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ABSTRACT. Geranylgeranyltransferase type Il (GGTase-Il) modifies small monomeric GTPases of the Rab
family by attaching geranylgeranyl moieties onto two cysteines of their C-terminus. We investigated to
what extent GGTase-Il discriminates between its native substrate geranylgeranyl pyrophosphate (GGpp)
and other phosphoisoprenoids, including farnesyl pyrophosphate (Fpp). On the basis of a novel fluorescent
assay, we demonstrated that GGpp binds to GGTase-II with an affinittofl 1M, while Fpp is bound

less strongly Kg = 60 + 8 nM). Analysis of the binding kinetics of four different phosphoisoprenoids
indicated that in all cases association is rapid, with rate constants in the range of 071%TMIn
contrast, the dissociation rates differed greatly, depending on the phosphoisoprenoid used, with weak
binding substrates generally displaying an increased rate of dissociation. The affinity of GGpp and Fpp
for GGTase-Il was also determined in the presence of the RBRIEP-1 complex. The affinity for GGpp

was essentially unaffected by the presence of the complex; Fpp on the other hand bound less strongly to
the GGTase-Il under these conditions, resulting iKyaf 260+ 60 nM. In vitro prenylation experiments

were used to establish that Fpp not only does bind to GGTase-Il but also is transferred with an observed
rate constant of 0.082"5which is very similar to that of GGpp. The implications of the low level of
discrimination by GGTase-Il for the in vivo specificity of the enzyme and the use of farnesyltransferase
inhibitors in anti-cancer therapy are discussed.

Over the past several years, it has become increasingly(GGTase-Il) (for a review, see ré&). The closely related
clear that posttranslational modification with isoprenoids is FTase and GGTase-| transfer prenyl groups from prenyl
a widespread phenomenon, affecting up to 2% of proteins pyrophosphates to proteins that contain a C-terminal CAAX
in eukaryotic cells 1, 2). In all the cases that have been motif (C is cysteine, A is usually an aliphatic amino acid,
studied, such modification was found to be crucial for the and X is a variety of amino acids). The X residue of this
protein function (modulating proteirprotein or proteir- motif largely determines the choice of isoprenoid.
lipid interaction). Many prenylated proteins, predominantly ~ GGTase-Il stands quite apart from the above-mentioned
GTPases, play key roles in signal transduction pathways. Thisenzymes both functionally and structurally. Mammalian
includes subunits of heterotrimeric G proteins and many GGTase-ll is a heterodimer composedoofind 5 subunits
proteins of the Ras superfamily. Interest in protein preny- of 60 and 38 kDa, respectively, and the structure of the
lation increased dramatically following the recognition of enzyme has recently been determine@ & resolution 6).
the importance of this modification for sustaining the GGTase-lIl possesses only one prenyl binding site, which
transformed phenotype in many cell line 4). appears deeper then was previously observed in farnesyl-

In protein prenylation, either a farnesyl or a geranylgeranyl transferase 7). The enzyme transfers the geranylgeranyl
moiety is donated by soluble phosphoisoprenoids and at-moiety onto two C-terminal cysteines of Rab proteins in a
tached to one or two C-terminal cysteine residues of the broad context of amino acid§)( In contrast to other known
target protein via a thioether linkage. This type of reaction prenyl transferases, GGTase-Il does not recognize its sub-
is catalyzed by three different protein prenyl transferases: strate directly, but exerts its function in concert with another
protein farnesyltransferase (FTadgrotein geranylgeranyl  protein termed REP (Rab escort proteif) 9). According
transferase | (GGTase-l), and Rab geranylgeranyl transferasao the current model, a newly synthesized Rab protein forms
a stable complex with REP. GGTase-Il recognizes the-Rab
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1 Abbreviations: Fpp, farnesyl pyrophosphate; FRET, fluorescence ! ’ . . .
resonance energy transfer; FTase, protein farnesyltransferase; GGTase- At present, there are no direct data available concerning
|, protein geranylgeranyltransferase type I; GGTase-ll, geranylgera- the affinity of GGTase-Il for isoprenoids or about the kinetic

nyltransferase type II; GGpp, geranylgeranyl pyrophosphate; mant, jachanism of the binding reaction. On the basis of previous
N-methylanthraniloyl; mFpp, mant-labeled farnesyl pyrophosphate;

mGpp, mant-labeled geranyl pyrophosphate; Rab7-SS, Rab7 C205sC0Mpetition experiments, however, it has been proposed that
and C207S double mutant. Fpp is not a substrate of GGTase-12]. This information
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is also clinically relevant due to the increasing number of is defined a¥Kq = [E][S]/[ES]. For titrations performed in
prenyl transferase inhibitors intended for cancer and kine- this study, the concentration of the mant-labeled phospho-
toplastid parasite therapy, where inhibition of GGTase-Il isoprenoid was fixed ([§), and increasing concentrations
constitutes an undesired side effe8t 4, 13). of GGTase-ll ([E]) were added. [B] and [S)] refer to the

In this study, we demonstrate that Fpp is a substrate for total concentration, free and bound, of the enzyme and
GGTase-ll and that it is incorporated into Rab7 at a rate substrate in the cuvette, respectively. Under these conditions,
equal to that for GGpp. We also show that GGpp binds to the fluorescence is described by
GGTase-ll with an affinity of around 10 nM, while Fpp is
bound between 7- and 20-fold less strongly by GGTase-Il F = Fint [(Fmax = Frin)/[Sall([E ol + [Sol + Ky)/2 —
and the GGTase-HRab7REP-1 complexes, respectively. [(Eo] + [SJ + Kd)2/4 — [ElISl 172
These data demonstrate that GGTase-ll is less specific toward

its lipid substrate than previously believed. whereF represents the measured fluorescence intensity and

