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ABSTRACT: Rab GTPases function as essential regulators of vesicle transport between subcellular
compartments of eukaryotic cells. Mss4, an evolutionarily conserved Rab accessory factor, facilitates
nucleotide release and binds tightly to the nucleotide-free form of exocytic but not endocytic Rab GTPases.
A structure-based mutational analysis of residues that are conserved only in exocytic Rab GTPases reveals
three residues that are critical determinants of the broad specificity recognition of exocytic Rab GTPases
by Mss4. One of these residues is located at the N-terminus of the switch I region near the nucleotide
binding site whereas the other two flank an exposed hydrophobic triad previously implicated in effector
recognition. The spatial disposition of these residues with respect to the structure of Rab3A correlates
with the dimensions of the elongated Rab interaction epitope in Mss4 and supports a mode of interaction
similar to that of other exchange factor-GTPase complexes. The complementarity of the corresponding
interaction surfaces suggests a hypothetical structural model for the complex between Mss4 and Rab
GTPases.

Rab GTPases represent the largest branch of the Ras
superfamily, with 11 Rab homologues in budding yeast and
at least 60 Rab proteins encoded in the human genome (1).
Like other GTPases, Rab proteins switch between active
(GTP-bound)1 and inactive (GDP-bound) conformations in
a highly regulated GTPase cycle. Guanine nucleotide ex-
change factors (GEFs) catalyze GDP release and subsequent
GTP binding by stabilizing the nucleotide-free state (2-8).
Once activated, Rab GTPases interact with a diverse array
of effectors to regulate vesicle budding, cargo sorting, and
intracellular transport, as well as the tethering, docking,
priming, and fusion of vesicles with acceptor membranes
(9-13). Subsequent inactivation is controlled by GTPase
activating proteins (GAPs), which stimulate a weak intrinsic
GTP hydrolytic activity (14-17). The structural differences
between the active and inactive forms of Rab GTPases are
localized to two conformational switch regions analogous
to the switch I and II regions of Ras (18). Theγ phosphate
of GTP is detected by direct contacts with an invariant
threonine residue in the switch I region and an invariant
glycine residue in the switch II region. The active conforma-

tion is further stabilized by an extensive hydrophobic
interface between the switch I and II regions and through
additional interactions with theγ phosphate mediated by
partially conserved serine residues in the switch I and P-loop
regions (19, 20).

The interaction of Rab GTPases with regulatory factors
and effectors reflects multiple levels of specificity. The
majority of known Rab exchange factors, GAPs, and
effectors exhibit a high degree of specificity toward Rab
GTPases, consistent with the diverse regulatory mechanisms
required for the function of Rab GTPases in distinct
trafficking pathways. Rab GDI, on the other hand, broadly
recognizes members of the Rab family but not other GTPase
families (21). Several Rab accessory factors exhibit an
intermediate level of specificity for distinct Rab subfamilies
(22-25). The high specificity of Rab effector interactions
is reflected in the sequence diversity characteristic of the
Rab family and determined in part by hypervariable ‘Rab
complementarity determining regions’ (Rab CDRs), which
include the N- and C-termini of the GTPase domain as well
as the R3/â5 loop (26-28). An indirect mechanism of
effector specificity determination involves sequence vari-
ability in the hydrophobic core, which is reflected in the
active conformation of a triad of invariant hydrophobic
residues located at the interface between the switch I and II
regions (29). Although a phylogenetic analysis indicates
strong evolutionary conservation in the sequences of Rab
GTPases that function in common trafficking pathways (30),
little is known about the determinants of Rab subfamily
recognition.

