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Structure of the small GTPase Rab27b shows an

unexpected swapped dimer

Members of the Rab family of small GTPases regulate
membrane traffic within the cell by recruiting their specific
effectors in a nucleotide-dependent manner. The Rab27
subfamily consists of Rab27a and Rab27b, which share 70%
sequence identity. By interacting with a large set of effector
proteins such as melanophilin and granuphilin, both Rab27a
and Rab27b regulate the exocytosis of secretory lysosomes.
Here, the crystal structures of mouse Rab27b in complex with
GDP have been determined in three distinct crystal lattices.
Surprisingly, Rab27b—-GDP exists in an open conformation
with protruding switch and interswitch regions, which are
stabilized through dimerization by means of domain-swapping
in the crystals. In contrast, small-angle X-ray scattering
measurements showed an extended monomer form of Rab27b
in solution. The observed dimer formation of Rab27b-GDP in
the crystals would restrain the highly flexible switch regions.
Possible biological implications of this atypical structure of
Rab27b and its plausible influence in effector interaction are
discussed.

1. Introduction

Regulation of cellular functions such as membrane trafficking,
cell growth and cytoskeletal dynamics is partly mediated by
members of the Ras superfamily of small GTPases. These
proteins function as molecular switches that cycle between
inactive GDP-bound and active GTP-bound conformations
and recruit their specific effector proteins while in their active
state. Within the Ras superfamily, Rab GTPases form the
largest family, with over 60 members (Pereira-Leal & Seabra,
2000), and mediate the tethering of transport vesicles to
discrete cellular compartments (Zerial & McBride, 2001).

In the past few years, an increasing number of structural
analyses of Rabs, either alone or in complex with effector and
regulator proteins, have provided valuable insights into their
distinct methods of mediating diverse cellular processes
(Pfeffer, 2005). Rab geranylgeranyl transferase (GGTase)
modifies newly synthesized cytosolic Rabs by attaching
geranylgeranyl groups to a conserved dicysteine motif in the
C-terminus (Zhang et al, 2000). Prenylated Rabs are then
carried to their respective target membranes by Rab escort
protein (REP), which also appears to be critical in the
prenylation step (Rak et al., 2004). At the target membrane,
guanine nucleotide-exchange factors (GEFs) catalyze the
exchange of GDP for GTP to turn on the GTPase (Itzen et al.,
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2006). Activated Rabs subsequently interact with downstream
effectors to convey vesicles to their proper docking site at the
acceptor membrane (Ostermeier & Brunger, 1999; Zhu et al.,
2004; Eathiraj et al., 2005; Kawasaki et al., 2005). Different
Rabs recognize specific partner proteins by modulating their
characteristic Rab-subfamily (RabSF) motifs, in addition to
the Rab-family (RabF) motifs that cluster in and around the
so-called switch I, switch II and interswitch regions (Pereira-
Leal & Seabra, 2000). Upon GTP activation, Rabs and their
effectors initially interact via the switch regions. Additionally,
Rab complementary-determining regions (RabCDRs), which
include RabSF1, RabSF3 and RabSF4, provide binding
specificity for particular sets of partner proteins (Ostermeier
& Brunger, 1999; Wu et al., 2005). Interactions between Rabs
and their effectors are highly specific, ensuring the proper
transport of vesicles to their acceptor membranes. Subse-
quently, Rabs lose their interaction with effectors upon
hydrolysis of GTP, an event that is accelerated by GTPase-
activating proteins (GAPs; Rak et al., 2000; Pan et al., 2006).
GDP-bound Rabs are extracted from the membrane by Rab
GDP dissociation inhibitors (RabGDIs). Rabs bound to
RabGDlIs are thought to function as a

cytosolic pool of inactive Rabs (Pyly-

sequence identity (Fig. 1). Both Rab27 isoforms interact with a
large panel of effector proteins (Izumi et al., 2003; Fukuda,
2005) and appear to have similar functions. As exemplified in
GS, Rab27a is involved in melanosome transport in melano-
cytes through the specific recognition of its effector melano-
philin. Melanophilin assists melanosome transport by forming
a tripartite complex with Rab27a on vesicles and myosin Va on
actin filaments (Izumi et al., 2003; Fukuda, 2005). In pancreatic
B-cells, Rab27a cooperates with granuphilin-a (also named
Slp4-a) in promoting the plasma-membrane targeting of
insulin granules (Izumi er al., 2003; Fukuda, 2005). The
expression pattern of the two proteins is partially divergent
(Zhao et al., 2002); for example, in brain tissue, where Rab27b
is highly expressed, Rab27a is barely detectable.

Here, we report the crystal structure of Rab27b in its GDP-
bound state. Surprisingly, unlike the other small GTPase
structures reported to date, Rab27b—GDP dimerizes through
domain-swapping. Rab27b completely rearranges its switch
regions from the canonical conformation to swap two
B-strands in three different crystal forms. The potential role of
Rab27b dimerization during its GTPase cycle is addressed.
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r. Rab3a

c. Rab%a

m. Rabl7a NKSDLEDQRAVKEEEARELAEK-YGIPYFETSAANGTNISHAIEMLLDLI 181
NKCDMEDERVYSSERGRQLADH-LGFEFFEASAKDNINVKQTFERLYDVYI 183
m. Rab8a MNKCDVNDKRQVSKERGEKLALD-YGIKFMETSAKANINVENAFFTLARDI 169
NKIDIS-ERQVSTEEAQAWCRDNGDYPYFETSAKDATNVAAAFEEAVYRRY 172

h.Rablla NKSDLRHLRAVPTDEARAFAEK-NGLSFIETSALDSTNVEAAFQTILTEI 172

human diseases. Griscelli syndrome Gl Ty e
. . - S

(GS) associates partial albinism and .

