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Nucleotide exchange via local protein unfolding—
structure of Rab8 in complex with MSS4
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Rab GTPases function as essential regulators of vesicle
transport in eukaryotic cells. MSS4 was shown to stimu-
late nucleotide exchange on Rab proteins associated with
the exocytic pathway and to have nucleotide-free-Rab
chaperone activity. A detailed kinetic analysis of MSS4
interaction with Rab8 showed that MSS4 is a relatively
slow exchange factor that forms a long-lived nucleotide-
free complex with RabGTPase. In contrast to other char-
acterized exchange factor-GTPase complexes, MSS4:Rab8
complex binds GTP faster than GDP, but still ca. 3 orders of
magnitude more slowly than comparable complexes. The
crystal structure of the nucleotide-free MSS4:Rab8 com-
plex revealed that MSS4 binds to the Switch I and inter-
switch regions of Rab8, forming an intermolecular p-sheet.
Complex formation results in dramatic structural changes
of the Rab8 molecule, leading to unfolding of the nucleo-
tide-binding site and surrounding structural elements,
facilitating nucleotide release and slowing its rebinding.
Coupling of nucleotide exchange activity to a cycle of
GTPase unfolding and refolding represents a novel nucleo-
tide exchange mechanism.
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Introduction

The Rab proteins comprise the largest subgroup of the Ras
superfamily of small GTPases that includes almost 70 mem-
bers involved in multiple stages of intracellular vesicular
transport (Zerial and McBride, 2001; Colicelli, 2004). Like
other small GTPases, Rab proteins cycle between the active
GTP-bound and inactive GDP-bound forms that differ primar-
ily by the conformations of two nucleotide-surrounding loops
known as Switch I and II (Stroupe and Brunger, 2000;
Constantinescu et al, 2002; Goody and Hofmann-Goody,
2002). This conformational switch is central for the Rab
functional mechanism, since in the GTP-bound form Rab
proteins become competent to interact with downstream
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effectors and thus exert their biological activity. As in the
case of other GTPases, the Rab cycle is tightly regulated by
GTPase-activating proteins (GAPs), which accelerate the low
rate of the intrinsic GTPase activity, and guanine nucleotide
exchange factors (GEFs), which catalyze GDP release and
subsequent GTP binding. Unlike Rab GAPs, Rab GEFs com-
prise a highly heterogeneous group that can, possibly artifi-
cially, be divided into several subgroups. The first group
includes large macromolecular tethering complexes such as
TRAPP and HOPS, which display exchange activity towards
Yptl/Ypt3 and Ypt7, respectively (Jones et al, 2000; Wang
et al, 2000; Wurmser et al, 2000). The second group encom-
passes protein heterodimeric complexes such as rabaptin5-
rabex-5, which displays exchange activity towards Rab5
(Lippe et al, 2001), or Riclp-Rigplp, which promotes nucleo-
tide exchange on Ypt6 (Siniossoglou et al, 2000). The largest
group of Rab GEFs includes monomeric proteins such as 18
Vps9p domain-containing proteins, which show exchange
activity towards Rab5 (Burd et al, 1996; Delprato et al,
2004), Sec2p, which functions as a GEF for Sec4 (Walch-
Solimena et al, 1997), and the related human exchange
factors rabin8 (Hattula et al, 2002) and rabin3, which show
specificity towards Rab8 and Rab3, respectively (Brondyk
and Macara, 1995). These GEFs show a high specificity to
individual Rab proteins, in contrast to the related mammalian
MSS4 and yeast DSS4 proteins, which were shown to stimu-
late guanine nucleotide exchange on a subset of Rab GTPases
(Burton et al, 1993, 1994; Esters et al, 2001). MSS4/DSS4
proteins are distributed between the cytosol and membranes
via complexation to the target Rab (Burton et al, 1993; Moya
et al, 1993; Collins et al, 1997). In accord with the classical
model of GEF function, MSS4/DSS4 binds tightly to the
nucleotide-free forms of its target exocytic Rabs (Rabl,
Rab3, Rab8, Rab10/yptl, and sec4) and endocytic Rabl5
(which shows significant sequence homology to exocytic
Rabs), but shows no detectable affinity to other endocytic
Rabs (Burton et al, 1993, 1994; Burton and De Camilli, 1994;
Strick et al, 2002). Although viable, a DSS4 null mutant
exhibits a synthetic negative phenotype when combined
with a temperature-sensitive mutant of Sec2, an essential
Sec4 exchange factor (Walch-Solimena et al, 1997). It was
shown that MSS4 is one of the factors that stimulates
neurotransmitter release when injected into squid giant
nerve terminals (Burton et al, 1994). The MSS4 GEF activity
was also proven by coexpression of MSS4 with different Rab3
isoforms in living cells, whereby the GTP-bound pool of Rab3
was increased ca. threefold (Coppola et al, 2002). Although
the exact biological function of MSS4 is still debated, the fact
that it is enriched in brain and is upregulated upon chronic
treatment with antidepressant indicates its possible implica-
tion in neuronal function and potentially in the regulation of
mood (Burton et al, 1994; Andriamampandry et al, 2002). It
was also shown that MSS4 is overexpressed in a wide variety
of malignant tissues, including human pancreatic and colon
cancers, suggesting a potential role in cancer progression
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through enhanced secretion of trophic factors required for
tumor proliferation and maintenance (Muller-Pillasch et al,
1997).

