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Abstract

Rab GTPases regulate all stages of membrane trafficking, including vesicle budding, cargo sorting,
transport, tethering, and fusiond: 2. In the inactive (GDP-bound) conformation, accessory factors
facilitate the targeting of Rab GTPases to intracellular compartments3‘8. Following nucleotide
exchange to the active (GTP-bound) conformation, Rab GTPases interact with functionally diverse
effectors including lipid kinases, motor proteins, and tethering complexes. How effectors distinguish
between homologous Rab GTPases represents an unresolved problem with respect to the specificity
of vesicular trafficking. Using a structural proteomic approach, we have determined the specificity
and structural basis underlying the interaction of the multivalent effector Rabenosyn-5 with the Rab
family. The results demonstrate that even structurally similar effectors can achieve highly selective
recognition of distinct subsets of Rab GTPases exclusively through interactions with the switch and
interswitch regions. The observed specificity is determined at a family-wide level by structural
diversity in the active conformation, which governs the spatial disposition of critical conserved
recognition determinants, and by a small number of both positive and negative sequence determinants
that allow further discrimination between Rab GTPases with similar switch conformations.

Many Rab GTPases, includiné; Rabs4,5,7,9,11, 14,21 and 22, have overlapping localizations
within the endosomal system<: 9-15 The sequential endocytic and recycling functions of Rab5
and Rab4 are further linked by multivalent effectors, such as Rabenosyn-5, Rabaptin-5, and
Rabip4, which interact with both Rab proteins throu%h separate domains16-18. Multiple Rab
partners have also been identified for other effectors 3,19 Although effectors engage
conserved and non-conserved regions of Rab GTPases20-22, what determines specificity at
the Rab family level remains unknown.

To better understand how structural variability in the switch regions contributes to Rab-effector
recognition, crystal structures were determined for 11 Rab GTPases bound to GppNHp and/
or GDP (Supplementary Figure 1 and Supplementary Tables 1-3). Combined with earlier
studies (Supplementary Table 3), at least one structure is available for the active conformation
of 14 Rab GTPases, spanning 6 subfamilies?3: 24 and representing a third of the Rab family,
excluding isoforms. With the exception of Rab21, both switch regions adopt a unique active
conformation independent of crystal packing (Supplementary Figure 2). The inactive switch
conformations, however, are either disordered or dictated by crystal contacts. In Rab21, the
switch 11 region remains poorly ordered even in the active conformation.

Correspondence and requests for materials should be addressed to D.G.L. (e-mail: David.Lambright@umassmed.edu). Coordinates and
structure factors have been deposited with the Protein Data Bank under the ID codes 1YZM (Rbsngsg-503), 120J (Rab22-
Rbsn728.784), 120K (Rab4-Rbsng4(-503) and as listed in Supplementary Table 3 (Rab GTPases)..
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To compare the active structures, superpositions were generated for all pair-wise combinations
(Supplementary Figure 3). Whereas the most similar elements coincide with conserved motifs
required for nucleotide and Mg2* binding, structural variability is a hallmark of the switch 1
region, the interswitch region, and the a3/p5 loop. Although the latter regions are typically
mobile, the structural diversity in the switch Il region is primarily the consequence of non-
conservative substitutionsZ®. Consistent with evolutionary pressure on functional sites, non-
phylogenetic relationships occur at the local structural level. For example, the switch regions
of Rab4 (subfamily 11) adopt an active conformation similar to Rab5 and Rab22 (subfamily
V). Conversely, the active switch conformations are dissimilar for Rab7 and Rab9 (subfamily
V1) as well as Rab4 and Rab11 (subfamily II). These local relationships contribute to Rab-
effector recognition and are reminiscent of the non-phylogenetic functional specificity reported
for the Ras 5uperfami|y26.