MATERIALS AND METHODS Fmin @and Frmax refer to the minimal and maximal observed
fluorescence intensity, respectively. It should be noted that
Preparation of Fluorescent Analogues of GGpp and Fpp the quadratic equation is generally valid, but simplifies to a
Synthesis of the fluorescently labeled analogues of GGpp simple hyperbolic relationship if [ff > [So], since the
and Fpp was performed as described previoudly).( hyperbolic equation relates the degree of saturation to the
Fluorescent phosphoisoprenoids were stored as 20 mMfree substrate concentration.
solutions in 25 mM (NH),CGO; at —80 °C. Analysis of Competite Titrations Competitive titrations
Expression and purification of mammalian GGTase-lI Wwere performed by titrating a mixture of mant-labeled and
were performed as described in 5. unlabeled phosphoisoprenoid against increasing concentra-
Purification of the Rab7REP-1 and Rab7C205S/C207C ~ tions of GGTase-Il. The GGTase-Il added under these
REP-1-GGTase-Il ComplexProtein complex formationwas ~ conditions will partition between the fluorescently labeled

performed in 1 mL of 40 mM Hepes (pH 7.2), 150 mM and the unlabeled phosphoisoprenoid. If, at prevailing
NaCl, 5 mM DTE, and 3 mM MgGl for 5 min on ice. concentrations, the unlabeled substrate binds more tightly

Depending on the experiment, the 1 mL mixture contained 0 GGTase-ll than the fluorescently labeled substrate, then
50u4M REP-1, 100uM Rab7, and, in the case of the ternary the observed titration curve will appear to be sigmoidal. This
complex, 80uM GGTase-ll. The sample was mixed, Pehavioris due to GGTase-ll binding preferentially to the
centrifuged in a benchtop centrifuge for 5 min, and loaded Unlabeled substrate and therefore not giving rise to an
onto a 16/60 Superdex 200 gel filtration column (Pharmacia). Increase in fluorescence. However, as the concentration of
The flow rate was 2 mL/min. The resulting fractions were GGTase-Il is increased, binding of the unlabeled substrate
analyzed by SDSPAGE followed by Coomassie Blue Will saturate, and more of the enzyme will bind to the mant-
staining. Fractions containing the binary or ternary complex labeled substrate, giving rise to an increase in fluorescence.
were pooled, concentrated, and stored in multiple aliquots The exact shape of the curve depends not only on the relative
at —80 °C. Kgs but also on their magnitude. This is in contrast to the

In Vitro Prenylation Assay The in vitro prenylation situation in which fluorescent I.igand is displaced form its
reactions were performed essentially as described ihG.ef preformed complex W'th prqtem by Fhe unlabeled Ilgand,
Briefly, in a typical reaction volume of 5L, 10 pmol of which in genera[ only gives |nfornjgt|on about the relative
the purified REP-+Rab7 complex was mixed with 30 pmol Kgs. However, since the exact affinity of the _quorescentIy
of GGTase-II. The reaction was initiated by the addition of 'aP€led phosphoisoprenoid toward GGTase-ll is known from
100 pmol of geranylgeranylpyrophosphate or farnesylpyro- direct experiments (see above)., the mo_st r_ehable _value of
phosphate with a specific radioactivity in the range of 5000 Ka f‘?r the unlabeled phospho_|sopren0|d IS obta_lned by
cpm/pmol. All reactions were carried out at 30 in 25 mM k_egpmg theK, for the labeled ligand constant during the
Hepes (pH 7.2), 40 mM NaCl, 2 mM Mggl2 mM DTE, ~ ting procedure.

and 1 mM NP40. After defined time intervals, the reaction ~_Data analysis was performed via a least-squares fitting
was quenched by addition of 2 mL of 10% HCI in 90% YSiNg the program SCIENTIST, where the following binding

ethanol (v/v). The solution was incubated for 30 min at room equilibri.a were implemented (see the Supporting Information
temperature and was subsequently filtered through glass fibe©" the input script).
filters (Whatman). The filters were washed twice with 96%
ethanol, immersed in scintillation liquid, and counted3dr
Fluorescent Measurementuorescence spectra and long-
time base fluorescence measurements were performed with
an Aminco SLM 8100 spectrophotometer (Aminco). Reac- During the least-squares fittings-mans Which was deter-
tions were carried out at 28 in 25 mM Hepes (pH 7.2),  mined in an independent experiment, was held constant and

E + mant-S= E—mant-S Ky ..
E + unlabeled S= E—unlabeled S K,_niabeled

40 mM NacCl, 2 mM MgC}, 2 mM DTE, and 10«M GDP.
Stopped-flow experiments were performed in an SF61
apparatus (High-Tech Scientific).

Analysis of Titrations of Mant-Labeled Phosphoisoprenoid
versus Increasing Concentrations of GGTaseTlitrations
were fitted to the explicit solution of the quadratic equation
describing the B+ S <= ES binding equilibrium, wher&y

Kd-unlabeleaWas allowed to vary.

Global Fitting Procedures for Stopped-Flow Experiments
Data collection for the global fit procedures was carried out
in two stages. First, stopped-flow traces were collected using
different concentrations ofN-methylanthraniloyl-labeled
phosphoisoprenoid mixed with constant concentrations of
GGTase-ll. Global fitting of the experiments (typically four
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traces) was used to determine the rate constants and
fluorescence yields for the binding of the fluorescent
isoprenoid to GGTase-Il. The parameters were determined
using a numerical integration procedure of a set of differential
equations describing the binding model. The program that
was used was SCIENTIST (MicroMath Scientific Software),
and the following differential equations (system 1) were used
to describe the model (for the SCIENTIST input script, see
the Supporting Information).