Over the years following the discovery of DSS4/MSS4,
their identity as Rab GEFs was called into question due to
their relatively low catalytic activity (Wada et al, 1997;
Walch-Solimena et al, 1997; Esters et al, 2001). However,
this feature is shared with Vps9 domain-containing proteins
and thus may reflect a peculiarity of Rab GTPase regulation
(Esters et al, 2001). Moreover, several studies have demon-
strated that DSS4/MSS4 proteins can alleviate the deleterious
effect of Rab mutations that impair nucleotide binding
(Burton et al, 1993; Moya et al, 1993; Nuoffer et al, 1997).
As a consequence, DSS4/MSS4 was proposed to function as a
chaperone for misfolded nucleotide-free Rab proteins that
might otherwise accumulate to levels sufficient to exert
dominant-negative effects (Nuoffer et al, 1997).

The 3-D structure of MSS4 was determined both by NMR
and X-ray methods and revealed a globular Zn* " -containing
molecule comprising a central B-sheet flanked by a B hairpin
on one side and a small variable sheet (Yu and Schreiber,
1995b; Zhu et al, 2001b). Mutagenic and kinetic analysis of
the MSS4:Rab interaction provided initial information on the
location and possible nature of the protein:protein interface
(Zhu et al, 2001a, b). However, understanding the mechanism
underlying the ability of MSS4 protein to dislodge the nucleo-
tide from the Rab protein requires knowledge of the structure
of the complex. This information is particularly important,
since only one structure of a Rab exchange factor is known
and no structure of a Rab:GEF complex is available to date
(Delprato et al, 2004). This is in stark contrast to GTPases of
the Rho and Ras families, for which several structures of

GTPases complexed to GEFs were elucidated (Colicelli, 2004;
Rossman et al, 2005).

Here we present structural and biophysical characteriza-
tion of the MSS4 protein in complex with the exocytic Rab8
GTPase. Rab8 is implicated in basolateral transport in polar-
ized cells and possibly mediates cytoskeletal dependent
movement of melanosomes (Hattula et al, 2002; Chabrillat
et al, 2005). We demonstrate that, although MSS4 can effi-
ciently dislodge Rab8-bound nucleotide, the release rate is, in
common with the other Rab-GEFs already mentioned, low.
Unlike other known exchange promoting factors, Rab8:MSS4
complex preferentially associates with GTP, but the associa-
tion rate is very slow, leading to a relatively long-lived binary
complex even at the high nucleotide concentrations that
prevail in the cell. The determined MSS4:Rab8 complex
crystal structure suggests a novel nucleotide release mechan-
ism involving local unfolding of the GTPase.

Results and discussion

Kinetic characterization of the interaction between
Rab8, MSS4, and guanosine nucleotides

Previous studies on MSS4 demonstrated that its exchange
activity is lower than that of the classical GEFs, but the
details of the MSS4:Rab interaction remain unclear (Zhu
et al, 200la). Therefore, we sought to examine the
MSS4:Rab8:guanosine nucleotide interactions using a combi-
nation of spectroscopic kinetic methods (see Materials and
methods). The overall interaction scheme and the obtained
kinetic constants are summarized in Figure 1. As a starting
point, we characterized the interaction of Rab8 with fluor-
escent methylanthraniloyl (mant) derivatives of GDP and

Ky =14x100 M1 57!
K'p;=4 M k=555
P Rab8:mantGTP ) —
(Rabs > : Rab$*:GDP
K'p1=9.5 uM ky1=76 57!
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¢ Rab8:mantGDP —
—,  k,=7.2x107s7!
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Figure 1 Summary of interactions between Rab8, MSS4, and different nucleotides, including the kinetic parameters. Kp denotes the
dissociation constant of the indicated equilibria, whereas K'p refers to weak pre-equilibria. Association rate constants and dissociation rate
constants are indicated by k., and k_,, respectively. In the case of association reactions of nucleotide-free Rab8 with nucleotides and
nucleotide-free Rab8:MSS4 complex with nucleotides, an effective association rate constant at low concentrations (i.e. ¢ (GXP) <Kp) was
calculated by multiplying the reciprocal of the weak pre-equilibrium association constants K'p with the maximum rate of association & , . The
asterisk distinguishes a different state of the Rab8 molecule, presumably a different conformation.
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Figure 2 (A) Association kinetics of nucleotide-free Rab8 (0.5 uM) and different concentrations of mantGDP or mantGTP. Formation of the
complex was monitored by FRET from tryptophan to the mant group in a stopped-flow apparatus. Pseudo first-order rate constants were
obtained from single-exponential fits to the data. (B) Dependence of the observed rate constant for the association reaction of dansyl-labeled
MSS4 (0.25 uM) on the concentration of nucleotide-free Rab8. (C) Dissociation kinetics of the dansyl-MSS4:Rab8 (1 uM) complex upon mixing
with a 10-fold molar excess of unlabeled MSS4. (D) Hyperbolic fit of the MSS4-catalyzed GDP exchange rates for Rab8 (0.4 uM). The exchange
reaction was monitored by FRET from tryptophan to mantGTP added to the reaction mix at 200 uM. (E) Dependence on the nucleotide
concentration of the observed rate constants for the interaction of GTP or GDP with MSS4:Rab8 complex (0.4 uM). The reaction was monitored

using changes in tryptophan fluorescence upon nucleotide binding.