Mss4 (mammalian suppressor of Sec4) binds tightly to
the nucleotide-free forms of exocytic Rab GTPases but does
not interact with endocytic Rab proteins (4, 31). Homologues
of Mss4 are present in evolutionarily diverse species includ-
ing both fission and budding yeast, worms, flies, zebra fish,
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and mammals (32). Overexpression of Mss4 or the budding
yeast homologue Dss4 (dominant suppressor of Sec4)
suppresses the lethal phenotype of temperature-sensitive
dominant-negative Sec4 mutants (3, 4). Although viable, a
Dss4 null exhibits a synthetic negative phenotype when
combined with a temperature-sensitive mutant of Sec2, an
essential Sec4 exchange factor (33). Mss4 is broadly
expressed in different tissues but is most abundant in the
brain and is one of the few factors that stimulates neurotrans-
mitter release when injected into squid giant nerve terminals
(31). These observations implicate Mss4 proteins as Rab
accessory factors that regulate exocytosis in cooperation with
more potent Rab GEFs (33-35). Aberrant overexpression
of Mss4 has been reported in a wide variety of malignant
tissues, including human pancreatic and colon cancers,
suggesting a potential role in cancer progression through
enhanced secretion of trophic factors required for tumor
proliferation and maintenance (36).

Studies employing Rab3A/Rab5 chimeras demonstrate that
the determinants of the broad recognition of exocytic Rab
proteins by Mss4 reside within the N-terminal third of the
GTPase domain, which includes the P-loop as well as both
conformational switch regions (24). Within this region,
exocytic Rab GTPases conserve a number of residues that
are variable in endocytic Rabs. Several of these residues have
been implicated in intramolecular interactions and thus may
be conserved for functions other than Mss4 recognition (19).
For example, serine residues in the P-loop and switch I region
of exocytic Rab GTPases regulate the intrinsic and, poten-
tially, the GAP-accelerated rates of GTP hydrolysis through
hydrogen bonding interactions with theγ phosphate of GTP
(19, 20, 37, 38). Consequently, it is not clear which of the
residues conserved in exocytic Rab GTPases comprise the
determinants for broad specificity recognition by Mss4.

To identity Mss4 recognition determinants, eight of the
residues selectively conserved in exocytic Rab GTPases were
examined in a structure-based mutational analysis of the
interaction between Mss4 and Rab3A. The mutants do not
show significant effects on the rate of intrinsic nucleotide
release. Five mutants exhibited Mss4-catalyzed release
activities comparable to or greater than the wild-type protein
whereas three residues were found to be critical determinants
of the interaction with Mss4. Two of the critical recognition
determinants lie within a consensus GEF interaction epitope
derived from the crystal structures of four mammalian GEF-
GTPase complexes whereas the residues that exhibit the least
significant defects when mutated lie outside the consensus
epitope. The location of the critical residues with respect to
the Rab3A structure suggests a plausible model for the mode
of engagement with Mss4 that is consistent with mutational
data for both proteins as well as the dimensions and
electrostatic properties of the interaction epitopes.

MATERIALS AND METHODS

Constructs and Site-Specific Mutagenesis. Constructs
corresponding to residues 14-186 of Rab3A, 9-123 of
Mss4, 4-171 of Ypt1, and 16-184 of Sec4 were amplified
with Vent polymerase (NEB), digested withBamHI/SalI, and
ligated into modified pET15 vectors containing either an
N-terminal 6×His tag (Mss4, Ypt1, and Sec4) or an
N-terminal 10×His tag followed by a thrombin cleavage site

(Rab3A). The Rab constructs correspond to the GTPase
domain and lack the hypervariable N- and C-terminal
extensions while the Mss4 construct lacks the variable
N-terminal extension that is poorly ordered in the NMR
structure (39). The truncated Mss4 and Rab3A constructs
exhibit nucleotide release kinetics that are indistinguishable
from the full-length proteins (32). Therefore, we will refer
to these constructs as Rab3A and Mss4, respectively.
Mutations in Rab3A were generated by overlap PCR as
described (32). All constructs were sequenced from both ends
to ensure the absence of secondary mutations.

