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Ypt/Rab proteins constitute the largest subfamily of
the Ras superfamily of monomeric GTPases and are
regulators of vesicular protein transport. Their slow
intrinsic GTPase activity (10102 min—' at 30°C) has
to be accelerated to switch the active to the inactive
conformation. We have identified the catalytic domain
within the C-terminal halves of two yeast GTPase-
activating proteins (GAPs), Gyplp and Gyp7p, with
specificity for Ypt/Rab GTPases. The catalytically
active fragments of Gyplp and Gyp7p were more
active than the full-length proteins and accelerated the
intrinsic GTP hydrolysis rates of their preferred
substrates by factors of 4.5x 10* and 7.8 1(P,
respectively. TheK,, values for the Gyplp and Gyp7p
active fragments (143 and 42uM, respectively) indicate
that the affinities of those GAPs for their substrates
are very low. The catalytic domains of Gyplp and
Gyp7p contain five invariant arginine residues; substi-
tutions of only one of them (R343 in Gyplp and R458
in the analogous position of Gyp7p) rendered the GAPs
almost completely inactive. We suggest that Ypt/Rab—
GAPs, like Ras— and Rho—GAPs, follow the same mode
of action and provide a catalytic arginine (‘arginine
finger’) in trans to accelerate the GTP hydrolysis rate
of the transport GTPases.

Keywords GTP hydrolysis/GTPase-activating protein/
Rab GTPase/vesicular protein transport/Ypt GTPase

Introduction

et al, 1997; Walch-Solimenat al, 1997; Hamaet al,
1999), and GTPase-activating proteins (GAPS) which
increase the slow intrinsic GTPase activity of the proteins
(Stromet al, 1993; Vollimer and Gallwitz, 1995; Fukui
et al, 1997; Duet al, 1998; Cuifet al, 1999; Vollmer

et al, 1999). As the membrane-associated, GTP-bound
forms of Ypt/Rab GTPases are supposed to interact with
specific effector proteins (Shiratadd al., 1993; Reret al.,
1996; Diazet al, 1997; Simonseret al, 1997; Wang

et al, 1997; Echardet al, 1998), and the hydrolysis of
the GTPase-bound GTP makes the proteins extractable
from membranes by the guanine nucleotide dissociation
inhibitor (GDI) (Araki et al., 1990; Soldatiet al., 1993;
Ullrich et al, 1993), studies on the specificity and the
mechanism of action of the Ypt/Rab protein regulators
GEF and GAP are of prime importance.

Ras GTPase (p21 ras), the best-characterized member
of the superfamily of small GTPases, is regarded as the
prototype for all proteins of the family. Several GAPs for
Ras have been isolated and characterized in great detail.
They share several structural motifs termed Ras—GAP
fingerprints (Trahey and McCormick, 1987; Xet al,
1990; Maekaweet al, 1994; Cullenet al, 1995). The
activity of p120-GAP can lead to an enhancement of the
Ras intrinsic GTP hydrolysis rate by up to °if@ld
(Gideon et al, 1992). The combination of biochemical
and structural data led to the so-called ‘arginine finger’
hypothesis (Ahmadiaat al,, 1997; Scheffzelet al., 1998)
according to which an invariant arginine residue, situated
in a loop structure of Ras—GAP, points into the active site
of the GTPase and stabilizes the transition state of the
GTPase reaction. This hypothesis has gained strong sup-
port from the atomic structure of a Ras—GDP—-AIEAP
complex (Scheffzekt al., 1997). Although Ras- and Rho-
specific GAPs exhibit no primary sequence and only
limited tertiary structure similarities, Rho—GAP uses a
catalytic arginine residue in a way similar to that of Ras—
GAP (Rittingeret al,, 1997).

The first GAPs with specificity for Ypt/Rab GTPases,

Rab proteins, called Ypt in yeast, constitute the largest termed Gyplp, Gyp6p and Gyp7p, were isolated from
family of the Ras superfamily of monomeric GTPases. yeast using the strategy of high-expression cloning (Strom
They are regulators of vesicular protein transport in all et al, 1993; Vollmer and Gallwitz, 1995; Vollmegt al,
eukaryotic cells with different members of this family 1999). On the basis of the sequence relatedness of the
acting at defined steps of exo- and endocytic trafficking Gyp proteins, Gyplp was also identified in a database

(Lazaret al, 1997; Novick and Zerial, 1997; Schinither
et al, 1998, for a review).

search by others and shown to enhance the GTP hydrolysis
rate of several Ypt GTPases ([2t al., 1998). In contrast

Like the signal-transducing Ras and Rho proteins, Ypt/ to Gyplp, partially purified Gyp6p and Gyp7p exhibited

Rab GTPases cycle between a membrane-associated andlear substrate preference for Yptép and Ypt7p, respect-
a cytosolic state and they are active in a GTP-loaded form ively. Recently a human GAP acting on the Rab6 GTPase
and rendered inactive by the hydrolysis of the bound GTP. was identified and found to contain a central 200-amino-
The functional cycle involves several proteins, among acid-long segment with sequence similarity to the yeast
them specific guanine nucleotide exchange factors (GEFs)Gyp proteins (Cuifet al, 1999). The only other known

which accelerate the dissociation of Ypt/Rab-bound GDP mammalian Rab—GAP, apparently specific for Rab3 sub-
and its replacement by GTP (Horiuc#t al,, 1997; Wada  family members, has a primary structure which is entirely
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The catalytic domain of Ypt/Rab-GAPs
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Fig. 1. Schematic representation of N- and C-terminal truncations of gg - | s
Gyplp and Gyp7p. The amino acids contained in the GAP fragments B0 - -
tested for activity are shown to the left. i
50- —
different from the yeast Ypt/Rab—GAPs (Fukat al, - - Gyp7-47p
1997). All known Ypt/Rab—GAPs are not related in primary -
structure to either Ras— or Rho—GAPs.
In an attempt to characterize the transport GTPase-
specific GAPs with respect to their catalytic properties, 30-
substrate specificities and binding affinities, we have
delineated the catalytic domains of the yeast Gyplp and 1 2 3

