide derived

from the carboxyl terminus of H-Ras. Furthermore, for these thiol substrates, both the farnesylation rate
constant and the apparent magnesium affinity decrease significantly. Surprisingly, no correlation is observed
between the pH-independent l&gg,y) and the thiol K5 model nucleophilic reactions of thiols display a
Bragnsted correlation of approximately 0.4. These data demonstrate thatsmifier coordination is a
primary criterion for classification as a FTase substrate, but other interactions between the peptide and
the FTasdsoprenoid complex provide significant enhancement of binding and catalysis. Finally, these
results suggest that the mechanism of FTase provides in vivo selectivity for the farnesylation of protein
substrates even in the presence of high concentrations of intracellular thiols.

Protein prenyltransferases catalyze the posttranslationalprotein substrate GaX motif (5, 6, 11, 12, thereby
lipid modification of one or more cysteine residues near the lowering the K, of the thiol so that a partially charged zinc
carboxyl terminus of proteins involved in signal transduction thiolate can participate as a nucleophile in the reactl@-(
and membrane trafficking. A thioether linkage is formed 15). A partial positive charge at C1 of the farnesyl or
between the cysteine sulfur and the isoprenoid group, eithergeranylgeranyl group contributes electrophilic character to
a 15-carbon farnesyl or a 20-carbon geranylgeranyl, of prenylthe transition statelé, 16. Formation of the positive charge
diphosphates]( 2). For the modified proteins, the prenyl at C1 is facilitated by activation of the diphosphate leaving
groups serve as membrane anchors and may act as sites fayroup due to magnesium binding and/or interactions with
protein—protein interactionsl( 3). Attachment of the prenyl  residues in the active sitd%, 17.

group(s) is required for the biological function of these  Muytant forms of Ras have been implicated in up to 30%
proteins. of all human cancerslg, 19, and membrane targeting via
All three protein prenyltransferases, protein farnesyltrans- the farnesyl group is necessary for the transformation of
ferase (FTas€),protein geranylgeranyltransferase type-l normal cells into cancerous cells by oncogenic forms of Ras
(GGTase-l), and protein geranylgeranyltransferase type-Il (20-22). The substrate specificity of the protein prenyl-
(GGTase-ll, also called RabGGTase), are heterodimeric zinCtransferases has been exploited to make FTase-specific
metalloenzymes( 4). Crystal structures of FTas®&<9) inhibitors to serve as cancer chemotherapeu#igs 25), and
and GGTase-II 10) show significant structural similarity,  several such compounds are currently in clinical tri2) (
even though specific differences in the structures, thought The specificity of protein prenyltransferases is determined
to be related to substrate specificity and enzyme function, primarily by the carboxyl-terminal sequence of the protein

exist. The general catalytic mechanisms of the three proteinsypstrate: GGTase-Il modifies both cysteine residues in
prenyltransferases are likely to be similar, with the zinc ion

being involved in catalysis and the diphosphate activated as
a leaving group. The zinc ion coordinates the sulfur of the
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motifs such as CC, CXC, or CCXX with geranylgeranyl PA). All assays were conducted at 25, and curve fitting
groups while FTase and GGTase-I transfer a farnesyl and awas performed with KaleidaGraph (Synergy Software).
geranylgeranyl group, respectively, to the cysteine residue Thiol Binding Affinity Dissociation constants for the thiols
in the CaaX recognition motif (). However, there is  were measured with competition assays as described previ-
evidence that this peptide/protein specificity is not absolute. ously (3). The assays were performed in 50 mM buffer
For example, several Ras proteins, including K-Ras and (Heppse-NaOH at pH 7.8, BicineNaOH at pH 9.1), ionic
N-Ras, which are substrates for FTase can also be modifiedstrength maintained at 0.1 M with NaCl, 5 mM TCEP, 5
by GGTase-I 27—30) which may play a role in reducing mM MgCl,, 0.01uM EDTA, and 5% EtOH, with 0.02M
the sensitivity of some cells to FTase inhibitors. In addition FTase and 0.04M (E,E)-2-[2-0x0-2-[[(3,7,11-trimethyl-2,6,-
to protein and peptide substrates, FTase isolated from spinacti0-dodecatrienyl)oxy]Jamino]ethyl]phosphonic acid (desig-
has been reported to farnesylate dithiothreigil)( a non- nated ln9, an inactive isoprenoid analogue of FPBE)
peptidic thiol substrate. These findings suggest that: (1) Calbiochem, San Diego, CA]. The Dns-GCVLS dissociation
FTase substrate specificity may not be as strict as previouslyconstant,KpP", was determined by direct titration of the
surmised, (2) intracellular thiols may be substrates for FTasepeptide (excitation at 280 nm, emission at 496 nm) as
in vivo, and (3) FTase selectivity is likely tuned to ensure described previouslyl@). For the competition assays, the
the farnesylation of protein substrates in vivo. Furthermore, thiols were titrated into a solution containing FTasg, bnd
these findings raise the question of whether thiol reducing Dns-GCVLS at a concentration equal k&P"s. The thiol
agents commonly used during purification and biochemical dissociation constant¥pRSH, were calculated using eq 1:
characterization of protein prenyltransferases result in mis-
leading kinetic parameters.