Expression and Purification. BL21(DE3) cells transformed
with modified pET15b vectors containing the Mss4 or Rab
constructs were grown at 37°C in 2×YT to an OD600 of
0.6-1.0. Protein expression was induced by addition of 1
mM IPTG for 3 h at 37°C. The cells were resuspended in
lysis buffer (50 mM Tris, pH 8.0, 0.1% mercaptoethanol),
disrupted by sonication, and centrifuged for 40 min at
35000g, and the supernatant was loaded onto a Ni-NTA-
agarose column (Qiagen). After being washed with 10
column volumes of 50 mM Tris, pH 8.0, 500 mM NaCl, 10
mM imidazole, 0.1% mercaptoethanol, the fusion proteins
were eluted with a gradient of 10-150 mM imidazole (Mss4,
Ypt1, and Sec4) or 10-500 mM imidazole (Rab3A) in 50
mM Tris, pH 8.0, 100 mM NaCl, 0.1% mercaptoethanol.
The proteins were further purified by ion exchange chro-
matography on Source Q (Mss4, Ypt1, and Sec4) and by
gel filtration on Superdex 75 (all proteins). For Rab GTPases,
the buffers were supplemented with 0.5 mM MgCl2.

Nucleotide Release Assays. Wild-type and mutant Rab3A
proteins were loaded with the fluorescent GDP analogue 2′-
(3′)-bis-O-(N-methylanthraniloyl)-GDP (mant-GDP, Molec-
ular Probes) as described (32) and diluted to 50 nM in 20
mM Hepes, pH 8.0, 150 mM NaCl, 0.5 mM MgCl2. The
kinetics of nucleotide dissociation were determined by
monitoring the decrease in fluorescence associated with the
release of mant-GDP. Nucleotide release reactions were
initiated by addition of 1 mM GTP and varying concentra-
tions of Mss4. Data were collected on an ISS spectrofluo-
rometer with the excitation wavelength set to 360 nm and
the emission monitored at 440 nm. Observed pseudo-first-
order rate constants (kobs) at each concentration of Mss4 were
extracted from a nonlinear least-squares fit to the exponential
function:

For each time course, data were collected untilI(t) had
decayed to within 5% ofI(∞), which corresponds to at least
3 times the value of 1/kobs. Apparentkcat andKm values were
determined from a nonlinear least-squares fit to the Michae-
lis-Menten function:

wherekintr represents the intrinsic rate of nucleotide release,
which was fixed at the measured value for each mutant.

The average standard deviation inkobscalculated from 2-4
replicate measurements is∼10%. However, due to the
severity of the defects inKm for several of the mutants, the
kinetic data are incomplete at high concentrations of Mss4.
Consequently, the uncertainty in the estimation of the kinetic

I(t) ) (I(0) - I(∞)) exp(-kobst) + I(∞) (1)

kobs) kcat[Mss4]/(Km + [Mss4]) + kintr (2)
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parameters considerably exceeds the statistical error inkobs.
Therefore, error ranges that include the larger uncertainty
in the parameter estimation were determined by allowing
either kcat or Km to adjust freely while systematically
incrementing the fixed parameter in both directions until chi-
squared was twice that obtained when bothkcat or Km were
treated as freely adjustable parameters. The values of the
fixed parameter at the lower and upper bounds where chi-
squared equals twice the fitted minimum correspond to a
confidence interval of 68.3% (40) and are listed as the limits
of the estimated error range in Table 1. An analogous
procedure was used to determine the error range for the
catalytic efficiency (kcat/Km). The relative uncertainty inkcat/
Km, which corresponds to the slope of eq 2 at low concentra-
tions of Mss4, is much less than that of the individual
parameter values. Consequently,kcat/Km provides a reliable
indicator of the effects of the mutations, regardless of their
magnitude.

Gel Filtration Experiments. Stable nucleotide-free com-
plexes between Mss4 and exocytic Rab GTPases were
prepared by mixing stoichiometric quantities of the proteins
at a total concentration of 10 mg/mL in 50 mM Tris, pH
8.0, 4 mM DTT, and 1µg/mL activated charcoal (HCl
washed, Sigma). After incubating overnight at 4°C, the
solutions were passed through a 0.2µm acrodisc filter and
loaded onto a Superdex 75 or a Superdex 200 column
(Pharmacia) equilibrated with 10 mM Tris, pH 8.0, 0.2 M
NaCl, and 0.1% 2-mercaptoethanol. The columns were
calibrated using ribonuclease A (13.7 kDa), chymotrypsi-
nogen A (25 kDa), ovalbumin (43 kDa), and bovine serum
albumin (67 kDa). The protein composition of each peak
was determined by SDS-PAGE (data not shown).