GTP. The dependence of the pseudo-first-order rate constant
of mantGDP or mantGTP association with nucleotide-free
Rab8 showed hyperbolic behavior, indicating a two-step
binding mechanism according to which the initially formed
weak Rab8:nucleotide complex is converted into a high-
affinity complex by a relatively slow isomerization step
(Figure 2A). The isomerization step probably represents a
structural change of Rab8 in which the final coordination of
the guanosine nucleotide is achieved. The fitted Kp values for
the initial equilibria are 4 and 9.5puM for mantGTP and
mantGDP, respectively, and the rates of isomerization from
the low- to the high-affinity Rab8:guanosine nucleotide com-
plex are 555! for mantGTP and 765! for mantGDP. The
resulting effective association rate constant concentrations
at low nucleotide concentrations (K.s;) are 14 x 10°M~1s™!
for mantGTP and 8 x10°M~'s™! for mantGDP. The rate of
Rab8:mantGDP complex dissociation was determined to be
7.2x10"*s™! (data not shown). Based on the obtained rate

©2006 European Molecular Biology Organization

constants the overall Kp value for the Rab8:mantGDP inter-
action was calculated to be 0.1 nM, which is at the upper end
of the range of previously determined Rab GTPase affinities
for guanosine nucleotides (Simon et al, 1996; Esters et al,
2001). The intrinsic rate of nucleotide release of Rab8 is 12
times faster than that of Yptl and ca.100 times faster than that
of Rab7 and Rab5.

In order to determine the kinetic and equilibrium para-
meters of the MSS4:Rab8 interaction, we rapidly mixed
dansyl-labeled MSS4 with nucleotide-free Rab8 in the
stopped-flow apparatus and monitored the interaction using
fluorescence resonance energy transfer (FRET) from trypto-
phan to the dansyl group. The dependence of the pseudo
first-order rate constant for the association reaction on
the concentration of nucleotide-free Rab8 shows a linear
dependence, with an association rate constant (k,4) of
4 x10°M~'s~! (Figure 2B). The dissociation rate constant
of the dansyl-MSS4:Rab8 complex was determined by displa-

The EMBO Journal VOL 25 | NO 7 | 2006 1447
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cing the former with a large excess of unlabeled MSS4,
yielding k_,=2.6x10"*s™! (Figure 2C). These constants
lead to a K4 value of 0.7 nM for the MSS4:Rab8 interaction.
Hence, the affinity of the nucleotide-free Rab8 for MSS4 is
high and of the same order as the affinity of nucleotide-free
Rab8 for mantGDP.

The interaction of GDP and GTP with the Rab8:MSS4
complex was studied using the intrinsic tryptophan fluores-
cence change upon nucleotide binding. The dependence of
the observed first-order rate constant k,,s for nucleotide
binding to the complex on GDP or GTP concentration
shows a hyperbolic relationship (Figure 2E). From this the
dissociation constant (Kps) could be calculated to be 130 and
32 uM, respectively, for GDP and GTP, while the rate con-
stants (k. ;) were 2.8 x 107%s ! for GDP and 14 x 10 25~ for
GTP. Thus, the effective association rate constant k.g3 is
220M~'s™! for GDP and 4400 M~'s™! for GTP. There is an
obvious preference of the nucleotide-free Rab8:MSS4 com-
plex for GTP; GDP is bound fourfold more weakly than GTP
and the effective association rate constant k,ss3 is 20 times
higher for GTP. The maximum rate constant for association
(k +3) at high nucleotide concentrations is five times higher
for GTP than for GDP. Although the rate for GDP and GTP
association is slow, it is still much faster (2 orders for GDP
and 2-3 orders of magnitude for GTP) than the rate of
spontaneous dissociation of the Rab8:MSS4 complex
(k_y=2.6x10"*s™1), and therefore excludes the possibility
that GTP or GDP cannot associate until the binary complex
has dissociated at its intrinsic rate. The rate constants k3
and k_3 are in fact rates of isomerization in the trimeric
MSS4:Rab8:GXP complex. However, since these isomeriza-
tion rates are limiting, the rates of association with and
dissociation from the complex are referred to as association
and release rates (Esters et al, 2001).

The displacement of GDP from the Rab8:GDP complex
catalyzed by MSS4 in the presence of 200 uM mantGTP was
measured in the stopped-flow apparatus using the FRET
signal from tryptophan to the mant group. The observed
first-order rate constant showed a clear hyperbolic depen-
dence on MSS4 concentration (Figure 2D). The maximum
rate of displacement (k_3) was calculated to be 0.23 s}, but
this value can be taken only as an estimate, since for
technical reasons it was not possible to perform the experi-
ment at saturating concentrations of MSS4. The maximal
obtainable concentration of MSS4 was 1.5mg/ml (100 uM),
which means that not more than 50 uM final concentration of
the exchange factor could be achieved in a stopped-flow
experiment. The exchange reaction is about two orders of
magnitude slower than for fast exchangers such as RCCl1,
which exchanges GDP on Ran with k_;=20s"* (Klebe et al,
1995). However, the MSS4-catalyzed nucleotide release from
Rab8:GXP complexes is still about 300 times faster than the
spontaneous release of GDP from Rab8:GDP complex
(k_1=7.2x10"%s"") and MSS4 therefore has an pronounced
accelerating effect on nucleotide release. The concentration
dependence of the observed rate constant for release of
nucleotide allowed us to estimate a Kp value of 27 uM (Kp,)
for MSS4 interaction with the Rab8:GDP complex in the
initially formed complex. However, the affinity between
MSS4 and Rab8 in the presence of GDP under equilibrium
conditions is higher than that reflected by this Kp value, as
can be seen by inspecting Figure 1. This is because a further
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step occurs (transition between the starred and unstarred
states of the ternary complex) with an equilibrium constant
of 8.2 (i.e. k_3/k 3). The effective Kp value between the two
proteins at saturating GDP concentrations is then given by
Kp,/(1+8.2), that is, ca. 3 uM. This relatively high affinity
between the two proteins even in the presence of GDP is
presumably the basis of our observation that MSS4 and Rab8
behave as a 1:1 complex when subjected to gel filtration
chromatography even in the presence of GDP.

