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ABSTRACT. Rab proteins are geranylgeranylated on one or two C-terminal cysteines by Rab geranylgeranyl
transferase (RabGGTase). The reaction is dependent on a Rab-binding protein, termed Rab escort protein
(REP). Here, we studied the role of REP in the geranylgeranylation reaction. We first characterized the
interaction between REP and ungeranylgeranylated Rab using analytical ultracentrifugation and a
fluorescence-based assay. We measured an equilibrium dissociation constaptffér2he formation

of a 1:1 REP-Rab complex and showed that this interaction relies mostly on ionic bonds and does not
involve the two C-terminal cysteine residues. Second, we show that REP is required for recognition of
Rab by RabGGTase and therefore that the RERBRb complex is the true substrate for RabGGTase. Third,

we show that free REP inhibits the geranylgeranylation reaction, suggesting that the complex is recognized
by RabGGTase primarily via a REP-binding site. Our data suggest a model whereby REP behaves
kinetically as an essential activator of the reaction.

Rab GTP-binding proteins regulate vesicular transport Rab-binding protein, Rab GDB{-10). Two REPs, REP1
pathways in exocytic and endocytic pathwagsZ). Rab and REP2, have been isolated from mammalian cells and
proteins require post-translational modification with gera- shown to be expressed ubiquitousby 11). Loss-of-function
nylgeranyl (GG) groups to be functionally activ8{5). This mutations in the REP1 gene result in a human retinal
GG modification may mediate specific interactions of Rab degenerative disease called choroidererbi. ( The other
proteins with intracellular membranes or key proteins in the component required for RabGGTase activity, component B,
Rab signaling pathway. is now known simply as RabGGTase since it represents the

The enzyme that catalyzes the geranylgeranylation of Rabénzyme per se6j. RabGGTase is composed of omeand
proteins is known as Rab geranylgeranyl transferase (RabG-0ne 8 subunit, structurally related to the corresponding
GTase) or GGTase type 1I6. RabGGTase enzymatic subunits of the two other known protein prenyl transferases,
activity requires two components, component A and com- FTase and GGTase type 13).
ponent B, which were separated chromatographically during  Previous studies on FTase and GGTase type | revealed
the purification of this enzyme from rat braid)( Compo-  that a tetrapeptide present at the C terminus of many
nent A, now known as Rab escort protein (REP), is a soluble intracellular proteins serves as the recognition site for these
protein with some sequence that is similar to that of another prenyltransferase enzymes; (4, 15). This sequence, called
CAAX is composed of one cysteine (C), two aliphatic amino
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secondary substrate, farnesyl pyrophosphate (FPP). termini were prepared as follow21). Transformed BL21

Unlike the two G\AX prenyl transferases, RabGGTase has (DE3)E. colicells were lysed using a French press in buffer
a more complex protein substrate recognition and enzymaticC [20 mM Tris/HCI, 0.5 M NaCl, and 1 mM8-mercapto-
reaction mechanism. By itself, Rab is not prenylated in vitro; ethanol (pH 7.9)] and centrifuged at 30@0f@r 1 h at 4°C.
it requires the accessory factor REP. In addition, most Rab The supernatant was filtered through a Q45 syringe-end
proteins are modified with two, rather than one, GG groups filter and analyzed using nickeSepharose chromatography.
on each of two C-terminal cysteine residues generally presentThe His-tagged Rab proteins were eluted with an imidazole
in CC or CXC motifs (whereX is any amino acid)X7, 18). gradient, dialyzed against two changes of buffer B, concen-
Although not much is known about the details of Rab protein trated to a final volume of 2 mL using a Centriprep10
geranylgeranylation, preliminary mechanistic studies on concentrator (Amicon) (20@Dat 4 °C), and loaded on a
RabGGTase reported to date indicate that (i) REP is Superdex75 FPLC column (Hi-Load 16/60, Pharmacia). The
absolutely required for Rab geranylgeranylatid®)( (ii) column was equilibrated in buffer B and eluted at 1 mL/
REP is a Rab-binding protein that forms stable complexes min. The monomeric Rab fractions were collected, pooled,
with both unprenylated Rab and prenylated Rab (Rab-GG) concentrated with a Centriprepl0 concentrator, and stored
(19); (iii) REP is consumed in the reaction with the formation at —70 °C. The final concentration of Rab proteins was
of stable REP-Rab-GG complexeslg, 20); (iv) detergent  usually between 1 and 2 mg/ml.
micelles or phospholipid vesicles serve as nonspecific Rab-  Synthesis and Purification of Mant-GDP and Mant-
GG acceptors, enabling the regeneration of free REP andGMPPNP. NMethylanthraniloyl (Mant) nucleotides were
multiple rounds of Rab geranylgeranylatiod0); and (v)  synthesized as described by Hiratsuk8)( Guanine nucle-
digeranylgeranylated Rab (Rab-diGG) is the final product otide (1 mmol) was dissolved in a minimum amount of water
of the reaction 18). (15 mL) at 38°C, and the pH of the solution was adjusted

