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Structural Basis of Rab Effector Specificity:
Crystal Structure of the Small G Protein Rab3A
Complexed with the Effector Domain of Rabphilin-3A

Rab proteins are involved in targeting and regulating
vesicular membrane traffic (Ferro-Novick and Novick,
1993; Simons and Zerial, 1993; Fischer von Mollard et
al., 1994; Pfeffer, 1994, 1996; Søgaard et al., 1994; Gep-
pert and Südhof, 1998). More than 40 mammalian and
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11 yeast Rab proteins have been characterized. All are
thought to be isoprenylated at their C terminus (Farns-
worth et al., 1991) and are associated with specific sub-Summary
cellular membrane compartments and transport sys-
tems (Nuoffer and Balch, 1994; Novick and Zerial, 1997).The small G protein Rab3A plays an important role in
Rab proteins undergo a functional cycle that is coupled

the regulation of neurotransmitter release. The crystal
to GTP hydrolysis (Boguski and McCormick, 1993; Nuof-

structure of activated Rab3A/GTP/Mg21 bound to the
fer and Balch, 1994; Pfeffer, 1994; Novick and Zerial,

effector domain of rabphilin-3A was solved to 2.6 Å
1997). In the cytosol, Rab proteins are kept in the inac-

resolution. Rabphilin-3A contacts Rab3A in two distinct
tive, GDP-bound state by Rab GDI (GDP-dissociating

areas. The first interface involves the Rab3A switch I inhibitor), preventing them from nonspecific binding to
and switch II regions, which are sensitive to the nucle- membranes. Upon binding to a specific donor compart-
otide-binding state of Rab3A. The second interface ment or vesicle, GDI is displaced by a GDI displacement
consists of a deep pocket in Rab3A that interacts with factor (GDF). Exchange of GDP to GTP is then catalyzed
a SGAWFF structural element of rabphilin-3A. Se- by GEFs (guanine exchange factors), activating the Rab
quence and structure analysis, and biochemical data protein and rendering it resistant to removal from the
suggest that this pocket, or Rab complementarity- membrane by Rab GDI (Boguski and McCormick, 1993).
determining region (RabCDR), establishes a specific Docking or “tethering” of a vesicle to its target mem-
interaction between each Rab protein and its effec- brane may be mediated by specific interactions of the
tors. RabCDRs could be major determinants of ef- activated, GTP-bound state of the Rab protein with a
fector specificity during vesicle trafficking and fusion. Rab effector before SNARE (soluble NSF-attachment

protein [SNAP] receptor) pairing occurs (Mayer and
Wickner, 1997; Ungermann et al., 1998). GTP is hy-

Introduction drolyzed by the intrinsic GTPase activity of the Rab
protein. The transition-state barrier of the hydrolysis re-

Rab proteins are a subfamily of the superfamily of regu- action is lowered by GTPase-activating proteins (GAPs).
latory GTP hydrolases (G proteins). The G protein super- Once vesicle fusion has occurred, GDI can release the
family can be grouped into three categories: (1) small GDP-bound form of Rab to the cytoplasm (Sasaki et al.,
monomeric G proteins, including p21H-ras, Rab3A, Rap1A, 1990), and the cycle can begin again.
and ARF-1; (2) G proteins involved in ribosomal protein Rab3A and Rab3C are the most abundant Rab pro-
synthesis, for example, the elongation factor Tu; and teins in neurons and are predominantly localized to syn-
(3) the a subunits (Ga) of heterotrimeric G proteins (for aptic vesicles (Fischer von Mollard et al., 1990). Gene
reviews, Bourne et al., 1991; Sigler, 1996; Sprang, 1997a, knockout of these Rab proteins impairs regulation of
1997b). Each member of the G protein family functions neurotransmitter release (Castillo et al., 1997; Geppert
as a molecular switch that interacts with its target or et al., 1997). The GTP-bound form of Rab3A interacts
effector protein only in the activated, GTP-bound state. with at least two effector proteins, rabphilin-3A (Stahl
The switch is “turned off” by hydrolysis of GTP, causing et al., 1996) and rim (Wang et al., 1997), which may
dissociation of the effector from the G protein. This gen- interact with, as of yet unknown, downstream targets.
eral mechanism enables G proteins to carry out a wide Comparative studies of wild-type and Rab3A knockout
range of biological tasks, including sorting and ampli- mice have demonstrated interactions between Rab3A
fying transmembrane signals, directing the synthesis of and rabphilin-3A in vivo; rabphilin-3A levels are de-
proteins, regulating vesicular traffic, and controlling cell creased by 70% in Rab3A knockout mice despite normal
proliferation and differentiation. All G proteins share a mRNA levels, suggesting degradation of uncomplexed
common structural core, but they vary in structural and rabphilin-3A protein in vivo (Li et al., 1994). Furthermore,
mechanistic detail. Structures of activated G protein/ Rab3A may be required for transporting rabphilin-3A
effector complexes include the ras-binding domain of from the neuronal cell body to the synapse, since rab-
c-raf1 in complex with Rap1A (Nasser et al., 1995), philin-3A is retained in the cell body of Rab3A-defective
p21H-ras in complex with ralGDS (Huang et al., 1998), and neurons (Li et al., 1994). Activated Rab3A reversibly re-
GS-a in complex with the catalytic domains of adenylyl cruits rabphilin-3A to synaptic vesicles (Stahl et al.,
cyclase (Tesmer et al., 1997). 1996). Rim has sequence similarity to rabphilin-3A but

localizes to the active zone of the presynaptic plasma
membrane instead of to synaptic vesicles (Wang et al.,* To whom correspondence should be addressed (e-mail: brunger@
1997). Rab3A–effector interactions are also importantlaplace.csb.yale.edu).
for cortical granule exocytosis (Conner and Wessel,† Present address: Core Technology Area, Novartis Pharma Re-

search, CH-4002 Basel, Switzerland. 1998).
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Figure 1. Sequence Alignment of Proteins Similar to the Effector Domain of Rabphilin-3A