The most significant difference between the kinetics of the
MSS4/Rab8 and the only other characterized Rab:exchange
factor system composed of Ypt51/Vps9 is in the rate constants
k3 and k_; (Esters et al, 2001). Thus, in contrast to the
situation described here, in which GDP is released at 0.23 s~
and can be replaced by GTP at a maximal rate of 0.14s™*
(k5 for GTP), in the case of Ypt51/Vps9 GDP is released at
0.012s™ !, but can be replaced by GTP at a maximal rate of
205!, that is, essentially immediately after GDP release.
While the biological significance of the effect for the
MSS4:Rab8 complex (i.e. extremely slow binding of GTP
and consequently slow dissociation of the binary protein
complex) is unclear, it suggests that a different mechanism
is likely to pertain when compared to the more ‘classical’
GEFs, which allow rapid binding of GTP.

Structure solution of MSS4:Rab8 complex

The significant differences in the properties of MSS4 when
compared with other exchange factors and the lack of struc-
tural information on the interaction of Rab proteins with their
GEFs prompted us to attempt crystallization and structure
solution of the MSS4:Rab8 complex. The fact that the
MSS4:Rab8 complex retains relatively high affinity even at
high concentrations of guanosine nucleotides encouraged us
to attempt coexpression and copurification of the complex in
Escherichia coli. We were able to isolate large amounts of
pure MSS4:Rab8 complex by combination of affinity and size
exclusion chromatography and crystallize it under conditions
described in Materials and methods. The crystals of the
complex diffracted to 2.0 A and the structure was solved by

Figure 3 Ribbon representation of the MSS4:Rab8 complex struc-
ture. The Rab8 molecule is shown in orange, MSS4 in green, and the
MSS4-bound Zn? " ion as a gray ball. Protein regions missing in the
final complex model are shown as dashed red lines. Protein termini
and secondary structure elements are labeled.

©2006 European Molecular Biology Organization
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Figure 4 (A) Structure-based sequence alignment of Rab3a and Rab8. Secondary structure element distribution is shown and labeled for Rab3
and Rab8 at the bottom and at the top, respectively. Gaps in the secondary structure assignment correspond to structurally undefined regions.
Dotted lines indicate the Switch I and Switch II regions. Guanine nucleotide-binding regions G1-GS5 are labeled. Exocytic Rab conserved regions
are boxed (see Supplementary Figure S1). Residues in Rab3 shown by mutational analysis to be important for MSS4-binding and nucleotide-
release activity (Zhu et al, 2001a) are shown in bold. Residues in Rab8 involved in direct interactions with MSS4 are highlighted in gray. The
integrin alpha 3a-derived peptide identified as a binding partner of MSS4 is also aligned to the Rab sequences. (B) Structure-based sequence
alignment of human MSS4 and DSS4 proteins. MSS4/DSS4 conserved regions (Zhu et al, 2001b) are boxed. Residues in MSS4 shown by
mutational analysis to be important for Rab-binding and nucleotide-release activity are shown in bold, residues involved in direct interactions
with Rab8 are highlighted in gray. Residues in DSS4 that undergo chemical shift perturbations in the presence of Sec4 are marked with asterisks

(Yu and Schreiber, 1995b).

molecular replacement using the MSS4 crystal structure as
a search model.

The complex has a crescent shape in which the two
molecules form a small interface (Figure 3). The overall
fold of MSS4 is very similar to the previously defined MSS4
structure (Yu and Schreiber, 1995b; Zhu et al, 2001b). The
MSS4 molecule consists of three B-sheets composed of B
strands from BA to BL and two 3o helical turns, 3;,0A and
310B. A single Zn?* ion is coordinated by the thiol groups of
cysteine residues from two CXXC motifs located in the BB-pC
and BI-BJ loops. Superposition of the uncomplexed MSS4
crystal structure and the MSS4 structure from the complex
yields a root mean square difference (RMSD) of 0.47 A for C-a
atoms. Most of the difference arises from the flexible BE-BF
and BH-PI loops, with the former being largely disordered
and the latter being involved in Rab8 binding (Yu and
Schreiber, 1995b; Zhu et al, 2001b).

Although the overall structure of Rab8 complexed with
MSS4 displays a typical small GTPase fold consisting of five o
helixes, six B strands and five highly conserved loops G1-G5,
it reveals significant differences compared to other known
Rab structures. The RMSD for C-o atoms between Rab8

©2006 European Molecular Biology Organization

structure and structures of known exocytic Rabs such as
Sec4:GDP, Sec4:GPPNHP, and Rab3A:GPPNHP is ca. 2.9A
(and excluding nucleotide interacting regions is ca. 1.8 A).
The major structural differences are concentrated in five
regions involved in nucleotide and Mg?* binding, which
are known to be the most conserved regions among Ras
GTPases (Paduch et al, 2001; Takai et al, 2001). Figure 4
illustrates these differences by comparison of secondary
structure element distribution over the protein sequence in
the Rab3a and Rab8 structures. In the structure of the
complex, Rab8 G1, G4, and G5 loops, as well as the entire
helix o1, are missing in the final model due to insufficient
electron density in these regions, indicating their high flex-
ibility (Figure 3). As a result, the nucleotide-binding pocket
is largely disordered and residues normally involved in inter-
action with the nucleotide are displaced. The nucleotide-free
Rab8 structure in the complex with MSS4 exhibits local
protein unfolding. The relatively poorly ordered structure is
reflected in its B-factor, which is on average 1.5 times higher
than that of MSS4. Nucleotide-free forms of most GTPases are
prone to aggregation and possess properties characteristic of
early folding intermediates (Zhang and Matthews, 1998a, b).