RESULTS

A structure-based alignment of representative Rab se-
quences (Figure 1A) reveals a subset of residues that are
highly conserved in exocytic Rab GTPases but variable in
the endocytic subfamily. Most of these residues fall within
the N-terminal third of Rab3A (residues 1-102) previously
implicated in the interaction with Mss4 and cluster in or near
the P-loop and switch regions (24). Mutational and crystal-
lographic studies of the interactions between other mono-
meric GTPases and their cognate GEFs have highlighted the
importance of residues in the P-loop and switch regions (41-
45). The majority of the residues selectively conserved in
exocytic Rab GTPases occupy exposed or partially exposed
positions in the structure of GppNHp-bound Rab3A (19). It
is likely that at least some of the residues conserved in
exocytic Rab GTPases contribute directly to the interaction
with Mss4. To identify determinants of the broad recognition
of exocytic Rab GTPases by Mss4, eight of the selectively
conserved residues (Ser 31, Asp 45, Phe 51, Val 52, Ser 53,
Lys 60, Val 61, and Thr 89) were targeted for mutational
analysis. The location of these residues with respect to the
Rab3A structure and known functional regions is shown in
Figure 1B. To avoid complex phenotypes, the selected
residues were converted to alanine, which occurs naturally
at each position in at least one Rab GTPase and is therefore
unlikely to disrupt the structure of the protein. Consistent
with this expectation, all mutants expressed in soluble form
at wild-type levels and exhibited no observable defects during
purification, with the exception of the D45A mutant, which

formed higher order oligomers as detected by gel filtration
(see below).

The intrinsic and Mss4-stimulated rates of nucleotide
dissociation were determined by loading wild-type or mutant
Rab3A proteins with the fluorescent GDP analogue mant-
GDP and monitoring the decrease in fluorescence that
accompanies the release of mant-GDP in the presence of a
large excess of GTP. Mutants that significantly perturb the
structure would be expected to exhibit defects in the intrinsic
rate of nucleotide release. As anticipated, the intrinsic rate
of nucleotide release for all eight mutants was very similar
to that of the wild-type protein (Table 1), indicating that the
mutants maintain a stable structure similar to that of wild-
type Rab3A.

The ability of Mss4 to catalyze release of mant-GDP from
the various mutants was initially assessed at a concentration
of Mss4 equivalent to theKm for the wild-type protein.
Representative data for the wild-type protein and four
mutants are shown in Figure 2A. Whereas some mutants
exhibited a severe defect, others showed enhanced rates of
nucleotide release. To gain further insight into the kinetic
properties of the mutant proteins, exchange assays were
conducted at various concentrations of wild-type Mss4. The
observed pseudo-first-order rate constants were plotted as a
function of Mss4 concentration (Figure 2B-D) and the
apparentKm and kcat parameters extracted from a fit to a
Michaelis-Menten kinetic model (eq 2). The resulting
kinetic constants for all eight mutants are summarized in
Table 1.

Based on the observed kinetic properties, the mutants can
be divided into distinct groups. Mutants F51A,V61A, and
T89A exhibit severe defects, with greatly increasedKm and,
possibly, decreasedkcat. Due to the magnitude of the defect
for these mutants, an accurate assessment of the individual
kinetic constants is precluded. However, the catalytic ef-
ficiency (kcat/Km) is well determined and provides a useful
measure of the severity of the defects. In contrast, mutants
S31A and K60A showed relatively modest defects in either
kcat or Km while three other mutants (D45A, V52A, and
S53A) exhibited either increasedkcat or decreasedKm. D45A
significantly decreasedKm with little effect onkcat, leading
to a 5-fold increase inkcat/Km. V52A and S53A, on the other
hand, exhibited a 2-4-fold increase inkcat; however, due to
a corresponding increase inKm, the net effect onkcat/Km was
negligible.