\ - m. Rab27Tb MKRMEKCVEKTQVPDTVNG - -GNSG-KLDGEKPAEKKCAC - - - - - - - 218

immunodeficiency as a consequence of m.Rab27a MKRMERCVDKSWIPEGVVRSNGHTSADQLSEEKEKGLEGC - - = = = - - 221

defects in melanosome transport and rRabla CEKMSESLDTADPAVTGAK--QGPQ-LTDQQAPPHQDCAC-- - -~ - - 220

granule secretion by cytotoxic T- mRab8a KAKMDKKLEGNSPQGSSHG--VKIT-VEQQKRTSFFRCSLL- - -« - - 207
.Rab%a LATEDRSDHLIQTDTVSLH - -RKPK-PSS5SCCeacccacacacann- 201

lymphocytes (Seabra et al., 2002). Three €

ymphocytes ( > ) hRablla YRIVSQKQMSDRRENDMSP - -SNNV-VPIHVPPTTENKPKVYQCCQNI 216

mouse models of GS, ashen, dilute and
leaden, are attributed to mutations in
Rab27a, myosin Va and melanophilin
(also called Slac2-a), respectively.
Rab27a and Rab27b constitute the
Rab27 subfamily and share high

Figure 1

Structure-based sequence alignment of several Rab GTPases. Sequence identity between the
proteins is highlighted in orange and similarity is highlighted in yellow. Secondary-structural
elements are represented by blue arrows and red bars for B-strands and a-helices, respectively. The
RabF and RabSF motifs are underlined at the bottom of the sequence alignment. m., Mus musculus;
r., Rattus norvegicus; c., Canis familiaris; h., Homo sapiens.
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2. Materials and methods
2.1. Cloning, expression, purification and crystallization

The coding region of the mouse Rab27b GIn78Leu mutant
was subcloned into pGEX-4T-1 (GE Healthcare) and pET15b
(Novagen) vectors and the recombinant protein expressed in
Escherichia coli BL21(DE3) LysS cells was purified by affinity
chromatography using glutathione Sepharose 4B (GE
Healthcare) or Ni-NTA nickel-affinity resin (Qiagen)
followed by thrombin digestion and size-exclusion chromato-
graphy. SeMet-substituted Rab27b GIn78Leu produced by
DLA41 cells grown in SeMet-containing medium was purified as
described above. Although the Rab27 GIn78Leu mutant is
known as deficient in GTP hydrolysis, purified Rab27b
presents a mixture of GTP- and GDP-bound forms (ratio of
1:4), probably because of its residual intrinsic GTPase activity
(our unpublished observation). Hence, nucleotide exchange
was performed on glutathione Sepharose 4B resin by exten-
sive washing with a buffer containing 10 mM EDTA followed
by loading of 5 mM GDP with 5 mM Mg**. The nucleotide
content of the GTPase was confirmed by ion-exchange chro-
matography of the released nucleotide after heat-denaturing
and precipitating the protein. Approximately 25 mg Rab27b-
GDP could be obtained from 11 culture. The purified sample
was further dialyzed against 150 mM sodium chloride, 1 mM
magnesium chloride and 20 mM Tris pH 8.0 and concentrated
to 10 mg ml ™.

GDP

» a3

Figure 2

Rab27b—GDP monomer structure: a ribbon diagram of the Rab27b-GDP
monomer showing individual secondary-structural elements coloured
progressively from the N-terminus in blue to the C-terminus in red. GDP
and Mg®" are represented as a ball-and-stick model and a sphere,
respectively. The N- and C-termini are labelled. The protein surface is
also shown in the background.

The GTPase was crystallized in three different space groups
using the hanging-drop vapour-diffusion method. Crystals of
full-length (residues 1-218) Rab27b diffracted to 8.0 A reso-
lution. Truncation of the C-terminal flexible region enhanced
the resolution to about 3 A depending on the crystal packing.
Hexagonal crystals (space group P6522, unit-cell parameters a
=b=66.1,c=380 A) of Rab27b (residues 1-193) grew in a few
days from a reservoir containing 20% polyethylene glycol
10 000 and 100 mM Tris buffer pH 7.5 at 293 K in the presence
of 5 mM dithiothreitol. Monoclinic crystals (space group C2,
a=170.6,b =634, c=280.9 A, B =98.4°) of Rab27b (residues
1-215) appeared after several months from a solution
containing 30% 2-methyl-2,4-pentanediol (MPD), 20 mM
calcium chloride and 100 mM HEPES pH 7.0 at 289 K.
Orthorhombic crystals (space group P2,2,2, a=55.0, b = 64.8,
c=1533 A) of Rab27b (residues 1-198) were obtained using
20% MPD and 100 mM sodium cacodylate pH 5.5 at 289 K.
Initial phases were obtained from the hexagonal crystal, but
the best diffraction data were from the orthorhombic lattice.

