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We present the 1.9 A resolution crystal structure of
the catalytic domain of Gyplp, a specific GTPase acti-
vating protein (GAP) for Ypt proteins, the yeast
homologues of Rab proteins, which are involved in
vesicular transport. Gyplp is a member of a large
family of eukaryotic proteins with shared sequence
motifs. Previously, no structural information was
available for any member of this class of proteins. The
GAP domain of Gyplp was found to be fully a-helical.
However, the observed fold does not superimpose with
other o-helical GAPs (e.g. Ras- and Cdc42/Rho-GAP).
The conserved and catalytically crucial arginine resi-
due, identified by mutational analysis, is in a compar-
able position to the arginine finger in the Ras- and
Cdc42-GAPs, suggesting that Gyplp utilizes an argi-
nine finger in the GAP reaction, in analogy to Ras-
and Cdc42-GAPs. A model for the interaction between
Gyplp and the Ypt protein satisfying biochemical
data is given.
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Introduction

Membrane vesicle-mediated exchange of substances
between different organelles in eukaryotic cells is direc-
tional and tightly controlled through the action of a variety
of evolutionarily conserved proteins (Jahn and Sudhof,
1999). Among them are the GTPases of the Ypt/Rab
family, which are key regulators for transport vesicle
targeting to specific membranes of exo- and endocytic
compartments (Lazar et al., 1997; Novick and Zerial,
1997; Pfeffer, 1999). Ypt/Rab GTPases form the largest
group of the Ras superfamily of small GTP-binding
proteins. The common feature in this superfamily is a
switching cycle between two functionally distinct con-
formations controlled by the state of the bound nucleotide.
In the active GTP-bound state, they interact in a specific
manner with downstream effector proteins, whereas in the
GDP-bound state these interactions do not occur as a
result of a conformational rearrangement that takes
place upon GTP hydrolysis. This functional cycle is
tightly controlled through the interaction with guanosine
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nucleotide exchange factors (GEFs), which stimulate the
exchange of GDP against GTP, and GTPase activating
proteins (GAPs), which specifically turn off the active
state of the Ypt/Rab protein by accelerating the slow
intrinsic GTPase activity. Whereas GAPs and GEFs for
Ras, Rho and Cdc42p have been studied in great detail,
there is only a limited amount of information on the
corresponding Ypt/Rab-specific proteins.

The first identified Ypt/Rab-specific GAPs, termed
Gyp6p, Gyp7p and Gyplp, were isolated by high-expres-
sion cloning in yeast (Strom et al., 1993; Vollmer and
Gallwitz, 1995; Albert et al., 1999; Vollmer et al., 1999).
Gyplp was also recognized by others (Du ef al., 1998) by
virtue of its relatedness to Gyp7p. As originally noted by
Neuwald (1997) based on a sequence database search and
a multiple alignment analysis, Gyplp, Gyp6p and Gyp7p
share several related sequence motifs (termed motifs A, B,
C, D, E and F) with the yeast spindle pole body protein
Bub2p and a variety of other proteins from yeast,
Caenorhabditis elegans, Drosophila melanogaster and
mammals. These sequence motifs A-F fall within the
catalytically active fragments of Gyplp and Gyp7p
(Albert et al., 1999). Several other yeast proteins contain-
ing these six motifs were demonstrated to be Ypt/Rab-
specific GAPs (Albert and Gallwitz, 1999, 2000).
Importantly, a recently identified human Rab6-specific
GAP, GAPCenA, displays similar primary structure
elements within a central 200 amino acid domain to the
Ypt-GAP domain of the Gyp family members (Cuif et al.,
1999).

The kinetic characterization of different Ypt-GAPs
from Saccharomyces cerevisiae has revealed selectivity
and differences in the extent of stimulation towards
different Ypt proteins but no absolute specificity for a
particular GTPase. For example, Gyp7p has its highest
GAP activity towards Ypt7p, and lower activity with
Yptop and Ypt3lp (Albert et al., 1999) while Gyplp
displays its highest specific GTPase activation activity
towards Ypt51p and Secdp (Du et al., 1998; Albert et al.,
1999). The GTPase Ypt51lp is an important regulator
involved in the endocytic membrane traffic of S.cerevisiae
(Horazdovsky et al., 1994; Singer-Kruger et al., 1994) and
is found to be homologous to the mammalian Rab5 protein
(Singer-Kruger et al., 1995). For a structural analysis of
Ypt/Rab-GAPs we focused our attention on Gyp1p, since a
1.5 A high-resolution crystal structure of its substrate
Ypt51p in its active conformation has been solved recently
(Esters et al., 2000).