Although Mss4 forms stable 1:1 complexes with Rab3A,
minor peaks on gel filtration indicate the presence of higher
order oligomers with estimated stoichiometries of 2:2 and
3:3 (Figure 3). To further explore the interaction between
Mss4 and Rab proteins, nucleotide-free complexes of Mss4
and various Rab GTPases were prepared and isolated by gel
filtration chromatography. Mss4 also forms stable 1:1
complexes with both Sec4 and Ypt1, with little evidence of
higher order aggregation. Interestingly, however, the D45A
mutant forms a stable complex that elutes near the void
volume on Superdex-75. Subsequent chromatography on
Superdex-200 yields a single peak with an apparent molec-
ular mass of∼130 kDa, consistent with 4:4 stoichiometry.
In the absence of Mss4, Rab3A, Sec4, and Ypt1 elute as
monomers whereas the majority of the D45A mutant elutes
with an apparent molecular weight of either a tetramer or a
higher order aggregate. The propensity of the D45A mutant
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FIGURE 1: Selection of putative recognition determinants for mutational analysis. (A) Structure-based sequence alignment of representa-
tive Rab family and related GTPases. Exocytic Rab proteins are indicated by boldface type. Residues that are highly conserved in the
exocytic Rab subfamily but variable in endocytic Rab GTPases are highlighted in red. Residues highlighted in blue participate in direct
GEF contacts in the crystal structures of Ras-Sos, Arf1-Sec7, Rac-Tiam1, and Ran-RCC1 (42-45). The number of GEF contacts at
each position is indicted below the alignment. (B) Location of conserved and mutated residues with respect to the crystal structure of
GppNHp-bound Rab3A (32). Residues truncated to alanine in the present study are shown in dark red whereas residues implicated in
the interaction between Dss4 and Ypt1 (46) are shown in light red. Note that Thr 89 was also implicated in the latter study. Invariant
residues shown in white comprise the partially exposed hydrophobic triad located at the interface of the switch I and II regions of Rab
GTPases.
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to form higher order oligomers in both the presence and
absence of Mss4 presumably accounts for the decrease in
Km observed in the D45A mutant.

The distal spatial relationship of the three critical recogni-
tion determinants provides insight into the structural elements
of exocytic Rab GTPases that mediate the interaction with
Mss4. As shown in Figure 1, Phe 51 lies at the N-terminus
of the switch I region, near the phosphate and Mg2+ binding
site, whereas Val 61 is located in theâ2 strand, just beyond
the C-terminus of the switch I region, while Thr 89 resides
at the C-terminus of theR2 helix in the switch II region.
Although Phe 51 and Val 61 are completely exposed, Thr
89 is only partially exposed in the GTP-bound form.
Structural data are not available for the GDP-bound form of
Rab3A; however, the corresponding residues in the GDP-

FIGURE 3: Isolation of nucleotide-free Mss4-Rab complexes by
gel filtration on Superdex-75. Elution volumes for globular mo-
lecular weight standards are indicated above the chromatograms.

FIGURE 2: Exchange kinetics for Rab3A mutants. (A) Normalized fluorescence time course for the dissociation of mant-GDP from Rab3A
mutants (F51A, T89A, D45A, and K60A) or wild-type (WT) Rab3A in the presence of 13.5µM Mss4. Solid lines represent the fitted
exponential time courses from which pseudo-first-order rate constants were extracted (see Materials and Methods). (B-D) Observed pseudo-
first-order rate constants (kobs) as a function of Mss4 concentration. Solid lines represent fitted model functions for the dependence of the
observed rate constants on the concentration of Mss4 (see Materials and Methods).