Numbering and secondary structural elements (green, a helix; blue arrow, b strand) are shown for rabphilin-3A. The conserved cysteine
residues that are responsible for Zn21 binding are shaded in yellow. The SGAWFF structural element is shaded in blue. A residue marked in
red indicates a contact between the particular residue and Rab3A in the crystal structure of the Rab3A/rabphilin-3A complex.

Rabphilin-3A consists of the N-terminal Rab3A ef- Here, we present the crystal structure of activated
Rab3A in complex with the effector domain of rabphilin-fector domain, a proline-rich linker region, and two tan-

dem C2 domains (Yamaguchi et al., 1993). The se- 3A at 2.6 Å resolution. The structure was solved using
multiwavelength anomalous dispersion (MAD) phasingquences of the C2 domains are similar to those of

synaptotagmin and protein kinase C (Yamaguchi et al., (Hendrickson, 1991) with selenomethionine (SeMet) la-
beled complex. The Rab3A/rabphilin-3A interface in-1993), and they probably have the same tertiary struc-

ture (Sutton et al., 1995). Similar to other C2 domains, the volves the conserved switch I and II regions and a dis-
tinct pocket on the surface of Rab3A (referred to asC2 domains of rabphilin-3A bind to phosphatidylinositol

4,5-bisphosphate-containing vesicles in a Ca21-depen- RabCDR) whose sequence varies among members of
the Rab family. We propose that all Rab proteins usedent manner (Chung et al., 1998). The proline-rich linker

region is targeted by cAMP-dependent protein kinase RabCDRs to mediate specific interactions with down-
stream effectors.and Ca21/calmodulin-dependent protein kinase II (Kato

et al., 1994; Fyske et al., 1995). The rabphilin-3A effector
domain binds specifically to the activated GTP-bound
state of Rab3A (Shirataki et al., 1993; Li et al., 1994) and Results and Discussion
possesses two conserved Zn21-binding CX2CX13,14CX2C
sequence motifs whose cysteines are sensitive to muta- Characterization and Purification of

a Rab3A/Rabphilin-3A Complextion (Stahl et al., 1996). Similar motifs are also found in
other Rab effectors, including rim (Wang et al., 1997) and Residues 45–161 of the rabphilin-3A effector domain are

sufficient for binding to Rab3A (data not shown). For ourEEA1 (Gaullier et al., 1998; Patki et al., 1998; Simonsen et
al., 1998; Wiedemann and Cockcroft, 1998) (Figure 1). structural studies, a somewhat larger fragment, residues
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Figure 2. Sequence Alignment of Rab Proteins

Numbering and secondary structural elements (green, a helix; blue arrow, b strand) are shown for Rab3A. Switch I and II regions and the
RabCDR are shaded in yellow and blue, respectively. A residue marked in red indicates a contact between the particular residue and rabphilin-
3A in the crystal structure of the Rab3A/rabphilin-3A complex.
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Table 1. Crystallographic Data, Phasing, and Refinement

Space group C2
Cell dimensions a 5 89.32 Å, b 5 95.62 Å, c 5 47.72 Å, b 5 94.498

dmin (Å) No. of Measurements No. of Unique Reflections Completeness (%) I/s Rsym
a,b (%)

SeMet l1 (0.9879 Å) 2.6 58,641 23,889 98.5 (97.8) 17.9 4.9 (31.7)
SeMet l2 (0.9793 Å) 2.6 58,755 23,968 98.6 (97.8) 16.8 5.2 (39.8)
SeMet l3 (0.9789 Å) 2.6 58,860 23,992 98.7 (97.9) 15.8 5.1 (39.6)

Observed diffraction ratiosc

l1 l2 l3

l1 0.124 0.084 0.091
l2 0.141 0.078
l3 0.146

Phasing power d and figure of merit (FOM)

l1→l1
2 l1→l2

1 l1→l2
2 l1→l3

1 l1→l3
1 FOM

40–2.6 Å 0.75 1.33 1.45 1.07 1.30 0.52
2.7–2.6 Å 0.27 0.42 0.50 0.38 0.47 0.24

Refinement

Resolution range 500–2.6 Å
No. of reflections 23,478
Resolution (Å) 500–5.6 4.45 3.88 3.53 3.28 3.08 2.93 2.80 2.69 2.6 Overall
R valuee 24.4 18.4 19.1 22.1 23.7 27.0 28.4 30.9 30.0 29.6 23.3
Rfree

f 24.0 21.7 23.5 25.3 26.7 33.4 29.8 31.5 39.1 31.1 26.4
Luzzati coordinate error 0.36 Å
Cross-validated Luzzati coord. error 0.43 Å
Bond-length deviation 0.006 Å
Bond-angle deviation 1.108