Gyp7p and studied some of the kinetic properties of wild-

Fig. 2. SDS—-PAGE of partially purified Gyplp and Gyp7p full-length
type and mutant forms. We demonstrate that the Ypt/ proteins and their active domain#)(Full-length Gyp1p (lane 2) and

Rab-GAPs are similar to Ras'—GAPs in their_ potency 10 the catalytically active fragment (46 kDa) (lane 3) were produced as
accelerate the GTP hydrolysis rate of their substrate GST fusions in yeast and bound to glutathione-Sepharose. A

GTPases and, most likely, in their mechanism of action. preparation of Gyp1-46p released from glutathione—Sepharose after
thrombin cleavage is shown in lane 4. Note the poor yield of full-

length Gyplp. The protein marked with an asterisk (lanes 2 and 3)

Results co-purified on glutathione—Sepharose in some preparatiB)ssyp7p
full-length protein and its catalytically active fragment (Gyp7-47p)
The catalytic domains of Gyp1 and Gyp7 proteins were produced as C-terminally Hitagged proteins in yeast and are

A sequence comparison of tiaccharomyces cerevisiae shown after a one-step affinity purification on’Ni-agarose. Protein
Ypt/Rab-GAPs Gyplp and Gyp7p revealed that segmentsSZe Markers are shown in lane 1.
of highest homology are clustered in the C-terminal halves
of the 637- and 746-amino-acid-long proteins. This is also crude preparations with comparable amounts of full-length
true for the Gyp7 proteins from budding yeast and the Gyplp and its active fragment (tested by Western blot
evolutionarily very distant dimorphic yeagarrowia lipo- analysis with anti-GST antibodies), it was noted that
lytica (Vollmer et al, 1999). It therefore appeared that the full-length GST-Gyplp was always less active than the
catalytic domain was confined to a C-terminal region in N-terminally truncated, active fragment GST-Gyp1-46p
all three GAPs. (data not shown). The same observation was made with
This assumption was tested by deleting segments of Gyp7p (see below).
varying length from the N- and C-terminal ends of Gyplp  To test a possible effect of the GST protein fused to
and Gyp7p and determining the GAP activities of the the N-terminus of Gypl-46p, we compared the specific
truncated proteins after expression in yeast (Figure 1). activities of GST-Gyp1-46p and of Gyp1-46p from which
GST fusions of Gyplp and some of its truncated versions the GST portion had been removed by thrombin cleavage.
were catalytically active. As shown in Figure 1A, the Using Ypt51p as substrate, the partially purified proteins
N-terminal 248 amino acids of Gyplp were dispensable like those shown in Figure 2A had similar specific activities
for GAP activity, whereas the deletion of the N-terminal (108 and 120 U/nmol GAP, respectively). The purity
300 or the C-terminal 104 amino acids rendered this of these GAP preparations was evaluated by scanning
GAP inactive. GST-Gyplp and GST-Gypl(249-637)p Coomassie Blue-stained gels (see Materials and methods).
(referred to further as GST-Gypl-46p, because of its N-and C-terminal deletions of Gyp7p were constructed
molecular mass of 46 kDa) were affinity-purified from using naturally occurring restriction sites of tl&YP7
overexpressings.cerevisiae The yield and the purity of  gene. Surprisingly, Gyp7p lost its activity when fused
full-length GST-Gyplp were significantly lower than with GST. However, active full-length and truncated Gyp7
those of GST-Gypl-46p and varied from preparation to proteins could be expressed in yeast as C-terminally-His
preparation. When the GAP activities were determined in tagged proteins. They were analysed for GAP activity
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using the Ypt7 GTPase as substrate. As can be seenin A
Figure 1B, all the N-terminally truncated versions tested 30
that eliminated up to 358 amino acid residues (48% of
Gyp7p) retained full GAP activity. As was the case
for Gyplp, the deletion of ~100 amino acids from the 204
C-terminus of Gyp7p resulted in a complete loss of GAP
activity. The active domain, Gyp7(359—-745)—klfsermed
Gyp7-47p), was enriched by affinity purification to ~70%
purity; full-length Gyp7-Hig prepared in the same way 10+
was ~80% pure (Figure 2B).

Notably, the truncated version hadl0 times higher
specific activity than the full-length Gyp7p (520 versus . .
42 U/nmol). This observation was reproduced in three 0 50 100 150 200 250
independent experiments. Quantitative analysis of purified Ypt7p-GTP (1M)
Gyp7(209-745)-Hisand Gyp7(263—-745)-Hisevealed
that the activity of these proteins was comparable to that B
of full-length protein (not shown). This suggests that the
removal of amino acids 263-358 is responsible for the 100
increased GAP activity of Gyp7-47p.