2.2. Data collection, structure determination and refinement

For X-ray diffraction data collection, crystals were flash-
cooled in a 100 K dry nitrogen stream, eventually using 20%
glycerol as a cryoprotectant (for hexagonal crystals).
Diffraction data from the P6s22 crystal of SeMet-labelled
Rab27b-GDP were recorded on an ADSC Q4R CCD
detector at a wavelength of 0.9789 A on beamline 6A of the
Photon Factory (PF). The X-ray intensities were evaluated to
32 A. Initial phases were determined by the single-wave-
length anomalous dispersion (SAD) method using the
program SOLVE (Terwilliger & Berendzen, 1999), which
located six Se atoms from the 12 SeMet residues in the
asymmetric unit (Supplementary Fig. 1'). The asymmetric unit
contained two Rab27b molecules, referred to as molecules HA
and HB, resulting in a Matthews coefficient of 2.66 A’Da™!
and a solvent content of 53.8% (Matthews, 1968). Both
Rab27b molecules were bound to a GDP, with interpretable
electron densities for protein residues 4-54, 66-75 and 83-185
in molecule HA and 5-55, 64-116 and 125-184 in molecule
HB. The P6s22 crystals of the native Rab27b were not
reproducible. Consequently, all the refinements were
performed using the SeMet crystals. The cystallographic R
factor and Ry.. values are 0.289 and 0.346, respectively
(Table 1).

Diffraction data were collected from the C2 crystals using
an ADSC Q315 CCD detector at a wavelength of 1.0000 A on
beamline 5A of the PF. The crystal was flash-cooled directly
without additional cryoprotectant. The outer shell resolution
was limited to 2.8 A. Four Rab27b-GDP—(Mg>* or Ca*)
complexes were identified in the asymmetric unit by the
molecular-replacement method using a single Rab27b core
domain without the switch regions extracted from the P6522
crystal structure as a search model (Matthews coefficient of

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: BES081). Services for accessing this material are described at the
back of the journal.
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Table 1

Data-processing and refinement statistics.

Values in parentheses are for the highest resolution shell.

of the programs PyMOL (DeLano,
2005) and GRASP (Nicholls et al,
1993).

Se derivative ~ Native 1 Native 2
Data collection
Space group . P6522 C2 P2,2.2, 2.3. Pull-down assay
Unit-cell parameters (A, °) a=b=6606, a=170.55b=26339, a=>5496,b=064.776,
. ¢ =379.99 c=8093,8=9844  ¢=153.33 GST-tagged Rab27b Glu78Leu was
Wavelength (A) 0.9789 1.0000 1.0000 charged onto glutathione Sepharose 4B
Resolu?lon (A) 63.4-3.2 84.2-2.8 40.1-2.8 resin. His-tagged Rab27b was then
Reflections 246530 58126 93323 loaded h . di b d
Unique reflections 9175 11277 14413 oaded onto the resin and ncubated at
Ruergel (%) 11.1 (69.3) 10.5 (27.1) 10.9 (41.8) 277 K for 12 h, followed by extensive
ComP(le)‘eneSS (%) 99.8 ElOO).O) 98~1((93)~8) 99.7 E97~;‘) washing. Proteins were eluted with
(WMo (D)) 10.8 (8.5 82 (39 131 (33 . .
Phasing statistics 10 mM reduced glutathlone, dla.lyzed
FOM 0.31 — — and passed through Ni-NTA nickel-
FOM after RESOLVE 0.69 - - affinity resin (Qiagen). Proteins bound
Refinement . h . 1 d by SDS
Resolution (A) 32 2.8 2.8 to the resin were analyzed by -
R factorf (%) 28.9 26.2 25.9 PAGE.
Rirect (%) X 34.6 36.3 31.5
R.m.s.d. bond lengths (A) 0.009 0.008 0.008 2.4.1 T
R.m.sd. bond angles (°) 1.181 1.189 1.067 -4. Immunoprecipitation
A .
Average B factors (A%)/No. of atoms COS7 cells were transfected with
Protein non-H atoms . . . .
Chain A 48.3/1337 65.1/1448 40.6/1420 Rab27b-encoding plasmids using Lipo-
Chain B 53.8/1334 43.4/1388 42.9/1429 fectamine 2000 reagent (Invitrogen)
Chain H — 65.5/1372 — . s
Chain 1 - 5 0/130 - jclccordlr‘lg to the manuf?cturer S
Water molecules 35.8/11 39.5/38 24.3/14 instructions. 20 h after transfection, cells
Ligand non-H atoms GDP, 39.8/56 GDP-Ca’*, 452/116 ~ GDP-Mg™", 31.7/58 were harvested and lysed by scraping in
®/W angles (%) :
Most favoured region 81.7 86.7 90.8 lySlS buffer (15,0 mM NaCj, > mM
Additionally allowed region 16.6 12.8 8.9 MgCl,, 10 mM Tris pH 7.5, 0.2% NP-40,
Generously allowed region 1.7 0.5 0.3 0.5 mM phenylmethylsulfonyl fluoride,

T Rmerge = D 2_; () — (I())|/3",, 3, ;(h), where I(h) is the jth measurement of reflections indices & and (I(h)) is
the mean intensity. § Rpcior = 2y ||1Fo(R)] — \Fc(h)”/zh |Fy(h)|; Riee Was calculated using 5% of data excluded from

refinement.

218 A3 Da_l; solvent content 43.7%). The four molecules,
termed MA, MB, MH and MI, consist of residues 6-54 and 62—
190 in MA, 3-51 and 68-189 in MB, 11-55 and 65-188 in MH
and 6-46 and 69-190 in MI. The R factor and Ry, are 0.262
and 0.363, respectively (Table 1).