Improper-angle deviation 0.638

Dihedrals 21.38

Average B factor 50.5 Å2

Rmsd for bonded main chain atoms 2.7 Å2

Rmsd for bonded side chain atoms 4.1 Å2

Minimum B factor 8.8 Å2

Maximum B factor 124 Å2

Residues in core w-c region (%) 86.1%
Residues in disallowed regions (%) 0.0%

a Values in parentheses are for the high-resolution bin.
b Rsym 5 ShSi|Ii(h) 2 ,I (h).|/ShSiIi(h), where Ii(h) is the i-th measurement and ,I(h). is the mean of all measurements of I(h) for Miller indices h.
c Values are ,(D|F|)2.1⁄2/,|F|2.1⁄2, where D|F| is the dispersive (off-diagonal elements), or Bijvoet difference (diagonal elements), computed
between 20 and 2.6 Å resolution.
d MAD phasing power is defined as [,|FD 2 FN|2./eFP(F)(||FN|eiF 1 DFh| 2 |FD|)2dF]1⁄2, where P(F) is the experimental phase probability
distribution. FN corresponds to the structure factors at the reference wavelength l1, FD corresponds to the structure factors at wavelength li

(indicated by a superscript “1”) or its Friedel mate (indicated by a superscript “2”), and Fh is the difference in heavy atom structure factors
between the two wavelengths.
e R 5 S(|Fobs| 2k|Fcalc|)/S|Fobs|.
f Free R 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.

40–170, was chosen to maximize the inclusion of struc- involved in Zn21 binding and did not affect complex
formation (data not shown).tural elements based on secondary structure prediction

(Garnier, et al., 1996). After recombinant expression, at- The C-terminal residues of a specific Rab protein lo-
calize it to a specific membrane in the cell (Chavrier ettempts to purify these fragments failed due to aggrega-

tion and proteolysis. Dual-plasmid coexpression yielded al., 1991). This targeting specificity may be correlated
with sequence variability in the C-terminal region, resi-stable complex of rabphilin-3A and the catalytically inac-

tive Q81L mutant of Rab3A. This complex was not prone dues 195–220 of Rab3A (Figure 2). In the neuron, the
C-terminal residues Cys-218 and Cys-220 of Rab3Ato aggregation or degradation of rabphilin-3A. Complex

formation with Rab3A may have induced proper folding are posttranslationally modified by geranyl-geranylation
(Farnsworth et al., 1991). In order to prevent oxidationof rabphilin-3A during bacterial expression.

The rabphilin family contains several cysteine resi- of the unmodified cysteines in bacterially expressed
protein, these residues were deleted from Rab3A bydues, which may interfere with structural studies (Figure

1). Eight out of the nine cysteines of rabphilin-3A [40– truncation. To improve chances of crystallization, addi-
tional C-terminal truncations were carried out since this170] are highly conserved and are involved in Zn21 bind-

ing. Cys-108, which is not conserved, was changed to region is unstructured in the Rab7 homolog (Neu et al.,
1997). Using secondary structure prediction to maximizeserine by site-directed mutagenesis. This residue is not
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Figure 3. Rab3A/Rabphilin-3A Complex

(a) Ribbon diagram of the Rab3A/GTP/Mg21/rabphilin-3A complex. Rab3A is shown in blue, rabphilin-3A in red, the GTP is shown as balls
and sticks, and Mg21 and Zn21 are shown as gray and green balls, respectively. The putative switch I and II regions of Rab3A are labeled in
green. Secondary structural elements of Rab3A are labeled with Greek characters followed by a numeral. Prepared using BOBSCRIPT (Esnouf,
1997), gl-render, MOLSCRIPT (Kraulis, 1996), and POV-ray (The POV-ray team, 1998).
(b) Ribbon diagram of contact areas of rabphilin-3A that interact with Rab3A (yellow). The SGAWFF structural element (balls and sticks) is
localized C terminal of a helix a2 of rabphilin-3A.

the extent of secondary structural elements, several structure determination. The choice of cryoprotectant
was critical to avoid high crystal mosaicity. The besttruncation mutants of Rab3A were expressed: [1–217],

[19–217], [22–217], [1–198], [19–198], [22–198], [1–188], diffraction quality was obtained by using 12.5% erythri-
tol in a low-salt buffer, although individual crystals ex-[19–188], and [22–188]. Deletion of the N-terminal resi-

dues 1–18 of Rab3A did not prevent binding to rabphilin- hibited a high degree of variability in diffraction quality.
The Rab3A/rabphilin-3A complex structure was solved3A [40–170], whereas deletion of residues 1–21 of Rab3A

entirely abolished binding. The selected C-terminal trun- using MAD phasing with SeMet labeled protein complex
(Table 1). Zinc has a considerable anomalous signal atcations of Rab3A did not affect binding to rabphilin-3A

[40–170]. The resulting complexes of truncated Rab3A the wavelengths used for SeMet MAD phasing, requiring
inclusion of the Zn21 sites in the MAD phasing calcula-and rabphilin-3A [40–170] were stable and monomeric

with 1:1 stoichiometry as determined by SDS-PAGE, tions. The f9 and f99 components of the selenium and zinc
atomic scattering factors were independently refinednative PAGE, gel filtration, and multiangle laser light

scattering (data not shown). during MAD phasing. The experimental MAD phases
were used throughout the refinement and model build-
ing process in order to reduce model bias (Pannu et al.,Crystallization and Structure Determination