In this report, we describe thermodynamic and kinetic to 9.6 with NaOH. A crystalline preparation of methylisatoic
studies on the formation of the catalytic complex in the Rab anhydride (3 mmol) was added to this solution while the
prenylation reaction cascade. We studied how REP interactsmixture was stirred continuously. The pH was maintained
with Rab proteins and its role in the formation of the catalytic at 9.6 by titration wih 2 N NaOH for 2 h. The reaction
complex. We present evidence that it is the complex betweenmixture was then centrifuged, and the colored supernatant
REP and Rab which is the true substrate for RabGGTasewas filtered through Whatman no. 1 paper to remove
and that this complex is primarily recognized by RabGGTase particulates. The reaction mixture (maximum of 1 mL) was

via a REP-binding site. loaded onto a 15 mL Q-Sepharose (High Performance,
Pharmacia) FPLC column, and guanine nucleotides were
MATERIALS AND METHODS eluted with a linear gradient from 0.2 to 0.6 M triethylam-

monium bromide over 120 min. Fractions of 1 mL were
collected, and 1@L of the guanine nucleotide fractions was
analyzed using MonoQ chromatography in a SMART System
(Pharmacia Biotech), as described previousg)( The
purity of Mant-GDP and Mant-GMPPNP was determined

Materials. All chemicals were reagent grade. Guanine
nucleotides were from Boehringer Mannheim; methylisatoic
anhydride was from Acros, triethylammonium bromide from
Sigma, and Nonidet P-40 (protein grade) from Calbiochem.

All- trans1-°H]GGPP (.20 Ci/mmol) was purcha_tsed from by quantitating the area of the nucleotide peaks on the
NEN'DUPPN' Al solutpns were made with M'l_“Q water. corresponding chromatograph and was consistently greater
Production of Recombinant REP1 and REP2 in Sf9 Cells. 1,54 9504

REP1 and REP2 proteins containing six histidine residues
at the C termini were prepared as follon&l). Infected

Sf9 cells were lysed by sonication with three pulses of 10
min in buffer A [50 mM HEPES/NaOH, 100 mM NacCl, 1
mM fS-mercaptoethanol, kg/mL pepstatin, sug/mL leu-

Nucleotide Loading of Rab Proteind®Rab proteins were
loaded with specific nucleotides using a procedure described
previously @3). The efficiency of loading, which was
consistently greater than 90%, was determined by analyzing

eptin, and Sg/mL aprotinin (pH 7.2)] and centrifuged at € bound nucleotide using MonoQ chromatography in a
F1)0800@ foriltgh at A? °C. Trfg supe)gnatant was fgijltered SMART System (Pharmacia), as described previoussy. (
through a 0.45um syringe-end filter and analyzed using Protein Concentration DeterminatiorProtein concentra-
nickel-Sepharose chromatography. The His-tagged REP1tions were determined by UV absorption or the Bradford
and REP2 proteins were eluted with an imidazole gradient technique. For REP2 and Rabla, extinction coefficients at
and dialyzed against two changes of buffer B [50 mM 280 nm of 53 600 and 32 400 Mcm™*, respectively, were
HEPES/NaOH, 100 mM NaCl, 5 mM Mggland 1 mM determined with the Edelhoch method as described by Pace
DTT (pH 7.2)]. After dialysis, proteins were concentrated et al. @4). For Mant-labeled proteins, an extinction coef-
to a final volume of 2 mL using a Centriprep30 concentrator ficient of 5700 M cm™* at 350 nm was use®).

(Amicon) (150@ at 4 °C) and loaded on a Superdex200  Fluorescence MeasurementSteady-state fluorescence
FPLC column (Hi-Load 16/60, Pharmacia). The columnwas measurements were performed using a Perkin-Elmer LS50
equilibrated in buffer B and eluted at a flow rate of 1 mL/ B spectrofluorimeter in the photon-counting mode. Experi-

min. The active monomeric REP elutes at-#5 mL.  ments were generally carried out atZDin a Quartz cuvette
These fractions were collected, pooled, concentrated withwith a path length of 1 cm while the mixture was constantly
Centriprep30 concentrator, and stored-a0 °C. The final stirred. All samples were filtered (0.2am) or centrifuged

concentration of REP was usually between 1 and 2 mg/mL. prior to being used. If necessary, fluorescence readings were
Production of Recombinant Rab Proteins in Escherichia corrected for dilution and the inner filter effect using the
coli. Rab proteins containing six histidine residues at the N following formula 25)
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E —F v 1005 (1) determined by UV absorption scans along the centrifugation

corr Obs\/o x radius at a single wavelength (around 280 nm). Data from

sedimentation equilibrium experiments were analyzed by

whereFco is the corrected fluorescence intensity valFig,s nonlinear least-squares fitting techniques against various
is the experimentally measured fluorescence intenit, models describing the oligomeric status of REP in solution.