Fluorescence

k k T T T ¥ L
E+A % EA; % EA, 380 | 400 430 440 460 480 500
Wavelength (nm)
dE/dt = [EA K — [Al[ET k4 Ficure 1: Emission scans of mFpp in the abser@pdnd presence
dA/dt = [EAl]k_l _ [A][E] K+1 (®) of GGTase-ll. The excitation wavelength was 340 nm, and

150 nM mFpp was used in both experiments. The concentration of

d[EA,)/dt = [E][A] k., + k_,[EA,] — [EAI(K,, + K ) GGTase-ll was 500 nM.

d[EA,Jidt = [EAJK,, — k_[EA,] Scheme 1: Phosphoisoprenoids Used in This Investigation

NNH o o o

| P—o—p—o
The fluorescenceR) was defined aF = yield1[A;] + ©) ° CS
y|e|d2[EA1] + y|e|d3[EA2] + offset. N-methylanthranilate farnesyl pyrophosphate
To obtain the data for unlabeled isoprenoids, a mixture of
mant-labeled phosphoisoprenoid and varying concentrations b
of unlabeled isoprenoid were mixed with a constant con- R i
centration of GGTase-Il. All instrument settings, in particular, Geranylgeranyl pyrophosphate

the photomultiplier voltage, were kept constant. The previ-

ously determined fluorescent yields and rate constants for

the fluorescently labeled phosphoisoprenoid were used in the Py i A
analysis of the competitive experiments. Knowing the TR
binding parameters and fluorescent yields of the fluorescently N-methylanthranilate geranyl pyrophosphate
labeled substrate, we were able to extract the binding
parameters of the nonlabeled substrate. The fluorescent I
changes could be inferred from the first stage to the second, RO Gl e
since the photomultiplier voltage remained constant. The Famesyl pyrophosphate
following differential equations (system 2), describing the

binding of the unlabeled substrate, for example, GGpp or in the intrinsic tryptophan fluorescence of GGTase-Il as a
Fpp, were used in the analysis: signal for these measurements were unsuccessful due to small

intensity changes. In a different approach, we employed two
fluorescentN-methylanthraniloyl-labeled isoprenoid deriva-
tives that were demonstrated to act as substrates of GGTase-
[I'in vitro (14) and will be subsequently termed mGpp and
mFpp (Scheme 1). The chain lengths of mGpp and mFpp

o o
I 1

Kis Kiq
E+B<—EB <—EB,

dE/dt = [EBJIK_; — [BI[E]K,4

dB/dt = [EB,]k 5 — [BI[E]K.5 are comparable to those of farnesyl and geranylgeranyl
pyrophosphate, respectively. Excitation scans of mFpp
d[EB,]/dt = [E][B] k5 + k_4[EB,] — [EB,](k,, + K_3) revealed that the fluorescence spectrum had an excitation
maximum at 340 nm. The emission maximum was deter-

d[EB,l/dt = [EB,]k,, — k_[EB;] mined to be 435 nm (Figure 1). Addition of excess of

) GGTase-ll to a solution of mFpp resulted in an ap-
Since GGpp and Fpp do not fluoresce, they do not yrgyimately 90% increase in fluorescence with a blue shift
contribute to the signal. The fluorescend® (s theref_ore in the emission spectrum (maximum of 426 nm). A 300%
only determined by mant-labeled compounds described by qorescence increase was observed if mFpp was excited at
eq 1. 289 nm using fluorescence energy transfer (FRET) from
F = offset+ yield1[EA] + yield2[EA)] (1) tryptophans. to the mant group (data not _sh.own). The
spectroscopic properties of mGpp were very similar to those
of mFpp (data not shown).
RESULTS Affinity of GGTase-Il for mFpp and GGppetermination
Development of a Fluorescence Assay for the GGTase-Il of the affinity of GGTase-IlI for GGpp was performed in
Interaction with PhosphoisoprenoidBhe focus of this study  two stages. First, the affinity of GGTase-Il for mFpp was
was to investigate the lipid substrate specificity of GGTase- determined via direct titration of GGTase-Il versus mFpp.
Il. This requires an in vitro assay system which allows the Then, a competitive titration of GGTase-Il against a mixture
determination of affinities and binding kinetics of different of mFpp and GGpp was carried out to allow calculation of
phosphoisoprenoid substrates. Initial attempts to use changeshe affinity of GGTase-II for GGpp.
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Ficure 2: (A) Fluorescence titration of mFpp (200 nM) vs increasing concentrations of GGTase-ll. The experimental curve was fitted
resulting in aKq of 49 &+ 5 nM. It can be inferred from the intersection of the straight lines that 1 mol of GGTase-Il was bound to 1 mol
of mFpp. (B) Competitive titration where 150 nM mFpp was mixed with 150 nM GGpp. The mixture was titrated with increasing
concentrations of GGTase-Il. Th& determined form the fit for GGpp was8 4 nM. (C) Fluorescence titration of mGpp (400 nM) vs
increasing concentrations of GGTase-Il. The experimental curve was fitted, resultingyinfa330 & 40 nM. (D) Competitive titration

where 100 nM mGpp was mixed with 160 nM Fpp. The mixture was titrated against increasing concentrations of GGTasKql. The
determined form the fit for Fpp was 68 8 nM.