Rabenosyn-5 (Rbsn) contains distinct Rab4 and Rab5 binding sites within residues 264-500
and 627-784, respectively17. As shown in Figure 1 and Supplementary Figure 4, the Rab5
binding domain maps to a predicted helical region at the C-terminus (Rbsn7g_7g4). A BLAST
search detected significant homology with residues 458-503 in the Rab4 binding region though
not with other proteins. Rbsnasg_so3 overlaps the second of two heptad repeats, yet this region
and Rbsn7og_7g4 are monomeric. Although Rbsngsg_go3 binds Rab4, the affinity is 10-100 fold
weaker than that of a longer construct, Rbsngag_s03, which represents the minimal Rab4 binding
domain. The structure of Rbsnysg_so3 reveals a helical hairpin similar to an anti-parallel coiled
coil (Supplementary Figure 4). In the complexes with Rab GTPases discussed below, an
equivalent structure is observed for the homologous core. These observations suggest two
important questions: i) how specific are the Rabenosyn-5 Rab binding domains?; and ii) how
do they distinguish structurally similar Rab GTPases?

The specificities of Rbsnaso_503 and Rbsnyog_7g4 Were profiled against 33 purified Rab
GTPases (Figure 2 and Supplementary Figure 5). Rbsngsg_s03 binds with similar affinity to
Rab4 and Rab14 and weakly to Rab2 whereas Rbsn;og_7g4 exhibits the highest affinity for
Rab5, 3 fold lower affinity for Rab22 and Rab24, and binds weakly to Rab14. Other interactions
are too weak for detection (K4 > 200 mM). Thus, Rbsngag_503 and Rbsn;og_7g4 selectively
recognize distinct subsets of Rab GTPases, despite similar core structures. Although further
studies are required to determine the in vivo significance, it is noteworthy that both Rab14 and
Rab22 extensively co-localize with Rab5 and have been implicated endosomal traffickinglz’
13,27, 28_Given that the cellular functions of effectors including Rabenosyn-5 may be
mediated by interactions with subsets of Rab GTPases, it will be of interest to consider the
specificity for the entire Rab-family when evaluating the molecular basis by which effectors
regulate trafficking events.

Crystallization screens for the high affinity combinations yielded crystals for the Rab4-
Rbsng40_503 and Rab22-Rbsnyog_784 complexes. The structures reveal similar modes of
interaction, with the helical hairpins engaging equivalent residues in the switch and interswitch
regions (Figure 3 and Supplementary Figure 6). Surface areas of 2136 A2 and 1312 A2 are
buried at the respective interfaces. The significantly larger contact area in the Rab4-
Rbsng4g_s03 complex evidently compensates for the weak binding of Rab4 to the helical hairpin
core.

The binding epitope in Rbsnyog_7g4 is divided into two hydrophobic pockets by a polar ridge
bisecting the long axis. One pocket buries invariant residues (Phe 42 and Trp 75) from the
switch | and interswitch regions of Rab22. The second pocket, which is capped by

residues "33PIEEEL’38 at the N-terminus of a1, docks variable residues in switch 11 (Leu 70
and Met 73) and partially buries a cluster of conserved residues at the switch interface (lle 38,
Arg 66, and Phe 67). The side chains of residues lining the polar ridge mediate hydrogen
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bonding interactions with the backbone of Ala 41 in switch | and side chain hydroxyl of Tyr
74 in switch Il. Additional polar interactions at the periphery involve conserved (Lys 55) and
variable (Met 73) residues in the interswitch and switch regions.

In Rbsnga0-503, the N terminus of al is foreshortened by Pro 458, which packs against Val 73
in the switch Il region of Rab4 and, in conjunction with an ionic interaction between Glu 454
and Arg 69, directs the N terminal region into a flexible loop that connects with the 1 strand
encoded by residues “*1EGWLP*4°, The latter engage the p2 strand of Rab4 via two main chain
hydrogen bonds, allowing Trp 443 and Pro 445 to pack against the invariant Phe 45 in switch
I while Leu 444 occupies a hydrophobic pocket on the a1 helix of Rab4. This pocket exists as
a consequence of a glycine residue following Phe 45. In most Rab GTPases, including Rab5
and Rab22, this glycine is replaced by a bulky side chain. Finally, several substitutions
contribute to differences in the interface with the helical hairpin.