In this work, we investigate the ability of FTase to catalyze
farnesylation of nonpeptidic thiol compounds. We demon-

strate that a wide range of thiol compounds can be substratesyhere FL is the fluorescence of the bound Dns-GCVLS, IF
for FTase with significant turnover numbers, even though is the initial fluorescence, EP is the fluorescence endpoint,
both the binding affinity and the farnesylation rate constant [Dns] is the concentration of Dns-GCVLS, and [RSH] is the
are substantially reduced compared to a peptide substrate.gncentration of thiol.
derived from the carboxyl terminus of H-Ras. In addition,  Transient Kinetics The FTasg®H]FPP binary complex
partitioning studies indicate that, in contrast to peptide \yas preformed by incubation of 0.78\1 FTase with 0.35
substrates, dissociation of the thiol compound from the uM [3H]FPP (20 Ci/mmol) in 50 mM HeppseNaOH (pH
FTaseFPPRSH ternary complex is significantly faster than  7.8) 20 mm TCEP, 5 mM MgG| and 5% EtOH. The
product formation. The kinetic characteristics of the reaction reaction (7.5uL total volume) was initiated by the addition
of FTase with the nonpeptidic thiol compounds suggest that of thiol substrate (0.05100 mM) and was stopped at various
this enzyme can efficiently and selectively farnesylate protein times (5 s to 4 h) by the addition of an equal volume of
_substrates even in the_ presence of high concentrations 0f2-propanol. The reactants and products were separated by
intracellular thiol-containing compounds. thin-layer chromatography (TLC) on plastic-backed silica gel
plates using a 6:3:1 or 8:1:1 (v/v/v) 2-propanol/AHH/H,O
EXPERIMENTAL PROCEDURES (GCVLS, NAC, and GSH) or a 7680% MeOH (MTG,
Preparation of FTase and Miscellaneous Procedures DTT, and bME) mobile phase. The tritium-labeled bands
Recombinant rat FTase was expressed in and purified fromwere visualized by autoradiography using an intensifying
Escherichia colias described previously8®) except that  screen (TranScreen LE; Kodak, Rochester, NY) or following
Hepes-NaOH (pH 7.7) was substituted for Tris-HCI. Before  fluorographic enhancement (Bfance; NEN LifeSciences,
use, the enzyme was transferred into 50 mM HepéaOH Boston, MA). They were then excised, and the radioactivity
(pH 7.8), 1 mM tris(2-carboxyethyl)phosphine hydrochloride was quantified by scintillation counting. The percentage of
(TCEP), and %M ZnCl, by dialysis. Enzyme concentrations product formed represents the ratio of the radioactivity in
were determined using a commercially available dye (Bio- the product band to the total radioactivity. The observed rate

Rad) in the Bradford assapd). Peptides (HPLC-purified  constant for product formatiork,,s was calculated using
to =95%) were obtained from Applied Analytical Industries eq 2:

(Chapel Hill, NC). Peptide and thiol concentrations were
determined by reaction of the cysteine with 'Eg&hiobis-
(2-nitrobenzoic acid)34) using an extinction coefficient of
14 150 Mt cm™? (35) or by weight. Farnesyl diphosphate

IF
L= + EP
1+ (KR"Y[Dns])(1 + [RSH]/KE™")

(1)

%P(t) = EP(1— e ™) )

where %(t) is the percentage of product at timand EP is

(FPP), farnesyl monophosphate (FMP), tritium-labeled FMP,
and tritium-labeled farnesol3fi]JFOH) were obtained from
American Radiolabeled Chemicals, Inc. (St. Louis, MO).
Tritium-labeled FPP EH]FPP) was obtained from NEN
LifeSciences (Boston, MA), and farnesol (FOH) was ob-
tained from Kuraray Co. (Osaka, Japan). Methyl thioglyco-
late (MTG), methyl glycolate (MG), and 2-mercaptoethanol
(bME) were obtained from Aldrich (Milwaukee, WI),
reduced glutathione (GSH) amdlacetyli-cysteine (NAC)
were obtained from Sigma (St. Louis, MO), amdl.-
dithiothreitol (DTT) was obtained from VWR (West Chester,

the percentage at the endpoint.

For the pH dependence study, the reactions were per-
formed in 100 mM Bicine-NaOH (pH 7.8 or 9.1), total ionic
strength maintained at 0.2 M with NaCl, 20 mM TCEP, 10
mM MgCl,, and 5% EtOH, with 0.:M FTase, 0.25«M
[®H]FPP (20 Ci/mmol), and 0.65100 mM thiol. The assays
and product analysis were performed as described above.
The observed rate constant for product formatiqp, was
determined by fitting eq 2 to the time-dependent product
formation for the individual thiol concentrations. The
maximal rate constant for product formation at saturating
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thiol concentrationsmay, and the thiol concentration at half- The solutions were dried, and the resulting powders were

kmax K12, Were calculated using eq 3: resuspended in 2-propanol. The identities of the farnesyl-
MTG and farnesyl-bME standards were confirmed by the
Kypo= Kmax 3) Mass Spectrometry Facility at Duke University.
" 14 (Ky/[RSH))
RESULTS
For the magnesium dependence study, the reactions were ) . )
performed in 50 mM HeppseNaOH (pH 7.8), 20 mM Alternate Thiol SubstratesVodified proteins and short

TCEP, 5% EtOH, and 4120 mM MgCb, with 0.75 uM peptides that mimic the GaX motif have been extensively
FTase, 0.35M [3H]FPP (20 Ci/mmol), and 40 mM thiol. used to study the substrate specificity of FTa38-{44).