The P2,2,2, crystals diffracted to 2.8 A resolution on an
ADSC Q4R CCD detector on beamline 6A at the PF. The
structure was solved by the molecular-replacement method
using the coordinates of a monomer from the C2 crystal
structure. Two molecules of Rab27b-GDP-Mg**, referred to
as PA and PB, are arranged in the asymmetric unit (Matthews
coefficient of 3.4 A’ Da~!; solvent content 63.0%). The final
model consists of residues 6-54 and 65-189 in PA and 6-54
and 65-190 in PB. The R factor and Ry, values are 0.259 and
0.315, respectively (Table 1).

All diffraction data were integrated and scaled using the
HKL-2000 suite (Otwinowski & Minor, 1997). Models and all
subsequent manual rebuilding were computed on an electron-
density map using Coot (Emsley & Cowtan, 2004). The initial
model was refined using CNS (Briinger et al., 1998) and CCP4i
(Potterton et al, 2003). Crystallographic and refinement
statistics are summarized in Table 1. The structures were
analyzed and compared with other GTPases using programs
from the CCP4 suite. Figures were drawn using a combination

5 ug ml~" aproptin, 5 pug ml™" pepstatin
A and 5 pgml™! leupeptin). Immuno-
precipitation with monoclonal antibody
(Roche Diagnostics) was performed on
clarified lysates at 277 K. Immunoprecipitates and original cell
extracts were separated by SDS-PAGE and transferred onto
an Immobilon-P membrane (Millipore). Blots were sequen-
tially incubated with anti-GFP mouse monoclonal antibodies
(Roche) and with horseradish peroxidase-conjugated
secondary antiserum (Jackson Immunoresearch) and were
detected using enhanced chemiluminescent Western blotting
detection reagents (GE Healthcare).

2.5. Dynamic light scattering (DLS)

DLS measurements were performed on a DynaPro-801 TC
(Protein Solutions Co.) device employing a 20 mW solid-state
laser (A = 780.0 nm). All data were obtained at a 90° angle at
298 K. The hydrodynamic diameter dy and the size distribu-
tion of the scatterer were calculated from the scattering data
using the program provided by the manufacturer of the
instrument.

2.6. Small-angle X-ray scattering (SAXS)

SAXS measurements were carried out on a Rigaku PSPC
detector at a wavelength of 1.4880 A on beamline 10C of the
PFE. Various concentrations of protein samples (from 1.37 to
5.56 mg ml™") in 150 mM NaCl, 1 mM MgCl,, 20 mM Tris pH

772 Chavasetal. - Rab27b
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8.0 were exposed for 5 min at 293 K. Each trace was subjected
to a linear fit in the Guinier region (Q* < 0.013 A_z) to
determine the values of the slope (—Rz/3) and the y inter-
section {In[Z(0)]}. Intrinsic values of /(0)/concentration and R;
were estimated by linear extrapolation to zero concentration,
resulting in 5300 % 200 and 380 =+ 23 A?, respectively. Using a
reference of 10900 % 750 for I(0)/concentration of chicken-egg
ovalbumin (45 kDa), the apparent molecular weight of
Rab27b—GDP in solution was determined to be 21.9 =+
0.8 kDa. The pair correlation function P(r) was calculated
using the GNOM program package (Svergun et al., 1995). The
P(r) functions of the model structures obtained from the
crystal structures were calculated using CRYSOL (Svergun &
Stuhrmann, 1991) and GNOM.

3. Results
3.1. Structure determinations

Three crystal structures of Rab27b—GDP were solved in
three different space groups: P6s22, C2 and P2,2,2,. Despite
the high sequence similarity (39% identical to Rab3a) and
conserved folding among Rab GTPases (Fig. 1), no inter-
pretable solution could be obtained by molecular replacement
using known Rab structures. Therefore, the initial phases were
determined from the hexagonal crystal using the SAD
method. Supplementary Fig. 1 shows the locations of the Se
atoms in the asymmetric unit in the F, — F_ difference Fourier
map after initial phasing and density modification. The
asymmetric unit contains a homodimer of Rab27b molecules,

Swapped dimer (Rab27b)
(a)

Figure 3

referred to hereafter as HA-HB. The monoclinic crystal
structure was solved by molecular replacement using the
monomeric core excluding the switch I, switch II and inter-
switch regions extracted from the P6522 crystal structure as a
search model. Two dimers, MA-MB and MH-MI, are present
in the asymmetric unit. Because these two dimers are essen-
tially identical, with only minor structural differences in their
switch I, switch II and interswitch regions, only MA-MB will
be described in detail below. The crystals with the ortho-
rhombic lattice contain one dimer (PA-PB) per asymmetric
unit. Initial phases were obtained by the molecular-replace-
ment method using the MA coordinates as a search model.
Inspection of the dimer arrangements between symmetry-
related molecules in the three different lattices confirms that
each space group adopts distinct packing (data not shown).

The elevated values of the crystallographic Ry in the case
of the P6s22 and C2 space groups could be a consequence of
the low quality of the data collected (Rpyerge Of 11.1% and
10.5% at 3.2 and 2.8 A resolution, respectively) in addition to
the high average atomic displacement parameters (B factors of
50.8 and 56.4 A2, respectively; Table 1). Nevertheless, the
phasing statistics from the SAD phasing support the validity of
the hexagonal lattice structure.