A detailed mutational analysis of the catalytic domains
of Gyplp and Gyp7p has revealed a conserved arginine
residue in the sequence motif B, which is critical for the
catalytic activity (Albert et al., 1999). This could indicate
that Gyp proteins exhibit an ‘arginine finger’ mechanism
of GTPase activation, as described for Ras- and Cdc42p-
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Table I. Crystallographic data and phasing statistics for Gyp1-46p

Space group P6(5)22

Cell dimensions a =b = 74.06 1&, c=27775 A (1 mol/AU); 11 Se atoms/mol

dimin (A) No. of reflections No. of unique reflections Completeness (%) I/G?*

Se A; (0.9790 1:\) 20.0-2.35 461 421 36 326
Se A, (0.9795 A) 20.0-2.35 458 264 36 412
Se A3 (0.9200 A) 20.0-2.7 275 885 23 838
Se A4 (0.8428 A) 6.0-1.9 237 598 33 502
Observed diffraction ratios®
)\,1 7\;2 7\,3

A 0.0677 0.0360 0.0470
A 0.0558 0.0520
Az 0.0466

Rsyma'b (%)

99.2 (99.9) 27.5 6.8 (19.3)
99.3 (99.5) 27.0 7.1 (19.5)
98.4 (99.8) 38.8 5.5(104)
91.2 (97.1) 14.4 (6.5) 9.4 (24.2)

Phasing power,d figure of merit (FOM) and FOM after density modification (DM_FOM) using A as reference

. A > A A3 > At A~ > Ay
20-2.8 A 2.3980 2.4223 3.3621
2829 A 1.5529 1.5671 2.2353

Phasing power,¢ figure of merit (FOM) and FOM after density modification (DM_FOM) using A, as reference

R M >A AT > At AM> Ay
20-2.35 A ) 3.0609 0.7040 2.5484
2.35-2.45 A 2.3321 0.4981 2.2352

A > At A >A~ FOM DM_FOM
1.4811 26874  0.7712 0.9542
1.1444 1.9830  0.6684 0.9261
> At A~ >As FOM DM_FOM
1.1987 23630 05769 0.9588
1.0491 2.1156 03096 0.9415

“Values in parentheses are for the high-resolution bin (A; and A,: 2.45-2.35 A; A3 2.8-2.7 A; g 1.9-1.8 A).
"Reym = 2nilli(h) — <I(h)>I/Z,Xif;(h), where [;(h) is the ith measurement and </(h)> is the mean of all measurements of /(h) for Miller indices h.
“Values are <AlIF] 1>12/<|F1*>112, where AIF! is the dispersive (off-diagonal elements), or Bijvoet difference (diagonal elements), computed between

20.0 and 3.0 A resolution.

dIMAD phasing power is defined as [<IFp — FrPP>/®P(@)(IIFNle® + AF,| — IFp2d®], where P(®) is the experimental phase probability distribution. Fiy
corresponds to the structure factors at the reference wavelength A3, Fy corresponds to the structure factors at wavelength A; (indicated by a superscript
‘+’) or its Friedel mate (indicated by a superscript ‘-’), and F}, is the difference in heavy atom structure factors between the two wavelengths.

GAP [sometimes referred to as Rho-GAP (Lancaster et al.,
1994)]. The two key features of this activation mechanism
appear to be (i) the positioning of the catalytically essential
GTPase glutamine side chain via a hydrogen bonding
interaction between the glutamine carbamoyl-NH, group
and the main chain carbonyl group of the GAP arginine,
and (ii) the polarization of the y-phosphate group or the
stabilization of charge on it via the interaction with the
positively charged side chain guanidinoyl group of the
GAP arginine (Rittinger et al., 1997; Scheffzek et al.,
1997; Nassar et al., 1998). The charge distribution together
with the shape of the GTPase around the active site as well
as further specific interactions between the GTPase and the
cognate GAP determine the selectivity and specificity of
the interaction. As a consequence, the orientation of the
arginine finger can be dramatically different in different
GTPase—-GAP complexes, leading to variations in the
‘arginine finger’ mechanism (Ahmadian et al., 1997).

Here we present the first crystal structure of a Ypt/Rab-
specific GAP domain, Gypl-46p. Together with the
structural information available for GAPs specific towards
other subfamilies of the Ras superfamily, this structure
provides first insights into the determinants of the selective
recognition of Ypt proteins. The active site of Gypl-46p
displays structural similarities to the GTPase binding cleft
of Ras- and Cdc42p-GAP, suggesting that Ypt-GAPs
follow the same GTPase activation mechanism.