Crystals of several of the truncated complexes were ob- 1998). The final free R value is 26.4% for all reflections
in the test set with Bragg spacing between 500 and 2.6 Å.tained by sparse matrix screening: rabphilin-3A C108S

[40–170]/Rab3A Q81L [1–217], rabphilin-3A C108S [40–
170]/Rab3A Q81L [19–217], rabphilin-3A C108S [40–170]/ Structure of Rab3A Q81L

The structural core of Rab3A is a guanine nucleotide–Rab3A Q81L [19–198], rabphilin-3A C108S [40–170]/
Rab3A Q81L [19–188], all of which included GTP/Mg21. binding domain consisting of a central six-stranded b

sheet flanked by a helices (Figure 3a and Dumas et al.,The crystals of all the complexes belonged to space
group C2 with similar unit cell parameters, a 5 89 Å, 1998). It is similar to the catalytic core of other G pro-

teins, such as p21H-ras (Tong et al., 1989; Brunger etb 5 94 Å, c 5 47 Å, and b 5 948 and 55% solvent
content. The Rab3A Q81L [19–217]/GTP/Mg21/rabphilin- al., 1990; Pai et al., 1990). We defined the switch I and

switch II regions of Rab3A by analogy to the observed3A C108S [40–170] complex (in the following referred to
as Rab3A/rabphilin-3A complex) produced diffraction structural differences in the GTP- and GDP-bound forms

of p21H-ras (Figure 7 in Milburn et al., 1990). In the Rab3A/to the highest resolution and was therefore used for
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Figure 4. Zinc-Binding Domain of Rabphilin-3A

(a) Ribbon diagram of the zinc-binding do-
main of rabphilin-3A. The domain consists of
five loops that are interconnected by two zinc
ions, Zn1 and Zn2 (shown in green). The five
loops and the four short b strands are as
follows: loop L1 (residues 88–97), loop L2
(residues 100–107), b1 (residues 108–110),
loop L3 (residue 108–116), b2 (residues 117–
119), loop L4 (residues 118–122), b3 (residues
123–126), loop L5 (residues 126–134), and b4
(residues 134–137).
(b) Close-up view of the Zn1-binding site.
(c) Close-up view of the Zn2-binding site.

rabphilin-3A complex, these switch regions interact with 4c). The coordinating cysteine pairs comprising the two
Zn21-binding sites are thus interspersed in sequencerabphilin-3A (Figure 3a). However, a precise definition

of the switch regions of Rab3A must await structure space. In both cases, the coordination geometry is
nearly tetrahedral. A structural core is formed by thedetermination of the inactive GDP-bound form of Rab3A.

By analogy to other G proteins, the conserved Gln- two Zn21-binding sites and by an adjacent hydrophobic
cluster consisting of isoleucine, leucine, and valine resi-81 residue stabilizes the catalytic transition state. The

Q81L mutation lowers the catalytic rate of Rab3A and dues (Figures 4b and 4c). Extended loops (L2 and L5)
and a helices (a1 and a2) protrude from this core. Sincelocks it into the activated, GTP-bound state (Der et al.,

1986; Prive et al., 1992). The GTP-bound state of the this core does not directly interact with Rab3A, a possi-
ble role of the Zn21-binding domain is to provide a struc-Q81L mutant of Rab3A was confirmed by connected

electron density for the three nucleotide phosphate tural support for the rest of the rabphilin-3A effector
domain. Indeed, mutagenesis of the Zn21-coordinatinggroups, using |Fobs|eiw electron density maps calculated

from experimental MAD phases (data not shown). cysteines abolished binding to Rab3A, presumably
caused by misfolding of the Zn21-binding domain (Stahl
et al., 1996).Rabphilin Zn21-Binding Domain

Two striking features of the rabphilin-3A [40–170] struc- A DALI search (Holm and Sander, 1993) revealed only
limited structural similarity between the rabphilin-3Ature are a 34-residue a helix and a domain containing

two zinc ions (Figure 3b). The Zn21-binding domain of Zn21-binding domain and other zinc-binding domains
with the closest match (overall root-mean-square dif-rabphilin-3A consists of five loops, numbered L1 through

L5 (Figure 4a). The termini of loops L3 and L5 are flanked ference 3.5 Å) being the LIM domain of cysteine-rich
intestinal protein (Pérez-Alvarado et al., 1996). LIM do-by four short b strands, termed b1–b4. A zinc ion, Zn1,

is coordinated by Cys-94 and Cys-97 of loop L1, and mains have the consensus sequence CX2CX16–23HX2CX2

CX2CX16–23CX2–3(C,H,D), which is different from that ofCys-119 and Cys-122 of loop L4 (Figure 4b). Another
zinc ion, Zn2, is coordinated by Cys-111 and Cys-114 rabphilin-3A. LIM domains are found in several pro-

teins that are involved in cell growth and differentiation,of loop L3, and Cys-137 and Cys-140 of a helix a2 (Figure
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Figure 5. Surface Charge Distribution