The ionic strength due to added salt was maintained at 0.36' "€Se studies showed that both the sequence of ti@XCa

M with NaCl. The assays and product analysis were motif and the positioning of the cysteine as the fourth residue
performed as described above. The maximal rate constaniro™m the carboxyl terminus are important criteria for clas-
for product formation at saturating magnesium concentra- Sification of a peptide/protein as an FTase substrate. How-
tions, kmaM9, and the magnesium concentration at hali, ever, several reports have suggested that the apparent peptide/

K., were calculated using eq 3 with the concentration of Protéin substrate specificity can be variabBy {31, 45-
magnesium replacing the concentration of thiol. 48). These conclusions were primarily based on steady-state

Partitioning. The partitioning experiments were performed Kinetic parameterska, Km, andksa/Km) or on the ability of
in 50 MM Heppse-NaOH (pH 7.8), 20 mM TCEP, 5 mM the pept|_de to inhibit farnesylation of protein substrates. For_
MgCl,, and 5% EtOH, with 0.7&M FTase, 0.35M [3H]- mammalian FTase, steac!y—stqtg parameters do not nece;sanly
FPP (20 Ci/mmol), and 40 mM thiol (7L total volume). reﬂe_ct the thermodynamm _aff_lmty of ETa_s_e substrates since
The reactions were initiated by the addition of thiol to the peptide and product dissociation are significantly slower than

FTase[*H]FPP binary complex and were allowed to incubate the chemical stepld, 14, 48-52). To determine the minimal

for 2—6 min so that 26-30% of the PH]FPP was converted requirements for substrate recognition and utilization by
to farnesyl-thiol. The reactions were then either quenched FTase, we chose to examine the ability of FTase to catalyze

with an equal volume of 2-propanol or 3 GCVLS was farnesylation of a number of nonpeptidic thiol compounds

added and incubated for 10 s before quenching. The assa);':'gure 1). Exc_ept for the free thiol group(s),. these com-
components were separated by TLC using an 8:1:1 (v/v/v) PouUnds bear little resemblance to the peptide, GCVLS,
2-propanol/NHOH/H,O mobile phase, and product analysis derived fr_om the carboxyl terminus of H-Ras (K_CVLS), thgt
was performed as described above. has previously been used to study the catalytic mechanism
Steady-State KineticSteady-state assays were performed °f FTase $3-15, 51.
in 50 mM Heppse-NaOH (pH 7.8), 20 mM TCEP, 5 mM Binding to FTaseTo determine if FTase could bind the
MgCl,, and 5% EtOH, or in 100 mM BicineNaOH (pH thiol compounds, a fluorescence-based competition assay
7.8), total ionic strength maintained at 0.2 M with NaCl, 20 (13) was used to measure the affinity of a binary complex,
mM TCEP, 10 mM MgC4, and 5% EtOH, with saturating ~ comprised of FTase and an inactive isoprenoid phosphonate
[3H]FPP (2-4 uM, 2.6 Ci/mmol) and varied thiol substrate ~designated zha (Figure 1), for the compounds. The thiol
(0.025-10 uM GCVLS or 0.45-80 mM thiol). The assays compounds compete with Dns-GCVLS for binding to FFase
were initiated by the addition of FTase—% nM for the lana @s indicated by a decrease in fluorescence, demonstrating
GCVLS reactions or 50 nM for the thiol reactions. The that they bind in the peptide binding pocket (Figure 2). The
reactions were stopped at various times (15 s to 6 h) by thenonthiol analogue of MTG, MG (Figure 1), does not compete
addition of an equal volume of 2-propanol so that less than With Dns-GCVLS for binding to the FTasgn. binary
10% product was formed based on limiting substrate COmplex even at concentrations greater than 1 mM. The
concentration. Product formation was quantified by TLC and affinity of the FTaselan binary complex for the thiol
scintillation counting as described above. The steady-statecompounds is significantly weaker, at least 400-fold (Table

parameter&... and K, were calculated using eq 4: 1), than the affinity for the peptide GCVLS. The relatively
high affinity for DTT compared to the other thiols may be
v K.o1S] due to bidentate metal coordination of both sulfur atoms of
[El .o = [S]+ K, (4) DTT. The observed decreasesdgp for the thiols relative to