The titration of 200 nM mFpp with increasing concentra-  Affinity of GGTase-Il for mGpp and FppA similar
tions of GGTase-ll is shown in Figure 2A. The experimental strategy was employed to determine the affinity of the
data were fitted using a quadratic equation yieldirkgyaf GGTase-ll for Fpp. The affinity of the enzyme for mGpp
49 4+ 5 nM (Figure 2A). It can also be inferred from the fit was determined, resulting in &y value of 330+ 40 nM
that one isoprenoid molecule is bound per molecule of (Figure 2C). In a competitive experiment, 100 nM mGpp
GGTase-ll, in agreement with what has previously been was combined with 460 nM Fpp and the mixture was
reported 12). The affinity of GGTase-IlI for mFpp was not  subsequently titrated with increasing concentrations of GG-
significantly different when the experiment was performed Tase-Il. The curves obtained under these conditions are also
in the presence of 10 mM EDTA, indicating that the presence sigmoidal, indicating that GGTase-Il binds more tightly to
of Mg?" or other divalent metal ions was not required for Fpp than to mGpp. The affinity for Fpp was determined to
phosphoisoprenoid binding (data not shown). be 60+ 8 nM (Figure 2D).

The titration was subsequently carried out under competi-  Transient Kinetics of mFpp and GGpp Interaction with
tive conditions to determine thiy for the interaction of ~ GGTase-ll.Having obtained the steady-state parameters of
GGTase-Il with its natural substrate GGpp. In this experi- phosphoisoprenoid binding, we proceeded to characterize the
ment, 150 nM mFpp was mixed with 150 nM GGpp and Kinetic rate constants for this process. The signal from
the resulting solution was titrated with increasing concentra- fluorescence resonance energy transfer from tryptophan to
tions of GGTase-II. As can be seen in Figure 2B, there is an the mant group of the phosphoisoprenoid, i.e., exciting at
initial lag in the fluorescence increase (see Materials and 289 nm and measuring the fluorescence emission at 435 nm,
Methods). This is explained by GGpp binding more strongly proved to be very suitable for transient kinetic measurements.
than mFpp to the transferase, initially resulting in the  Stopped-flow experiments were carried out af€5using
formation of a fluorescently silent complex. However, at 50 nM GGTase-ll in the presence of increasing concentra-
higher GGTase-ll concentrations, the enzyme forms a tions of mFpp. Typical stopped-flow traces are shown in
complex with mFpp, causing an increase in fluorescence Figure 3a. Primary data analysis indicated that stopped-flow
intensity. The data were fitted numerically using the program transients are not single-exponential functions, even when
SCIENTIST and led to &gy value of 8+ 4 nM for the experiments were performed under pseudo-first-order condi-
GGpp-GGTase-ll interaction (Figure 2B). tions. This indicates that mFpp binding to GGTase-ll is a
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Ficure 3: Stopped-flow traces of GGTase-II rapidly mixed with mFpp (A) or a mixture of mFpp and GGpp (C). The signal was based on
fluorescence resonance energy transfer, exciting at 289 nm, while data collection was performed with a 398 nm cutoff filter. In panel A,
50 nM GGTase-Il was mixed with increasing concentrations of mFpp (100, 200, 400, and 700 nM). The obtained fit resulted in the following
rate constantsky,, = 0.08 s1nM1, k1 =16 s, ki, = 6.7 s, andk_, = 16 s 1. Panel B shows the observed rate constant for the fast
phase obtained by fitting the traces such as the ones shown in panel A to a sum of two exponentiglsdefbemined from this plot is

1100 nM;k;; = 187.7 s, andk. = 8.4 s In panel C, 100 nM GGTase-ll was mixed with 100 nM mFpp and increasing concentrations

of GGpp (100, 200, 400, and 600 nM). The fit indicates that= 0.064 s1 nM~1, k.; = 1.9 s, ki, = 1.0 s'L, andk_, = 0.3 s’L. Panel

D shows the observed rate constant for the fast phase obtained by fitting the traces such as the ones shown in panel A to a sum of two
exponentials. Thé&s determined from this plot is 1099 nM;; = 157.98 st, andkys = 13.6 s'1.

multistep process. Data analysis was carried out assumingocheme 2: Nomenclature of Kinetic Rate Constants Used in
that mFpp binds in two steps to GGTase-Il. The data were his Study

fitted using numerical integration of a set of differential =~ Two-step binding:

equations describing a two-step binding mechanism (see Ken k.2

Materials and Methods). This procedure resulted in an . .
excellent fit to the observed data (Figure 3A). On the basis RePGGTase+Xpp = RabGGTase-Xpp: = RabGGTase-Xpp

of these fits, fluorescent yields for each species in combina-

tion with the following rate constants were determinég;

=0.08s'nM k=165 ki,=6.7s? andk , =16 Three-step binding:
s 1 (Scheme 2). The calculatéq, for mFpp based on these Ks Kt Kz

four rate constants is 140 nM, which is in reasonable . .
agreement Wlth the previously determiriéa:iof 494+ 5 nM. RabGGTase Xpp=RabGGTase-SubstratesRabGGTase-Xpp <= RabGGTase-Xpp
To obtain an independent estimatekef andk_,, we fitted

the observed data to a double-exponential function. Although
fits of experimental data to the sum of two exponential
functions do not have a direct physical meaniig){ this binding mechanism, with the first step comprising a rapid
type of experiment can still be used to derive approximate equilibrium followed by a slow second step. The curve was
rate constants for association and dissociation. This approacHitted to the appropriate equatidg,s = 1/(1 + KJ[mFpp])-
ignores the second phase of the transients, which is takerk,; + k_; (18). Ks was found to be 1100 nMk,,; was 187
into account by the global fitting; however, it does not require s, while k.4 was estimated to be 8.4% The dissociation
numerical integration, and thereby independently helps to rate constank_; was determined by displacement in an
validate the global fits. The plots of the fast phakg.() independent experiment to be 12 §data not shown).
versus the concentration of mFpp are shown in Figure 3B. Observation of saturable behavior for the fast rate of a
It was evident from the plot thaky,s; Saturates at high  biphasic transientk{,s; in Figure 3B) indicates that the
concentrations of mFpp. This is indicative of a two-step reaction consists of at least three steps: a fast initial

k. k.