3.2. Overall structure of Rab27b—GDP

Unexpectedly, the crystal structures of Rab27b—GDP in the
three different space groups revealed a protrusion of the
extended switch I, switch II and interswitch regions
(comprising strands 82 and 83 and helix «2) like an antenna,

.. L
Trraansnnc®

Canonical monomer (Rab3a)
(b)

Comparison of a domain-swapped Rab27b—-GDP dimer with a Rab3a monomer: ribbon diagrams of Rab27b—GDP (a) and Rab3a—~GPPNHP (PDB code
3rab) (b). The left-hand panels are coloured according to the switch I (green), interswitch (blue) and switch II (red) regions. In the right-hand panels, the
Rab27b MA (red) and MB (blue) molecules are coloured differently. Rab3a is coloured blue, except for the 82 and $3 strands, which are coloured red.
The monomeric entity corresponding to the Rab3a monomer is enclosed by a dotted line. The nucleotides and Mg®* are represented as ball-and-stick

models and as a sphere, respectively.

Acta Cryst. (2007). D63, 769-779
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creating an intermonomer interface for a domain-swapped
dimer (Fig. 2). Superimpositions of the structures of Rab27b
with 44 known Rab structures indicate that the GDP-bound
Rab27b, both from mouse (our structures) and from human
(PDB code 2f7s), is the first to reveal such an extended form of
the switch regions, although the core structure of Rab27b

In the present model, RabSF1-4 are exposed to solvent,
whereas RabF1-4 are engaged in dimerization, with RabF5
buried in the protein (Fig. 6). Interestingly, and consistent with
a role in effector recognition, RabSF1, 3 and 4 (also called
RabCDR 1, II and III) have elevated temperature factors.
Despite the fact that Rab27b—GDP was crystallized in

without the switch I, switch II and
interswitch regions superposes well with
the other Rab GTPases with an average
r.m.s.d. of 1.40 A for the main-chain C*
positions (1.081& for Rab3a; Supple-
mentary Fig. 2). The dimer interfaces
extracted from the P6522, C2 and
P2,2,2; lattices bury surface areas of
3298, 3064 and 2956 A2, respectively.
The dimerization is characterized by the
formation of an antiparallel inter-
molecular S-sheet between the long 52
strands protruding from each of the two
monomers (residues Ser36-Phe46). The
switch 1 region, which normally
connects helix ol and strand 82 in the
canonical Rab structures, forms the
N-terminal half of the unusually long 82
strand in the Rab27b-GDP structure.
Together with the C-terminal half of
strand B2, strand B3 enters into the
neighbouring molecule and makes a
swapped interswitch region (Figs. 3a
and 4). In this arrangement, strand 3
forms a parallel S-sheet with strand S1
of the second molecule. A hydrogen-
bonding network between the main-
chain atoms of strands g1, 82 and 83
stabilizes the dimer interface (Fig. 5),
resulting in a layer of twisted B-sheets
comprised of a total of 12 B-strands
from two monomers (Figs. 3a and 4).
Adjacent to strand B3, helix o2 folds
back to the core domain of the first
molecule (Fig. 2). The hydrophobic side
of the amphiphilic helix &2 packs
against the intermolecular p-sheet.
Hydrophobic residues, such as Leu84
and Phe88 of helix o2, shape a groove
that accepts Ile44 of strand 2. In the
monoclinic and orthorhombic crystals,
two dimerized Rab27b molecules are
related to each other by a pseudo-
twofold symmetry axis between the two
Thr41 residues (Fig. 5b). Around the
pseudo-twofold symmetry, Phe81 of
helix o2 stacks in a face-to-face inter-
action. Bridged by the extended strand
B2 and helix a2, the core domains of the
two protomers are well separated from
each other (Fig. 3a).

al|

C

Figure 4

Arrangement of Rab27b secondary-structural elements as a topology diagram. Arrows and ovals
represent S-strands and oa-helices, respectively. The two molecules in the dimer are coloured
differently. Individual elements are labelled and the N- and C-termini are indicated.
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Figure 5

B-Sheet of switch/interswitch regions. Interaction diagram representing the hydrogen-bonding
interactions between monomers in the P6522 (a) and C2 (b) lattices. Residues are labelled. Strands
are coloured according to the molecule that they belong to. Hydrogen bonds are indicated by
arrows from the donor residue to the acceptor residue. A pseudo-twofold axis is marked in the C2
arrangement between the two Thr41 residues. The diagram for the P2,2,2, lattice is identical to that
for the C2 lattice.
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different lattices, the Rab27 subfamily-specific insertion in the
B2-B3 loop (residues Thr55-Ala65; Fig. 1) is not visible in the
electron density, suggesting intrinsic flexibility of this region.

3.3. Swapping properties

To be classified as a domain-swapped structure, both
contrasting oligomeric and monomeric forms must be known.
While the present structures of Rab27b all have dimeric
conformations, the previously solved monomeric Rab struc-
tures allowed us to define the swapping properties of Rab27b-
GDP (Fig. 3). As previously discussed (Bennett et al., 1995), in
a swapped structure the oligomer should be assembled by
trading a motif that occupies the same environment in the
oligomer as it does in the monomer. Consequently, the
monomer and oligomer should be stabilized by similar driving
forces. In addition, the swapped motif and the rest of the
molecule are linked by a so-called hinge loop, which adopts
different conformations in the isolated monomer and the
swapped oligomer. In our structures, the swapped motif
corresponds to the interswitch region, while the hinge loop
consists of the N-terminal part of strand 2 and helix o2
(Figs. 3 and 4), which correspond to switch I and switch II,
respectively. Furthermore, superimposition of the Rab27b
structures from the three distinct lattices reveals some struc-
tural deviations in the S2 strand (Fig. 7). Whereas the three
crystal structures share an identical parallel S-sheet arrange-
ment of the B1 and B3 strands, a tilt in the B2 strand leads
to a difference in the hydrogen-bond network interface
surrounding it. In contrast to the C2 and P2,2,2, structures, a
twisted B2 strand in the P6522 lattice structure results in fewer
hydrogen bonds between the B2 strands of both monomers
(Fig. 5). As a consequence, when the core domains of MA and
PA are superimposed on the HA molecule (the r.m.s.d. values
are 0.89 and 0.72 A for the superimposition of MA/HA and
PA/HA core domains, respectively), the equivalent MB and
PB molecules do not fit on HB, but are tilted by about 33° with
respect to each other (Fig. 7). This mismatch, together with the