the peptide demonstrate that the zisulfur coordination

or kexWas calculated from the initial velocity of the reaction IS not sufficient to achieve the high-affinity binding observed
at saturating substrate concentrations. for peptide and protein substrates3). Therefore, other
Synthesis of Farnesylated StandarBarnesyl-MTG and  favorable interactions between the peptide and the enzyme
farnesyl-bME were synthesized by reacting farnesyl bromide isoprenoid complex provide a significant portion of the
(0.58 mmol) and the thiol compound (0.58 mmol) for 1.5 h binding energy. Interactions between the enzyme ane.Xa
on ice with stirring in a solution containing 1.75 mmol of Peptide substrates that could be energetically important,
zinc acetate in 4.5 mL of 2:1:1 (v/v/v) dimethylformamide/ including hydrogen bonds with Arg2fand GIn16@, have
acetonitrile/0.025% trifluoroacetic aci®7, 39. The solu-  been visualized in crystal structures of ternary complexes
tions were loaded onto preparative silica gel TLC plates (5, 6.
containing a fluorescent indicator (excitation at 254 nm), and  Product Formation with ThiolsTo determine if FTase can
the plates were developed in 90% 2-propanol. The top band,use nonpeptidic thiol compounds as substrates, the thiol
corresponding to the fluorescence quenching, was removedcompounds were incubated with a FT43d]FPP binary
and the silica was extracted with 2:1 (v/v) chloroform/MeOH. complex. A tritium-labeled product is formed for each thiol,
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Ficure 2: Competition with peptide for binding. The binding
affinity of an FTasén, binary complex for compounds was
determined by competition with Dns-GCVLS in 50 mM Heppso
NaOH (pH 7.8), ionic strength maintained at 0.1 M with NaCl, 5
mM TCEP, 5 mM MgC}, 0.01uM EDTA, and 5% EtOH. MTG
(®) or MG (O) was titrated into a solution containing 0.Q21
FTase, 0.04(M |anq and 0.08«M Dns-GCVLS. The data shown
are relative to the initial fluorescence values of 3.3 and 2.8 for
MTG and MG, respectively.

as indicated by TLC on silica gel plates. Since the tritium
label on the {H]FPP is at the C1 position of the farnesyl

chain, the tritium-labeled products have incorporated the
farnesyl group. The farnesylated products migrate distinctly

from each other and from FPP, FMP, and FOH on TLC

plates and by HPLC analysis (Table 2). The farnesylated

products of the reaction of FTas¢’P with MTG and bME
comigrate with chemically synthesized farnesyl-MTG and
farnesyl-bME, respectively, both on TLC plates containing

NH, ” 0
H
ARy Y
H
O 0 @)
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were performed. For the transient kinetic studies, single-
turnover reactions with saturating enzyme concentration
relative to the limiting FPP substrate were used to measure
the observed rate constant for product formatigs (see
Scheme 1). The single-turnover reactions proceed to comple-
tion, and the data are well-described by a single first-order
exponential (Figure 3A, eq 2). We then measured the
dependence of this observed rate constant on the concentra-
tion of thiol. In all cases, a single exponential fits well to
the data, and the concentration dependence of the rate
constant could be described by saturation of the FF&¥e
complex to form FTas€&PPRSH (Figure 3B, eq 3).
Although these nonpeptidic thiols are substrates, the single-
turnover rate constants at saturating thiol and enzyme
concentrationskmax (Table 1), are reduced more than®10
fold compared tdkmax for the peptide substrate GCVLE4,

15). Furthermore, the concentration of substrate at the half-
maximal rate constank,,, ranged from 1.5 to 9.6 mM at
pH 7.8 (Table 1), which is more than 75-fold larger than
the value of 0.02 mM measured for GCVLS4. These data
demonstrate that, while FTase can catalyze farnesylation of
a wide variety of thiol compounds, interactions between the
protein and the peptide substrate in addition to thezinc
sulfur coordination are essential for high-affinity binding and
efficient catalysis.

Interestingly, for peptidic and nonpeptidic thiol substrates,

a fluorescent indicator (data not shown) and on a C18 reversethe Ky is significantly larger than the measurkg (Table
phase HPLC column (Table 2). These results indicate that1). For peptide substrates, this result is predicted from the

the farnesylated products of the reactions of FT&Be with

kinetic mechanism. Since the rate constant for the chemical

the thiol compounds are the farnesyl-thiols. The thiol group step is much greater than the rate constant for dissociation
is required for formation of the farnesylated product; product of the peptide K, > k-; in Scheme 1)K/, does not reflect
formation was not observed with MG, the nonthiol analogue Kp but rather reflects a change in the rate-limiting step from

of MTG.
Transient KineticsTo compare the efficiency of FTase-

substrate binding to chemistry as the concentration of peptide
increasesi(1, 14, 49. However, this explanation likely does

catalyzed farnesylation of nonpeptidic substrates to peptidenot describe the nonpeptidic thiol data as both the chemical
substrates, both transient and steady-state kinetic analysegate constant and the substrate affinity decrease significantly.
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Table 1: pH Dependence of Kinetic Consténts

pH 7.8 pH 9.1
substrate K Kp (MM) K12 (MM) Kmax (579 Kp (mM) K12 (MM) Kmax (S7%)