k. k.,
a Xpp represents the phosphoisoprenoid substrate.
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equilibrium with an equilibrium constaits of 1100 nM with against the concentration of GGpp provides information

no change in the fluorescence signal, followed by two further about the association rates for GGpp. As can be seen in
steps, both of which give rise to a change in the fluorescent Figure 3D, the observed association rate of GGpp reaches
signal. The data used for the global fit analysis were recordedsaturation at high concentrations of GGpp. The first phase

at concentrations significantly smaller than tke (Figure increases to a maximal value of 140 svith a half-maximal
3A,B). The second-order rate constakyt) therefore relates  value at 1099 nM, anll;; = 80 s'%. In analogy to what has
to the first-order rate constaikt; by the equatiorky; = been said for mFpp, we conclude that a rapid pre-equilibrium

konKs = 0.08 nMt s71 x 1100 nM= 88 s! (Scheme 2) exists which does not involve a signal change. Since the
(19). After this conversion, &;; of 88 s is in reasonable  global fits were carried out at low substrate concentrations
agreement with the independently determikegof 187 s with respect tdK, we can convert the second-order binding
Having obtained data on the kinetics of GGTase-Il inter- constant of the global fitk,, (Figure 3D), into a first-order
action with mFpp, we sought to determine the kinetic param- rate constant via the relationship; = konlKs = 0.064 nM™*
eters of GGpp binding. In this experiment, 100 nM GGTase- s'* x 1099 nM= 70 s%. This is in excellent agreement
Il was mixed with 100 nM mFpp and increasing concentra- with the independently determinég; of 80 s*. In addition,
tions of GGpp. An example of the fluorescent traces that the calculatedy based on the rate constants determined by
were obtained is shown in Figure 3C. The shape of the the global fit is 7 nM, which matches closely the experi-
stopped-flow transient obtained in Figure 3C can be rational- mentally determined®y of 8 + 4 nM.
ized in the following way. When mFpp binds, the fluores-  Transient Kinetics of mGpp and Fpp Bindinge applied
cence increases in the first part of the transient. Some GGppan identical strategy in the analysis of mGpp and Fpp binding
is bound at the same time, but does not give rise to a fluor- to GGTase-Il. The transients of association of GGTase-ll
escence signal increase. The height of the inflection point with mGpp also followed double-exponential behavior.
and the rate of approach to it are dependent on the amouniNumerical fitting was carried out, and the following rate
of GGpp present; the more GGpp is present with respect toconstants were obtained (Figure 4Mi; = 0.1 s nM™1,
mFpp, the larger the fraction of the enzyme occupied by k-; =62 s, ki, = 117 s%, andk_, = 89.1 s*. Best fits to
GGpp, and therefore the lower the fluorescence of the inflec- the experimental data were achieved assuming a two-step
tion point. The observed rate, on the other hand, representsinding mechanism. The calculatéd based on these rate
the approach to a pre-steady-state equilibrium and thereforeconstants was 267 nM, in good agreement with the experi-
equals the sum of the effective rate constants for mFpp andmentally determinedky of 330 + 12 nM. There was,
GGpp binding 18). A higher concentration of GGpp will  however, no sign of saturation of the association rates even
result in a larger second-order rate constant for binding andat the highest concentrations that were tested\ (Figure
will therefore lead to an increased rate of approach to the 4B). This could be due to either the absence of a rapid pre-
inflection point of the pre-steady-state equilibrium. Therefore, equilibrium or a pre-equilibrium with a much highg. The
plotting the observed rate of approach to the pre-steady-stateassociation ratek(;) was determined independently from a
plateau provides information about the absolute associationlinear fit of Figure 4B to be 0.09 nM s1, andk_; was
rates for GGpp. The decrease in the fluorescence in the secdetermined in an independent displacement experiment to
ond part of the transient is dependent on the relative disso-be 63 s (data not shown). Both values fit well with the
ciation rates of GGpp and mFpp. If the dissociation rate of rate constants obtained from the global fit.
mFpp is faster than that of GGpp, then, having approached To determine the rate of Fpp binding to GGTase-Il, we
the pre-equilibrium, mFpp will dissociate from GGTase-ll rapidly mixed 50 nM GGTase-ll with 50 nM mGpp and
and will be partially substituted by GGpp. At high concen- increasing concentrations of Fpp. The result of a typical
trations of GGpp, all mFpp dissociates from the enzyme and experiment is shown in Figure 4C. As in the case of mFpp,
is replaced with GGpp, and therefore, the rate of the fluore- mGpp could compete with Fpp in the initial binding but was
scent decrease under these conditions should represent thdisplaced by it in the following step. We used numerical
genuinek, rate for mFpp. It should be noted that transients fitting to determine the rate constants for Fplp;; = 0.1
of this type can only occur if the effective association rates s * nM~* andk-; = 4.8 s'%. Fits of sufficient quality were
(kon multiplied by the concentration of the substrate) of mFpp obtained assuming single-step binding. The data were also
and GGpp are comparable, while the dissociation rate of thefitted as a sum of two exponential functions and were plotted
labeled compound is faster than that of the unlabeled one.against substrate concentration (Figure 4D). We could not
The exact relationships between the binding and dissocia-observe saturation of the rate of the first phase even at the
tion rates of GGpp in this experiment are complex and can highest concentrations of Fpp that were tested. This also
only be determined using numerical fitting. The fitting indicates that Fpp has no or a very low affinity pre-
procedure described in Materials and Methods was used toequilibrium. The calculatel4 based on the above-mentioned
determine the following rate constants for GGbg; = 0.064 rate constants for Fpp is 47 nM and is in good agreement
sinM 1 k;=19s% ki, =10s? andk , =0.3st with the K4 measured in direct titration (6@ 8 nM).
To be able to carry out the global fits, the fluorescent yields  Affinity of the Ternary Complex for GGpp and Fphs
and rate constant obtained for mFpp (Figure 3A) were used pointed out in the introductory section, GGTase-Il performs
in the analysis. Best fits were obtained when the binding of its function in concert with another protein termed REP. We
GGpp was modeled as consisting of at least two steps.  demonstrated recently that Rab, REP, and GGTase-Il form
To validate some aspects of the data via techniques othera tight ternary complexl®). It is therefore possible that the
than global fitting, stopped-flow traces were analyzed using affinity for the lipid substrate is influenced by complex
double-exponential functions. As indicated above, plotting formation. To determine the affinity of different isoprenoids
the obtained rate constant for the increase in fluorescencefor the GGTase-HREP-1-Rab7 complex, we used a mutant
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Ficure 4: Stopped-flow traces of GGTase-ll rapidly mixed mGpp (A) or a mixture of mGpp and Fpp (C). The sighal was based on
fluorescence resonance energy transfer, exciting at 289 nm, measuring the fluorescence with a 398 nm cutoff filter. In panel A, 50 nM
GGTase-ll was mixed with increasing concentrations of mGpp (200, 800, 1600, and 3200 nM). The obtained fit resulted in the following
rate constantsk,, = 0.1 st nM~1, k.1 =62 s1, ki, = 117 s'1, andk_, = 89.1 s1. Panel B shows the observed rate constant for the fast
phase obtained by fitting the traces such as the ones shown in panel A to a single-exponential function. In panel C, 150 nM GGTase-Il was
mixed with 100 nM mFpp and increasing concentrations of GGpp (80, 160, 320, and 640 nM). Panel D shows the observed rate constant
for the fast phase obtained by fitting the traces such as the ones shown in panel A to a sum of two exponentials.