the volume of the samplé/, is the initial volume of the Data from sedimentation velocity experiments were an_alyzed
sample,d is the path length of the cuvette, aid is the by th_e_ method of van Holde and We|§ch£’éY)( The partial
absorption of the sample at the excitation wavelength. SPecific volumes of the sample proteins were calculated on
Samples containing the Mant-labeled Rab proteins were the basis of the amino acid composition and were 0.727
excited at wavelengths between 360 and 380 nm, andCM/g for both proteins.
emission spectra were recorded between 400 and 500 nm In Vitro Geranylgeranylation AssaysRabGGTase activity
using a 390 nm cutoff filter to minimize scattering contribu- Was determined by measuring the incorporatiorfidfE GPP
tions. Slit widths were 5 nm for excitation and 10 nm for into Rab proteins as described previously with minor
emission. Usually, four spectra taken with a scan speed ofmodifications g3). Briefly, the standard reaction mixture
200 nm/min were averaged. contained the following components in a final volume of 25
REP-Rab Binding AssayThe stoichiometry and affinity ~ #L: 50 mM HEPES/NaOH (pH 7.2), 5 mM Mggll mM
of Rab binding to REP were determined by titrating fixed DTT. 4 uM [°HJGGPP (3000 dpm/pmol), and varying
amounts of Rab[Mant-GDP] with varying concentrations of concentrations of recombinant Rab proteins, RabGGTase and
REP in buffer B, unless otherwise stated. Mant fluorescence REP1 or REP2. After incubation for 10 min at 3¢, the
emission was measured at the peak maximum of 437 nmréaction was stopped by the addition of 1 mL of ethanol/
with excitation at 381 nm. No background fluorescence HCI(90:10, v/v). After 30 min, the precipitable radioactivity
could be detected in the absence of Mant nucleotide. TheWas measured by filtration on a lutn glass fiber filter and
binding data were fitted by nonlinear regression using the Scintillation counting. The resulting data were fitted by
programs KaleidaGraph (Synergy Software) and Math- nonl|near regression to equations describing .general Michae-
ematica (Wolfram Research) to the following formula lis—Menten kinetics using the program Kaleidagraph (Syn-

describing a bimolecular association reaction: ergy Software).
Single-Turneer Prenylation The single-turnover prenyl-
F= Fma,{Kd + MgaJRaky] + MgedREP] — ation experiments were carried out essentially as described
above, except that RabGGTase was preloaded Wil [
\/(Kd + Mg JRahy] + MredREP]F — 4Mpg,JRaky] MREF’[REP]]/ GGPP and no additional GGPP was present in the reaction

mixture. To preload the enzyme, RabGGTase (100 pmol)
[2Mg JRaky] (2) was incubated with®H]GGPP (400 pmol) for 10 min at 25

°C in 100 uL of 10 mM potassium phosphate (pH 7.4)
whereF is the (corrected) experimental fluorescence value, followed by incubation on ice for 10 min. Two hundred
Fmax IS the maximum fluorescence valu€; is the dissocia- microliters of a continuously stirred hydroxyalkoxypropyl
tion constant, [Rafy and [REP] are the total concentrations dextran 50% suspension (v/v) in 10 mM potassium phosphate
of the reactants, ant¥lra, and Mgep are correction terms  buffer (pH 7.4) was added, and the tubes were kept on ice
accounting for uncertainties in the concentrations of the and vortexed every 10 min. After 30 min, the samples were
reactants. The fitted parameters wéigy, Kd4, Mran and centrifuged at 15009 for 4 min, and the supernatant
Mrer This formula is based on the general solution for a containing the RabGGTase loaded wittH[GGPP was
bimolecular association reactio®d). The formula does not  collected. Two microliters of this supernatant was then
contain concentration correction factors since one assumesyuickly added to a prenylation mixture and the precipitable
that the concentrations of the reactants are accurately knownradioactivity counted as described above.
However, protein concentration determination methods may  Substrate Inhibition StudiesThe inhibitory effect of REP
vary widely in accuracy, and phenomena like oligomerization on the prenylation reaction was determined by performing
and aggregation may reduce the concentration of activein vitro prenylation assays in the presence of high concentra-
material. Nevertheless, the information content of binding tions of REP. For the estimation of the affinity of free REP
curves is high enough to allow fitting of the correction terms  for RabGGTase (termelée,), the data were fitted using the
provided several titrations are performed with varying following formula assuming that free REP acts as a competi-
concentrations of the reactants and the same stock solutionsive inhibitor (28):
are used within a time span where the composition of the

stock solutions does not significantly change. In this study, [REP—Rab]

the correction terms obtained by the fitting procedure were U= Viax [REP, ] 3)
between 0.5 and 2, indicating at most a 2-fold error in the KSA(l + i) + [REP—Rab]
concentration of the reactants. Kea

Analytical Ultracentrifugation. Sedimentation velocity
and sedimentation equilibrium experiments were performed wherewv is the velocity of the prenylation reactioWyax is
using a Beckman XL-A analytical ultracentrifuge equipped the maximum velocity,Ksa is the Michaelis-Menten
with scanning absorption optics. All experiments were constant for the substrate, aligh is the dissociation constant
carried out in 1.2 cm path length double-sector cells with for the competitive inhibitor RER.. The concentrations of
Quartz windows at various speeds and temperatures betweeREP—Rab and RER. were calculated using the equilibrium
4 and 8°C in buffer B. Protein concentration profiles were dissociation constant established by the fluorescence titration
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Ficure 2: REP-induced quenching of Rab[Mant-GDP] fluores-
cence. Rabla[Mant-GDP] (80 nM) with or withouuM REP2 or

1 uM REP2 without Rabla[Mant-GDP] was incubated and
subjected to fluorescence analysis as described in Materials and
Methods. The samples were excited at 365 nm, and the emission
intensity was measured from 400 to 500 nm.