25 +

15

V/Eq (s

80 4

Substrate specificity of Gyp1p and Gyp7p and
their catalytically active fragments
The budding yeasB.cerevisiaéhas 11 Ypt/Rab GTPases
(Lazar et al, 1997), of which some (Ypt31p/Ypt32p
and Ypt51p/Ypt52p/Ypt53p) are functionally redundant
(Singer-Kriger, 1994; Benli et al, 1996). Using 207 M NR
[y-32P]GTP-loaded Yptlp, Ypt31p, Ypt32p, Sec4p, Ypt51p, 2
Ypt53p, Yptép or Ypt7p as substrates and a Gyplp- 0 2 4 6 8 10 12 14
enriched yeast protein extract as enzyme source in a GAP
filter assay, the intrinsic GTPase activity of Ypt51p, Ypt53p
and Yptlp (in this order) was accelerated significantly, Fig. 3. Determination of the catalytic properties of the Gyp7p active
whereas that of the others was activated only slightly or fragment. §) Classical Michaelis—Menten kinetics obtained by
. . incubation of increasing concentrations of GTP-bound Ypt7p with

not at all. Comparable results were obtained with GST— 14"\ &) of Gyp7-47—Hig. Initial rates of GTP hydrolysis\) were
Gyplp and GST-Gypl-46p. This was at odds with a determined at 30°CK,, andke, values were obtained by hyperbolic fit
recent study of Dwet al. (1998), who found Sec4p to be to the Michaelis-Menten equatiorBY Time curve of GTP hydrolysis
the best substrate for partially purified Gyp1p. We therefore gig%’;i‘; tt’é’ tﬁgﬁ;;gé;ﬁgsﬁig gﬁlslcﬂfﬁgnaggﬁ%r?lﬂg; o the
tunmedtoa more quantitative assayin Wh,ICh _GTP an,d GDP program Scientist (described in Materials and methods).
were quantified by HPLC analysis following incubation of
GTP-loaded GTPases with purified Ypt/Rab—GAPs.

As the full-length GST-Gyp1p was difficult to express Table I. Intrinsic and Gyplp-induced rates of GTP hydrolysis of tested
in reasonable amounts and purity, the catalytically active Ypt/Rab GTPasés
fragment was used to determine the substrate specificity.
For the semiquantitative assay, 250 nM GST-Gypl-46p

40

Ypt7p-GTP (uM)

Time (min)

GTPase Intrinsic GTP hydrolysis GST-Gypl-46p  Acceleration

! . rate (mirr® accelerated GTP  (-fold
was mcu_bated with 2QM G_TPase—GT_F_’ complex. GTP (mirr) hydrolysis rate (ffold)
hydrolysis was recorded with time. Initial rates of these (min?
reactions were compared with intrinsic hydrolysis rates of
the tested GTPases that were determined under identica 8%41% (?'(?(?5126%5 8'88%% 8'28}% 122
conditions. As shown in Table I, Sec4p and Ypt51p were rapiap 0.0029% 0.00044) 0.4427 153
the best substrates for the isolated catalytic domain, yptzp  0.0023 {= 0.00067) 0.1839 80
followed by Ypt7p and Yptlp. Mammalian Rab1A protein iptép 8-8%2 ((i g-ggg?gg 8-3(7)‘11(2) 7g
also served as a very efficient substrate. The intrinsic GTP Ypt3lp 00064 £ 0.00129) 0.0104 5

hydrolysis rates of Ypt31p and Ypt6p were not significantly
accelerated. The same experimental protocol was used tG20um GTP-loaded GTPases were incubated at 30°C with or without
determine the substrate specificity of purified C-terminally 250 nM GST-Gyp1-46p. GTP hydrolysis rates were measured using
Hiss-tagged Gyp7p and its catalytic domain Gyp7-47p. the HPLC method as described in Materials and methods.

As the catalytic fragment was more active, 20 nM Gyp7-

47-Hig or 250 nM Gyp7-Hig were incubated with  The GTP hydrolysis rates of Sec4p, Yptlp and Ypt51p
20 pM substrate to obtain comparable activation rates. were not significantly activated.

No difference in substrate specificity of full-length Gyp7p

and its catalytic domain was observed. Both proteins Catalytic properties of Gyp1p and Gyp7p

showed clear preference for Ypt7p as substrate (Table Il). The catalytic properties of the Ypt/Rab—GAPs were studied
Weak activation of Ypt6p and Ypt31lp was also detected. either by following classical Michaelis—Menten kinetics
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Fig. 4. Sequence alignment of the catalytically active domains of Gyplp and Gyp7p. Shared motifs (A—F) according to Neuwald (1997) were
aligned manually, intermediate regions using the CLUSTAL V program (Higefired., 1992). Identical residues are highlighted on a black, invariant
arginines on a blue and the essential arginine on a red background. Conservative substitutions are shaded. Arrows indicate the start of the shortest

active fragments identified.

Table Il. Substrate specificity of Gyp?p

GTPase Intrinsic GTP +250 nM Gyp7p—Hig +20 nM Gyp7-47p—His
hydrolysis rate (mint)

GTP hydrolysis Acceleration GTP hydrolysis Acceleration
(min™Y (-fold) rate (mim?) (-fold)

Ypt7p 0.0023 0.5332 232 0.5220 227

Ypt6p 0.0002 0.0070 35 0.0043 22

Ypt31p 0.0064 0.0789 12 0.0600 9

Sec4p 0.0016 0.0075 5 0.0054 3

Yptlp 0.0025 0.0069 3 0.0056 2

Ypt51p 0.0052 0.0116 2 0.0084 2

#0uM GTP-loaded GTPase was incubated at 30°C with 250 nM full-length Gyp7p or 20 nM active fragment. GTP hydrolysis rates were measured
using the quantitative GAP assay as described in Materials and methods. The values are representative of two independent measurements.

or by using the integrated Michaelis—Menten equation the k. (33.2 s of the Gyp7 active domain. This
(Duggleby and Clarke, 1991), which allows determination means that the intrinsic GTP hydrolysis rate of Ypt7p
of K, and k. values from single time curves (described (0.0023 min?) is accelerated by a factor of 8% 1(P.