Results and discussion

Structure determination

The GAP catalytically active domain of Gyplp (residues
239-638, termed Gyp1-46p) was produced in Escherichia
coli as a soluble, C-terminally His¢-tagged protein having
biochemical properties identical to those of the GAP
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domain produced in yeast. Its crystal structure was solved
using 2.35 A resolution multiwavelength anomalous
diffraction (MAD) data phasing with SeMet-labelled
protein (see Table I). The experimental MAD phases
were used throughout the refinement and model building
process in order to reduce model bias (Pannu et al., 1998).
The final free R-factor value (Briinger, 1992) for the 2.35 A
MAD data set was 24.9%. The further refinement against a
1.9 A high-resolution data set from a SeMet Gypl-46p
crystal was performed with molecular replacement
methods to position the model and to derive calculated
phases. The final model includes 322 residues, lacking one
extended and surface exposed region of 61 residues on the
convex side of the molecule. The final model is of very
good quality with a free R-factor of 22.5% for all
reflections in the 10% test set with Bragg spacing between
6.0 and 1.9 A. The quality of the final model was assessed
by a number of criteria (see Table II). The excellent
statistics suggest that the missing 61 residues are com-
pletely disordered and do not contribute to diffraction.
Electrospray mass-spectrometry on redissolved crystals
confirmed that the protein was intact and no proteolytic
cleavage had occurred.

Overall structure

The crystal structure revealed that the Ypt-GAP domain of
Gyplp can be described as a V-shaped molecule consist-
ing of 16 o-helixes and no B-sheet secondary structure
elements (see Figure 1). Despite the fact that the Ypt-GAP
domain of Gyplp is purely o-helical, it does not super-
impose with the other identified, purely o-helical GAP
domains [p120-GAP (Scheffzek et al., 1996), NF1-GAP
(Scheffzek et al., 1998), Rho-GAP/Cdc42-GAP (Rittinger
et al., 1997; Nassar et al., 1998)]. Using site directed
mutagenesis to exchange individually all arginines in the



catalytic domain of Gyplp, two arginine residues were
identified to have significant influence on the Gyplp
function. Whereas the first highly conserved arginine in
sequence motif A, Arg286, appears to be important for
maintaining the structural integrity of Gypl-46p, the
second arginine, Arg343, was found to be essential for the
GAP activity of Gyp1-46p (Albert et al., 1999). Arg343 is
part of the shared sequence motif B (Neuwald, 1997) and,
together with the aspartic acid residue Asp340, is highly
conserved among all known Gyp proteins (see Figure 2). It
is positioned at the side of the narrow cleft on the concave
side of the V-shaped molecule. Therefore, we propose that
this cleft is the binding site for the GTPase.

Based on the program TM-pred (Hofmann and Stoffel,
1993), Bi et al. (2000) proposed two possible trans-
membrane regions for the S.cerevisiae proteins Msb3p
(residues 320-337 and 424-440) and its homologue
Msb4p (residues 238-255 and 335-351), which are
identical to Gyp3p and Gyp4p (Albert and Gallwitz,
1999, 2000). These two regions correspond to the Gyplp
residues 374-391 of the sequence motif C, including most
of o-helix o7, and residues 476-492 of o-helix oll,
which are part of motif F. These residues are important for
maintaining the architecture of the Ypt-GAP domain fold
and contribute to the putative binding site for the GTPase.
Assuming a similar fold for Gyp3p (Msb3p) and Gyp4p
(Msb4p) to that observed for Gyp1-46p, the position of the
stretch of hydrophobic amino acids, its content of polar
amino acid residues and its location in the tertiary
structure excludes the possibility that it is a transmem-
brane spanning helix. In addition, overexpressed protein
could easily be isolated from yeast cytosol (Albert and
Gallwitz, 1999), which is rather unlikely for membrane-
anchored proteins.

Shared sequence motifs

Gyplp belongs to a group of proteins that share significant
sequence similarities in six consecutive regions of the
primary structure termed motif A to motif F (Neuwald,
1997). The motifs A, B and C contain three ‘fingerprint’
sequence motifs highly conserved among the members of
the Gyp protein family: 28°RxxxW (motif A), 37IxxDxxR
(motif B) and 37°YxQ (motif C) (see Figure 2). The
sequence motif A includes the highly conserved residues
Arg286 and Trp290 of o-helix 3. Arg286 forms a double
salt bridge ~with Asp502 [d(Arg286-NH2:Asp502-
OD2) = 2.8 A; d(Arg286-NE:Asp502-OD1) = 2.7 A] of
the sequence motif F, which is conserved among all Ypt-
GAP domains except for Gyp7p, where a glutamate is at
this position and is presumably able to form a similar
stabilizing salt bridge. In addition, Asp502 is within
hydrogen bonding distance of the side chain of the highly
conserved Trp290 [d(Asp502-OD1:Trp290-NE1) =2.8 A],
which itself is part of a hydrophobic core. Site directed
mutagenesis of Arg286 (R286A) in Gyplp and Gyp7p
rendered the protein very unstable during purification and
the GAP activity was significantly reduced (Albert et al.,
1999). This indicates an important contribution of the
conserved Arg286 in the stabilization of the tertiary
structure of the Ypt-GAP domain and, therefore, in the
formation of the Ypt binding epitope. The highly con-
served residue Trp290 of motif A is part of a very
hydrophobic region in the core of Gyp1-46p consisting of