RabSF1 RabSF2 RabSF4

RabF5

_———=RabFl

RabF2

Figure 6

Locations of RabF and RabSF motifs. Molecular-surface representation
of Rab27b coloured according to the labelled RabF and RabSF motifs.
The left-hand panel is in the same orientation as in Fig. 2; the right-hand
panel is rotated by 180° around the vertical axis.

elevated temperature-factor values, reflects the intrinsic flex-
ibility of the switch I, switch II and interswitch regions in
contrast to the core domain of the GTPase. It is noteworthy
that prolines are often located in the hinge loops of swapped
proteins and are thus considered as the critical kink for hinge-
loop flexibility (Liu & Eisenberg, 2002). Accordingly, one
proline (Pro36) is present at the N-terminus of the B2 strand of
Rab27b (Fig. 1) and is followed by p2-strand residues that
show large conformational deviations (Fig. 7). In contrast,
Pro36 of Rab27b is absent in Rab27a (Fig. 1). It would be
interesting to verify whether the Rab27a isoform also exhibits
core-swapping upon GDP binding or whether this atypical
folding is unique to Rab27b.

3.4. Biochemical analyses

We investigated whether Rab27b—GDP forms a dimer
under physiological conditions using various biochemical
assays. Because the protein eluted as a monomer on size-
exclusion chromatography (Supplementary Fig. 3), we
assessed possible homodimerization in solution using pull-
down assays. No signal indicating Rab27b dimerization could
be observed from an in vitro experiment using purified GST-
tagged and His-tagged Rab27b-GDP (Supplementary Fig. 4).
To evaluate their interaction in mammalian cells, we co-
expressed HA- and EGFP-tagged Rab27b wild type (WT) or
Rab27b Thr23Asn mutant, a dominant negative form of
Rab27b, in COS7 cells (Supplementary Fig. 5). In all tested
combinations, no co-immunoprecipitation of EGFP-Rab27b
with HA-Rab27b could be observed. In contrast, as a positive
control, EGFP-Rab27b WT was clearly co-immunoprecipi-
tated with the HA-tagged effector granuphilin (residues
1-300).

Figure 7

Flexibility of domain arrangements in the dimers. Superimposition of the
core domains of molecules HA (green), MA (blue) and PA (yellow). The
relative positions of the B molecules (right-hand side) in the respective
dimers are tilted by 33° owing to variations in the switch I region. The
angle was calculated by comparing the positioning of Argl84 (drawn as a
space-filling model) in each monomer. Molecules are represented as
ribbon models. The B2 strands belonging to molecules A and B are
labelled 82 and B2/, respectively.
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Unable to observe dimerized Rab27b—GDP by pull-down
assays, we next performed dynamic light-scattering (DLS)
studies of the protein in solution, which showed two scattering
peaks with a 7:3 ratio (Supplementary Fig. 6). The main peak
at 2.85nm is consistent with the hydrodynamic diameter
calculated from the structure of the monomeric core of
Rab27b. The second peak at 59.4 nm could arise from soluble
aggregates in the concentrated solution, but it does not
correspond to a dimeric form of the GTPase. Additionally,
small-angle X-ray scattering (SAXS) measurements were
performed to confirm the oligomeric state of Rab27b—GDP.
Because the sample aggregated at high concentration, SAXS
experiments were carried out with low protein concentrations
up to 5.56 mg ml~". Using Guinier analysis [Guinier plots and
the concentration-dependence of /(0)/concentration and R;
are shown in Figs. 8a, 8b and 8c], the apparent molecular
weight (MW) and the radius of gyration (R,) of the enzyme
were determined to be 21.9 &+ 0.8 kDa and 19.5 &+ 0.6 A,
respectively. The calculated MW of Rab27b was almost iden-
tical to the theoretical value for the monomer structure
(21.04 kDa), indicating that Rab27b-GDP is monomeric in
solution. To further characterize the solution structure of the
GTPase, three distinct R, values of Rab27b-GDP were
assessed based on the coordinates from the three crystal
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Figure 8

structures: the Rab27b-GDP dimer (25.4 ;\), an open
monomer extracted from the dimer (18.3 A) and a closed
monomer deduced from other Rab GTPase structures
(17.7 A). The experimental R, of 19.5 A is close to that
predicted for the open monomer. Moreover, the calculated
pair correlation function P(r) is similar to that of the open
monomer rather than those of the dimer or the closed
monomer, with almost identical D,,,, values (Fig. 8d). Taken
together, these data do not provide physiological evidence for
a functional dimer of Rab27b—-GDP, at least in our biochem-
ical experiments. Furthermore, the SAXS data suggest that
Rab27-GDP might take a monomeric form with an elongated
conformation in solution, rather than a compact closed form.