in Materials and methods). This equation was originally For the determination oK,, and k., values using the
designed to analyse stable enzymes catalysing an irreversintegrated Michaelis—Menten equation, 20 nM Gyp7-47p
ible reaction with a single substrate where none of the was incubated with 100M GTP-loaded Ypt7p. From the
reaction products is inhibitory. It was also applied success- time curve shown in Figure 3B, thi€,, and k., values
fully in studies of the interaction of Ras with p120Ras— were calculated to be 4AM and 25.8 s, respectively,

GAP (Schweinst al, 1996). As Hig-tagged full-length

which is in good agreement with the values obtained by

Gyp7p and its catalytic domain could be prepared in the classical method. Kinetic constants of the full-length

sufficient quantities and purity,, and k.,; values were
determined for both.
For classical Michaelis—Menten analysis,

Gyp7p were determined from single time curves obtained
by incubating 200, 100 and 2M Ypt7p—GTP with either

10 nM 125 nM or 250 nM Gyp7-His Using the integrated

Gyp7-47-Hig (E,) was incubated at 30°C with substrate Michaelis—Menten equatioris,,, values between 354 and

concentrations (Ypt7p—GTP) of 2.5-2@M/. The initial

462 UM, and k. values between 6.6 and 8.6'svere

GTP hydrolysis rates determined from separate time curvesobtained, suggesting that the higher GAP activity of the
were plotted a3//E, against the substrate concentrations isolated Gyp7 catalytic domain appears to be due primarily

(Figure 3A), allowing calculation of th&,, (44 uM) and

to its higher affinity for the substrate GTPase.
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Fig. 5. Mutational analysis of conserved arginines in Gyp1lp. o : i . . . I—

(A) Crude extracts from yeast cells overexpressing GST fusions with i} 10 20 30 40 50 80 70

the Gyplp catalytic domain carrying the substitutions indicated were Time (min)

subjected to SDS—-PAGE. GST, a tagged version of the non-mutated

Gyplp fragment, and the mutant forms were identified using an anti-  Fig. 6. Effect of arginine substitutions on the catalytic properties of

GST antibody. B) GAP activities of the proteins shown in (A) were Gyplp. @) SDS—-PAGE of purified GST fusions of wild-type (WT)

determined with the filter assay using Ypt51p as substrate. and mutated catalytic domains used in the study. Gels were stained
with Coomassie Blue. The wild-type protein carried an N-terminal

: : : Sendai epitope tag that was shown to not interfere with GAP activity.
The catalytic properties of Gyplp could be determined (B) Time course of hydrolysis of Ypt51p-bound GTP catalysed by

only for.its active domain- This was pur@fied from OVer-  wild-type (WT) and mutant GST-fused Gyplp active fragments. GTP
expressing yeast either as C-terminallyd-tisgged protein and GDP were measured by HPLC. Mutant Gyp1 proteins carrying

or as GST fusion and then released by thrombin C|eavage.substitutions R343K or R343A failed to increase the intrinsic GTPase
Kmn (143 + 10 HM) and kcat values (3.9i 25 srl) were activity of Ypt51p even at 10 times higher concentrations.

calculated from single time curves obtained by incubating

100-200uM Ypt51p—GTP, one of the preferred substrates the same basic mechanism. The catalytic fragments of
of Gyplp, with 250 nM Gypl-46p. Given the intrinsic Gyplp and Gyp7p were therefore subjected to a mutational

GTPHGTP+GDP)

GTP hydrolysis rate of Ypt51p (0.0052 min Table I), analysis and all conserved arginine residues were substi-
GTP hydrolysis was accelerated by the Gypl catalytic tuted for either lysine or alanine.
domain by a factor of 4.5¢ 10% The mutant forms of Gyp1-46p were produced in yeast

The dissociation of GTP from the GTPases used to as GST fusion proteins. For simplicity, the filter assay
determine the catalytic properties of the two GAPs was was used first to assess the GAP activity of different
negligible and almost certainly could not have affected mutants with protein extracts from positive transformants
the kinetic parameters. The nucleotide dissociation was (Figure 5A) and eithenf3?P]GTP-loaded Ypt51p or Yptlp
evaluated in a filter-binding test by measuring the time- as substrate. As can be seen in Figure 5B, mutations to
dependent loss of radioactivity fronuj>-P]GTP-loaded either lysine or alanine of two (R343 and R490) out of

Ypt proteins (data not shown). the five arginines led to a significant loss of GAP activity.
In contrast, the corresponding substitutions of R286, R482

Mutational analysis of conserved arginines in the and R567 did not appear to alter Gyplp catalytic activity

catalytic domain of Gyp1p and Gyp7p significantly. The GST-Gypl1-46 mutant proteins whose

Alignment of Gyplp and Gyp7p revealed five conserved GAP activities were most severely affected (substitutions
arginines within their catalytic domain (Figure 4). As R343A, R343K, R490A and R490K) were purified by
specific arginine residues are essential for the catalytic affinity chromatography (Figure 6A) and their catalytic
activity of Ras— and Rho—GAPs (Rittinget al, 1997; activities measured with Ypt51p—GTP as substrate. Single
Scheffzek et al, 1997), it appeared possible that the time curves of GTP hydrolysis (Figure 6B) were evaluated
GTPase activation mediated by Ypt/Rab—GAPs follows as described for the specificity test. It was found that
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GST-Gyp1-46(R490A)p activated the GTP hydrolysisrate g & Gyp7-47-Hisg .

about 33-fold, which is eight times less than the activation ; ¥ A

rate of the non-mutated protein. The decrease in GAP  kba o‘é‘ ey éﬁeffdﬂ@\ & qsﬁ

activity of GST-Gyp1-46(R490K)p was less pronounced: 154 - BN & iy ~ i -

it had only four times lower activity than the wild-type B4 g S b e e MR -GypT-His,

protein. Importantly, substitution of R343 for either alanine gf: : - - -

or lysine led to Gypl proteins unable to accelerate the - - _'- S - - Gyp7-47-Hisg

rate of hydrolysis of Ypt51p-bound GTP (Figure 6B).