for the quantitative characterization of the interaction between
T T T T REP and Rab proteins in solution. After exchanging the
24.0 245 250 25.5 . NI ;
> 2 nucleotides intrinsically bound to recombinant unprenylated
réerg [em] Rabla, we investigated if the Mant-labeled nucleotide
FiGURe 1. Equilibrium sedimentation analysis of REP1. REP1 (3.7, influenced the overall biochemical properties of Rabla. We
?-7' al\'}ld t5-7ﬂ:v') w?jsau?#]e%te)d t? :Jt:tracedry;fnfugattlon in dbuf(flesr 5’00 subjected Rabla[Mant-GDP] to the in vitro prenylation
see aterials an ethods) al ree dirferent speeds y : . : :
17 000, and 19 000 rpm) and a temperature 8E4A). Data were reaction described in Materials and Methods and observ_ed
fitted to an equation describing a monomeimer equilibrium that Rabla[Mant-GDP] was as effective as Rab1a[GDP] in
using a partial specific volume of 0.727 & and a density for ~ the prenylation reaction (data not shown).
the buffer of 1.004 g/ci(at 20°C). Panel B shows the residuals We then studied the effect of REfRab interaction on

of the fit. the intrinsic Mant fluorescence of unprenylated Rabla[Mant-
experiments according to the following formuls) GDP]. Figure 2 shows fluorescence emission spectra of

Rabla[Mant-GDP] before and after adding REP2. The
[REP—Rab]= 1/2[Kd + [REP,] + [Ralky] — addition of REP2 to unprenylated Rabla[Mant-GDP] results

in a quenching of the Mant-GDP fluorescence of up to
«/(—Kd — [RERy] — [Rabo])2 — 4[RER][Raly]] (4) approximately 25%. We also observed that REP binding
does not alter the Mant-GDP emission maximum which
[REP;.d = [RER)] — [REP—Rab] (®)  suggests that REP2 binding to Rabla changes the electronic
L . characteristics around the Mant fluorophore, but does not
where [RER] and [Rab] are the initial concentrations of  jyfyence the hydrophobicity of its surroundings.
the reactants anlly is the dissociation constant. Specificity of REP-Induced Fluorescence Quenchide
RESULTS tested the specificity of the observed quenching effect in
several ways, as follows. RabGDI is a well-characterized
REP Is Monomeric in SolutionREP exhibits anomalous  Rab-binding protein sharing structural homology with REP
behavior on SDSPAGE under reducing conditions where (29). In contrast to REP, however, there is evidence that
it has an electrophoretic mobility corresponding to a particle RabGDI binds to Rab proteins only when they are prenylated
with apparent molecular mass of about 95 kD@) (although (8). When equivalent amounts of RabGDI were added to
the molecular mass is only 72 kDa on the basis of its unprenylated Rab[Mant-GDP], no detectable changes in the
nucleotide sequence. On gel filtration chromatography, REP Mant-derived fluorescence intensity could be observed
has a Stokes radius corresponding to a globular particle with (Figure 3B). As an additional control, we loaded Rabla with
an apparent molecular mass of about 150 kDa (data notthe fluorescently tagged GTP analogue, Mant-GMPPNP, and
shown), indicating that its shape deviates significantly from observed that REP could no longer induce quenching (Figure
a sphere or that it exists as a dimer. To resolve this question,3C). This result is consistent with our previous studies
we have undertaken analytical ultracentrifugation studies. showing that REP binds poorly to Rab[GTRB|. Finally,
Figure 1 shows sedimentation equilibrium profiles for REP. since REP is known to bind Rab but not other related
The data correspond very well to a model for a reversible GTPases such as Ras, we show that REP does not induce
monometr-dimer equilibrium with a dissociation constant quenching when incubated with H-Ras[Mant-GDP] (Figure
of 4.9uM and a molecular mass of 77 kDa for the monomer. 3D). While we cannot rule out the possibility that these
The results suggest that REP is essentially monomeric innegative results are due to a lack of induced quenching rather
solution, but has a slight tendency to dimerize. than a lack of binding, the most likely interpretation is that
REP-Rab Interaction Studied with Fluorescence Spec- the assay is measuring specific binding of REP to Rab[GDP].
troscopy It has been shown for many nucleotide binding To further ensure that the fluorescence quenching was
proteins that fluorescent nucleotide analogues can be usednduced by REP binding, we performed a competition
to probe their interaction with other proteins. We investi- experiment. We first titrated REP to quench the Rab[Mant-
gated the possibility of using the fluorescent GDP analogue GDP] fluorescence and then added a 10-fold molar excess
Mant-GDP bound to the Rab proteins as a reporter moleculeof unlabeled Rab[GDP]. We observed that the decrease in
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420 440 460 420 440 460 Consecutive 160 nM aliquots of REP2 were added to a solution of
A (nm) 80 nM Rab[Mant-GDP] and the mixtures subjected to fluorescence

analysis as described in Materials and Methods. The sample was

excited at 365 nm, and the emission intensity at 437 nm was

measured. The changes in fluorescence were normalized for dilution

of the sample and plotted as the normalized change in fluorescence

and the mixtures were incubated and subjected to ﬂuorescenCe(adAitFié)FnO’ofWF\l;]lgIr3e2l):(:/slsthtg?:olgétéar:trgltjig';‘]ez(f:%néSZIr(]rg%rr]]Sol;[’]Y]o?aerf)O[?he
analysis as described in Materials and Methods. The samples Weregata were fitted as described in Materials and Methods )
excited at 365 nm, and the emission intensity was measured from )

400 to 500 nm.