3.5. Nucleotide-binding site

The electron densities of GDP in the three space groups
were clear, without density for a y-phosphate (inset in
Supplementary Fig. 1). The bound GDP lies in the nucleotide-
binding pocket, interacting with one Mg** ion (or possibly
Ca”" ion in the case of the C2 space group, as its crystallization
solution contains a 20-fold excess of calcium over magnesium)
and 12 residues (Aspl7, Glyl9, Val20, Gly21, Lys22, Thr23,
Thr24, Asnl133, Lys134, Asp136, Alal64 and Alal65) which
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800
5; 600
= 400 g - >
200
0 - -
0 1 2 3 4 5 6
Concentration (mg ml™")
(¢)
(3 ™ T T T T T T T 1
d .crfﬂil;_,_:k.
U“ ‘.,'
4 e o, .
i,
Q:,.: 3 ) -""”". ‘o

0 10 20 30 40 50 60 70 80

Distance (A)
(d)

SAXS experiments. (a) Guinier plot of Rab27b-GDP. The plots were obtained from Rab27b concentrations of 1.37, 2.75, 4.16 and 5.56 mg ml™" from
bottom to top. The dependence of I(0)/concentration and R; on the protein concentration are shown in (b) and (c), respectively. These values slightly
increased with protein concentration, owing to interparticle interference. (d) Distance-distribution functions of Rab27-GDP in solution (solid line with
error bars), in addition to various structural models derived from the crystal structures: Rab27b-GDP dimer (squares), open monomer extracted from
the dimer (filled circles) and closed monomer deduced from other Rab GTPase structures (open circles).The calculation was performed by fitting the
scattering profiles, scaled by /(0), of Rab27b—GDP in solution to those of the monomer forms deduced from the crystal structures.
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are highly conserved among GTPases (Fig. 1). The GDP
binding is assured by both electrostatic and hydrogen-bonding
interactions, with additional hydrophobic contacts with the
base moiety. Thr41 of Rab27b, which further coordinates Mg**
in other GTP-form Rabs, is at a distance of ~14 A from the
ion and is entangled in the swapping interface. The nucleotide-
binding pocket is located far from the switch regions and is not
involved in the swapped dimerization. Although the current
resolution of the data does not allow a precise measurement of
the distances between the active-site residues and the
nucleotide atoms, the average values of the hydrogen-bond
distances involved in the coordination of GDP are comparable
to those of other GTPases (data not shown).

3.6. Disulfide bonding

When the P6522, C2 and P2,2,2, structures are juxtaposed,
an additional disparity is observed. In the monoclinic and
orthorhombic structures, the «3—-85 loop and the C-terminal
region of helix 5 are bridged by a disulfide bond between
Cys123 and Cys188 (Fig. 9). In contrast, this bridge is missing
in the hexagonal model. The cause of the differences between
the three structures remains unclear, but might be ascribed to
the oxidative status of the protein prior to crystallization:

Switch region
(a)

while the P6522 crystals grew in the presence of reductant
within 4 d, the C2 and P2,2,2, crystals appeared after several
months. Interestingly, such folding is also present in the crystal
structure of Cdc42-GTP, where a disulfide bond bridges the
a3-p5 loop with an extended C-terminal segment (Cys105-
Cys188 in PDB entry 1nf3). The Cys123-Cys188 bond in
Rab27b influences the orientation of the o3 helix, the o385
loop and the o5 helix. In the P6522 crystal, o3 shifts by up to
18° when compared with the other two structures (Fig. 9), also
showing a different conformation (molecule HA) or the
absence of electron density for the o3-85 loop and the oS5
N-terminus (molecule HB). Notably, a protein construct of
residues 1-187, lacking Cys188, did not crystallize, even
though the protein was still soluble and well folded (data not
shown).

4. Discussion
4.1. Swapping interface and nucleotide exchange

Domain-swapping occurs when fragments of one monomer
trade with those of another monomer to create a dimer or
higher oligomer and all subunits adopt a similar global
structure that is comparable to the single monomer (Bennett
et al., 1994, 1995; Liu & FEisenberg,
2002). To date, this mechanism of
oligomerization has been reported in
association with several biological
functions such as protein aggregation
(Fink, 1998), protein misfolding leading
to amyloid formation (Liu et al., 2001)
and the structural framework of some
viruses (Qu et al., 2000). The phenom-
enon is still rare and has mostly been
reported for the exchange of N- or C-
terminal polypeptides, with a few
exceptions in which swapped domains
are positioned in the middle of the
protein (Liu & Eisenberg, 2002).
Converting a monomer into a domain-

P6.22, chain A
P6.22, chain B

C2, chain A

Figure 9

Variations in switch orientation. () Superimposition of Rab27b HA (green), HB (grey), MA (blue)
and PA (yellow) molecules, represented as ribbon diagrams. Except for helix 3, which shifts by
about 18°, the core domains fit very well (within an r.m.s.d. of 0.75 A), whereas the switch regions
are present in different orientations. (b) highlights the disulfide bond in Rab27b in stereo. Cysteines
forming the S-S bridge and conserved residues corresponding to the rabphilin 3A-recognizing
residues of Rab3a are labelled and represented as a ball-and-stick model. The shifts of Tyr122 and

Cys123 between the two lattices are emphasized by arrows.

swapped dimer implies folding/
unfolding dynamics of the molecules, as
both intertwined and single forms are
energetically metastable, depending on
the number of interactions and the
compatibility of the interfaces between
the swapped regions (Ding et al., 2006).
For secondary-structural elements to
become intertwined, it is necessary to
partially unfold the native structure of
the monomer. In extreme cases, protein
unfolding can lead to insoluble aggre-
gates and loss of biological activity. The
free-energy difference associated with
monomer/dimer (or oligomer) equili-
brium is relatively high (Rousseau et al.,
2003). The resulting Kkinetic barrier
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should be crossed by a slow interconversion between mono-
meric and oligomeric states. Although various hypotheses
have been put forth to explain the biological significance of
domain-swapping, several domain-swapped structures have
been attributed to an artifact of crystallization conditions (Liu
& Eisenberg, 2002).