To identify compositional determinants of the observed specificity, we analyzed the effects of
mutations within or proximal to the binding interfaces (Figure 4). In Rab5, broadly conserved
residues were substituted with alanine whereas residues selectively conserved in Rab5, Rab22
and Rab24 were replaced with the consensus residue for other Rab GTPases. Although most
substitutions have little effect or otherwise enhance the affinity for Rbsnyog 784, 10 fold
decreases are observed for the A57D and M89S substitutions. The corresponding residues in
Rab22 (Ser 41 in switch I and Met 73 in switch I1) are located within or proximal to the interface
with Rbsnyog 784. Met 73 is buried in a hydrophobic pocket flanked by variable residues in the
helical hairpin. Interestingly, the M89A substitution is without effect, suggesting that the M89S
defect reflects sequestration of a polar residue in a non-polar environment. Conversely, the
effects of the Ala 57 substitutions correlate with side chain volume rather than polarity,
consistent with a packing defect.

The ability of Rbsn7,g_7g4 to recognize Rab5 and Rab22 yet discriminate against Rab21 derives
in part from a distinctive substitution in Rab21 whereby a glutamine replaces the otherwise
invariant switch I glycine. The corresponding G55Q substitution in Rab5 decreases affinity by
2 orders of magnitude. As the Ca of Gly 55 packs against residues in switch Il, a glutamine
substitution should alter the structure and likely the stability of the active conformation. Indeed,
the structure of the G55Q mutant reveals a main chain perturbation in which Gln 55 bulges
outward. Superposition with Rab22 suggests that van der Waals overlap contributes to the
observed binding defect. Notably, the reverse Q53G substitution in Rab21 does not confer the
ability to interact with Rbsny,g_7g4, nor is it sufficient to allow Rab21 to adopt an active
conformation similar to Rab5 or Rab22 (Supplementary Figure 2).

Order of magnitude defects are also observed for the 1734E, L738P, and V764 T mutations that
replace residues in Rbsnyog_7g4 with the corresponding residues in Rbsnaag_sp3. Ile 734 and
Leu 738 form one side of the non-polar pocket for residues Phe 67, Met 73, and Leu 70 in the
switch 1l region of Rab22. Both polarity and packing are adversely impacted by the 1734E
substitution whereas the L738P substitution disrupts the main chain conformation and side
chain packing. As Val 764 packs against Phe 42, Leu 57, and Trp 59 in the switch | and
interswitch regions of Rab22, desolvation is a likely factor underlying the V764T defect.

Mutations in the N-terminal region of Rbsng4g_503 have minor effects with the exception of
W443A, whichresults ina 10 fold decrease in affinity. Trp 443 packs against non-polar residues
in Rab4 including the invariant Phe 45 in switch I. To facilitate this interaction and the main
chain hydrogen bonds between the 1 strand of Rbsnssg_503 and the B2 strand of Rab4, the
side chain of Leu 444 must pack against the Co of Gly 46. Order of magnitude defects for the
G46A and G46L mutations, combined with the lack of a significant defect for the L444A
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substitution, implicate Leu 444 as a negative determinant that selects against the majority of
Rab GTPases.

Consistent with the preceding observations, a triple mutation (E4541, P458L, T484V) that
converts predicted specificity determinants in Rbsngig 503 to the corresponding residues in
Rbsnvog_754 exhibits reversed specificity with a preference for Rabs 5, 22, and 24
(Supplementary Figure 7). Eliminating residues 418-447, which are required for binding to
Rabs 4 and 14, has no effect on the affinity of the triple mutant for Rab5 (data not shown). A
chimera in which the N terminus of Rbsny1g_s503 is fused to the helical hairpin of
Rbsn-og_7g4 exhibits a comparable reversal of specificity resulting in a preference for Rabs 4
and 14, which is further enhanced by an amino acid substitution (V764T) in the helical hairpin.

Comparison with the Rab5—Rabaptin22, Rab3—RabphiIin21 and other GTPase-effector
complexes29 reveals similarities in the overall modes of interaction, which are particularly
striking for the effectors containing helical hairpins or coiled coils as the core GTPase binding
element30. However, even structurally homologous domains can achieve selective recognition
of distinct Rab GTPase subsets, and further discriminate between Rab GTPases with similar
active conformations, on the basis of interactions with the switch and interswitch regions. The
exquisite specificity of Rabenosyn-5 Rab binding domains is determined by structural as well
as compositional diversity. This combination of factors enhances the affinity for Rab-effector
subsets with complementary interfaces at the expense of combinations with incompatible
structures and/or compositions. The family-wide nature of the recognition process is
underscored by the conservation of positive determinants in interacting subsets and negative
determinants in non-interacting Rab GTPases. In this respect, the encoding of Rab-effector
recognition determinants parallels that observed for the determinants of functional specificity
in small GTPases 26.