Calculated surface electrostatic potential (a) of Rab3A (rabphilin-3A is shown as a ribbon diagram), (b) of the effector domain of rabphilin-3A
(Rab3A is shown as a ribbon), and (c) of the Rab3A/rabphilin-3A complex. The color scale for the charge distribution extends from 210 kT/e2

to 110 kT/e2; blue, positive; red, negative charge. Calculations were carried out with GRASP (Nicholls et al., 1991).

and they mediate specific protein–protein interactions interactions (Figures 6a and 6b) (Burley and Petsko,
1985).(Schmeichel and Beckerle, 1994, 1998; Gill, 1995; Johnson

et al., 1997). LIM domains and the rabphilin-3A Zn21 Structural changes in Rab3A occur upon complex for-
mation with rabphilin-3A in two loops, a2-b4 and a3-b5domain have in common that they both serve as struc-

tural support for other structural elements. (Figure 6a). These loops are presumably flexible in un-
complexed Rab3A as judged by the weak electron den-
sity in the crystal structure of uncomplexed Rab3A (Du-

Interactions of Rab3A with Rabphilin-3A mas et al., 1998) but become significantly more ordered
The Rab3A/rabphilin-3A complex buries a surface area in the Rab3A/rabphilin-3A complex (Figure 6b).
of 2800 Å2, most of which involves hydrophobic interac- The structure of the Rab3A/rabphilin-3A complex is
tions (Figures 5a and 5b). The few ionic and polar interac- different from that of other known G protein/effector
tions between Rab3A and rabphilin-3A are characterized complexes, including Rap1A/c-raf1 (Nasser et al., 1995),
by a largely complementary charge distribution on their Ras/RalGDS (RID) (Huang et al., 1998), and GS-a in com-
respective molecular surfaces (Figures 5a and 5b). plex with the catalytic domains of adenylyl cyclase

There are two distinct interfaces (Figure 3b) with bur- (Tesmer et al., 1997). In the case of Rap1A/c-raf1, com-
ied surface areas of 1300 Å2 and 1500 Å2, respectively. plex formation is mediated by an antiparallel b–b interac-
The first one, contact area A, consists of parts of the tion between a strand of the Rap1A switch I region and
switch I and switch II regions of Rab3A, the rabphilin- a strand of the Ras-binding domain of c-raf1 (Marshall
3A a helix a1, and the C-terminal extended polypeptide 1993; Polakis and McCormick, 1993; Nasser et al., 1995).
segment of rabphilin-3A (Figure 6c). The interactions It is unknown whether the c-raf1 Zn21-binding domain
with the rabphilin-3A C-terminal segment may explain interacts with Rap1A or Ras (Brtva et al., 1995), since
the lack of binding of rabphilin-3A truncation mutants the crystal structure did not include this domain. Fur-
that terminate at residue 157 (McKiernan et al., 1996). thermore, the isolated raf Zn21-binding domain structure
The second interface, contact area B, involves the (Mott et al., 1996) is very different from that of rabphilin-
C-terminal end of the rabphilin-3A a helix a2 and the 3A. The interactions between Ras and RalGDS (RID)
adjacent SGAWFF structural element (Figures 6a and (Huang et al., 1998) are similar to that of Rap1A/c-raf1
6b). The SGAWFF structural element interacts with the with the exception of a second effector molecule that
RabCDR consisting of residues 19–22, loops a2-b4 and is bound to the switch II region of Ras.
a3-b5, and the C-terminal half of a helix a5 (Figure 6a).
Residues 19–22 of the RabCDR are essential for Rab3A/
rabphilin-3A complex formation; deletion of these resi- Specificity of Rab/Effector Interactions

The SGAWFF motif is conserved among members ofdues abolishes binding to rabphilin-3A. A conspicuous
feature of the SGAWFF structural element is the perpen- the rabphilin family, including rim and Noc2, while it is

absent in other G protein effectors, such as c-raf1 ordicular edge-to-plane configuration of a tryptophan and
two phenylalanine residues, typical for aromatic ring EEA1 (Figure 1). Similar to rabphilin-3A, rim has two
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interact with the switch regions of Rab3A in a similar
manner as rabphilin-3A. Rim binds with high specificity
to both Rab3A and Rab3C (Wang et al., 1997). Both
Rab3A and Rab3C have nearly identical RabCDRs (Fig-
ure 2), and they both form complexes with rabphilin-3A
or rim. However, the sequence of the RabCDR of other
Rab proteins is very different from that of Rab3A (Figure
2), and these other Rab proteins do not bind to rabphilin-
3A (Li et al., 1994). These observations can be explained
if binding specificity of Rab3A and Rab3C is primarily
determined by contact area B, the interface between
the SGAWFF structural element of the effector and the
RabCDR of the Rab protein (Figures 1 and 2). The se-
quence variability of the RabCDR in the Rab family (Fig-
ure 2) thus could be correlated with binding specificity
for Rab/effector pairing. Binding specificity may be due
to the complementary shape of the rabphilin-3A and
Rab3A surfaces (Figures 6a and 6b).