Dns-GCVLS 8.3 (6.8:0.8)x 10° ND 4. (2.6+£0.5)x 105 ND ND
GCVLS 8.6 (6.8 0.1)x 10>  0.02 9.4 ND ND 10¢
GSH 9.0 0.12+ 0.01 9.6+14 (5.3+0.2)x 103 0.062+ 0.007 3.0+ 0.2 (1.5+0.03)x 10°?
MTG 8.0 0.22+ 0.06 8.1£05 (5.5+0.2)x 1072 0.28+ 0.02 4.6+ 0.2 (6.9+£0.2) x 10°3
bME 9.4 0.82+ 0.08 72602 (1.6£0.05)x 10®  0.17+0.01 1.0+ 0.04 (1.7+0.05)x 1073
NAC 9.5 0.20+ 0.04 ND (2.2£0.2) x 1078 ND ND ND
DTT 9.1,10.1 0.03t 0.0004 1503 (1.9+0.4)x 108 ND ND ND

a All assays were conducted at 26. TheKp values were determined in 50 mM Heppd$aOH (pH 7.8) or BicineeNaOH (pH 9.1), ionic
strength maintained at 0.1 M with NaCl, 5 mM TCEP, 5 mM MgQ@.1uM EDTA, and 5% EtOH. The1,; andknax values for the thiols were
determined in 100 mM BicineNaOH (pH 7.8 or 9.1), total ionic strength maintained at 0.2 M with NaCl, 20 mM TCEP, 10 mM Mgadl 5%
EtOH. ND denotes not determineétiThe K, values were obtained fromi®) for GCVLS and Dns-GCVLS,J9) for GSH, and 67) for MTG,
bME, NAC, and DTT.¢ These values were obtained froiy). ¢ These values were obtained frodb).

Table 2: Chromatographic Separation of Farnesyl-Containing 100
Compounds 80

compound R2 RP retention time (mirf) 5

FPP 0 0 32.7 g

FMP - 0.77 345 £ 1

FOH 0.87 0.8 43.6 R

F-bME - 0.59 46.8 (46.9) 20

F-MTG - 0.36 51.1 (51) ]

F-DTT - 0.54 - 0 f L

F-GCVLS 0.6 - - 10 100 1000  10*

F-GSH 0.25 - -

a Separated on a silica gel TLC plate with an 8:1:1 (v/v/v) 2-propanol/ 0.006 T T T T 0.003
NH4OH/H,O mobile phase? Separated on a silica gel TLC plate with 1
a 75% MeOH mobile phasé Separated on a reverse phase C18 column
(250 x 4.6 mm, Phenomenex) with a gradient (55 min, 1 mL/min) of _0.004 0.002 <
10% acetonitrile, 0.1% trifluoroacetic acid to 100% acetonitrile, 0.1% "o m
trifluoroacetic acid. The values in parentheses are for the chemically Ty QA
synthesized products. x° 0.002 0.001 \‘:;
Scheme 1: General Reaction Scheme for Farnesylation of ]
Thiols? 0 0

K 0 20 40 60 80 100
obs OF Kmax [GSH] (mM)
i |
ki pp R pp e FIGURE 3: _Time and concentration o!ependence of _thiol farnesyla-
EFPP+RSH == Epqy =% Epd. == E+RSF+PP; tion. (A) Time course for farnesylation of thiols. Single-turnover
k4 assays were conducted at 26 in 50 mM Heppse-NaOH (pH

aIn this scheme, E is protein farnesyltransferase, FPP is farnesyl 7-8), 20 mM TCEP, 5 mM MgG| and 5% EtOH with an FTase
diphosphate, RSH is a thiol compound, and-fSis the farnesylated [®H]FPP binary complex (0.76M FTase, 0.3%M [3H]FPP) and
thioether product. The thiol association and dissociation rate constants30 MM GSH @), NAC (O), MTG (m), DTT (0O), or bME (#).
are represented b andk 1, respectively, and the rate constant for The reactions were quenched by the addition of an equal volume

product formation (chemistry) is denoted ky The steady-state rate  Of 2-propanol, and the %Product was determined by TLC and
constantke represents rate-limiting product release for peptide and Scintillation counting. Observed rate constants for product formation,

protein substrates. In the experiments presented kgkethe observed ~ Kobs ranging from 0.8< 10-%s™* (bME) to 4.5x 103 s™* (GSH),

rate constant for product formation, akigh, the maximal rate constant ~ Were obtained by fitting eq 2 to the individual time courses. (B)

for product formation, were measured at subsaturating and saturatingConcentration dependence of single-turnover and steady-state

thiol concentrations, respectively. catalysis for GSH. Single-turnove®j and steady-stat&)) assays
were conducted at 25C in 100 mM Bicine-NaOH (pH 7.8), total

Furthermore, partitioning experiments (described below) ir‘T)]R/ilC If'ﬂté%r}?thanmdaigg?;”g?oﬁ Oéi “gevggﬂbggchn%%?gxgecrﬁe’nltgl

demonstrate that the FTas®PRSH ternary complex isin  procedures. The concentration dependence of the single-turnover

rapid equilibrium with free RSH. Therefore, the simplest reaction results iy, = 9.6 + 1.4 MM andkpax= (5.3 + 0.2) x

explanation for the loweKp compared toK,, for the 1073 s71 (eq 3) while the concentration dependence of steady-state

nonpeptidic thiols is that they bind more tightly to the FTase Catg'YﬂS results il = 4.9+ 1.2 mM andkea = (2.4 4 0.2) x

lana complex used in the binding affinity experiments than 19°S " (€d4).

they do to the catalytically competent FTdsBP complex. observed for peptide substratds & k-1 in Scheme 1),