The EMBO Journal VOL 25 | NO 7 | 2006 1449
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Figure 5 The MSS4:Rab8 complex interface. Contacting secondary structure elements are labeled. Interacting amino-acid residues are shown
in stick representation and labeled. Hydrogen bonds are shown as blue dashed lines. (A) Shared between MSS4 and Rab8 f-sheet. The cluster
of hydrophobic residues on the convex joint B-sheet surface involving MSS4 30A helix residues is shown. (B) Hydrogen-bonding network of
the MSS4:Rab8. (C) The R8 «SI hydrophobic surface harbored by MSS4 hydrophobic concave surface.

Guanosine nucleotide binding drives the formation of the
stable and finally folded GTPase. In the structure of the
complex, the rigid MSS4 molecule appears to rescue the
nucleotide-depleted GTPase from denaturation, providing a
stabilizing support by forming new interactions that compen-
sate for the loss of interactions with the nucleotide.

The complex interface
The complex interface is small, with a solvent-accessible
surface area buried upon complex formation of 1087 A2,
and is formed by 3,0A, BH, BI and the Zn-coordinating loop
BI-BJ of MSS4 and the N-terminus, f2-B3 interswitch region
and Switch I of Rab8. Most of the conserved residues in
MSS4-binding Rab sequences but variable in endocytic Rabs
fall within the N-terminal half of Rab previously implicated in
the interaction with MSS4 (Figure 4A) (Burton et al, 1997;
Zhu et al, 2001b; Strick et al, 2002). Some amino-acid
residues establish multiple hydrophobic and polar inter-
molecular contacts (Figure 5).

The MSS4 and Rab8 molecules form a shared f-sheet via
a hydrogen-bonding network between the main-chain atoms
of B2 of Rab8 (G42r-147r) and BH of MSS4 (V80m-T83m)
(Figure SA). The side chains of these residues are involved in
the formation of an extensive network of polar interactions
spanning the entire interface. The closely located side chains
of F82m and V80m from MSS4 BH and I47r and F45r from
Rab8 B2 pull in M74m and F75m from MSS4 3 helix A,
which at the same time interacts with the Rab8 N-terminal
Y5r and L8r (Figure 5A). Residue I47r is located in the core of
the described hydrophobic cluster at the convex side of the
shared B-sheet and was shown to be a critical determinant of
MSS4 recognition (Zhu et al, 2001a). The hydrophobic patch
is enveloped by a hydrogen-bonding network (Figure 5B)
starting from the top of Rab8 $2-f3 hairpin (residues T49r,
R56r, and K58r) interacting with the MSS4 BH N-terminal
region (F77m, E78m, and N79m). The hydrogen-bonding
cluster continues at the concave side of the shared B-sheet
(Figure 3B) involving residues R48r and K46r from the Rab8
interswitch f2-B3 hairpin and D96m, A95m, and E98m from
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the MSS4 Zn-coordinating loop BJ-BI. This cluster terminates
at the N-terminal end of Rab8 B2 (residues D44r and 143r),
where it interacts with the MSS4 BH-BJ hairpin (K90m and
K84m).

The Rab8 Switch I o helix («SI) has a well-defined hydro-
phobic surface (Figure 5C) formed by F37r, 138r, and I41r.
MSS4 displays a conserved hydrophobic concave surface
formed by V86m, P101m, P46m, F91m, T83m, and V93m,
which protects the hydrophobic side of the o helix from the
solvent. F37r is a conserved amino acid shown to be im-
portant for MSS4-Rab binding (Zhu et al, 2001a) and appears
to be a major contributor to formation of the second intra-
molecular hydrophobic cluster. In the uncomplexed MSS4
crystal structure, the hydrophobic concave surface is partly
covered by the highly flexible loop BE-BF. This loop might
function as a lid protecting the Rab-binding site from the
hydrophilic environment in the absence of its partner.