RabCDRs may represent a general principle of G pro-
tein–effector interactions. For example, the a3-b5 loop
of the yeast Rab protein Ypt1p is probably involved in
Ypt1p localization to the Golgi (Brennwald and Novick,
1993). Likewise, the a3-b5 loop and the N terminus of
the b1 strand of Rab5 probably interact with effectors
that confer specific membrane association (Stenmark
et al., 1994). The a3-b5 loop of the heterotrimeric G
protein GSa/GTPgS interacts with the catalytic domain
of adenylyl cyclase (Sunahara et al., 1997; Tesmer et
al., 1997). In addition to this structural evidence, bio-
chemical data further support the importance of the a3-
b5 loop. It is important for interactions between Gta and
the cGMP phosphodiesterase g subunit (Rarick et al.,
1992), and for interactions between GSa and adenylyl
cyclase (Berlot and Bourne, 1992).

Model for a Rab Switch
Since no structure of the GDP-bound form of Rab3A is
available, one can only speculate about induced struc-
tural changes upon GTP hydrolysis. Assuming that simi-
lar structural changes upon GTP hydrolysis occur in both
p21H-ras (Milburn et al., 1990) and Rab3A, GTP hydrolysis
would be accompanied by extensive structural changes
in the switch regions of Rab3A. Thr-54 would link GTP
hydrolysis to structural changes in the switch regions
through its interaction with the g-phosphate of the
bound nucleotide (Figure 6c). GTP hydrolysis would re-
sult in an outward movement of switch I, a coil–helix
transition at the N terminus of switch II, and subsequentFigure 6. Interfaces between Rab3A and Rabphilin-3A
reorientation of the a2 helix (Figure 7 in Milburn et al.,(a) Comparison of rabphilin-3A-bound (red ribbon diagram) and un-

complexed (green ribbon diagram) Rab3A (Dumas et al., 1998). Upon 1990). Both regions are involved in extensive interac-
complex formation, loops a2-b4 and a3-b5 are pushed apart by tions with rabphilin-3A. These putative conformational
“induced fit.” transitions would destabilize the Rab3A/rabphilin-3A
(b) Interactions between the RabCDR of Rab3A and the SGAWFF complex, eventually leading to dissociation (Figure 7).
structural element of rabphilin-3A. The refined model (sticks) is su-

One cannot rule out that structural changes also occurperimposed on the experimental electron density map (blue) ob-
in the rabCDR, since the b2-b3 hairpin is also affectedtained by MAD phasing and subsequent density modification, con-
by GTP hydrolysis in ARF-1 (Figure 2 in Goldberg, 1998).toured at 1.0 s.

(c) Ribbon diagram of the interactions of rabphilin-3A (red) with the However, ARF-1 might represent a special case since
switch I and II regions (green) of Rab3A. Selected residues are this hairpin is unaffected by GTP hydrolysis in known
shown as balls and sticks. Mg21 is shown as a gray sphere. structures of other small G proteins and heterotrimeric

G proteins.

CX2CXnCX2C Zn21-binding motifs, although the overall Rabphilin Function
sequence identity is low, and loop L5 is significantly The electrostatic potential surface of the Rab3A/rab-

philin-3A complex has a highly asymmetric distributionlonger. Rim is predicted to contain an a helix that may
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Figure 7. Rab Switch Model

Binding specificity is determined by the
shape complementarity of the second bind-
ing site. GTP hydrolysis leads to a conforma-
tional transition in the switch I and II regions,
resulting in dissociation of the Rab3A/rab-
philin-3A complex.

(Figure 5c). Furthermore, the C-terminal geranyl-gera- be available to reorganize actin filaments. Rab3A may
thus act as a timer to prepare synaptic vesicles for dock-nylated cysteines of Rab3A interact with the vesicular

membrane. These observations suggest a particular ori- ing or fusion by filament reorganization.
entation of the Rab3A/rabphilin-3A relative to the mem-
brane surface (top in Figure 5c). The positively charged Conclusions
Zn21-binding domain of complexed rabphilin-3A would Rab proteins have several distinct functions in secretory
thus be close to the negatively charged membrane sur- and endocytic pathways (Novick and Zerial, 1997), and
face. The localization of rabphilin-3A to synaptic vesi- they are part of an extensive network of effectors,
cles by Rab3A (Stahl et al., 1996) may therefore promote GTPase activating proteins, and exchange factors (GDIs,
interactions between the rabphilin-3A Zn21-binding do- GEFs, and GAPs). Multiple Rab systems exist in the
main and its associated loops with vesicular membrane same cell, requiring highly specific interactions between
components or the cytoskeleton. particular Rabs and their effectors, such as the Rab3A/

The rabphilin-like EEA1 protein colocalizes with Rab5, rabphilin-3A complex in presynaptic terminals. Consid-
and the C-terminal domain of EEA1 contains a Zn21- ering the relative sequence conservation of the switch
binding domain that binds phosphatidylinositol-3-phos- I and II regions (Figure 2), the corresponding protein–
phate (PtdIns(3)P) with high specificity (Gaullier et al., protein interface is probably insufficient for specific Rab
1998; Patki et al., 1998; Simonsen et al., 1998; Wiede- protein/effector binding. In contrast, the effector inter-
mann and Cockcroft, 1998). Mutants of EEA1 defective actions involving the hypervariable RabCDR are likely
in Zn21-binding lost their ability to bind to PtdIns(3)P. to provide more target specificity. The RabCDR is an
The sequences of the EEA1 and rabphilin Zn21-binding example of a more general G protein/effector interface,
domains are related (Figure 1), suggesting that the rab- such as that found in the complex of GSa with adenylyl-
philin Zn21-binding domain may also bind to phospho- cyclase (Sunahara et al., 1997; Tesmer et al., 1997). We
lipids. propose that RabCDRs are regions of variable sequence