Ypt-GAP domain of Gyp1p

Table II. Refinement statistics for Gyp1-46p (residues 249-509 and
570-630)

Resolution range 6.0-1.9 A
No. of reflections 33 502
R value? 19.9%
R-free value® 22.5%
Root-mean-square deviations i
bond-length 0.0050 A
bond-angle 1.052°
improper-angle 0.7348°
dihedrals 18.68°
No. of non-hydrogen atoms
total 2926
solvent 166
Average B-factor (all atoms) 31.8 éz
Average B-factor (protein atoms) 31.2 62
Average B-factor (solvent atoms) 39.0 A2

R = Z(IF gusl—kIFcae) )/ ZIF opgl

PR-free value is the R value obtained for a test set of reflections,
consisting of a randomly selected 10% subset of the diffraction data,
not used during refinement.

e, (N =
k‘ui?ﬁh.
8 L&\;,

Fig. 1. Three-dimensional structure of the Ypt-GAP domain of Gyplp.
The ribbon diagram displays the secondary structure elements and the
active site arginine residue in ball-and-stick representation. Regions of
the seven shared sequence motifs A—F are highlighted in green. This
figure was generated using the programs BOBSCRIPT (Esnouf, 1997)
and raster3D (Merritt and Murphy, 1994).

a number of aromatic residues including Tyr387 and
Phe391 at the end of motif C and Trp501 and Tyr504 at the
end of motif F (see Figure 3A). The different conserved
interactions between the different motifs A, C and F
highlight their contribution in maintaining the tertiary
structure of the Ypt-GAP fold.

Sequence motifs B and C are located close together and
also interact with each other to form a well defined and
conserved epitope at the edge of the putative GTPase
binding cleft. Motif B is composed of the C-terminal end
of a-helix a5 and loop L5 between o-helices a5 and a6,
whereas motif C consists of o-helices o6 and o7 and the
connecting loop L6. The two loops LS and L6 are tightly
packed against each other placing the three absolutely
conserved residues Asp340, Arg343 and GIn378, which
are exposed to the solvent and form a type of a signature
motif (see Figure 3B), at one side of the cleft. The highly
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Fig. 2. Sequence comparison of the catalytically active domains of Gyplp homologs. The sequence alignment was performed with the program
CLUSTAL_W (Thompson et al., 1994) and adjusted manually in the loop regions. Only the residues modelled in the crystal structure of Gyp1-46p

were included in the alignment. The residue numbering is based on the Gyplp full-length sequence. Amino acid residues strictly conserved have a red
background, residues (hydrophobic, aromatic, polar, negatively or positively charged) conserved within four or more Gyp proteins are indicated with a
yellow background. Secondary structure elements are shown above the aligned sequences. The six shared motifs named A-F, found previously to be

common between Ypt-GAPs and proteins involved in spindle checkpoint assembly (Neuwald, 1997), are underlined with solid bars in green. The blue

stars indicate residues that are at the surface of the putative active site c

left of Gyp1-46p. The red line indicates the region from residue 510-569

which is not included in the crystal structure. The number for the first and last residue used for the alignment is given together with the overall length
of the Gyp protein in parenthesis if the last residue is not the C-terminus. The figure was prepared with the program ESPript (Gouet et al., 1999).

conserved residue Asp340 (motif B) forms a salt bridge
with the catalytic Arg343 (motif B) and hydrogen bonds
to the side chain OH-group of Tyr376 (motif C) and to
the side chain of GIn378 (motif C). The presence of
hydrophobic residues at the positions of the residues
Trp334, 1le337 and Ile341 of o-helix a5 and the residues
GIn361, Leu364 and Tyr365 of o-helix o6 is conserved
among the different Gyp Ypt-GAP domains, facilitating
tight packing of the two a-helices against each other. Due
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to the localization of the catalytically essential Arg343 and
the very rigid packing in this region we propose that this
patch at the surface of Gypl-46p is involved not only in
the GTPase activation but also in specific binding of Ypt
proteins.

The loop L8 connecting motifs D and E is variable in
length and sequence among the different Gyp proteins.
However, it is in close proximity to the putative GTPase
binding site. Further contributions to this site come from
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Fig. 3. Central core and active site of the Ypt-GAP domain of Gyplp. (A) Stereo view of the final 2F, — F, electron density map contoured at the
20 level displaying the aromatic core of Gyp1-46p. Displayed are the highly conserved Trp290 of motif A and the surrounding hydrophobic residues.
(B) Stereo view of the final 2F, — F, electron density map contoured at the 2¢ level at the active site region of Gypl-46p. The refined model
(ball-and-stick) is superimposed, displaying the residues 339-344 of motif B which includes the highly conserved Asp340 and the catalytically

active residue Arg343. This figure was generated using the programs BOBSCRIPT (Esnouf, 1997) and raster3D (Merritt and Murphy, 1994).

the o-helix 11 and the connecting loop L11 to o-helix
a12, both being part of sequence motif F.