Constructs were amplified and subcloned into pGEX vectors (Amersham Biosciences) for
expression as GST fusions or into modified pET vectors (Supplementary Table 1). The
modified pET vectors incorporate an N-terminal 6xHis tag with (MGHHHHHHGSLVPRGS)
or without (MGHHHHHHGS) a thrombin cleavage site. Mutations were generated with the
Quick Change kit (Stratagene). All constructs were verified by sequencing the entire coding
region.

Expression and Purification

BL21(DE3) Codon Plus-RIL cells (Stratagene) transformed with expression plasmids were
cultured in 2xYT containing 100 mg/L ampicillin. For co-expression of modified pET15b-
Rbsnzog_7g4 and modified pET28a-Rab22 Q64L, the cultures were supplemented with 50 mg/
L kanamycin. Cells were grown at 22°C to an ODggg of 0.4, induced with 0.05 mM IPTG for
16 h, and disrupted by sonication in 50 mM Tris, pH 7.5 or pH 8.5, 150 mM NaCl, 2 mM
MgCly, 0.1% 2-mercaptoethanol, 0.1 mM PMSF, and 0.2 mg/ml lysozyme. After
supplementing with 0.5% Triton X-100, the lysates were centrifuged at 35,000xg for 40 min.
For 6xHis fusions, supernatants were loaded onto Ni2*-NTA agarose (Qiagen), washed with
50 mM Tris, pH 7.5 or pH 8.5, 500 mM NaCl, 2 mM MgCl,, 15 mM imidazole, 0.1% 2-
mercaptoethanol, and eluted with a gradient of 15-300 mM imidazole. For GST fusions, the
supernatants were loaded onto glutathione-Sepharose (Amersham Biosciences), washed with
50 mM Tris, pH 7.5 or pH 8.5, 150 mM NaCl, 2 mM MgCl,, 0.1% 2-mercaptoethanol, and
eluted with 10 mM reduced glutathione. Fusion tags were removed by digestion with thrombin
(Haematologic Technologies) or PreScission protease (Amersham Biosciences) and the
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cleaved proteins isolated over glutathione-Sepharose or Ni2*-NTA agarose. Constructs were
further purified by ion exchange over Source Q or Source S followed by gel filtration over
Superdex-75 (Amersham Biosciences). Complexes were prepared by co-purification following
co-expression (Rab22 Q64L/Rbsn;,g_7g4) or by mixing in a 1:1 molar ratio followed by gel
filtration over Superdex-75 (Rab4 Q67L/Rbsns40_503)-

Nucleotide Exchange

Rab GTPases at 2-10 mg/mL were incubated for 6 h with a 25 fold excess of GppNHp in 25
mM Tris, pH 7.5 or pH 8.5, 150 mM NaCl, 5mM EDTA, 0.1% 2-mercaptoethanol, and alkaline
phosphatase (100 IU/umol GTPase). After supplementing with 10 mM MgCl,, excess
nucleotide was removed by gel filtration over Superdex-75 (>2 mg GTPase) or a Pierce D-Salt
column (<2 mg GTPase).

Surface Plasmon Resonance

SPR experiments were performed on a BIAcore X instrument. Anti-GST was coupled to CM5
sensor chips using reagents and protocols supplied by the manufacturer. All proteins were
dialyzed into 10 mM Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl,, 0.005% Tween 20 and
centrifuged at 13000xg. Sample and reference flow cells were loaded with 800 nM GST fusion
or GST, respectively. A flow rate of 0.02 mL/min was used for all injections. Binding and
dissociation were monitored following injection of 6xHis fusions at varying concentration.
Following curve alignment and subtraction of the reference sensogram, the equilibrium signal
(Reg) at each concentration was extracted by fitting to a Langmuir binding model. Dissociation
constants (Kq) were obtained from a fit to Req = Rmax [6xHis fusion]/(Kq + [6xHis fusion]).