Structural comparison of the MSS4:Rab8 complex with
known GEF:GTPase complexes

Although the known structures of GEFs are unrelated, the
structures of GEF:GTPase complexes, such as SOS:Ras
(Boriack-Sjodin et al, 1998), Tiam1:Racl (Worthylake et al,
2000), ITSN:Cdc42; Dbs:RhoA (Snyder et al, 2002),
LARG:RhoA (Kristelly et al, 2004), Sec7:Arfl (Goldberg,
1998), eEF1B:eEF1A (Kawashima et al, 1996; Wang et al,
1997), EF-Ts:EF-Tu (Andersen et al, 2001), and RCC1:Ran
(Renault et al, 2001), have common features. Nucleotide
exchange factors function under two seemingly conflicting
requirements. First, the interaction between GEF and GTPase
must be strong enough to displace the tightly bound nucleo-
tide, but at the same time the GEF:GTPase complex must also
be poised for subsequent disruption by the incoming nucleo-
tide. The known structures of GEF:GTPase complexes show
that GEFs and GTPases meet these demands by forming tight
complexes that are anchored near the nucleotide-binding site,
affecting phosphate and magnesium ion-binding regions.
This anchoring is provided by direct (primary) GEF:GTPase
interactions or mediated (secondary) interactions involving
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Figure 6 Structural rearrangement of Rab structure upon MS$S4 binding. Rab8 and Sec4:GDP:Mg?* are superimposed. The Rab8 molecule is
shown in orange, Sec4 in violet, GDP and Mg2+ in ball and stick representation, MSS4 in green, and the MSS4-bound Zn** ion as a gray ball.
See the section on Rab8:MSS4 complex formation and nucleotide release for details. Panels (A) and (B) are given in 180° rotation. (C) Model for
MSS4-catalyzed nucleotide displacement from Rab8:GDP. In the first step, Rab8:GDP (orange) (Tyr5, Leu8, Phe45, Ile47, Lys58) associates
loosely with the 3;0A helix (Met74, Phe75, and Ile76) of MSS4 (green). The complex association is followed by formation of a shared
intermolecular B-sheet (indicated by the boxed arrows) between 2 of Rab8 and BH of MSS4. As Switch 1 and B2 are directly adjacent in the
sequence, the movement of B2 is accompanied by a shift of Switch 1 towards the surface of MSS4. Due to these movements, MSS4 and Rab8
form a tight complex in which the Zn-finger (indicated in light blue) region of MSS4 would clash sterically with o1 of Rab8. Hence, al is
displaced and unfolds together with the P-loop, promoting nucleotide release. The disordered nucleotide-binding pocket of Rab8 will not allow
nucleotide binding unless a1 und the P-loop are refolded.
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the GTPase Switch I and II regions, and results in trapping of
the guanine nucleotide-binding regions in non-native posi-
tions. Thus, the conformation of the phosphate/Mg? " -bind-
ing site in nucleotide-free GEF:GTPase complexes is
disturbed, but is not drastically different when compared to
nucleotide-bound GTPase. In Ran:RCC1, Rac:Tiam, and
RhoA:LARG complexes, residues of the GTPase P-loop bind
an oxyanion mimicking a bound phosphate group of the
nucleotide. This suggests that the P-loop in nucleotide-free
GEF:GTPase complexes exists in a conformation that can
easily adapt to bind a nucleotide.

As in other GEF:GTPase complexes, MSS4 binds to Rab8
with high affinity, but Rab8 Switch II, a region that typically
makes multiple contacts with other GEFs, is not a part of the
contact interface. In contrast to other GTPase:GEF structures,
the nucleotide-binding site of Rab8 in the MSS4:Rab8 com-
plex is significantly disordered (see Rab8 structure descrip-
tion), promoting nucleotide release by disrupting the
nucleotide-binding pocket. Conversely, this implies that, in
order to rebind a guanosine nucleotide, the Rab8 molecule
has to undergo significant conformational rearrangement,
including local folding to restore its nucleotide-binding pock-
et. This appears to be the reason for the dramatically low rate
of nucleotide binding to the MSS4:Rab8 complex discussed
above. The reduction of the nucleotide association rate by
3-4 orders of magnitude compared with the situation with
nucleotide-free Rab8 without MSS4 is in complete contrast to
other GTPase:GEF complexes. Thus, the nucleotide associa-
tion rate with the Ran:RCC1 complex is either approximately
the same as that to Ran alone (for GTP), or is significantly
faster (for GDP) (Klebe et al, 1995), and for Ras:Cdc25 there
is no effect of the GEF on the nucleotide association rates
(Lenzen et al, 1998).

Remarkably, in the crystal structure of the EF-Ts:EF-Tu
complex, the Mg? " -binding site is disrupted by a 3, helical
turn (residues gyDFVg,) (Kawashima et al, 1996) that is
strikingly similar to the 3;, helical turn motif (residues
73DMF;5) of MSS4. The MSS4 3,0A helix, consisting of an
invariant aspartic acid residue followed by two conserved
hydrophobic residues, was shown to be a major determinant
of Rab binding and nucleotide release (Zhu et al, 2001b).
However, the MSS4 3,,A helix plays a different role in the
MSS4:Rab8 complex compared to the EF-Ts 3,4 helix in the
EF-Ts:EF-Tu complex. The MSS4 3,,A helix contacts Rab8
from the convex side of the B2-B3 hairpin (the nucleotide
binds from the opposite side) and cannot directly disturb the
Mg? " -binding site. The hydrophobic amino-acid residues
M74m and F75m are located in the core of the MSS4:Rab8
intermolecular hydrophobic cluster and appear to be essen-
tial for its formation (Figure 5A), whereas Asp73m does not
interact directly with Rab8, but instead its side chain forms
H-bond contacts with the main-chain nitrogen atoms of 3,0A,
stabilizing its conformation.

All these observations indicate that the MSS4-mediated
Rab nucleotide release mechanism is different to that from
other characterized GEFs, which may at least in part account
for the unique biochemical properties of this protein.