The only helices that are not part of any shared motif are
al, o2, o4 and ot13-016. Based on our proposed mode of
complex formation between Gypl-46p and Ypt5lp-
GppNHp (see below), of theses helices a15 could be
involved in the interaction between the two proteins,
whereas the other ‘non-motif’ o-helices probably do not
contribute to the putative active site.

Active site

The active site of the Ypt-GAP domain should comprise
residues that are highly conserved among different Gyp
Ypt-GAP domains as well as protein regions without
significant sequence similarity. The conserved residues are
important for the mechanism of activation, which is likely
to be identical for the different Gyp Ypt-GAP domains and
for the specific recognition and binding of conserved Ypt
protein motifs. On the other hand the non-conserved,
variable amino acids should be partially responsible for
rendering the individual Gyp Ypt-GAP domain selective
towards the cognate Ypt family member. We postulate that
the residues involved in the binding or catalysis of Ypt-
GTP should be solvent exposed and invariant among the
different Ypt-GAPs. Mapping these residues on the
structure of Gypl-46p reveals that the invariant residues
are clustered in two different areas of the Ypt-GAP
domain. One cluster is in the central core of the domain
(see above) and the other at the surface near the cleft of the
concave side of the protein. Four highly conserved

residues (Tyr376, GIn378, Asp340 and Arg343) are part
of this potential binding cleft (see Figure 4).

The surface of the cleft accounts for ~20% of the
solvent-accessible surface area with dimensions of
~30 X 25 A and a depth of ~10 A (see Figure 4). The
inner part of this putative Ypt binding site is dominated by
charged or polar amino acid residues and only at the edge
of the binding site is a hydrophobic patch located around
residues Phe481 and Phe595 (see Figure 4). The contri-
bution of this non-polar surface patch to the binding of the
Ypt protein can explain the experimental observation that
in the presence of detergents such as Triton X-100 the
GAP activity of Ypt-GAPs is significantly reduced
(S.Albert, unpublished results).

The solvent-exposed residues of o-helix «l5 are
directed towards the putative Ypt binding pocket.
However, its primary structure displays no sequence
similarity between the different identified Gyp Ypt-GAP
domains. Since C-terminally truncated Gyp proteins
lacking o-helix o15 display no GAP activity (Albert
et al., 1999) we assume that this o-helix al5 is either
important for maintaining the tertiary architecture of
Gypl-46p or that the solvent-exposed residues are
involved in the binding of the Ypt protein and might
determine selectivity for members of the Ypt protein
family. This conclusion is further supported by compari-
son with the related proteins Bub2p from S.cerevisiae and
Cdcl6p from Schizosaccharomyces pombe. Based on
sequence alignment both proteins are significantly shorter
than Gyplp and do not include the complete Ypt-GAP
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domain, since the last three o-helices are missing. For
Cdc16p it could be shown that in association with Byrdp it
is a GAP for the GTPase Spglp but without Byrdp it is
inactive (Furge et al., 1998). Cdcl6p and Byrdp form a
tight complex and it can be hypothesized that Byrdp
contributes the missing o-helices, thus completing the
GTPase binding site for building the active GAP protein.
Furthermore, GAPCenA, a GTPase activating protein for
Rab6, was identified using a yeast two-hybrid screen with
the GTPase-defective mutant Rab6(Q72L) as bait (Cuif
et al., 1999). The isolated region interacting with
Rab6(Q72L) is located downstream of the sequence
motif F and therefore could overlap with the C-terminal
region of Gyplp reaching from o-helix ol3 to ol6.
However, in contrast to Gyp1p for the Rab6 binding site of
GAPCenA, a high propensity for forming coiled-coil
helices is predicted (Lupas, 1996) within this region,
which might indicate a different architecture of GAPCenA
in this part of the Ypt-GAP fold.

Diversities in the Ypt-GAP fold

The sequence alignment of different identified Ypt-GAP
domains reveals several regions of the Ypt-GAP fold with
significant heterogeneity in sequence and size of loops.
These variations are probably determinants for selectivity
and specificity for interaction with other proteins, particu-
larly towards substrate GTPases in addition to sequence-
specific regions in Ypt proteins themselves (e.g. YptS1lp
and Ypt52p, see below). Significant differences can be
highlighted for loops L4 (connecting a4 and a5), LS5
(connecting a5 and a6), L7 (connecting o7 and a8), L10
(connecting o110 and o11) and to some extent loop L8
(connecting o8 and 09). Loop L4 has an especially large
insertion for Gyp6p, loop L5 for Gyp7p, loop L7 for
Gyplp and loop L10 for Gyp3p, Gyp4p and Gyp6p. In our
proposed model of the complex between Gypl-46p and
Ypt51p, loop L7 does not participate in complex formation
and we assume its involvement in the interaction with a
Gypl-specific protein.