Noc2 is a soluble, cytoplasmic protein of 38 kDa mo- among the Rab family (Figure 2) within a structurally
lecular weight with high sequence similarity to the ef- conserved framework. The combination of the variable
fector domain of rabphilin-3A (Figure 1). In contrast to RabCDR and the conserved switch mechanism enables
rabphilin-3A, it lacks the two C2 domains. Noc2 is ex- Rab proteins to interact with a wide variety of effectors
pressed predominantly in endocrine tissue and hor- in both a highly specific and activation state–dependent
mone-secreting cell lines and at very low levels in brain manner. RabCDRs are probably key determinants for
(Kotake et al., 1997). Noc2 interacts with the LIM do- the regulation of vesicle traffic and fusion.
main–containing protein zyxin, a component of the cy-
toskeleton. Noc2 may therefore be involved in regulating Experimental Procedures
exocytosis by interaction with the cytoskeleton (Kotake

Cloning and Expressionet al., 1997).
Using pET15 expression vectors (Novagen) containing Rab3A 1–217The effector domain of rabphilin-3A binds to a-actinin,
and Rab3A Q81L [1–220] (kindly provided by P. DeCamilli), thea factor that cross-links actin filaments during Ca21-
Rab3A Q81L [1–217] fragment was obtained by standard cloning

dependent exocytosis (Kato et al., 1996). Binding of rab- techniques and was cloned into the pET15b vector. The resulting
philin-3A to Rab3A/GTPgS inhibits the interaction with construct had a thrombin cleavable N-terminal hexahistidine tag.

The Rab3A Q81L [19–217] truncation mutant was subcloned usinga-actinin (Kato et al., 1996). Therefore, the rabphilin-3A/
the following PCR primers: TCA GAC CAT ATG TTC GAC TAT ATGRab3A complex may play a central role in regulation
TTC and GCA GCC GGA TCC TC. The rabphilin-3A [40–170] frag-of actin filament reorganization before synaptic vesicle
ment was subcloned into pET28a (Novagen) by using a pGEX-KGfusion occurs. One could speculate that activated
plasmid (Guan and Dixon, 1991) carrying rabphilin-3A, residues

Rab3A prevents actin filament reorganization by se- 1–170, as template (Stahl et al., 1996, kindly provided by R. Jahn).
questering all free rabphilin-3A molecules. Upon GTP The following primers were used for PCR: CAG ACG GAC CAT ATG

AGG AAG CAG GAA G and GCT TGAGCT CGA GTC GAC CTA C.hydrolysis, rabphilin-3A would be released and would
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Cysteine-108 of the rabphilin-3A [40–170] fragment was changed a prior phase probability distribution for the heavy-atom parameter
refinement. This resulted in a slightly improved experimental elec-to serine by site-directed mutagenesis (QuikChange, Stratagene).

All DNA sequences were verified by dideoxynucleotide sequencing tron density map.
(HHMI Biopolymer and W. M. Keck Biotechnology Resource Labora-
tory, Yale University). Both plasmids, Rab3A Q81L [19–217] in Model Building and Refinement
pET15b and rabphilin C108S [40–170] in pET28a, were subsequently The initial model was built using the program O (Jones et al., 1991).
transformed into BL21(DE3) cells (Novagen) and cultured in pres- The initial electron density map was obtained by MAD phasing and
ence of ampicillin and kanamycin. Cells were grown in terrific broth subsequent density modification using solvent flattening (Wang,
(TB) medium containing 50 mg/l kanamycin and 100 mg/l ampicillin 1985) and histogram matching (Zhang and Main, 1990) as imple-
and induced with 0.8 mM isopropyl-1-thiogalactopyranoside (IPTG) mented in the Crystallography and NMR System (CNS) (Brunger et
at 258C at an optical density of A600nm 5 1. After 3 hr, the cells al., 1998). A representative region of this electron density map is
were harvested by centrifugation and stored at 2808C. Cells were shown in Figure 6b. The high quality of the initial electron density
homogenized in 100 mM Tris (pH 7.9), 200 mM NaCl, 5 mM MgCl2, map and known anomalous sites allowed unambiguous tracing for
10% glycerol, and 0.5% Triton X-100 using sonication. The lysate most of the protein backbone, side chain, and cofactor atoms. Prog-
was centrifugated for 30 min at 35,000 g. The supernatant was ress was monitored with the free R value using a 10% randomly
incubated with Ni-NTA resin (Quiagen) for 1 hr at 48C. The resin was selected test set. Initial refinement consisted of several iterations
packed into a column and washed with 50 mM Tris (pH 7.9), 100 of torsion angle dynamics simulated annealing (Rice and Brunger,
mM NaCl, 5 mM MgCl2, and 5 mM imidazole. The His-tagged proteins 1994) using the MLHL target function with the experimental phases
eluted at 200 mM imidazole. Thrombin (Haematologic Technologies as a prior phase distribution (Pannu et al., 1998), followed by model
Inc.) was added at a concentration of 0.5 mg/l, and the mixture was rebuilding in O. Later, refinement consisted of iterative rounds of
dialyzed at 48C for 10 hr against 20 mM Tris (pH 8.5), 2.5 mM MgCl2. model building and selecting chemically reasonable water mole-
After dialyzing, the protein was loaded onto a MonoQ column (Phar- cules in phase-combined sA-weighted 2Fo2Fc maps, conjugate gra-
macia) and eluted with a linear gradient from 0 mM to 200 mM NaCl. dient minimization, and individual restrained atomic B factor refine-
Fractions containing the complex were pooled, concentrated, and ment (Hendrickson, 1985). Occupancies of disordered side chain
loaded onto a Superdex-200 (Pharmacia) size exclusion column atoms were set to zero. Refinement was carried out against the
equilibrated with 10 mM Tris (pH 8.0), 2.5 mM MgCl2. The protein low-energy remote wavelength (l1). Refinement used a flat bulk
was concentrated to 10–20 mg/ml. Protein concentrations were de- solvent correction (electron density level rsol5 0.323 e/Å3, Bsol 5
termined using the Bradford protein concentration assay (Biorad) 49.7 Å2; Jiang and Brunger, 1994) and overall anisotropic B factor
that was calibrated with bovine serum albumin standard. SeMet correction (B11 5 6.16 Å2, B22 5 1.16 Å2, B33 5 27.32 Å2, B12 5 0.0
protein was produced essentially as above, except for the following: Å2, B13 5 21.62 Å2, B33 5 0.0 Å2) at 50–2.6 Å resolution. Final model
B834Il(DE3) cells (Novagen) were used for expression and were statistics are shown in Table 1.
grown in SeMet-containing defined media (Leahy et al., 1994). Purifi- In the crystal structure of the Rab3A/rabphilin-3A complex, the
cation, crystallization, and cryoprotection were done under reducing Rab3A fragment was well ordered between residues Phe-19 and
conditions: 5 mM b-mercaptoethanol during metal chelate chroma- Leu-191. The remaining 26 C-terminal residues were disordered in
tography, 2 mM 2,4-dithiothreitol (DTT) during all other purification agreement with solution nuclear magnetic resonance studies carried
steps, and 20 mM DTT during crystallization. out on Rab7 (Neu et al., 1997). The rabphilin-3A fragment was well