Measured GTP hydrolysis rates were identical with the LWl = o

intrinsic GTPase activity of Ypt51p even when measured 20-8 = .

at 10 times higher concentrations (2.8/4) of mutant 143 ﬂ = -—- - d

Gypl-46 protein (not shown). =
Substitutions of the conserved arginines to either alanine

or lysine were also introduced into Gyp7-47p and evaluated

with respect to their effect on GAP activity. Hitagged B

mutant proteins having either R391, R458, R607, R615 e ]

or R683 substituted with alanine, or R458 or R615 replaced -

by lysine, were affinity-isolated from yeast and obtained =

with similar yield and purity (~50-70%) (Figure 7A). We E B0

noted, however, that the yield of Gyp7-47(R391A)p and T

of the corresponding Gypl mutant protein, Gypl- & so-

46(R286A)p, was always low. The specific activies 2

of all Gyp7-47 mutant proteins were clearly reduced & %

(Figure 7B). Most importantly, the substitutions of R615 =

(which corresponds to R490 in Gyplp) led to a severe i

loss of Gyp7 GAP activity, and substitutions of R458 ol

(which corresponds to the essential R343 in Gyplp) §E £ § 8 £ 5 ¥ 3

resulted in a protein completely inactive under the condi- g & & & & & &

tions tested. This is best documented by the time curves
shown in Figure 7C, from which it was also calculated c
that substitutions of R615 resulted in a reduction of GAP
activity by a factor of ~30. 1

The apparent inactivation by a specific arginine substitu-
tion of Gyplp and of Gyp7p posed the question as to
whether the interactions of the mutant proteins with their
substrate GTPases were affected. This was investigated
with the Hig-tagged Gyp7-47(R458K) mutant protein,
which could be easily produced in a soluble, non-aggre-
gated form from yeast and purified t890% by affinity
chromatography on Ri—agarose, followed by gel filtra-
tion on Sephacryl S-200 and MonoQ ion exchange chroma-
tography (Figure 8A). A classical Michaelis—Menten
analysis was performed at a mutant protein concentration
as high as 1uM (Figure 8B). It was found that Gyp7-
47(R458K)p was not completely inactive: the, was
determined to be 0.019% which means a 1.% 10°-fold Fig. 7. Effect of arginine substitutions on the GAP activity of Gyp7p.
reduction of GAP activity of the mutant compared with (A) C-tethiga(I{/)\'/TH)i%-tzgge(ti fut“éen%th G)t/_lfﬂpf (Gyp7—tfb)?gnd7 .

H H H non-mutate: ana mutan active fragments -4 (-

the wild-type protein (Table Ill). From thk,, determined il o0 affinity-purified and suﬁegted to SD_Sg—PAGB) (rm
(125 HM)' which 'S.ab.OUt three times h'.gher th?‘n that of degree of purification was calculated as described in Materials and
the wild-type protein, it follows that the interaction of the methods and specific activities with at least two preparations of each

mutant Gyp7 catalytic domain with its substrate is only of wild-type and mutant Gyp7-47p were measured. Activities are

moderately affected. indicated in relation to wild-type activityQ) The catalytically active
fragments with the lowest specific activity were used to follow time
kinetics of hydrolysis of GTP bound to Ypt7p. Note that substitutions

Discussion R458A and R458K led to a complete loss of GAP activities, even
when measured at 10- to 20-fold higher concentrations.

The replacement of Ras-protein-bound GDP by GTP is

accompanied by a conformational switch which allows otic cells. Ypt/Rab GTPases likewise adopt their active
the GTPase to bind to its effector Raf kinase. The conformation in the GTP-bound state, which then allows
hydrolysis of GTP to GDP results in the dissociation of them to associate with various effector proteins (Diaz
the GTPase—effector complex and terminates the act ofet al, 1997; Simonsert al., 1997; Echarcet al., 1998;
signal transduction (for a review, see Wittinghofer and Ostermeier and Brunger, 1999). The highly conserved
Nassar, 1996). GTP hydrolysis, therefore, is most critical nucleotide-binding motif and the remarkable overall
for the regulatory role(s) that Ras proteins fulfil in eukary- sequence similarities of Ras and Ras-related proteins

GTPHGTP+GDP)

Time (min)
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Fig. 8. Effect of the R458K substitution on the catalytic properties of Gyp7-4&p.The affinity-purified Gyp7-47(R458K)—Higrotein was further
purified by gel filtration and anion exchange chromatography 9% purity. Shown is a Coomassie Blue-stained SDS—polyacrylamide gel.
(B) 15 uM (E,) purified Gyp7-47(R458K) protein was incubated with increasing concentrations of Ypt7p—GTP at 30°C and initial)ratese(
measured. The kinetic constants were determined as described for Figure 3A.