Missing region of amino acids 510-569

Whereas most parts of the Gyp Ypt-GAP domain are very
well defined by electron density, the structure composed of
residues 510-569 is not defined and could not be included
into the structural model. Using the secondary structure
prediction server Jpred (Cuff et al., 1998) to predict the
secondary structure elements of the Gyp1-46p domain all
of the observed «-helices were predicted, however,
sometimes with some minor differences in length. For
the missing region three further o-helices and the start of
a-helix 13 at around residue Thr555 were predicted.
Since the two easily visible ends of this flexible part are
very close to each other [distance (Ser509-C-Ser570-
N) = 8.9 A], a prediction of its localization taking into
account the predicted secondary structure is not possible.

Structural model of the binary complex formed
between Gyp1p and Ypt51p-GppNHp

Based on the common features observed in the crystal
structures for different GAP-GTPase complexes
(Figure 5A), we have manually docked the active form
of Ypt51p on to the structure of Gypl-46p. The main
consideration for complex formation was the possibility of
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Fig. 4. The putative Ypt binding cleft. (A) Electrostatic surface
representations viewed into the concave side of the molecule. The
figure was generated using the program GRASP (Nicholls et al., 1993)
and rendered with the program raster3D (Merritt and Murphy, 1994).
Red indicates negatively charged (-7 kT) and blue positively charged
regions (+7 kT). (B) Surface CPK representation of the Gyplp Ypt-
GAP domain shown in the same orientation as in (A). Residues that are
highly conserved in the different Gyp Ypt-GAP domains are coloured
pink; well conserved residues are coloured yellow (see sequence
alignment, Figure 2). Residues that are solvent accessible and form
the surface of the cleft are labelled.

forming a hydrogen bonding interaction between the side
chain carbamoyl group of Ypt51-GIn66 and the main
chain carbonyl oxygen atom of Gypl-Arg343 without
major spatial overlaps between the two proteins
(Figure 5B). Since Arg343 is at the C-terminal end of
a-helix a5, which is unlikely to rearrange dramatically
upon complex formation, this is a very tight constraint and
leaves only one possibility for docking. Based on these
structural requirements for complex formation we manu-
ally oriented and ‘docked’ the structure of Ypt51p-
GppNHp (Esters e al., 2000) at the active site cleft of
Gypl-46p as shown in Figure 5C. However, we have not
performed energy minimization or adjustment of side
chains for this complex. Two further aspects were mainly
of importance in reaching the modelled complex. First, the
YptS1p structure can be described as a wedge with the
nucleotide binding site at its thin end. There therefore only
appear to be two general ways of fitting this wedge into
what appears to be the sterically corresponding V-shaped
groove in Gypl-46p, these two possibilities being related
by a 180° rotation. While one of them allows the important
groups to come near enough to each other as described
above, the other possibility does not allow this without
departing significantly from the basic feature of a wedge



fitting into a pre-existing V-shaped groove. In the orien-
tation chosen, the rearrangements outlined above can take
place and only a few other side chains have to adopt new
orientations. Certain new and feasible side chain inter-
actions between polar residues from the two proteins can
be formulated. Importantly, in this proposed orientation of
the two proteins, the hydrogen bond between Ypt51-
GIn66-NE2 and Gyp1-Arg343-0 would not be blocked by
a side chain at position 16 of the GTPase P-loop (!6Ala-
Ala-Val in Ypt5S1lp). In H-Ras p21 any amino acid
substitution of the corresponding glycine (Gly12) blocks
the GTPase stimulation by Ras-GAP even if the complex
can be formed. This is explained by the fact that Ras-
GIn61 cannot reach a favourable position since the
hydrogen bond between Ras-Gln6l1 and Ras-GAP-
Arg789 cannot be formed (Scheffzek et al., 1997)

In this model the following regions are in close contact
and therefore would determine binding selectivity. The
N-terminal parts of the Gypl-46p a-helices a1l and 15
are in close contact with the Ypt51p o-helix 03 (residues
93-103). The C-terminal half of the Gypl-46p o-helix
al5 is in proximity to the N-terminal half of Ypt51p
o-helix 02 (residues 68-71), which is at the end of the
switch II region of small GTP binding proteins. In
addition, residues in the middle of this putative switch II
region would further interact with residues of the Gypl-
46p loop L11, e.g. Ypt51-Glu67 can probably form a salt
bridge with Gypl-Arg490. Loop L6 of Ypt51p (residues
89-93) is deeply buried in the cleft of the Ypt-GAP
domain near the Gypl-46p loops L6 (part of motif C
around residue 378) and loop L8 (around residue 443).
Ypt51p loop L8 (residues 127-132) is surrounded by the
N-terminal part of o-helix a5, residues of loop L6 (around
residue 375) and of loop L8 (around residue 442) from
Gypl-46p. This close interaction via loop L8 of Ypt51p is
probably significant, since the isoform Ypt52p has an
insertion of 17 residues in this loop region, which could be
an explanation for it not being a target protein of Gyplp.
Of further importance could be the observation that the so-
called effector loop region of YptS1p (residues 34—46) is
only at the periphery of the complex interface next to
o-helix a5. This could be an explanation for the obser-
vation that most Gyp proteins can interact with a variety of
GTPases, which display quite high diversity in the effector
loop region.