Ficure 3: Specificity of the REP-Rab fluorescence quenching
assay. Three consecutive 160 nM aliquots of REP1 (A, C, and D)
or RabGDI (B) were added to a solution of 80 nM Rab[Mant-GDP]
(A and B), Rab[Mant-GMPPNP] (C), or H-Ras[Mant-GDP] (D),

boundary fraction profile (Figure 5D) shows that about 50%

. . . . ) ... of the particles present in the mixture have a sedimentation
signal intensity was rapidly reversed, approaching the initial -, eafficient of 5.1 S, corresponding very well to a 1:1 REP

fluorescence intensity of Rab[Mant-GDP] (data not shown). pp complex and consistent with the thermodynamic pa-
However, when a 10-fold molar excess of Rab[GMPPNP] 4 neters determined by the fluorescence titration experi-
was used in the competition experiment, no reversal of the j,oants.

fluorescence quenching was detected (data not shown). cparacterization of the REPRab Interaction The
Together, the data suggest that quenching is a Specificqgrescence-based binding assay gave us a convenient

consequence of REFRab interaction and is a useful read-  ethod for studying the interaction between REP and Rab
out assay for studying its properties. under a variety of conditions. We found that high ionic
Stoichiometry and Affinity of the REFRab Interaction strength (500 mM NaCl) reduces RERab affinity by a

Earlier studies demonstrated that REP and Rab proteinsfactor of almost 10 (Table 1), while the presence of up to
interact with each otherl@, 20), but the stoichiometry and 10 mM nonionic detergent NP-40 had no significant effect
the affinity of this interaction were not quantified since a (Table 1). The fluorescence properties of Rabla[Mant-GDP]
suitable method for the detection of the interaction in solution jn the absence of REP were not influenced by high ionic
under equilibrium conditions was not available. The Mant- strength, ruling out possible artifactual fluorescence quench-

GDP fluorescence quenching assay allowed us to recording effects. The data suggest that REFRab interaction prior
accurate binding curves and determine both the stoichiometryto prenylation is stabilized mainly by polar forces.

and the dissociation constant for this interaction. The binding e also examined the REP-binding ability of a mutant

data shown in Figure 4 could be modeled after a bimolecular Rabla where both carboxy-terminal cysteines are mutated
association reaction (i.e., 11 stoichiometry) with excellent to serines (Rabla_SS) Rabla-SS is unable to undergo
statistical agreement. Furthermore, the data from severalprenylation since prenyl addition occurs at the C-terminal
independent experiments allowed us to calculate a dissociatysteines. We found that Rabla-SS binds with an affinity
tion constant of 20Gt 40 nM for the interaction between  similar to that of wild type Rabla (Rabla-CC), confirming
REP2 and Rabla[Mant-GDP]. previous suggestions that REP binds Rab through regions
In a complementary study, we subjected REP1, Rab1la,distant from the site of prenylation and explaining the ability
and a mixture of REP1 and Rabla to sedimentation velocity of Rabla-SS to compete for Rabla wild type prenylation
experiments. For the mixture, the concentrations of REP (20).
and Rab were equimolar and chosen such that the degree of Differential Interaction between REP and Rab Proteins
binding was 0.5 based on the parameters derived from theGiven the fact that there are two REP proteins, REP1 and
fluorescence experiments. Figure 5 shows sedimentationREP2, and a family of more than 40 different Rab proteins
velocity boundaries and results obtained from an analysisthat serve as substrates in the prenylation reaction catalyzed
like that of van Holde and Weische2{, 30). Under the by RabGGTase, we were interested in studying the interac-
conditions used, Rabla behaves almost ideally monomeri-tion of different Rab proteins with both REPs. In Table 1,
cally with a sedimentation coefficient of 2.2 S (data not we show the summary of the results. We found that REP1
shown). For REP, the tendency to dimerize, as characterizedand REP2 bind with approximately the same affinity (ranging
by the sedimentation equilibrium described above, can clearly between 200 and 400 nM) to two different Rab proteins,
be seen in the sedimentation velocity experiment as well. Rabla and Rab5a. These data are consistent with previous
The REP monomer has a sedimentation coefficient of 4.2 S suggestions that REP1 and REP2 are functionally redundant
(Figure 5B). For the complex between REP and Rab, the and can aid in the prenylation of multiple Rab proteins.
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Ficure 5: Analysis of sedimentation velocity boundaries of REP1 and RERibla by the method of van Holde and Weiscl#).(

REP1 (A and B) and a mixture of REP1 and Rabla (C and D) were subjected to ultracentrifugation under the following experimental
conditions: REP1, 0.zM, speed of 60 000 rpm; REP1 and Rabla mixture,/bREP1 and Rabla, speed of 60 000 rpm. The partial
specific volume was 0.727 cifg for all samples, and the temperature was+.8.5 °C. The sedimentation velocity boundaries used for

the analyses are shown in panels A and C. Extrapolation plots are not shown. Integral distribui@hst®fare shown in panels B and

D (30).

Table 1: Comparison of Equilibrium Constants for Dissociation of ] '
REP1 or REP2 from Different Rab Proteins o

REP Rab [NaCIl (mM)  [NP-40] (mM)  Kq (nM) <

(=]

REP1 Rabla-CC - - 150+ 5 s T

REP1 Rabla-CC 100 - 180+ 10 £ a

REP1 Rabla-CC 200 - 400+ 10 k] g

REP1 Rabla-CC 500 - 1200+ 140 g2

REP1 Rabla-CC 100 0.1 320100 =

REP1 Rabla-CC 100 1 3180 (<]