An alternative explanation is that the chemical step is no pulse-chase experiments were performed. In these experi-

longer rate-limiting in the reaction with the thiols, but rather ments, the FTasPH]JFPPRSH complex is formed under

that another step, such as a conformational change, becomesaturating concentrations of RSH and FTase with limiting

rate-limiting. FPP and then mixed with the peptide GCVLS. Under these
Partitioning. To determine if the ternary complex of conditions, if product formation from the FTas®PRSH

FTaseFPPRSH is formed rapidly and irreversibly, as complex is irreversible and faster than thiol dissociatien (
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100 Table 3: Steady-State Kinetic Data for Thiol Compounds
80 ] substrate Keat (S71) Km (MmM) KealKm (MM~1s7%)
5 el ] GCVLS 0.154+ 0.0 0.00164+ 0.0004 94
K 0.18+ 0.06
o 40F ] GSH (2.4+£0.2)x 108> 49412 0.00049
& [ ] (1.4+0.2)x 1073
20f . MTG (9.6+0.4)x 103P 584+1.0 0.0017
F ] (344 0.2)x 1073
ol — & = bME  (0.4%+0.1)x 103 ND ND
o _ i NAC  (1.3+£0.2)x 103 ND ND
FiGure 4: Partitioning with bME. The experiment was conducted pTT (0.7£0.1)x 103 ND ND

at 25°C with bME as described under Experimental Procedures. — — - -
A, background without addition of either bME or GCVLS; B, 6 Unless otherwise indicated, the values were determm;ed in 50 mM
min reaction with bME; C, 6 min reaction with bME followed by ~HePPSe-NaOH (pH 7.8), 20 mM TCEP, 5 mM Mggland 5% EtOH

addition of GCVLS for 10 s: D. 10 s reaction with GCVLS: E. 90 at 25°C with saturating substrate concentrations and represent averages

min reaction with bME. The open boxes represent farnesyl-bME of at least 3 separate experimerft¥hese values were determined at

nd the hatch xes represent farnesvl-GCVLS. 25 °C in 100 mM Bicine-NaOH (pH 7.8), total ionic strength
and the hatched boxes represent famesyl-GCVLS maintained at 0.2 M with NaCl, 20 mM TCEP, 10 mM MgCand

. . . 5% EtOH and result from fitting eq 4 to the data. ND denotes not
> k_, in Scheme 1), only the farnesyl-thiol product will be  §etermined. 9ea

observed despite the addition of peptide. However, if
farnesylation is slow relative to substrate dissociatien ( may not be entirely rate-limiting in steady-state turnover.
> k), the added peptide substrate will bind to the FTase Furthermore, the similarity betweefy, and Ky, (within a
FPP binary complex and readbfs > 1 s7* (11, 14, 19] to factor of 2) would be consistent with a kinetic mechanism
form the farnesyl-peptide. The results for partitioning experi- where the thiol substrate binds rapidly and reversibly
ments conducted with bME are shown in Figure 4. The followed by a rate-limiting step that is the same kg, and
reaction was initiated by the addition of 40 mM bME to an kg,
FTase[°H]FPP binary complex, allowed to react until-20 pH DependenceThe reactivity and affinity of peptide
30% product was formed, and then the reaction was eithersubstrates are dependent on the formation of the zinc-thiolate
quenched or diluted into peptide. After addition of GCVLS  (11-15). To study the role of thiol ionization in binding and
to the reaction, only the farnesyl-peptide product was activity of the nonpeptidic thiol substrates, dissociation and
observed with no additional farnesylation of bME. Similar single-turnover kinetic constants were determined at pH 9.1
results were obtained for GSH, NAC, DTT, and MTG (data for comparison with the data at pH 7.8. For each of the thiol
not shown). These data demonstrate that the FFRSRSH compounds, the observed second-order rate constant for the
complexes can react rapidly with peptide to form farnesyl- reaction of total thiol with the FTasePP complexkna/Kuz,
peptide, indicating that the rate constant for dissociation of increases with increasing pH. In fact, the increase in this
thiol is rapid compared to farnesylation of bound thik!( observed rate constant correlates reasonably well with the
> ko) under these conditions. Therefore, the FTEB&RSH increased concentration of the free thiolate, determined by
complex should equilibrate rapidly and reversibly with the the K, of the free thiol, as the pH increases to 9.1. For GSH
free thiol substrates under both steady-state and single-and MTG, the rate increases are 11- and 2-fold, respectively,
turnover conditions. compared to calculated increases in the thiolate concentration
Steady-State CatalysisThe comparative reactivity of of 9.4- and 2.4-fold at pH 9.1 compared to pH 7.8. These
peptide and thiol substrates under steady-state conditions waslata suggest that the substrate thiolate is the reactive species,
also determined. For peptide and protein substrates, products observed for peptide substratéd,(15. However, this
release is rate-limiting under steady-state conditions with increase in reactivity is observed as both a decrea®g/in
saturating substrate concentrations ksgdoes not reflect  and an increase iknax as the pH increases. Furthermore,
the chemical step4@, 52 (see Scheme 1). Consistent with the thiol dissociation constant from the FTdgerRSH
this, ke for GCVLS, 0.18 + 0.06 s?! (Table 3), is complex Kp, Table 1) decreases at pH 9.1, paralleling the
approximately 70-fold lower than the maximal rate constant diminution in Ky,. For peptides, pH dependence studies
for product formation knax (Table 1). Thek value for suggest that both the thiol and thiolate forms of the peptide
GCVLS measured here is somewhat higher than previouslycan bind to the enzyme and that interaction of the sulfur
reported values [0.020.06 s (14, 53] due to the high with the zinc lowers the I, of the thiol by approximately
concentration of TCEP which appears to accelerate the2 pH units (2, 13, 15. A similar model can explain the
product dissociation rate constant (data not shown). FTaseobserved pH dependence for these thiol compounds. In fact,
can also catalyze multiple turnovers with the thiol com- the pH dependence d&,.x and Ky, can be quantitatively
pounds, although thk.,; values for the thiol substrates are described using al for the thiol in the FTaséPPRSH
130—-420-fold lower thank.; for GCVLS (Table 3). To complex of approximately 7.3 for MTG and 8 for bME and
directly compare the specificity of FTase for different thiol GSH using the equatidign.x = ko/(1 + [H1]/Ka2). Therefore,
compoundsk../Km was determined for GCVLS, GSH, and binding of the thiol to the enzyme decreases tkgip each
MTG (Table 3). Thek../Kn values for MTG and GSH are  case by 2 pH units. However, no correlation between the
decreased & 10* and 2x 1CP-fold, respectively, showing  pH-independent lod..) and K, is observed with these
both that FTase is specific for peptide substrates and thatthiols. In model nucleophilic reactions of thiols, a plot of
these thiols are not efficient substrates for steady-statethe pH-independent lolg{,9 versus [K, of the thiol has a
catalysis. For the thiol compounds,ax andk.,: are compa- Brgnsted correlation of approximately 0%B{-59). The lack
rable (within a factor of 3), suggesting that product release of correlation in the enzyme reaction can be interpreted in
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0.05 T T The dramatically increased magnesium dependence of the
thiol reaction is not due to alteration of th&pof the
diphosphate hydroxyl in the ternary complex since the
magnesium dependence of the thiol reaction is unchanged
at pH 9.1 (data not shown). Therefore, these data suggest
that the magnesium affinity of the ternary complex is
decreased with bound RSH compared to GCVLS, perhaps
L due to decreased affinity of the deprotonated diphosphate
0 50 100 150 for magnesium. In crystal structures of binary and ternary
[Mg™] (mM) complexes of FPP bound to FTase—{), a number of
FiGurRe 5: Magnesium dependence of thiol farnesylation. The positively charged residues are observed that could poten-
observed rate constants for product formatikgs (eq 2), were  tiglly compete with magnesium for interaction with the