Rab7-SS, where two C-terminal cysteines, C205 and C207,complex, a cotitration strategy was employed, yieldiag
are replaced with serine residues. This mutant does notof 13+ 8 and 260+ 30 nM, respectively (Figure 5B). The
undergo prenylation and thus allows reversible equilibrium latter result indicates that the affinity GGTase-Il for Fpp is
titrations to be carried out. Previous studi&S)(established  significantly affected upon ternary complex formation.
that GGTase-Il binds the RabRepl complex with &4 In Vitro Prenylation Using GGpp and Fpp as Substrates.
very similar to that of the Rab7-SIREP-1 complex, The binding data described above indicate that GGTase-II
showing that the double-cysteine mutation of Rab7 has very can bind both Fpp and GGpp. Moreover, we have previously
little effect on the affinities. We used the purified ternary demonstrated that both mGpp and mFpp could be transferred
complex to ensure that stoichiometric amounts of REP-1, onto Rab7 by GGTase-lI14), suggesting that Fpp could
Rab7-SS, and GGTase-Il were present during these measurealso act as a prenyl donor. A well-established in vitro
ments. The reversible equilibrium titration with the fluores- prenylation assayl@) with Rab7 as a protein substrate was
cent analogue mFpp was performed essentially as describedised to investigate this further. In a typical setup, the Rab7
for GGTase-ll alone. REP-1 complex at a final concentration of:lM was mixed

The binding of the ternary complex to mFpp was with 1 uM GGTase-ll and an excess of tritium-labeled
characterized in the first step. To this end, 300 nM mFpp substrate at the beginning of reaction. Prenylation of Rab7
was titrated with increasing concentrations of mFpp. Ex- was followed over time in the presence a8l [*H]farnesyl
amination of the titration curve revealed that only 60% of pyrophosphate (Figure 6A). The experiment indicated that
the purified ternary complex was active in phosphoisoprenoid farnesyl pyrophosphate acted as an isoprenoid donor to Rab7
binding due to a currently unknown reason (data not shown). with an observed rate constant of 0.0820.05 s*. When
However, we suspect that inactivation is at least partially the same experiment was carried out in the presence of 3
due to oxidation or aggregation of this complex which uM [3H]geranylgeranyl pyrophosphate, an almost identical
combines 36 cysteine residues, even in the presence ofprenylation rate of 0.092- 0.05 s was observed (Figure
reducing agents. If it was assumed that 40% of the ternary6B). The reaction corresponds to a first-order process and
complex is inactive, &4 value of 183 nM was obtained. To was fitted to a single-exponential function to obtain the
determine the affinities of GGpp and Fpp for the ternary observed rate constant. The observed rate in this concentra-



12050 Biochemistry, Vol. 39, No. 39, 2000 Thomaet al.

o 1
_ ] =
3.5] ] £
] ] I o
] 1 M =
] 1 °T >
§3'0'. 7] o c
] - @
% ] ] Lo
|__" ] (’)Q
32.5. %?
o 4
] -8
2.0+ E [}
t ) 0]
] A
- S —
0 1 2 3 4 5