Table 1: Summary of Kinetic Parameters for Mss4 Mutants

protein
kintrinsic

(×10-5 s-1)
kcat

a

(×10-3 s-1) error rangeb
Km

a

(×10-6 M) error rangeb
kcat/Km

a

(M-1 s-1) error rangeb
(kcat/Km

mut)/
(kcat/Km

wt)

wild type 7.5 7.7 6.8-8.6 11 7.5-16 715 500-970 1
S31A 7.2 4.1 3.6-4.8 7.0 4-12 590 390-950 0.83
D45A 8.0 10 8.4-13 2.6 1.6-4.3 3900 2700-5600 5.4
F51A 5.4 2.4 1.4-13 170 70-1400 14 11-22 0.020
V52A 4.8 17 15-17 21 15-30 800 620-1050 1.1
S53A 5.4 30 27-33 45 38-55 660 600-740 0.92
K60A 14 4.7 4.1-5.8 25 16-44 190 130-250 0.27
V61A 9.7 1.8 1-12 180 95-1200 10 3.9-23 0.014
T89A 8.8 5 3-18 150 85-600 33 21-44 0.032

a Best-fit parameter values obtained from the data in Figure 2B-D (see Materials and Methods).b Error range corresponds to the 68.3% confidence
interval (equivalent to one standard deviation of a normal distribution) and includes measurement error as well as uncertainty in the estimation of
parameters due to parameter correlation and incomplete data at high concentrations of Mss4 (see Materials and Methods).
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bound form of Sec4 (the Rab3A homologue in budding
yeast) are either exposed or disordered (18). Consequently,
the simplest interpretation is that Phe 51, Val 61, and possibly
Thr 89 contribute directly to the interface with Mss4, which
presumably explains (at least in part) their conservation in
exocytic but not endocytic Rab GTPases. Interestingly, Val
61 and Thr 89 flank an invariant triad of partially exposed
aromatic residues (Phe 59, Trp 76, and Tyr 91) located at
the hydrophobic interface between the switch I and II regions.

Crystal structures of nucleotide-free EF-Tu, Ras, Arf1,
Rac, and Ran have been solved in complex with their cognate
GEFs (42-45). Despite the lack of structural homology
between the various GEFs and significant differences in the
interaction interfaces, some general principles have emerged.
In all cases, the GEFs contact the switch II region as well
as the P-loop and/or switch I regions, resulting in structural
changes that disrupt interactions with the phosphates and
Mg2+ ion. The extent of the overlap in the various interaction
interfaces can be represented in the form of a ‘consensus
epitope’ obtained by assigning each position in an alignment
of GTPase sequences a score equivalent to the number of
known structures in which the corresponding residue lies
within the GEF interface. In Figure 4A, the consensus epitope
derived from the four mammalian GTPase-GEF complexes
of known structure (see Figure 1A) is mapped onto the
surface of the Rab3A structure. For the numerous nucleotide-
free Rab-GEF complexes whose structures have not been
determined, we propose that the consensus epitope can be
interpreted as a map of the likelihood that any given residue
in a Rab GTPase will lie within the GEF interaction interface.
As a first step toward validation of this hypothesis, Figure
4B compares the location of the five Rab3A mutants that
exhibit defects inkcat/Km with the GEF consensus epitope.
Interestingly, two of the three critical Mss4 recognition
determinants identified by mutational analysis (Phe 51 and
Val 61) reside within the GEF consensus epitope whereas
the three residues that exhibited the weakest effects when
mutated (Ser 31, Val 52, and Lys 60) lie outside the GEF
consensus epitope.

DISCUSSION

Eight residues that are highly conserved among exocytic
Rab GTPases but variable in endocytic Rab proteins were
subjected to mutational analysis. Although it is formally
possible that the Rab3A mutations interfere with Mss4
binding as a consequence of global structural defects, several
lines of evidence argue against this interpretation. First, all
of the residues selected for mutational analysis occupy
exposed or partially exposed positions in the GppNHp-bound
Rab3A crystal structure (19). Second, the intrinsic rate of
nucleotide release for all of the mutants is very similar to
that of the wild-type protein, indicating that significant
structural changes do not occur in the nucleotide binding
site. Finally, nonconservative substitutions including alanine
are frequently observed at these positions in endocytic Rabs.
Thus, any local effect on the structure is likely to contribute
to the physiological mechanism for specificity determination.