determined at 25C for the reaction of FTasEH]FPP (0.75uM ; I ;
FTase, 0.35M [*H]FPP) with 40 mM MTG ®), DTT (), GSH diphosphate oxygens. This increased magnesium dependence

(M), and bME () over a range of MgGlconcentrations (£120 of the enzyme with these thiol compounds may demonstrate
mM) in 50 mM Heppse-NaOH (pH 7.8), 20 mM TCEP, and 5%  another aspect of the synergism between the peptide substrate
EtOH. The ionic strength due to added salt was maintained at 0.36and prenyl substrate; binding of the peptide alters the
M with NaCl. The apparerkna,' andKy, values, respectively, jnteractions between FPP and the enzyme to enhance the
if?g\r?ao(fgffg 'r%(l:/lzfgr gﬁ“gﬁéﬁg’!gg; Gsf";ﬁ g ggﬁg 'r%cli/? magnesium affinity. Alternatively, the catalytic magnesium
for MTG, and 0.029+ 0.002 s and 123+ 12 mM for bME (eq ion that activates the reactivity of these thiol substrates does

3 with [Mg?*] replacing [RSH]). not interact with the diphosphate oxygens but binds at an

alternative position to activate the reaction.

several ways. One explanation is that there is no significant
nucleophilic component in the transition state due to either DISCUSSION
significant dissociative character or a rate-limiting confor-  Substrate Specificity and Catalytic Mechanidie have
mational change. Alternatively, the reactivity of these thiol demonstrated that FTase can catalyze the farnesylation of a
compounds could be dominated by the positioning of the variety of nonpeptidic thiol compounds. These results suggest
thiolate nucleophile relative to C1 of FPP rather than the that the presence of a free thiol is the primary criterion for
reactivity of the nucleophile. In addition to the alterations classification as a FTase substrate. Indeed, the lack of a thiol
in pK, the compounds examined in this study have signifi- (Ala or Ser substituted for Cys in CaaX, MG) or modification
cant structural differences (Figure 1) that could also lead to of the thiol results in the loss of binding affinity and of the
different reactivities. ability to form product 13, 20, 39, 41, 6365). As observed