From the structure and the previous mutational and
biochemical characterization of the Gyplp -catalytic
domain we propose a GTPase activation mechanism
similar to that of H-Ras p21 GAP (Scheffzek et al.,
1997) and Rho-GAP/Cdc42-GAP (Rittinger et al., 1997;
Nassar et al., 1998): the side chain of the conserved
glutamine residue (Gln66) of Ypt51p is suggested to be
repositioned upon interaction with Gyplp through the
formation of a hydrogen bond with the main chain
carbonyl group of Gypl-Arg343, in direct analogy to
that seen for the known Ras- and Cdc42-GAP-GTPase
complexes (see Figure 5A); the side chain of Gypl-
Arg343 reorients in order to interact with the y-phosphate
group of the Ypt51p-bound GTP; the salt bridges formed
between Gypl-Arg343 and Gypl-Asp340 on the Gyp side
and the tight interaction between Ypt51-Gln66 and Ypt51-
Arg68 on the Ypt side have to be broken and replaced by

Ypt-GAP domain of Gyp1p

new interactions, presumably via the formation of salt
bridges or hydrogen bonds between the two proteins.

From the evolutionary point of view, it is a remarkable
finding that Ras-, Rho-, Cdc42p- and Ypt/Rab-GTPases,
important regulators of many cellular activities, are
significantly related in primary and tertiary structure
whereas the corresponding GTPase-activating proteins
are not at all related in primary structure and display
distinct folds. However, their overall structures are nearly
exclusively o-helical and their catalytic activities are
based on the same mechanistic principle.

Materials and methods

Bacterial expression and purification of Gyp1-46p

The catalytically active GAP domain of Gyplp (Albert et al., 1999) was
synthesized in E.coli as a 46 kDa C-terminally Hise-tagged version. A
DNA fragment encoding the N-terminally truncated protein was
amplified by PCR using the cloned GYP! gene as template and two
primers with different restriction sites for cloning into the bacterial
expression vector pET19b (Novagen). The 5 primer #1 (5'-ATACTGCA-
GGATCCATGGGTAACTCCATCATCCAGCG-3’) contained a BamHI
(underlined) and an Ncol restriction site (bold), the latter overlapping the
ATG translation initiation codon. The 3" primer #2 (5-TATAGATCT-
CTGCAGTTAGTGATGGTGATGGTGATGCAGCCAGTGCGACGT-
AGC-3’) contained a PstI (underlined) and a Bg/II recognition sequence
(bold) downstream of the translation stop codon. PCR amplification under
stringent conditions was performed as described (Albert et al., 1999). The
amplified fragment encoded amino acids 249-637 of Gyplp with an
additional Met-Gly sequence at the N-terminus and six histidines at the
C-terminus. It was cleaved with Ncol and Bg/II and inserted into pET19b
to obtain pET19b-GYP1-46, which was transformed into E.coli BL21
(DE3) (Novagen).

For isolation of Hise-tagged Gypl-46p, 1 1 of prewarmed LB medium
was inoculated with an overnight culture of transformed E.coli strain
BL21(DE3) to an ODgg of 0.1 and shaken at 30°C until an ODgg of 0.5—
0.6 was reached. Isopropyl-B-D-galactopyranoside (IPTG) was added to
1 mM final concentration, and incubation continued for 5 h. Pelleted cells
were washed with cold lysis buffer (50 mM NaH,PO, pH 8.0, 0.3 M
NaCl, 10 mM imidazole, 1 mM Pefabloc and protease inhibitor mix) and
resuspended in 30 ml of this buffer per liter of bacterial culture. Cells
were disintegrated using a microfluidizer (Microfluidics Corp.) and a
cleared lysate was obtained by ultracentrifugation. The supernatant was
loaded on to Ni-NTA-agarose (Qiagen) and after washing the beads,
bound proteins were eluted with a gradient of imidazole 25-250 mM in
phosphate buffer. For further purification, affinity purified Gyplp protein
was subjected to gel filtration using Superdex 75 (Pharmacia) equilibrated
with 20 mM NaCl, 4 mM MgCl,, 10 mM Tris—HCI pH 7.5. From 1 1 of
culture, ~15 mg of Gyp1-46p-Hise protein with a purity of >98% could be
obtained. Selenomethionine (SeMet)-substituted Gypl-46p was over-
expressed in the same E.coli strain BL21(DE3) (a met* strain) by
downregulating methionine biosynthesis (Van Duyne et al., 1993;
Doublie, 1997) using media supplemented with L-SeMet (60 mg/l).
Selenomethionyl Gyp1-46p was purified using the same protocol as used
for native protein, except that 20 mM dithiothreitol was used in all
buffers. Electrospray mass spectrometry of purified selenomethionyl
Gypl-46p indicated 100% replacement of methionine with SeMet.