Fluorescence

61 B
1.4 T T o MR G T T T

0 1 2 3 4 5 6
Concentration of Rab7SSSS:REP-1:RabGGTase (UM )

Transferred 3H Farnesyl (pmol)

time (s)

Ficure 5: (A) Competitive fluorescence titration of mFpp (600 . . . .
nM) mixed with 600 nM GGpp Vs increasing concentrations of FiGurE 6: In vitro prenylation assay usini-labeled substrates.

the GGTase-HReptRab7-SS complex. Thié, was determined (A) Extent of incorporation offH]geranylgeranyl in Rab7 catalyzed

to be 13+ 8 nM. (B) Like panel A but using 600 nM Fpp and 600 by GGTase-Il. The solid line represents a single-exponential fit

" ; Py —with a kops Of 0.06 = 0.007 s*. (B) Amount of PH]farnesyl
n'\f Qgg_%ahaebggé%sggﬁmf %Iozrég:opgg 'ﬂﬁ/‘lng to the GGTase transferred onto Rab7. The solid line represents a single-exponential

fit with a kops of 0.081+ 0.01 s,

tion regime corresponds to the rate of the actual prenylation
chemistry, and does not have any contribution from substrate
binding or product release. Interestingly, the two isoprenoids
differed somewhat in their respective transfer efficiencies.

However, this does not have any effect on the determination
of the rate. The difference in observed amplitude was not
due to differences in binding affinities since the use of higher

concentrations of Fpp did not result in increased amounts
of prenylated Rab7 (data not shown). To ascertain that Fpp
was not converted into GGpp in the course of the prenylation
reaction, we incubated purified GGTase-Il and REP-1 in the

presence of H]Fpp. Analysis of the reaction mixture by The affinity for mGpp was determined to be 33012 nM

thin-layer chromatography demonstrated that Fpp was nOtwhiIe the Kq for mFpp was 49+ 5 nM. It transpired from

gﬁgﬁ]r)ted to any higher-order phosphoisoprenoids (data nOtour data that the length of the isoprenoid correlates with

In summary, the prenylation experiments clearly indicate affinity (Table 1). Geranylgeranyl pyrophosphate, the natural
o ) he | hosphoi id th ,
that Fpp is a substrate for GGTase-Il and that its rate of substrate and the longest phosphoisoprenoid that was used

i o T is bound most tightly Kg = 8 & 4 nM), followed by the
gag;;er, under saturating conditions, is similar to that of shorter mFppKa = 49 + 5 nM), which binds slightly tighter

than Fpp K4 = 60 & 8 nM). Further shortening of the
isoprenoid chain, as seen in case of mGpp, leads to a drastic
DISCUSSION decrease in affinityKq = 330 £ 12 nM).
Development of a Fluorescence Assay for the GGTase- Applying stopped-flow methodology, we were able to
Il—Phosphoisoprenoid InteractionVe have developed a analyze the binding kinetics of these interactions. The rate
highly sensitive fluorescence assay to monitor interactions constants derived for different isoprenoids demonstrate that

of GGTase-ll with its lipid substrates. The assay takes
advantage of large changes in fluorescence intensity upon
mFpp and mGpp binding to GGTase-Il. Especially large
changes are observed when the fluorescence ofNhe
methylanthraniloyl group is excited by energy transfer from
tryptophan residues. This is consistent with the presence of
tryptophan in the active site of GGTase-Il as indicated by
the high-resolution structure of GGTase-#)(

Longer Isoprenoid Substrates Are Bound More Tightly
Using this assay, we determined tkgs of GGTase-Il for
GGpp and Fpp to be 6& 8 and 8+ 4 nM, respectively.
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Table 1 substrates tightly. Yokoyama et al. showed that GGTase-I
binds GGpp with an affinity of 3 nM and Fpp with an affinity

GGpp mFpp Fpp mGpp of 1 uM (21). FTase binds Fpp with an affinity of about 2.8
ka(sh 1.9 16 4.8 62 nM (20) and GGpp with aKy of about 30 nM, thereby
'ﬁ"z(é,l;'M ) 2‘064 (?_?63 ol 117%10 discriminating only between the two phosphoisoprenoids by
k2(s?) 0.3 16 - 89.1 a factor of 10. As shown here, GGTase-Il also does not
Ks (NM) 1200 1400 - - strongly discriminate between GGpp and Fpp, displaying a
Ka (nM) 9+4 49+5  60+8  330+12 maximal factor of 20 in favor of GGpp.

Kacarc (NM) [ 140 a4 267 The Affinity of the GGTase-HREP-1-Rab7 for Iso-
a Ky calculated from the measured rate constants. prenoids Is Lower Than That of GGTase-Il Alo@&GTase-
Il performs its function in concert with another protein
Table 2 termed REP. Prenylation can only occur when its protein

substrate, Rab7 in this investigation, is in complex with REP

mFpp  GGpp Fpp . L
protein. The affinities of GGpp and Fpp were therefore also

Kgin the presence of RabGGTase (nM) #% 8+4 60+8

Kqin the presence of the 183 13+ 8 260+ 30 analyzed when GGTase-Il was in complex with REP-1 and
RabGGTaseREP-1-Rab7 Rab7. Using a mutant of Rab7 which had serines in place
complex (NM) of the cysteine residues used for prenylation (Rab7-SS