Magnesium Dependenci® addition to the tightly bound  in optical absorbance spectra of FTasg, (19 and structures
zinc ion, millimolar concentrations of magnesium ions are of FTaseisoprenoidpeptide ternary complexe$,(6), the
required for efficient catalysis by FTas&4( 15, 66-62). sulfur of the substrate thiol interacts directly with the metal
Previous work has suggested that the magnesium ionin the active site. Therefore, the zinsulfur interaction has
enhances a step after formation of the ternary complex andbeen proposed as the most important interaction between the
at or before the chemical stefi4, 19. In single-turnover substrate and the enzyme. The zinc ion is required for
reactions, the observed rate constant for farnesylation ofcatalysis and high-affinity peptide and protein, but not
peptides shows a hyperbolic dependence on the magnesiunsoprenoid, binding¥4, 60, 6§. In addition, the modulation
ion concentration. Furthermore, protonation of a group with of the K, of the thiol due to interaction with the zinc, which
a pKa ~ 7.4, proposed as a diphosphate hydroxyl in the results in a partially charged thiolate at physiological pH that
ternary complex 15), increases thé,, for magnesium, can act as a nucleophile in the reaction, is an integral
K219, presumably by direct competition of the proton with  component of the catalytic mechanist?{15). The zinc-
a magnesium ion. A model consistent with these data is thatsulfur interaction has also been suggested to orient the sulfur
at least one magnesium ion coordinates the diphosphate tdoward C1 of the prenyl groug). In the crystal structure
stabilize the developing negative charge on the leaving groupof a FTasdsoprenoidpeptide ternary complex with the zinc
and to facilitate formation of a partial positive charge on C1 removed, the bound peptide adopts a different conformation,
of FPP. Alternatively, the magnesium ion could stabilize and the sulfur of the cysteine residue is directed away from

0.04

a catalytically competent conformation of the FT&$eP the zinc ). While the ability of nonpeptidic thiol compounds
peptide ternary complex. For GCVLS at pH 7.8, the apparent to act as substrates for FTase could be attributed to the
magnesium dissociation constant is 2 mib), Unexpect- interaction with the zinc, the loss of additional interactions

edly, the thiol compounds exhibit a greater dependence onmay contribute to the decreased binding affinity and catalytic
the concentration of magnesium than the peptide substrateefficiency of the thiol compounds.

The maximal rate constant for product formation with the  The nonpeptidic thiol compounds are not efficient sub-
thiol compounds is not achieved at 120 mM Mggitting strates for FTase. The single-turnover and steady-state rate
a binding isotherm to the data suggests thatd¢h#'d varies constants are substantially lower, and the binding affinity is
from 45 mM for GSH to~120 mM for bME (Figure 5). significantly reduced for the thiol compounds compared to
Furthermore, at saturating magnesium concentrations, thethe peptide GCVLS. The observed increases in the values
observed rate constant for farnesylation is enhanced 10 of Kp, K, andKy, demonstrate that zirethiolate coordina-
25-fold compared to the rate constant at 5 mM magnesium.tion is not sufficient to achieve the high-affinity binding
However, the farnesylation rate constiptM is still several observed for peptide and protein substrates. In fact, the free
orders of magnitude slower than farnesylation of GCVLS. energy of binding the thiol compounds to FTdgg com-
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plexes 5 kcal/mol) is comparable to ziacsulfur coordina- ferases. Thiol compounds compete with peptides with respect
tion energies observed in small-molecule zinc complexés [  to binding to the FTasén, binary complex and, therefore,
kcal/mol 67)] and much smaller than the binding free energy could compete with weakly binding peptides/proteins or
of peptide substrates (10 kcal/mol for GCVLS). Therefore, inhibitors to mask important interactions. Additionally, the
other interactions between the peptide and the FTase presence of many compounds, including DTT and TCEP,
isoprenoid complex provide a significant portion of the increase&.. (K. E. Hightower and C. A. Fierke, unpublished
binding energy. In addition to the decreased binding affinity, data) due, presumably, to activation of product rele&&g (
the free energy of the rate-limiting transition state relative suggesting that th&,, and k.5 values of weakly binding
to the FTasé-PPRSH ground stateXAGY) is increased 35 substrates could be substantially altered. In addition, farnesyl-
kcal/mol in comparison to the reaction with peptidesAG* thiol products are not detected by traditional filter binding
= AG*rsy — AG¥scvis = RT IN(KmasR S kmaxlCVES). and biotin—avidin assays since the farnesyl-thiol will not
Direct interactions between the @gX motif and residues  be retained by the filter or the avidin. Finally, in single-
in the active site of FTase play an important role in substrate turnover and pre-steady-state assays, where the enzyme is
specificity. Crystal structures of FTassprenoidpeptide preincubated with FPP before addition of peptide, the
ternary complexes( 6) confirmed the direct interaction of  presence of DTT in the buffer will result in the formation
Arg2025 with & and GIn16@ with X via hydrogen bonds.  of farnesyl-DTT and a reduction in the endpoint value. Since
These interactions are even maintained in the absence of zinéhe removal of reducing agents from most FTase assays is
(6), suggesting that they make significant contributions to not possible, nonthiol reducing agents such as TCEP are a
the binding affinity of the peptide substrate. Additional reasonable alternative to thiol reducing agents.
stabilization could result from van der Waals contacts with
FTase and the isoprenoid substrate and coordination of aACKNOWLEDGMENT
water molecule at the base of the active site. The decreased
binding affinities of the thiol compounds are consistent with  We thank Garrick Stewart, Kim Johnson, Calvin Wilder,
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the enzyme. However, these interactions increase bothwith these compounds, Dr. George Dubay for performing
binding and reactivity, either by enhancing the reactivity of the mass spectrometry, and Dr. Chih-chin Huang, Dr.
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