Table Ill. Comparison of the catalytic properties of several GTPase activating proteins

GAP GTPase Km (UM) keat (57D Activation (-fold) Reference

Gyp7-Hig Ypt7p 400 7.5 2.0x 10° this work

Gyp7-47-Hig Ypt7p 42 30 7.8x 10° this work
Gyp7-47(R458K)-His Ypt7p 125 0.019 5.0¢ 102 this work

Gypl-46p Ypt51p 143 3.9 45 10* this work

p120-GAP H-Ras 9.7 19 18 10° Gideonet al. (1992)
GAP-334 H-Ras 19 4.2 3.5 10* Gideonet al. (1992)
NF1-230 H-Ras 0.65 7.3 6.%x 10 Ahmadianet al. (1996)
p190 RhoA 1.79 1.61 4.4 10° Zhang and Zheng (1998)
p50RhoGAP RhoA 2.83 0.99 2X 10 Zhang and Zheng (1998)
Ran-GAP Ran/TC4 0.43 2.1 12 10° Klebe et al. (1995)

aThe catalytic constants of Ran—-GAP and the Ras—GAPs were measured at 25°C, those for Rho—GAPs at 20°C and those for Ypt/Rab—GAPs at
30°C.

suggest that the conformational switch mechanism of Rasabsolutely essential for GAP activity. The almost complete
and Ypt/Rab regulators is also conserved. The switch from loss of GAP activity following replacement of these
the GTP- to the GDP-bound conformations of Ras and Ypt/ arginine residues with either alanine or lysine was not due
Rab proteins involves specific GTPase-activating proteins to either instability or aggregation of the mutant proteins.
required to significantly accelerate the slow intrinsic This was seen in the case of the Gyp7-47(R458K) mutant
hydrolysis rates of the GTPases. The recently solved protein, which was perfectly soluble, behaved normally
crystal structure of the GTP-bound form of Rab3A (Dumas on gel filtration and had only a moderately affected affinity
et al, 1999; Ostermeier and Brunger, 1999) shows that (3-fold higherK,,) for its substrate GTPase Ypt7p. For
the binding characteristics of the guanosine nucleotide the acceleration of the slow intrinsic GTP hydrolysis rates
and the magnesium ion are almost identical in Ras and of their substrate GTPases, R343 of Gyplp and R458 in
Rab proteins. It was noticed, however, that the side chainsthe corresponding position of Gyp7p (Figure 4) are likely
of serine residues conserved in the P-loop and the switchto function in a way analogous to the finger-arginine
| region of Ypt/Rab GTPases (S31 and S53 in Rab3A, residue in Ras— and Rho—GAPs. One might even speculate
which are analogous to G12 and P34, respectively, in p21that the conserved R490 in Gyplp and R615 in Gyp7p,
Ras) would be sterically unfavourable for the insertion of whose conservative and non-conservative substitutions
a potential catalytic arginine provided by a Rab—GAP. It alike diminished GAP activity significantly, could play a
was discussed (Dumast al., 1999) that in contrast to  role in stabilizing the ‘arginine finger’ loop similar to the
Ras— and Rho—GAPs, which provide a catalytic arginine invariant R903 and K122 in Ras—GAP and p50Rho-GAP,
(Rittinger et al, 1997; Scheffzeket al, 1997), Ypt/ respectively (Rittingeet al., 1997; Scheffzelt al., 1997,
Rab—GAPs might accelerate GTP hydrolysis by stabilizing 1998). Although this has to await the elucidation of the
the transition state conformation of the switch regions in structure of a Ypt/Rab GTPase—Gyp protein complex, it
the way in which RGS4 activates;{ (Tesmeret al, now appears a strong possibility that Ras—, Rho— and Ypt/
1997; Srinivaseet al., 1998). Rab—GAPs share a common mode of action.

As we show in this report, the catalytically active Our study shows that the two yeast Ypt/Rab—GAPs are
domains of two yeast GTPase-activating proteins with very potent activators and accelerate the intrinsic GTPase
specificity for Ypt/Rab GTPases contain five arginines of activity of their substrates by several orders of magnitude.
which one (R343 in Gyplp and R458 in Gyp7p) proved The degree of activation compares well with that deter-
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mined for other monomeric GTPases and their activating were purified on a Quiaquick column (QIAGEN), digested vt

; HRE ; ; andHindlll, and ligated intoBarrHI- and Hindlll-cleaved vectors pEG-
proteins (Table Ill). The finding that the catalytic domains KT (Mitchell et al. 1993) and pYX213 (R & D Systems) for high

of Gyplp and Gyp_?p, ConStitUting _"',60 and 50% of Fhe expression of Gyplp as GST fusion or as unfused protein.

two GAPs, respectively, were significantly more active

than the fuII-Iength proteins has the interesting implication Hisg-tagging of Gyp1p and Gyp7p

that the N-terminal regions of both GAPs might serve @ The amber stop codon @YP7 wasconverted to @anHl restriction
role in regulating the activity through the interaction site using oligonucleotides "&£ CGTTTCTATTTACCAGGATCCA-
with other proteins. As implicated from thi,, values ACGGAATTTTTGCTCC-3 and 5-GAGACCAGAGTGGCATCC-3

HC ; ; as PCR primers and pET3aYP7 (Vollmer and Gallwitz, 1995) as
(Table “I)’ the affinities of the Gyp proteins for their template. The PCR product was cleaved with restriction endonucleases

preferred substrates are very IOW Therefore, the recruit- Hpal and BanHI and inserted into pET3&YP7 linearized with the
ment of Ypt/Rab—GAPs to specific membranes, where the same enzymes. THedd—BanHiI fragment from modified pET3&YP7
local concentration of substrate GTPases would be high,was cloned into pYES2Hiss (modified Invitrogen pYES2 vector
appears to be necessary for the GAPs to function andgegri”mgniﬁ his?ditf;e C‘e)gogs a7”d tsoi“gg@drgggci%mi:' Sggz% tgggg‘g’
. . . . . - | - .
might involve their N-terminal regions. . coding seqﬁeng‘é W%gs elonggte% with sis histidine coﬁons by PCR using
As we have shown here, the N-terminal halves of Gyp1 primer #3 (5CTATAGATCTCTGCAGTTAGTGATGGTGA-
Gyplp and Gyp7p, which are dispensable for GAP activity, TGGTGATGCAGCCAGTGCGACGTAGC-3 in combination with
do not appear to influence the substrate specificity, at leastGYP1 primer #1 (see above) or GYP1-248 primer (see below).
in vitro. Neither Gyplp nor Gyp7p is specific for a given
Ypt GTPase. Most surprisingly, Gyplp as full-length Truncations of GYP1 and GYP7
protein (Duet al., 1998) and as isolated catalytic domain GYP1gene modifications resulting in C-terminal deletions of Gyplp