Of the eight Rab3A residues examined in this study, three
(Phe 51, Val 61, and Thr 89) were found to be critical
determinants for recognition of exocytic Rab family GTPases
by Mss4. Alanine mutants of Ser 31, Val 52, and Lys 60,
on the other hand, have relatively minor effects on the
interaction with Mss4, suggesting that these residues are
likely conserved for an alternative function common to
exocytic Rab GTPases. For example, Ser 31 interacts with
the γ phosphate of GTP and is a negative determinant of
the intrinsic GTPase activity (19, 38). The D45A mutant
decreasesKm by ∼5-fold, with little effect onkcat; however,
the observation that the D45A mutant forms higher order
oligomers as detected by gel filtration chromatography likely
accounts for the apparent increased affinity. Even though
Asp 45 does not appear to play a direct role in the interaction
with Mss4, it may contribute indirectly by reducing the
aggregation propensity. Finally, the S53A mutant increases
both kcat andKm by 4-fold but has no significant effect on
the intrinsic exchange rate. The increase inkcat fully accounts
for the corresponding increase inKm and implicates the
hydroxyl group of Ser 53 in a rate-limiting step of the kinetic
mechanism for nucleotide release.

FIGURE 4: Distribution of critical Mss4 recognition determinants with respect to the crystal structure of GppNHp-bound Rab3A (32). (A)
Extent of overlap in GEF interaction epitopes deduced from the crystal structures of Ras-Sos, Arf1-Sec7, Rac-Tiam1, and Ran-RCC1
(42-45) and mapped onto the surface of Rab3A. (B) Location and relative contribution of Mss4 recognition determinants. The relative
change in catalytic efficiency resulting from alanine substitution is highlighted from minor (light red) to severe (dark red) defects. Blue
denotes the GEF consensus epitope defined as two or more GEF contacts.
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In a screen for intragenic suppressors of a dominant-
negative mutant of Ypt1 (the Rab1 homologue in budding
yeast), nine site-specific mutants were identified that disrupt
the interaction with Dss4 (46). The mutated residues are
located in the switch I and switch II regions as well as the
variableR3-â5 loop of Ypt1. Rab5/Rab3A chimeric mutants
indicate that the specificity determinants for interaction with
Mss4 reside within residues 1-102 of Rab3A, which does
not include the hypervariableR3-â5 loop (24), suggesting
possible differences in the detailed interactions of Rab
proteins with Mss4 and Dss4. Nevertheless, it is noteworthy
that mutants of several residues in the switch II region of
Ypt1 (equivalent to Arg 83, Arg 85, Ile 87, and Thr 89 in
Rab3A) were found to be defective with respect to Dss4-
stimulated exchange activity (46). Using a structure-based
rational approach, we have identified three critical residues
in or near the switch I and switch II regions. Only one of
the critical residues (Thr 89) was also detected in the second
site suppressor screen. Although this might reflect expected
differences in the interaction of the various exocytic Rab
GTPases with Mss4 and Dss4, an alternative explanation is
that some mutants, including those corresponding to Phe 51
and Val 61, were not selected in the second site suppressor
screen due to incomplete coverage. An earlier mutational
study of Rab3A identified several residues that participate
in the interaction with Rab3 GRF, a partially purified high
molecular mass GEF activity with specificity for Rab3A (2).
When compared with the results of the present study, an
interesting similarity emerges. Phe 51 and Phe 59, but not
Ser 31, were found to be important for the interaction with
Rab3A GRF (37, 38). Phe 51 is a critical Mss4 recognition
determinant, and the invariant Phe 59 lies adjacent to Val
61 in the Rab3A structure. Thus, it appears that Mss4, Dss4,
and Rab3A GRF share significant overlap in their mode of
interaction with Rab3A.

A consensus GEF interaction epitope derived from crystal
structures of distantly related nucleotide-free GTPases in
complex with nonhomologous GEFs provides a convenient
framework for assessing the general significance of the
mutational data on GEF interactions with Rab GTPases. Two

critical determinants for recognition of exocytic Rab GTPases
by Mss4 (Phe 51 and Val 61) lie within the GEF consensus
epitope as do three of the Ypt1 residues implicated in the
interaction with Dss4 (corresponding to switch II residues
Arg 85, Ile 87, and Thr 89 in Rab3A) as well as four Rab3A
residues found to be important for interaction with Rab3 GRF
(Phe 51, Thr 54, Val 55, and Phe 59). Conversely, mutants
which exhibited relatively small effects on Mss4-stimulated
exchange activity involved residues outside the consensus
epitope (Ser 31, Val 52, and Lys 60). Thus, the available
crystallographic and mutational data on Rab GTPases
strongly support a mode of GEF interactions similar to other
GTPase families, suggesting that the GEF consensus epitope
will serve as a meaningful likelihood predictor for the large
family of Rab GTPases.