REP1 Rabla-CC 100 10 320100 2

REP1 Rabla-SS 100 - 290+ 30 Es

REP1 Rab5a 100 - 420+ 130 -

REP2 Rabla-CC 100 - 350+ 130

REP2 Rabla-SS 100 - 290+ 20 Time [min]
REP2 Rabb5a 100 - 340+ 50

Ficure 6: Requirement for REP in single-turnover geranylgera-

. . . nylation of Rabla. Each reaction mixture contained in a final
Role of REP in the Prenylation Reactior\fter charac- volume of 25u4L 2 uM recombinant Rab proteins and 80 nM

terization of the REPunprenylated Rab association, we RabGGTase[*H]GGPP preformed complex as described in Ma-
clarified the role of REP in the formation of the catalytic terials and Methods. The reaction mixtures were incubated at 37
complex with RabGGTase. Previous studies suggested thafC in the presence®) or absence() of 80 nM REP1 and the

. . . reactions stopped at the indicated times40min). The amount of
REP acts prior, during, and after prenylation because steady [®H]GG transferred to Rabla protein was determined as described

state prenylation is dependent on REP and that REP bindspy materials and Methods. A blank value determined in the absence
both unprenylated and prenylated Rab. However, the centralof Rab was subtracted from each point.

unresolved question was whether the REERab complex is

the true substrate for RabGGTase. We sought to addressREP is present. This result rules out the possibility that the
this question by examining the requirement for REP in one- role of REP is simply to remove Rab proteins from the
turnover reactions. For this purpose, we first loaded RabG- RabGGTase active site once it is prenylated. Instead, the
GTase with GGPP. As shown previously for théAA&X data suggest that REP is absolutely required for the recogni-
prenyltransferases, we found recently that RabGGTase bindgion of Rab by the RabGGTase.

stably to GGPP in the absence of R&d)( Therefore, we Kinetics of Rab PrenylatianHaving defined the affinity
formed a RabGGTase*H]GGPP complex that was then of REP for Rab and established that Rab is not prenylated
incubated with Rab in the presence or absence of REP. Ashy RabGGTase unless it is complexed with REP, we
shown in Figure 6, there is no transfer of GG to Rab unless analyzed the kinetics of prenylation of RERab. Previous
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T T T T

| e _ i Table 2: Comparison of Steady-State Kinetic Constants for
g 20~ Fixed REP-1 Different Protein Substrates of RabGGTase
= 5 uM substrate Ksa (M) k(S D?  keaKsa(M-1s1)
8— 15 .
e REPI-Rabla 0.39: 0.04 0.029 74 360
2 E REP*-Rab5a 0.3k 0.12 0.021 67 740
32 10 i REP2-Rabla 0.35: 0.05 0.025 71430
§TE> REP2-Rab5a 0.2 0.24 0.018 85710
g 3 Kcat Values are calculated assuming transfer of two GG groups to
g 5 ] Rab.
£

To determine the Michaelis constant for RERab
(defined asKsa as described in the Discussion) in the

Fisure 7 Effect of REP concentration on aeranvigeranviation of prenylation reaction, we used substrate saturation curves of
Rabla. Each reaction mixture containing ﬁ’l a fi%e?l volu¥ne of 25 REPlor_ REP2 in the presence qf excess f|>$ed Rabla to
uL 4 uM [*H]GGPP, 0.0«M RabGGTase, the indicated varying Preventinhibition from free REP (Figure 9). Using the same
concentrations of Rabla {® uM), and the indicated fixed  experimental setup, we then determined the kinetic param-
concentrations of REP1 (gM, ®; 15xM, 00; and 40uM, O) was eters for REP1 or REP2 in complex with Rabla or Rab5a
'tgcgzztfg Sﬁ(izi% f\?v;io drgtlgénl—igi Sﬂgué'éﬁcﬁfgffifﬁifgﬁﬁg ng@nd present the data from several independent experiments
Methods. A blank value determined in the absence of Rab was " Taple 2. We found no 5|gn|f|c_ant differences between
subtracted from each point. the different complexes, suggesting that RabGGTase can
efficiently catalyze prenyl transfer to different Rab proteins
bound to the two known REPs.

Substrate Inhibition of RabGGTas®©nce we established
that REP inhibits the prenylation reaction, we were interested
in determining the affinity of free REP for RabGGTase,
0t,ermedKEA. We used reaction conditions similar to those
used for Figure 8A, where we titrated REP in the presence

f fixed limiting levels of Rabla (Figure 10). To determine
ea, We treated free REP as a competitive inhibitor. We
took the inhibitory phase of the curve and fitted the data as

suggesting that free REP exerts an inhibitory effect. To test described in Materials and Methods. We determined that
this possibility, we varied the concentration of REP1 in the Kea equals 3.5M for REP1 and 7.Q«M for REP2.

presence of a fixed limiting concentration of Rabla. As

shown in Figure 8A, once free REP1 was present in the DISCUSSION

reaction mixture, we observed inhibition of Rabla prenyla-  This study reveals new mechanistic insights into the role
tion. The same effect was observed with REP2. The reverseof REP in the geranylgeranylation of Rab proteins. We
experiment where the concentration of Rabla was varied inadapted a widely used assay based on a fluorescent nucleotide
the presence of a fixed limiting concentration of REP1 (or analogue to examine REP and Rab interaction in solution.
REP2) showed no inhibitory phase, even with very high (20- This assay is based on the quenching of the fluorescence
fold) concentrations of free Rab (Figure 8B). We conclude derived from the guanine nucleotide analogue, Mant-GDP,
that free REP competes for RERab prenylation possibly  loaded onto Rab upon binding of REP. While our studies
by forming nonproductive complexes with RabGGTase.  were in progress, Cerione and colleagues published their