S . were generated by restriction enzyme digestion of the pGEXR1
shown here accelerated the intrinsic GTP hydrOIySIS ratesplasmid usingXhd, Nhd, Std and blunt-end religation. N-terminal

of exocytic (Se(;4.p) and endocytiq GTPases (th.51p) With geletions of Gyplp were generated through PCR amplifications using
comparable efficiency. In a previous report using crude oligonucleotides priming at codons of different distance from the ATG
yeast extracts and a GAP filter assay, Gyp7p was found initiation codon:

to activate significantly Ypt7p and Ypt31p/Ypt32p (Vollmer ggi:;igf gjﬁﬁgggﬁggﬂgggﬁgggﬁgﬁgégﬁ?é;%%ﬁ
et al, 1999). However, the quantification of GAP activity cc53

of the purified Gyp7 full-length protein and its catalytic Gyp1-300: 3-ATACTGCAGGATCC CACCAAGAGACAGGAGGG-
domain performed in the present study demonstrate thatTTT-3'

Ypt7p is by far the best substrate, and Ypt6p and Ypt31p GYPL-318: -ATACTGCAGGATCC TAGTCTGAAACATACCTT-

are only marginally activated. Neverthelessyitro both GYP1.372: B-ATACTGCAGGATCC TGCTAGCGGATATGTGC-3

GAPs are promiscuous with respect to their substrate gyp;-497: 5-ATACTGCAGGATCC AATAAGGATGTGGGACAC-3

GTPases. If this were also true within the cell, the lack BanHI restriction sites (bold characters) were always included so that
of protein transport defects in yeast cells carrying GAP cloning could be performed in the same way as described for the full-
gene deletions (Stroet al., 1993; Duet al., 1998; Vollmer lengthGYP1gene. To minimize PCR error problems, three independent

. . PCR reactions were run for each deletion, and products of those were
etal, 1999) could be explamed by the compensation of cleaved and cloned independently. Plasmid DNA of one positive clone

a given Ypt/Rab—GAP by another member of a larger fom each cloning experiment was transformed into ye@tP1gene

family. In fact, sequence alignment revealed that yeast expression was induced by shifting cells to galactose medium, and
contains at least five other proteins related to Gyplp, protein extracts were tested for GAP activity. A construct was considered
Gypép and Gyp7p (Neuwald, 1997)_ Importantly, the t© be active only when at least two of three clones were active in the

, = P GAP . Synthesis of th lete protei firmed by West
essential arginine we have identified in Gyplp and Gyp7p, p o aiZTisy.s yninesis offhe complete profein was conirmed by THestem

and suggested to play a role comparable to the catalytic c-terminal deletion ofGYP7was generated by double digestion of

finger arginine in Ras— and Rho—GAPs, is present in all pYESZ-GYP7Hiss with restriction endonucleas@anH| (connection

of them. site to C-terminal histidine codons) arldsd (within codon 644)
and blunt-end in-frame religation to histidine codons. For N-terminal
deletions of Gyp7p, fragments of different length were obtained from
pYESZ-GYPZ-His; by cutting withXhd (3’ to histidine codons) and

Materials and methods either ECORV (to obtain codons 56-745%tyl (codons 209—745)Hphl
) (codons 263-745) oEcoR| (codons 359-745). The fragments were
Cloning of the GYP1 gene blunt-end ligated in-frame with the ATG start codon of the yeast

All cloning procedures were performed using standard protocols (Sam-
brook et al, 1989). A 2u-based multicopy yeast genomic library was
prepared and screened for Ypt/Rab—GAP containing genes as previously
described (Vollmer and Gallwitz, 1995). Ti&YP1gene was originally Site-directed mutagenesis of GYP1 and GYP7
identified on an 8 kb DNA fragment whose high expression led to an Change of arginine to alanine or lysine codon&i¥Pland GYP7was
acceleration of the Yptlp GTPase activity. achieved using a PCR-based overlap extension methoef(&lg 1989).

The candidate reading frame (YOR070c) was amplified and cloned The following primers have been used for single arginine substitutions
under stringent PCR conditions using two primers flanking the coding (mutated codons underlined):
region and containing the recognition sites for restriction endonucleases GYP1:
BanH! and Hindlll (underlined), respectively. Primer #1 contained R286A: 53-CCAAAAATACACGCGCCTGTTGTTTGGAAATT-3

expression vector pYX213R(& D Systems).