No dimerization of Rab27b was observed in solution by our
gel-filtration, pull-down, DLS and SAXS experiments.
However, as the SAXS data suggest an extended conforma-
tion of Rab27b in solution rather than the canonical compact
structure, we cannot exclude the possibility of dimerization in
vivo in locally crowded areas on the membranes where
geranylgeranylated Rab27b localizes. Dimer formation of Rab
GTPases in crystals, although without swapping, has also been
observed in Rab%9a-GDP (Wittmann & Rudolph, 2004) and
Rabl1a-GDP (Pasqualato et al., 2004). In these structures, the
GTPases adopt a folding that is similar on the whole to those
of other small GTPases, with the exception of the B2 strands,
which make contacts with the neighbouring molecule through
the formation of an intermolecular S-sheet. This interaction
was suggested to be the mechanism for negative regulation of
GTPases. The inactive dimer of membrane-associated Rabs
may not be able to recycle to the cytosol, but rather stays on
the membrane as a pool of the inactive form. Indeed, the
swapped dimer of Rab27b—GDP would not allow interaction
with RabGDI because of a steric clash when the core structure
of the Rab27b—-GDP dimer is superimposed with that of Yptl
in complex with RabGDI (Pylypenko et al., 2006; data not
shown). All the three structures (P6s22, C2 and P2,2,2,
structures), with different relative orientations between
protomers (Fig. 9), are incompatible with making a complex
with RabGDI, suggesting that the Rab27b dimer would not
interact with RabGDI, despite the possible conformational
changes and plasticity of the dimeric Rab27b.

Upon GTP binding, the switch I, switch II and interswitch
regions adjust their conformation to create an interface to
mediate effector recognition. On the other hand, the GDP-
bound structures show variable arrangements in the switch
regions (Eathiraj et al, 2005). In the swapped dimer of
Rab27b-GDP, the switch I and switch II regions deviate
substantially from the canonical positions and are used as
hinge loops for domain swapping. Assuming that the GTP-
activation of Rab27b restructures the switch regions, this
alteration from the GDP-form to the GTP-form would
thereby have to disrupt the swapping elements. Considering
the necessity of flexibility of the switch elements to fulfil their
role in the regulation of effector interaction and taken toge-
ther with the variable conformations of the swapping (2
strand in the P6522, C2 and P2,2,2, structures, it seems likely
that the domain-swapping observed in the inactive Rab27b-
GDP structures is a manifestation of the stabilization of
intrinsically flexible switch regions.

Rab switches from the GDP-bound to the GTP-bound form
with the assistance of GEF through various mechanisms
depending on the GEF subfamily (Esters et al., 2001). MSS4/
DSS4 represents one GEF subfamily that is highly expressed
in brain tissue; it triggers guanine-nucleotide exchange on a

variety of Rabs, in contrast to the other substrate-specific
RabGEFs. The recent crystal structure of the complex
between Rab8a and MSS4 revealed a new process for
nucleotide exchange through the unfolding and stabilization
of the switch I and interswitch regions and the opening of the
nucleotide-binding pocket (Itzen et al, 2006). Both the
partially unfolded Rab8a in complex with MSS4 and the open
conformation of Rab27b—GDP tend to support a regulatory
mechanism of these small GTPases by stabilizing their
unfolded states. Assuming that the flexible switch I, switch II
and interswitch regions of the GDP-form Rabs would easily
switch between open and closed conformations, external
factors such as other partner protein(s) as seen for the Rab8a—
MSS4 complex (Itzen et al, 2006) or homodimerization as
reported here might fulfil stabilization of the switch regions.

4.2. Disulfide bridge and effector recognition

Located in and around the switch regions, RabFs help
partner proteins differentiate between the GDP- and GTP-
bound conformations, while RabSFs play key roles in the
specific recognition of partners. The complex structure
between Rab3a and rabphilin 3A revealed that conserved
hydrophobic residues such as Met96, Trp125 and Ile183 of
Rab3a recognize the SGAWFF structural element of the
effector (Ostermeier & Brunger, 1999). These three residues
belong to RabF4, RabSF3 and RabSF4 and correspond to
Met93, Tyr122 and Ile181 in the Rab27 proteins, respectively.
An induced-fit conformational change of the Rab3a «3-85
loop at the interface with the SGAWFF motif of rabphilin 3A
places Rab3a Trp125 in its bound conformation (Ostermeier &
Brunger, 1999). In the Rab27b GDP-bound form, the orien-
tation of the corresponding Tyr122 of Rab27b in the «3-85
loop depends on the oxidation state of Cys123 and Cys188
(Fig. 9). Because the SGAWFF structural element is also well
conserved in Rab27 effectors, the intramolecular disulfide-
bond formation in Rab27b induced by oxidative stress might
alter its interaction with effector proteins (Fig. 9). Of all the
Rab structures solved to date, the present structure is the first
example that exhibits an intramolecular S—S bond. Indeed,
disulfide bridges are rarely found in cytosolic proteins because
of the reductive environment in the cytosol. Structural analysis
of Rab27a/b with their effectors would be a prerequisite to
debate the status of the disulfide bridge as a potential method
of functional regulation.
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