Molecular mechanism of Rab8:MSS4 complex
formation and nucleotide release

MSS4 preferably binds to nucleotide-free GTPases, but must
also be able to bind the GDP form of GTPases to promote GDP
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release. Since there is no Rab8:GXP structure available, a
comparison of structure of another DSS4/MSS4 substrate
Sec4:GDP and nucleotide-free Rab8 from the MSS4:Rab8
complex is used to illustrate the structural rearrangement of
the GTPase upon MSS4 binding and nucleotide release
(Burton et al, 1993). It is apparent from superimposition of
the Sec4:GDP and Rab8 molecules that the $2-f3 interswitch
and N-terminal B1 region of the GTPase molecule do not
undergo significant reorganization (Figure 6A). Sec4 amino-
acid residues corresponding to Rab8 Y5r, L8r, 1471, and F45r
are solvent accessible and localized at the same positions as
in Rab8. K58r, R56r, and T49r are also exposed and would be
able to form the hydrogen bonds observed in the MSS4:Rab8
complex. All of the mentioned residues are conserved among
exocytic Rabs, with the exception of R56r, which is substi-
tuted by Thr in some proteins. The described cluster is
located on the convex side of the GTPase [B-sheet and
probably represents the primary MSS4 recognition site com-
plementary to the MSS4 3;,A helix and its C-terminally
adjacent residues. If we imagine the MSS4 and Rab8 primary
recognition site residue side chains interacting with each
other, they would draw together the main-chain atoms of
Rab8 B2 and MSS4 BH, zippering the molecules together via
shared B-sheet formation. In the following step, this would
lead to a steric conflict between the negatively charged end of
ol (4,E/DDy4s; motif in Sec4) conserved in exocytic Rabs and
the negatively charged residue D96m of the Zn-binding loop

Table I Statistics of diffraction data and refinement

Data collection
Space group P1
Unit cell parameters 40.92, 49.85, 83.48, 102.88,

(@b, c(A);o B,y 97.46, 90.12

(deg))

X-ray source ESRF ID14-2

Wavelength (A) 0.934

Resolution (A) 19.17-2.0

Rym™ 4.9 (29.1)

Observations (total/ 85632/40780

unique)

Completeness® (%) 94.5 (74.5)

(/oD 11.6 (2.9)
Refinement

Resolution (A) 19.17-2.00

Ruyork/Riree € 0.196 (0.226)/0.252 (0.296)

Model contents MSS4(molA): Q7-A50, D61-E123;
Rab8(molD): K3-S17,
A32-K122, D127-T150, A154-W177
MSS4(molB): Q7-A50, D61-E123;
Rab8(molC):

K3-V19, T36-T64, T74-K122, V125-A152,
A156-W177
2 Zn*" ions;
2 B-mercaptoethanol molecules; 300
water molecules

RMSD bonds/angles 0.011/1.19
(A/deg)
(B> (A% MSS4: 28.6; Rab8: 55.2; waters: 45.8

Most favored: 91.1%, allowed: 8.7 %,
generally allowed 0.2%

Ramachandran plot

Reym = 2 ili—<L;i>|/> I, where <I;> is the average intensity of
reflection j for its symmetry equivalents.

bCompleteness, Reym and <I/c(I) ) are given for all data and for the
highest resolution shell: 2.05-2.00 A.

Rwork = Y |Fobs| —k|Featc| /> |Fobs|- 5% of randomly chosen reflec-
tions were used for the calculation of Ryee.
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of MSS4, which can be relieved if the repulsion of the like-
charged residues leads to displacement of Rab8 al
(Figure 6A). The ol displacement is accompanied by R48r
and K46r side-chain release from intramolecular interactions,
allowing them to form hydrogen bonds with d96m and
preventing ol from returning to its original position. The
displacement and loss of al structure disrupts the entire
nucleotide-binding pocket, leading to nucleotide release.
The D96H mutant was reported to disturb MSS4 Rab-binding
and exchange activity (Burton et al, 1994, 1997; Yu and
Schreiber, 1995a,b) and the D96A mutant reduces MSS4
catalytic efficiency by 28-fold (Zhu et al, 2001b). D96m
probably plays a central role in the nucleotide-binding pocket
disruption and locking the GTPase in a partially unfolded
state.

The o1 displacement leads to N-terminal Switch I relaxa-
tion, whereas the zippering of the shared MSS4:Rab8 B-sheet
results in a twisting of 143r and D44r. These might be the
initiating events for «SI folding (Figure 4B). The hydrophobic
surface of the newly formed oSI (F37r, I38r, and 141r) can
be harbored by the MSS4 hydrophobic cavity surface.
Interestingly, while I41r is conserved among all Rabs, F37r,
shown to be one of the major determinants of MSS4 binding
(Zhu et al, 2001a), is a conserved aromatic and I38r is a
conserved hydrophobic residue exclusively among exocytic
Rabs. This suggests that only the exocytic Rab Switch I
amino-acid composition allows formation of an « helix with
a pronounced hydrophobic surface.

It is also worth noting that complex formation entails
reorganization in the conserved hydrophobic triad (F45r,
Wo62r, and Y78r) that is known to be one of the factors for
the conformational stabilization of the Switch regions
(Merithew et al, 2001). The indole ring of W62r from the
triad flips in the Rab8:MSS4 complex and might lead to the
observed Switch II destabilization.

To summarize these changes, MSS4 promotes simulta-
neous zippering of the shared MSS4:Rab8 B-sheet, displace-
ment of Rab8 al, folding and sideways movement of Rab8
Switch I, and Switch II destabilization, leading to complete
disruption of the Rab8 nucleotide-binding pocket.

Possible biological function of MSS4

As shown previously, MSS4/DSS4 acts as a supressor of
growth inhibition by exocytic Rab mutants with nucleotide-
binding defects (Moya et al, 1993; Nuoffer et al, 1997; Weide
et al, 1999). Rab folding, localization, and regulation are
dependent on the bound nucleotide, so that the action of Rabs
defective in nucleotide binding in the cell will be uncontrolled
and could, for example, lead to the sequestration of specific
GEFs and blocking of the Rab cycle (Rybin et al, 1996). The
suppressing effect of MSS4 is probably achieved by formation
of a stable MSS4:Rab complex, thus preventing the deleter-
ious effects of defective Rabs.