Chemical shift perturbations in the presence of Sec4 define
a Rab interaction epitope that maps to an evolutionarily
conserved subdomain of Mss4 (32, 39). Two critical interac-
tion determinants (Asp 96 and residues73DMF75 of the DΦΦ
motif) are located at opposite ends of the conserved subdo-
main (32). Figure 5 depicts a hypothetical model for the
engagement of Rab3a by Mss4 consistent with the mutational
data as well as the overall dimensions and electrostatic
properties of the putative interaction epitopes. If the hydro-
phobic residues of the DΦΦ motif of Mss4 are positioned
so as to engage Val 61 and the invariant hydrophobic triad
of Rab3A, it would be possible for Asp 96 of Mss4 to interact
with elements of the P-loop and/or Mg2+ binding site. The
outer surface of the conserved Zn2+ binding site in Mss4
would then be appropriately oriented to contact Phe 51 in
Rab3A. Asp 96 of Mss4 exhibits a severe defect when
mutated, consistent with the apparently general involvement
of acidic residues in the disruption of the Mg2+ binding site
and P-loop regions of monomeric GTPases by other GEFs
(42-45). This model would also place theâH/âI loop of
Mss4 near the variableR3/â5 loop of Rab3A. Dss4 contains
a 26 residue insertion in theâH/âI loop, which might explain
the paradoxical observation that theR3/â5 loop is important
for the interaction of Ypt1 with Dss4 but not for the
interaction of Rab3A with Mss4 (24, 46). However, other

FIGURE 5: Hypothetical model for the interaction of Mss4 and Rab3A consistent with experimental observations. Negatively and positively
charged groups are colored red and blue, respectively, whereas nonpolar atoms are colored green. Highlighted surfaces correspond to the
conserved Rab interaction epitope of Mss4 and the GEF consensus epitope of Rab3A.
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models are possible, and a detailed understanding of the
interaction and its relationship to other GTPase-GEF
systems will require the structure of a complex between Mss4
and an exocytic Rab GTPase.

The role of Mss4 in vivo has yet to be fully understood.
It was first identified as a suppressor for a temperature-
sensitive Sec4 mutant in yeast and shown to have exchange
activity for a number of exocytic Rabs (4, 31). However,
Mss4 is not required for the function of Rab1A in endo-
plasmic reticulum to Golgi transport. Likewise, whereas Sec4
is essential for growth of budding yeast, Dss4 is not,
consistent with the involvement of other exchange factors
such as Sec2p (33, 35). Moreover, the observedkcat for Mss4
is low compared with several well-characterized GEFs for
other GTPases. In view of these observations, Mss4 was
proposed to function as a chaperone for misfolded nucleotide-
free intermediates that might otherwise accumulate to levels
sufficient to exhibit dominant-negative effects by binding
tightly to and interfering with the function of specific
exchange factors (35). We have shown that Mss4 possesses
critical structural elements reminiscent of other GEFs and,
like its yeast homologue Dss4, engages the switch I and II
regions of Rab GTPases (32, 46). Thus, to the extent that
Mss4 functions as a chaperone for the nucleotide-free state
in vivo, the underlying structural mechanism evidently
resembles that of other GEFs, thereby explaining the
observed exchange activity toward exocytic Rab GTPases
in vitro. However, the observation that a subtle serine to
alanine mutation in Rab3A can significantly enhancekcat for
Mss4-catalyzed nucleotide release raises the possibility that
Mss4 might exhibit higher exchange activity for an as yet
unidentified Rab GTPase and/or require additional factors
for activation. Further studies are needed to determine the
precise cellular role of Mss4 and its potential regulation by
accessory proteins.
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