an additionalNcd restriction site (bold characters) that overlaps the 5'-AATTTCCAAACAACAGGCGCGTGTATTTTTGG-3
ATG initiation codon of GYP1 gene: primer #1: 5CAATGACTG- R286K: 5-CCAAAAATACACAAGCCTGTTGTTTGGAAATT-3’
GGATCCATGGGTGTGAGATCCGCTGC-3 primer #2: B-TAC- 5-AATTTCCAAACAACAGGCTTGTGTATTTTTGG-3
ACGATACAAGCTTGTTTACAGCCAGTGCGACG-3. Amplification R343A: B-TAGATATACCGGCCACAAATCCCCACATTC-3
was performed in 10@ volume with 1pg of plasmid DNA template, 5'-GAATGTGGGGATTTGTGGCCGGTATATCTA-3
100 pmol of both primers and 20 nmol of dNTPs. DNA polymerase R343K: 5-TAGATATACCTAAGACAAATCCCCACATTC-3'
with proofreading activity, Deep Vent (New England Biolabs), was 5'-GAATGTGGGGATTTGTCTTAGGTATATCTA-3
added after initial denaturation (hot start). Thirty cycles (94°C, 30 s; R482A: 5-TTTGCATTCGCCTGGATGAATTGCCTTTTG-3
53°C, 30 s; 72°C, 3.5 min) were performed. Amplification products 5'-CAAAAGGCAATTCATCCAGGCGAATGCAAA-3'
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R482K: 5-ATACAGTTTGCCTCCAAATGGATGAATTGCCTTTTG-3
5'-CAAAAGGCAATTCATCCATTTGAAGGCAAACTGTAT-3’
5-GAATTGCCTTTTGATGGCCGAATTTCAAATGGGTA-3
5'-TACCCATTTGAAATTCGGCCATCAAAAGGCAATTC-3
5-GAATTGCCTTTTGATGAAAGAATTCCAAATGGGTAC-
AGTAAT-3'
5'-ATTACTGTACCCATTTGGAATTCTTTCATCAAAAGGC-
AATTC-3'
5-AGTGGAAAAATGGCCCAGTCTTCGTTGAATGAG-3
5'-CTCATTCAACGAAGACTGGGCCATTTTTCCACT-3
5-AGTGGAAAAATGAAGCAGTCTTCGTTGAATGAG-3
5'-CTCATTCAACGAAGAGTGCTTCATTTTTCCACT-3

R490A:

R490K:

R567A:

R567K:

GYP7:
R391A: 5-AGAAAATGACAGTTTGGCCGGGAAAGTTTGGGGT-
TTTCTCTT-3
5'-AAGAGAAAACCCCAAACTTTCCCGGCCAAACTGT-
CATTTTCT-3
5-CTAAAGATGTGAGAGCCTGTGATAGAAACTTGG-3
5'-CCAAGTTTCTATCACAGGCTCTCACATCTTTAG-3
5-CTAAAGATGTGAGAAAATGTGATAGAAACTTGG-3'
5" CCAAGTTTCTATCACATTTTCTCACATCTTTAG-3
5-GTTCTTTTGCTTTGCCATGCTTCTAGTATGGTTC-3
5’-GAACCATACTAGAAGCATGGCAAAGCAAAAGAA-3’
5-GCTTCTAGTATGGTTCAAGGCAGAATTTGAAATGG-3
5'-CCATTTCAAATTCTGCCTTGAACCATACTAGAAGC-3
5-GCTTCTAGTATGGTTCAAGAAAGAATTTGAAATGG-3'
5'-CCATTTCAAATTCTTTCTTGAACCATACTAGAAGC-3
5-GACCTAATGGTTGCAGCAGAGCTTTTGTTC-3
5'-GAACAAAAGCTCTGCTGCAACCATTAGGTC-3
Correct amplification and the presence of the mutation were controlled
by sequence analysis.

R458A:
R458K:
R607A:
R615A:
R615K:

R683A:

Protein purification
Ypt GTPases were produced B.coli using the pET vector system

(Novagen) and purified to near homogeneity as described previously

(Wagneret al.,, 1992).

GST-Gypl/Gyp7 fusion proteins and gsgged Gypl/Gyp7 proteins
were produced in the yeast strain BJ5459 (MAFa3-52 trpl lys2-801
leu2A1 hisn200 pep4::HIS3 prbAl.6R canl GA) (Yeast Genetic
Stock Center, University of California at Berkeley). High expression

temperature with a 50-fold molar excess of GTP in 50 mM Tris—HCI
pH 8.0, 5 mM MgC}, 2.5 mM dithiothreitol (DTT) and 10 mM EDTA.
Free nucleotides were removed by a two-step gel filtration on a NAP5
column (Pharmacia) pre-equilibrated with reaction buffer (50 mM Tris—
HCI pH 8.0, 5 mM MgC}, 2.5 mM DTT).

For each assay, 0.5-40 nmol of GTP-loaded GTPase were incubated
with an appropriate amount of GAP in a volume of 200of reaction
buffer. Aliquots were taken at different time points and shock-frozen in
liquid nitrogen. Frozen aliquots were briefly boiled and analysed by
reverse phase chromatography on an ODS Hypersil column 50
4.6 mm, 5um; Bishoff, Germany) in 100 mM phosphate buffer pH 6.5,
10 mM tetrabutylammonium bromide, 3% acetonitryl. The amounts of
GTP and GDP were determined by integrating the corresponding peaks
using Gold System software (Beckman). One unit of GAP activity was
defined as the hydrolysis of 1 nmol of Ypt-bound GTP in 1 min under
standard conditions (vor 200 pul; 20 uM substrate concentration, 30°C
incubation temperature).

Analysis of GAP-GTPase interaction

In order to obtainK,, and k. values from single time curves, the
program ‘Scientist’ (Micromath, Salt Lake City, UT) was used. The
model equation file used defines the concentration of the GAP-Ypt/Rab—
GTP complex as a function of th€,, value and the concentrations of
GAP and Ypt/Rab—-GTP, and the rate at a given time by the product of
the concentration of the ternary complex dqg. The rate is entered as

a differential equation into the model file, which also contains equations
defining the distribution of concentrations amongst the various species.
The fitting procedure involves numerical integration and simulation, and
leads to a representation of the concentration of Ypt/Rab—-GTP as a
function of time. For this procedure, the reasonable assumption is made
that the reaction product (Ypt/Rab—GDP) does not interact with GAP at
the concentrations used. The approach and the manner in which it is
implicated are similar to those when using the integrated Michaelis—
Menten equation (Duggleby and Clarke, 1991), but with the advantage
that it is generally applicable, i.e. not only when the substrate (Ypt/Rab—
GTP) is in large excess over the catalyst (GAP).
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