C205S/C207S), we determined the affinities of the complex
all the substrates tested have similar second-order associatiofor mFpp, GGpp, and Fpp. In the presence of the REP-1
rate constants. The difference in affinities is largely due to Rab7 complex, th&q values for GGpp, mFpp, and Fpp were
variations in the dissociation rates (Table 1). The tightest lowered by 1.6-, 3.7-, and 4.3-fold, respectively, compared
binding substrate, GGpiiK{ = 8 & 4 nM), has a dissociation  to that for GGTase-Il alone. The affinity for GGpp binding
rate constank—; of 1.9 sX; mFpp Kq =49+ 5 nM) has a to the ternary complex was 1 8 nM, while Fpp was bound
k-, of 16 s'1, while mGpp possesses the lowest affiniy (  with an apparent affinity of 266t 30 nM. Overall, this
= 330+ 12 nM) with ak-_; of 62 s'%. represents a 7- and 20-fold difference in binding affinity of

The Binding Mechanism of Fpp Differs from That of the natural substrate GGpp over Fpp for GGTase-Il and the
GGpp The mechanism distinguishing between Fpp and GGTase-I+-REP-1-Rab7 complex, respectively. Since the
GGpp is, however, not based only on a difference in equilibration of phosphoisoprenoid binding is much faster
dissociation rates. Binding of GGpp to GGTase-ll consists than the rate of prenylation, th&; of the ternary complex
of at least three binding steps: an initial rapid pre-equilibrium should determine the selectivity of the enzyme in vivo.
followed by two isomerization events. The binding mecha-  Substrate Specificity of GGTase-Using PH]GGpp and
nism of Fpp on the other hand can be described adequately[*H]Fpp, we directly demonstrate that both isoprenoids could
as a single-step binding. A rapid pre-equilibrium could not be transferred onto Rab7 by GGTase-Il. This finding agrees
be detected in this case, probably due to its equilibrium with our earlier observation that GGTase-Il can use both
constant being very small. A comparison of the binding mGpp and mFpp as substratdd)( Seabra and co-workers
parameters of Fpp and GGpp (Table 1) indicated that (12) have previously performed competitive prenylation
GGTase-ll initially binds Fpp and GGpp with little discrimi-  reactions with GGTase-Il in the presence of the Rab7
nation. However, once GGpp is bound, a conformational REP-1 complex using an excess of substrate of 625%i} [
change appears to occur that further tightens binding. WhenGGpp and increasing concentrations of unlabeled Fpp. The
all the kinetic binding data are summed up, it seems that authors came to the conclusion that Fpp is not a substrate
GGTase-ll proofreads phosphoisoprenoid substrates at dif-for GGTase-Il under these conditions. However, it can be
ferent levels (Table 1). While GGTase-ll discriminates seen from their data (Figure 2 in réf2) that Fpp, at a
between mFpp and in particular mGpp on the basis of their concentration of 1600 nM, does decrease the prenylation
dissociation rates, probably due to the bulkymethylan- amplitude by about810%. This finding is consistent with
thraniloyl group, Fpp and GGpp discrimination is mainly the K4 values determined in this study for GGpp (%38
achieved in a subsequent step. The exact molecular natureaM) and Fpp (26Gt 30 nM) in the presence of the Rabla
of this latter proofreading step, which tightens binding for REP-1 complex; using a saturating GGpp concentration of
GGpp but not for Fpp, requires further investigation. 625 nM and almost saturating conditions of Fpp (1600 nM),

Comparison of GGTase-Il with Other Prenyltransferases. one would expect that15%{[KJ(GGpp)/[GGpp]l/Kd4(Fpp)/

The degree of discrimination between different isoprenoids [Fppl]} of the GGTase-Il is bound to Fpp. This is in good
as well as the kinetic mechanism established for GGTase-Il agreement with the observation that Fpp, under the conditions
shows similarities to FTase. Kinetic investigations on FTase that were used, could compete with GGpp for aboul8%
established a two-step binding mechanism where a rapidof the GGTase-lIl.

initial step with an equilibrium constant of 1M is followed We believe that a #20-fold difference in affinity com-

by a concentration-independent isomerization st2@). ( bined with high local concentrations of GGpp, or association
However, the FTase reaction proceeds with an associationof the enzyme with the geranylgeranylpyrophosphate syn-
rate constant of 0.004 nM s~ combined with a dissociation  thase in vivo [as hypothesized by Deisenhofer and co-
rate k-; of 0.012 s Thus, both forward and reverse workers 6)], could easily account for the proposed specificity
reactions progress with rate constants that are much sloweinf the GGTase-II. Alternatively, there may be some degree
than that observed for GGTase-ll. Determination of the of transfer of farnesyl groups onto Rab proteins. To our
affinities of FTase and GGTase-l toward their substrate knowledge, there are no in vivo data that vigorously exclude
indicated that both enzymes bind their respective lipid such a possibility.
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On the basis of the observed relatively small discrimination
of GGTase-Il between Fpp and GGpp, it seems likely that
farnesyltransferase inhibitors could also, to some extent,
inhibit GGTase-II. This finding has clinical relevance since
farnesyltransferase inhibitors are promising substances in
anticancer chemotherap$)( If these drugs do indeed affect
GGTase-ll activity, the prenylation of Rab proteins in general
would be impaired. It has recently been shown that a
reduction in GGTase-Il activity in mice bearingganmetal
mutation leads to prolonged bleeding and thrombocytopenia
(22). Thus, inhibition of GGTase-Il may result in undesirable
side effects in humans. This should be taken into consider-
ation when characterizing inhibitors of farnesyltransferase
intended for medical applications. The tools developed here
allow these studies to be carried out with relative ease.
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