A. [Rabia] = 2 pM B. [REP] = 2 uM

0 1 2 3 4 5 6
Rabla [uM]

steady-state reactions were performed with limiting amounts
of REP and relied on REP recycling after release of
prenylated Rab onto phospholipid vesicles or detergent
micelles (9, 20). To extract meaningful kinetic parameters,
we simplified the in vitro assay by examining prenylation
of Rabla in the presence of excess REP1 (and absence
phospholipids or detergents). Surprisingly, we found that
Rabla saturation curves depended on the concentration level
of REP1 in the reaction (Figure 7). Higher concentrations
of REP1 led to a right shift of the saturation curves,

T T T T

T T
20 - 20F REP-1 i

-
(5]
T
-
(4]
T
1

REP-2 b

[pmoi/10 min]
o
[pmol/10 min]

o

[*H] GG Transferred to Rabla

[’H] GG Transferred to Rabla

| ] 06 1 | | 1 |
0 5 10 15 20 0 10 20 30 40
REP [pM] Rabta [uM]

Ficure 8: Effect of free Rab or free REP on the geranylgeranylation of Rabla. Each reaction mixture containing in a final volume of 25
uL 4 uM [*H]GGPP, 0.024M RabGGTase, and either a fixed concentratiom§® of Rabla and various concentrations-@0 uM) of

REP1 or REP2 (A) or a fixed concentrationg®) of REP1 or REP2 and various concentrations 40 ¢M) of Rabla (B) was incubated

for 10 min at 37°C. The amount ofH]GG transferred to Rabla protein was determined as described in Materials and Methods. A blank
value determined in the absence of Rab was subtracted from each point.
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Scheme 1: Mechanism of the Reaction Catalyzed by RabGGTase
REP + Rab

+ K¢=0.15-0.4uM
N ) )
2 GGPP + RabGGTase + REP:Rab <~ RabGGTase:2GGPP:REP:Rab — > RabGGTase + REP:Rab-diGG +2PPi

Ksa=0.35uM ke

Kea=3.5-7.0uM

RabGGTase:REP

‘ ‘ ‘ ' ' Interestingly, this complex is not disrupted by NP-40.

20 [Rabla] = 14 uM 7 However, after prenylation, the REfRab-GG complex
becomes sensitive to detergeB@), suggesting that the GG
8 groups attached to Rab proteins after prenylation may be
the driving force for the partitioning of prenylated Rab
proteins into membranes. Furthermore, the GG moieties may
contribute significantly to the binding affinity since we
observed previously that the reaction stops after only one
turnover when REP is limiting because REP remains bound
to diGG-Rab even in the presence of excess unprenylated
Rab (9).

The two known REP proteins do not show different

I ) binding affinities for the Rab proteins tested in this study.
Ficure 9: Determination ofKsa for REP-Rab. Each reaction - -
mixture containing in a final volume of 2L 4 xM [*H]GGPP, Although incomplete since we only tested two out of more

0.024M RabGGTase, 14M Rabla, and the indicated concentra-  than 40 different Rab proteins, our findings suggest that the
tions of REP1 @) or REP2 () was incubated for 10 min at 37  primary interaction between REP and Rab proteins is

°C. The amount of H]GG transferred to Rabla protein was mediated by structural motifs which can be found in all Rab
determined as described in Materials and Methods. A blank value proteins. There might, however, be slight differences in REP
determined in the absence of Rab was subtracted from each point,_. - - -

binding for some Rab proteins, since we have recently
study on RhoGD+CDC42 interaction using a similar ~Proposed that choroideremia, the human retinal degenerative
approach, suggesting that this method may be of general usdlisease that results from mutations in REP1, may result from

in analyzing how small GTPases interact with their regulators the incomplete geranylgeranylation of one Rab (Rab27) that
(26). has a lower affinity for REP231). With this study, we have

Using a combination of techniques, we were able to laid the foundation for a systematic characterization of REP
characterize equilibrium thermodynamic parameters for the Rab interactions which is only limited by the availability of
binding of REP to unprenylated Rab proteins and showed Rab proteins.
that this interaction relies mostly on polar interactions and The role of REP in the prenylation reaction was only
does not involve the two C-terminal cysteine residues. incompletely understood, and it was the central issue of our

-
o

[*H] GG Transferred to Rabla
fpmol/10 min]
o

0 & L ! i !
0 1 2 3 4 5 6 7

REP [uM]

A. REP-1 B. REP-2

[pmol/10 min]
[pmol/10 min]

[*H] GG Transferred to Rabla
[*H] GG Transferred to Rabla

0@ ! I ! I ! ! Y. ! | I I ! | !
0 5 10 15 20 25 30 35 1] 5 10 15 20 25 30 35

REP [uM] REP [uM]

Ficure 10: Determination oKga for free REP. Each reaction mixture containing in a final volume ofiR5} uM [3H]GGPP, 0.024M
RabGGTase, three fixed concentrations of Rabla\4 ®; 2 uM, O; and 1uM, O) and the indicated varying concentrations of REP1 (A)