Sedimentation Equilibrium

6xHis Rabenosyn-5 constructs were dialyzed against 50 mM Tris, pH 7.5, 100 mM NacCl, and
centrifuged to equilibrium in a Beckman Optima XLI. The absorbance at 230 or 280 nm was
measured as a function of the radial distance (r) from the axis of rotation. Data were analyzed
by fitting with the function A(r) = C, + Cj exp(—n sm, (re? — r?) / 2), where C, and C; are
constants, n represents the oligomeric state, r, is last data point, and s, is calculated with
SEDINTERP using the monomer molecular mass.

Crystallization and Structure Determination

Individual proteins and complexes were crystallized in hanging drops with or without
microseeding. Crystals were transferred to a cryostabilizer solution, flash frozen, and
maintained at 100°K in a nitrogen cryostream (Oxford Cryosystems). Diffraction data were
collected at NSLS beamline X25 (complexes and Rab2) and on Rigaku RUH3R generators
equipped with Osmic mirrors and Mar 30 cm or R-axis 1V detectors. Data were processed with
Denzo and scaled with Scalepack. Structures were solved by molecular replacement using
AMOoRe, Molrep, or Phaser. Crystallographic models were refined by simulated annealing in
CNS, automated atom updating with Arp/wArp, minimization with Refmac5, and model
building in O. Except where otherwise noted, all programs were used as implemented in CCP4.
Additional information related to the structure determination and refinement is compiled in
Supplementary Table 2 and Supplementary Figure 1. Molecular graphics were rendered with
PyMol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mapping of the Rabenosyn-5 Rab GTPase binding domains. Mean K values and standard
deviations were obtained from 2—-4 SPR experiments using purified Rab GTPases and

Rabenosyn-5 constructs. The oligomeric state (n = 1 for monomer; n = 2 for dimer) was

determined from sedimentation equilibrium experiments over the concentration range from 5
— 50 mM. Values represent the mean and standard deviation for 3 measurements.
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Quantitative family-wide analysis of Rab GTPase-effector specificity. a, Initial screen for the
interaction of 6xHis (or GST) fusions of Rab GTPases with GST (or 6xHis) fusions of

Rbsns40_503 and Rbsnz,g_7g4. For each potential interaction, the equilibrium SPR signal
(Reg) Was measured at four concentrations of the 6xHis Rab GTPase or 6xHis Rbsn construct.
b, Concentration dependence of the equilibrium SPR signal (Req) for the binding of 6xHis Rab
GTPases to GST fusions of Rbsngsg_503 and Rbsn;,g_784. Mean Ky values and standard

deviations for 2—4 independent experiments are tabulated on the right.
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Figure 3.

Structural basis of Rab recognition by Rabeonsoyn-5. a, Ribbon rendering of GTP-bound Rab4
Q67L and Rab22 Q64L in complex with the minimal Rab binding domains of Rabenosyn-5.
b, Conservation and variability in the Rab22-Rbsnog_754 interface. Spheres covered by a
semitransparent surface represent Rab22 (left panel) or Rbsnsog_7g4 (right panel). Hydrogen
bonding interactions are depicted in the right panel. ¢, Conservation and variability in the Rab4-
Rbsngg_s503 interface. Spheres covered by a semitransparent surface represent Rab4 (left panel)
or Rbsngg_s03 (right panel). Hydrogen bonding interactions are depicted in the right panel.
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Structure-based mutational analysis of Rab and Rabeonsoyn-5 interaction specificity. a, Local
alignment of representative Rab GTPases and Rabenosyn-5 homologs. Residues within the

binding interfaces for Rab22-Rbsn7,g_7g4, Rab4-Rbsn40_s03, Rab5-Rabaptin-522, and Rab3-
Rabphilin2L are highlighted according to conservation. b, Effect of site specific substitutions
on the interaction between Rab5 and Rbsn;,g_7g4 or Rab4 and Rbsngsg_503. Mean values and
standard deviations were calculated from 2 experiments. c, Views of the Rab22-Rbsn7,g_7g4
and Rab4-Rbsns4_503 interfaces relevant to the mutations discussed in the text. Also shown
(middle panel) is the structure of the Rab5 G55Q mutant following superposition with Rab22.
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