Crystallization

Purified Gypl-46p in 20 mM NaCl, 4 mM MgCl,, 10 mM Tris—HCI
pH 7.5 was concentrated in Centricon centrifugal filters (Millipore,
Amicone). Two crystal types of Gyplp protein were produced by the
hanging drop vapour diffusion method. Triclinic crystals were grown at
20°C from 10% PEG 3350, 75 mM KOAc, 2 mM MgCl,, 70 mM Bicine
pH 9, using a protein concentration of 12 mg/ml. Hexagonal bipyramid
crystals were grown from 5% PEG MME 5000, 5-10 mM spermine-HCI,
20 mM Tris pH 7.5, at 20°C, using 10 mg/ml protein concentration in the
drops. The triclinic crystals belonged to space group P1, with unit cell
dimensions a = 152.5,b = 197.8,¢ = 296.8 A, oo = 77°, 3 = 89°,y = 89°
and ~24 molecules per asymmetric unit as predicted based on the
Matthews coefficient (Matthews, 1968), whereas the hexagonaﬂl form
belongs to space group P6s522 with a = b =75.8, ¢ =278.5 A with
one molecule per asymmetric unit. Isomorphous crystals of the hexagonal
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A Ras-GAP

Arg903
Arg?BB

G'"m bJubJ

GDP
AJF.J

Ras p21(GDP-AIF)

B Ypt-GAP

Asp340

Arg343

Ypt51(GTP)

Gyp1-46p

Ypts51(GTP)

Fig. 5. Docking approach for the complex between Gyplp and Ypt51p-GTP, modelled manually on the basis of known GAP-GTPase structures.

(A) Active site of the complex formed between pl120-GAP and H-Ras p21(GDP-AIF;). The hydrogen bonds between GAP residues Arg789 and
Arg903 and H-Ras p21 residues GIn61 and Glu63 as well as with AlF; are indicated. This specific hydrogen bond network and the orientation of the
side chains were used as a model for manual docking of Ypt51-GTP to Gypl-46p. (B) Close-up view of the active site in the putative Gypl-46p—
Ypt51-GTP complex. For the interaction between the side chain of Arg343 and the y-phosphate group, the salt bridge formed between Arg343 and
Asp340 has to be broken. GIn66 of Ypt51p is well oriented to become positioned closer to the y-phosphate by forming a hydrogen bond between its
side chain and the main chain carbonyl group of Arg343 of Gyplp. (C) Ribbon representation of the putative complex. The orientation of Gyp1-46p is
the same as in Figure 1. The essential arginine Arg343 of Gyplp, the active site glutamine GIn66 of Ypt51p and the bound nucleotide GTP are shown
in ball-and-stick representation. This figure was generated using the programs BOBSCRIPT (Esnouf, 1997) and raster3D (Merritt and Murphy, 1994).

form were also grown from SeMet-substituted protein under the same
conditions.

Data collection, structure determination and refinement
MAD Se-Met Gyp1-46p data were collected at the MPG beamline BW6
and a second, high-resolution data set (maximum Bragg spacing at 1.8 A
resolution) at the EMBL beamline BW7B at HASYLAB/DESY,
Hamburg using a 165 mm MarCCD in both cases. The MAD data set
was processed and scaled using the programs DENZO and SCALEPACK
(Otwinowski and Minor, 1997). The high-resolution data set was
processed with the programs XDS and XSCALE (Kabsch, 1993). Eight
of the expected 11 selenium sites were identified in a Patterson search
using CNS version 0.9 (Briinger et al., 1998). Site refinement, phase
determination and density modification were performed using CNS
version 0.9. The enantiomorph of the space group was selected by
inspection of the respective electron density maps. Since the data sets
collected at the white line (A1 =0.9790 A) and at the inflection point
(A, =0.9795 A) had the highest resolution the structure determination
was performed with the two-wavelength-derived electron density map
calculated with data up to 2.35 A resolution. The map was of excellent
quality and >80% of the model could be built using the program O (Jones
et al., 1991). Subsequent rounds of refinement were carried out with CNS
using experimental phases only and were monitored using a 10% free-R
factor sample (Briinger, 1992). Further refinement against the second,
high-resolution data set (cut-off at 1.9 A resolution) was carried out after
rigid-body positioning of the model. Model quality and secondary
structure were determined with the program PROCHECK (Laskowski
et al., 1993). The coordinates and structure factors have been deposited
with the Protein Data Bank (Bernstein et al., 1977) (accession code
1FKM).
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