defined for residues 44–154. Only weak electron density was found
Crystallization, Data Collection, and Processing for residues 155–166. The distal regions of two rabphilin-3A loops,
Crystals grew by hanging drop vapor diffusion at 208C. Two microli- L2 and L5, had weak electron density, and their atomic thermal
ters of 10–20 mg/ml protein were mixed with 2 ml of mother liquor, factors refined to large (z90 Å2) values. The final model contained
consisting of 100 mM Tris (pH 8.0), 200 mM MgSO4, 20% PEG 4000 46 water molecules, one Mg21, and one GTP.
(Hampton Research), on a siliconized glass coverslip and equili- All phasing and refinement calculations were carried out using
brated against 1 ml of mother liquor. Rod-shaped crystals grew to the Crystallography and NMR System (CNS) (Brunger et al., 1998).
full size (0.6 mm 3 0.3 mm 3 0.2 mm) after 48 hr. Crystals were
cryoprotected in 100 mM Tris, 20% PEG 4000, and 12.5% erythritol,

Acknowledgmentsand then flash-frozen in liquid nitrogen–cooled propane. SeMet crys-
tals were grown and cryoprotected in the presence of 20 mM DTT.

We thank Reinhard Jahn for initiating this project; David LambrightThe Rab3A Q81L [19–217]/GTP/Mg21/rabphilin-3A C108S [40–
for providing us with the coordinates of Rab3A prior to publication;170] complex crystallized in space group C2 with one complex per
Bryan Sutton for expert advice; Dirk Fasshauer, Paul Sigler, Vladimirasymmetric unit. MAD data were collected using three wavelengths
Slepnev, Stephen Sprang, Bernd Stahl, Chris Stroupe, and Richard(Table 1) at 100 K at beamline X4A of the National Synchrotron Light
Yu for stimulating discussions; Craig Ogata, Mike Reese, Luke Rice,Source (NSLS). Data were processed using DENZO (Otwinowski
and Mark Willis for help with data collection at beamline X4a ofand Minor, 1998), and intensities were reduced and scaled using
NSLS; Paul Adams and Ralf Grosse-Kunstleve for help with CNS;SCALEPACK (Otwinowski and Minor, 1998) (Table 1).
and Lothar Esser for assistance in figure preparation. Beamline X4a
at NSLS, a Department of Energy facility, is supported by the Howard

Structure Determination, Refinement, and Model Quality
Hughes Medical Institute. C. O. acknowledges support by an Otto

Nine of the of the 12 selenium sites of the Rab3A/rabphilin-3A com-
Hahn fellowship of the Max-Planck-Institute for Biophysics (Frank-

plex and the two Zn21 sites were found using an automated Pat-
furt, FRG) and the Max-Planck-Society.

terson heavy-atom search method at the low-energy remote (l1)
and peak (l3) wavelengths (R. W. Grosse-Kunstleve and A. T. B.,

Received November 11, 1998; revised December 15, 1998.unpublished data). The Zn21 sites could be unambiguously as-
signed, since they were the only sites with a significant anomalous
signal at wavelength l1. MAD phasing used the Phillips-Hodgson References
(Phillips and Hodgson, 1980) method with l1 as the reference wave-
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