or REP2 (B) was incubated for 10 min at 3C. The amount of3H]GG transferred to Rabla protein was determined as described in
Materials and Methods. A blank value determined in the absence of Rab was subtracted from each point. Only the inhibitory phase of each
curve was fitted.
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study. Using a combination of approaches (Figures 6 andknown that small GTP-binding proteins contain a rather
8), we present evidence that REP is required for recognition flexible C-terminal region, known as the hypervariable
of Rab by RabGGTase and therefore that the RRBb region, comprising about 70 residues that could be respon-
complex is the true substrate for RabGGTase. In other sible for the observed Stokes radiu32), Similarly, a
words, it is now clear that REP should be regarded as asecondary structure prediction [PredictProt&8)] for REP
component of the substrate and not as a component of thendicates that a large portion of about 160 residues in the
enzyme. The term component A of RabGGTase, as we middle (residues 64223 in REP1) and another portion of
previously referred to iti0), should definitely be abandoned. about 100 residues at the C terminus of this protein do not
The central question in this respect is now why the contain regular secondary structure elements. In contrast,
prenylation of Rab proteins requires the presence of REPthe complex between REP and Rab seems to be more
whereas the prenylation of other small G-proteins does notcompact compared to the individual proteins. Altogether,
require an accessory protein. The answer might lie in the these results suggest that significant conformational changes
nature of the prenyl modification. Rab proteins are doubly accompany complex formation, which might include a
geranylgeranylated; i.e., their hydrophobic character changegqpartial) ordering of the flexible regions in both proteins.

dramatically upon prenylation. We hypothesize that REP  Tne kinetic parameters measured in this study suggest that
is required to shield the hydrophobic geranygeranyl groups, the enzyme processes the different RERb complexes
increasing the solubility of prenylated Rab proteins, and with equal efficiency. TheKc values obtained here are
might therefore be regarded as a specific chaperone. approximately 2-fold lower than the one reported for FTase.
The concept that REP is a component of the substrateThjs is interesting since we calculated th&. values
allowed us to change our view about the prenylation reaction assuming double geranylgeranylation of the substrates. If
mechanism. Previously, we used limiting amounts of REP e calculate th& . per GG group transferred assuming that
in our steady-state studies. Once the product RE&-  the rate of transfer of the first and second GG group would
diGG was formed, it was disrupted (inefficiently) by phos- pe the same, then the value would be almost identical
ph0||p|d vesicles or detergent micelles. Rab-diGG translo- between the two protein preny|transferases_ Th|s may

cated to vesicles or micelles most likely due to the represent a striking conservation of reaction mechanism
hydrophobic character imparted by the prenyl groups, petween the two enzymes.

whereas REP could bind to another unprenylated Rab protein,
re-entering the prenylation cycle. By carefully dissecting m
the individual steps leading to the formation of the catalytic
complex, we could reduce the requirements for in vitro Rab
prenylation to a minimum. We found that the omission of
detergents or phospholipids from the reaction mixture
allowed us a much more accurate determination of the
catalytic efficiency of the enzyme since we measured solely
the formation of REPRab-diGG from REP-Rab undis-
turbed by other processes, such as REP recycling.

A novel finding in this study was the observation that free
REP inhibits the prenylation reaction. The most likely
explanation for the observed effect is that free REP binds to ) )
RabGGTase and competes for binding with the RERb Our current model_stlll does not descr!be all aspects of
complex. However, we cannot rule out at present the the prenylation r(_eactlon cascade; in parpcular, th_ere is no
unlikely possibility that free REP is binding to a RERab clear understandmg of the mechanisms involved in double
complex and preventing it from binding RabGGTase. If free geranylgeranylation of the Rab substrates. We _haye recently
REP is binding RabGGTase, then our data imply that the shown that RabGGTase has th? property of binding staply
REP-Rab complex is recognized primarily via a REP- to GGPP, as previously described for the oth_er protein
binding site on the enzyme. One interesting possibility raised Préenyltransferases3q). Furthermore, we determined that
by these findings is that the formation of nonproductive there is asingle GGPP binding site on RabGGTase. These
REP-RabGGTase complexes may regulate enzymatic activ- flndmgs imply that the. prenylation reaction proceeds in two
ity in vivo. A consequence of this hypothesis is that excess mdep_endt_ant consecutive stepg. In_aflrst step, one C-terminal
REP is toxic to cells. In fact, we found that REP cannot be CYSt€ine is prenylated, resulting in a RERab-monoGG
overexpressed in Sf9 cells and mammalian cells at high levels@dduct R0). This adduct must serve as the substrate for the

and that endogenous levels of REP are quite low, much lowerS€cond GG addition, but it is unknown whether this
than those of RabGDI (unpublished observations). intermediate complex dissociates temporarily from GGTase

The inhibition data also suggest that there may be ©F remains stable until double geranylgeranylation is com-
significant conformational changes on REP upon binding Rab Pleted. Future studies will address these issues.
since we observed a 10-fold difference between the affinity
of free REP (3.5-7 xM) and the affinity of REP-Rab (0.2=  ACKNOWLEDGMENT
0.4 uM). This possibility is further supported by the
analytical ultracentrifugation experiments. We observed that
both REP and Rab have relatively large Stokes radii given RepeRENCES
the molecular masses of these proteins, indicating that both
proteins deviate significantly from a globular shape. Itis 1. Pfeffer, S. R. (1994Lurr. Opin. Cell Biol. 6 522—-526.

Altogether, the current evidence suggests that REP behaves
echanistically as an essential activator of the reacf28 (

On the basis of all the current evidence, we propose the
reaction mechanism depicted in Scheme 1. Free REP rapidly
assembles with newly synthesized Rab to form a stable
complex. Alternatively, REP binds RabGGTase nonpro-
ductively. This binding would be unlikely in vivo if there
were factors promoting rapid and efficient RERab
interaction. Upon formation of a ternary complex, GG
groups are transferred to Rab and dissociation of the product
REP-Rab-diGG releases RabGGTase for another round of
catalysis.

We thank David Corey for allowing use of his equipment.
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