The MSS4:Rab8 structure shows that the Rab8-MSS4-bind-
ing site is localized within the first 58 amino-acid residues of
Rab8. It is interesting that MSS4 was shown to specifically
bind a short peptide, a conserved membrane proximal region
of the integrin alpha3A chain (FKCGFFKRART), in a yeast
two-hybrid system (Wixler et al, 1999). The conserved region
has sequence homology to the aSI-B2 region of Rab8, the
most conserved region among exocytic Rabs and a part of the
MSS4-binding site (Figure 4A). This could indicate that this
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conserved stretch is sufficient for MSS4 recognition and could
occur before the entire Rab molecule is completely transla-
tionally synthesized, providing an anchor point for Rab
folding without a nucleotide, and indeed even before the
nucleotide-binding site has been generated. Thus, MSS4 may
assist the correct folding of nucleotide-free Rabs, preventing
formation of misfolded Rab aggregates. A weak point of this
model is the evolutionarily conserved °‘specialization’ of
MSS4 towards exocytic Rabs, which are not obviously more
vulnerable than other RabGTPases.

Conclusions

Due to the comparable affinities of nucleotide-free Rab8 for
GDP and MS$S4, the latter shows the thermodynamic potential
to efficiently release and exchange guanosine nucleotide from
the Rab8:GDP complex, and this occurs at a rate similar to
that seen for other proteins with GEF activity towards Rab
proteins. However, the Rab8:MSS4 complex rebinds nucleo-
tides 2-4 orders of magnitude more slowly than other known
GEF:GTPase complexes. The MSS4:Rab8 crystal structure
reveals that MSS4-induced conformational changes in the
Rab8 molecule lead to a radical disruption of the nucleo-
tide-binding pocket via local protein unfolding. The slow rate
of nucleotide binding appears to be explained by the fact that
the process is associated with a structural change that is so
dramatic that it can be regarded as an unfolding and refolding
transition. This complete disruption of the nucleotide-binding
pocket is in contrast to the situation with other known GEFs,
where the main effect is a prying apart of nucleotide-binding
motifs, but without their complete reorganization, thus
allowing rapid binding of GTP by closure of the pocket. A
further peculiarity of the Rab8:MSS4 is the faster binding of
GTP than GDP, thus promoting the specific activation of
cognate Rab proteins. However, this process is still slow
enough for the nucleotide-free complex to be unusually
long-lived. Our data support the idea that MSS4 can be
viewed not only as an exchange factor, but also as a chaper-
one for the nucleotide-free GTPases.

Materials and methods
Production of Rab8 and MSS4 is described in Supplementary data.

Labeling MSS4 with 1,5-IAEDANS

The cysteine residue of MSS4 that is not involved in Zn-finger
formation was labeled as described for Rab7 (Alexandrov et al,
1999). Labeling was monitored by SDS-PAGE and MALDI-TOF-MS.
The efficiency of labeling was confirmed by comparing the
measured protein concentration with the absorption of the dansyl-
group at 336 nm (¢=5700cm ' M '), and was found to be >90%.

Fluorescence measurements
Fluorescence measurements were carried out in buffer containing
20 mM HEPES, pH 7.5, 5mM MgCl,, 150 mM NaCl, and 5mM DTE
at 25°C. Fluorescence spectra and long-time fluorescence measure-
ments were performed using a Fluoromax3 spectrophotometer
(Jobin Yvon). Fluorescence of mant-nucleotides was excited via
FRET from tryptophan at 290nm and detected at 440nm. For
measurement of the dansyl fluorescence signal, the dansyl group
was excited via FRET at 290 nm and data were collected at 480 nm.
Rapid kinetics were examined using a stopped-flow apparatus
(SX.18MV-R; Applied Photophysics). Excitation of tryptophan
fluorescence was at 296 nm, with detection through a 320nm cut-
off filter. Fluorescence of both mant-nucleotides and the dansyl-
group was excited via FRET at 290 nm, with emission detection
through a 420 nm cutoff filter. Data collection and primary analysis
for determination of apparent rate constants were performed with
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the package from Applied Photophysis, while secondary analysis
was carried out with the programs Graphit 4.0 (Erithacus software)
and Origin 7.0 (OriginLab Corporation).

Kinetics

One-step binding mechanism. Data from stopped-flow measure-
ments of nucleotide-free Rab8 with dansyl labeled MSS4 were
analyzed according to a one-step binding mechanism. The obtained
apparent rate constants were plotted against the Rab8 concentra-
tion, resulting in a straight line with a slope corresponding to the
association rate constant of the reaction.

Two-step binding mechanism. When plotting the apparent rate
constants against the substrate concentration for both the associa-
tion of nucleotide-free Rab8 with nucleotides and nucleotide-free
MSS4:Rab8 complex with nucleotides, a hyperbolic dependence
was observed. This is indicative of a two-step binding mechanism
(Simon et al, 1996), where the first step is considered to be the
association of the two components in a rapid, weakly bound
equilibrium reaction. The second step is a relatively slow
isomerization reaction and in this step the fluorescence change
occurs. The data were fitted to the following model:

K _ ks
wparent =9 1 (1 /K, [nucleotide])

for the following scheme.

+k_

k *
Rab8 + < Rab8 : GDP <*2 Rab8" : GDP
k_,

Structure determination

Purification and crystallization of the MSS4:Rab8 complex as well
as X-ray diffraction data collection are described elsewhere (Itzen
et al, 2006). Briefly, both proteins were coproduced in E. coli cells
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