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Family of Rab11-interacting protein (FIP)3�Arfophlin-1 and FIP4�
Arfophilin-2 are dual effectors for Rab11 and ADP ribosylation
factor (ARF)5�ARF6, which are involved in membrane delivery from
recycling endosomes to the plasma membrane during cytokinesis.
Here, we define the distinct C-terminal binding regions of FIP3 and
FIP4 for Rab11 and ARF5�ARF6. Furthermore, we determined the
crystal structure of Rab11 in complex with the Rab11-binding
domain (RBD) of FIP3. The long amphiphilic �-helix of FIP3-RBD
forms a parallel coiled-coil homodimer, with two symmetric inter-
faces with two Rab11 molecules. The hydrophobic side of the RBD
helix is involved in homodimerization and mediates the interaction
with the Rab11 switch 1 region, whereas the opposite hydrophilic
side interacts with the Rab11 switch 2 and is the major factor
contributing to the binding specificity. The bivalent interaction of
FIP3 with Rab11 at the C terminus allows FIP3 to coordinately
function with other binding partners, including ARFs.

membrane trafficking � Rab–effector complex � x-ray crystallography

Small GTPases belonging to the Ras-like superfamily regulate
intracellular membrane trafficking, and ADP ribosylation fac-

tor (ARF) and Rab family members participate in multiple stages
of trafficking along the exocytic and endocytic pathways. ARF
GTPases initiate the budding of coated carrier vesicles by recruiting
coat protein complexes onto donor membranes, whereas Rab
GTPases regulate the targeting and docking�fusion of vesicles with
acceptor membranes (1). Like most GTPases, these proteins cycle
between an inactive GDP-bound state and an active GTP-bound
state capable of interacting with numerous effector molecules.

In mammals, there are six ARF isoforms that are structurally
categorized into three classes: class I, ARF1–ARF3; class II, ARF4
and ARF5; and class III, ARF6 (2). Among these ARFs, those from
class I and III are well characterized; ARF1 regulates several
aspects of membrane trafficking by recruiting coat proteins and
triggering membrane deformation (2), and ARF6 regulates endo-
cytic recycling and actin cytoskeleton remodeling (3). In contrast,
little is known about the physiological role(s) of class II ARFs.

The Rab proteins constitute the largest family of small GTPases
(�60 members in mammals) (4). Among them, Rab11 is a well
characterized regulator of endocytic and recycling pathways. Rab11
associates with a broad range of post-Golgi organelles, including
recycling endosomes (5–8), and interacts with several effectors in
its GTP-bound state.

Recently, a family of Rab11-interacting proteins (FIPs) has been
identified (9–13). FIPs share a highly conserved, �20-aa, region
termed the Rab11-binding domain (RBD) at their C termini (11,
14). Based on the similarity outside of the RBD, FIPs have been
categorized into three classes (14). Members of class I contain a C2
domain (FIP2, Rip11, and RCP), those of class II contain EF hands
and a proline-rich region (FIP3�Arfophilin-1�Eferin, and FIP4�
Arfophilin-2) (Fig. 7a, which is published as supporting information
on the PNAS web site), and FIP1, the sole member of class III, lacks
any other conserved domains.

The class II FIPs also interact with ARF5 and ARF6 in a
GTP-dependent manner (9, 13, 15). Additionally, FIP3 and FIP4
have recently been implicated in the delivery of endosomal vesicles
to the cleavage furrow during cytokinesis in conjunction with Rab11
and ARF6 (13, 16–18). To better understand the mechanisms
underlying the cross-talk between these GTPases mediated by the
class II FIPs, we defined the exact ARF-binding domain (ABD) and
RBD of these FIPs. These domains are not overlapping and allow
the simultaneous binding of Rab11 and ARF5�ARF6. Further-
more, we determined the crystal structure of the FIP3 RBD in
complex with Rab11. The amphiphilic helices from two FIP3-RBD
molecules form a coiled-coil homodimer that interacts with two
Rab11 molecules. The characteristic structure of the switch 2 region
of Rab11, which is highly divergent from the corresponding regions
of other Rab proteins, allows its specific interaction with the
amphiphilic FIP3-RBD helix.

Results
Delineation of RBD. We first wished to determine the minimal region
of class II FIP-RBD. Preliminary yeast two-hybrid analyses revealed
that a GTP-bound Rab11 mutant, Q70L, but not a GDP-bound
mutant, S25N, interacted with the highly conserved FIP3 and FIP4
C-terminal fragments encompassing residues 607–756 and 484–
637, respectively (Fig. 7b and data not shown). With this informa-
tion, we next defined the RBD boundaries by pull-down assays (Fig.
1a). FIP3 (residues 607–756) efficiently pulled down Rab11(Q70L)
(Fig. 1a, lane 3), and truncation of the N-terminal 105 aa (residues
712–756) (Fig. 1a, lane 4) or 126 aa (residues 733–756) (Fig. 1a, lane
5) did not significantly affect the pull-down efficiency. However, a
further truncation of 5 aa (residues 738–756) (Fig. 1a, lane 6)
dramatically reduced the pull-down efficiency. In striking contrast,
truncating only 4 aa from the C terminus (residues 607–752) (Fig.
1a, lane 8) completely abrogated Rab11(Q70L) binding. On the
basis of these results, we concluded that the minimal RBD of FIP3
encompasses residues 733–756. Essentially the same results were
obtained with FIP4, allowing us to conclude that the minimal RBD
of FIP4 encompasses residues 613–637 (Fig. 1b).
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FIP3 and FIP4 Bind ARF5�ARF6 by Means of a Region Outside the RBD.
Two groups (9, 15) previously reported that both FIP3 and FIP4 can
interact with ARFs; yet there were subtle differences between these
studies. Exton and colleagues (9, 15) showed that FIP3 interacts
with GTP-bound ARF5 and ARF6, whereas Gould and colleagues
(13) reported that FIP3 interacts with ARF5, but only very weakly
with ARF6, and that FIP4 interacts exclusively with ARF5. We
wished to clarify this issue. As shown in Fig. 2a, the GTP-bound
ARF mutants, ARF5(Q71L) and ARF6(Q67L), were pulled down
with GST–FIP3 (residues 607–756) and GST–FIP4 (residues 484–
637) as efficiently as with GST–GGA1-GAT, which interacts with
all ARF isoforms (19). In contrast, ARF1(Q71L) was pulled down
with GST–GGA1-GAT but not with either FIP construct. Thus,
our data support and extend the conclusion that FIP3 and FIP4
interact with both ARF5 and ARF6. The discrepancies may reflect
differences in the experimental systems used; the Exton group (9,
15), like us, used GST–FIPs to pull down ARFs, whereas the Gould

group (13) used GST-ARFs to pull down FIPs. However, a recent
paper from the Gould group (18), published while our study was in
progress, showed that both FIP3 and FIP4 preferentially bind
ARF6 rather than ARF5.

Our preliminary two-hybrid analysis suggested that the RBD
of FIP3 or FIP4 was not required for binding ARF (data not
shown). We confirmed this observation and further character-
ized the ABD by pull-down assay. As expected, a FIP3 construct
(residues 607–733) lacking the RBD retained the ability to bind
ARF5(Q71L) (Fig. 2b, lane 4). Truncation of 21 aa from the
RBD boundary (residues 607–712) (Fig. 2b, lane 5) did not affect
ARF5 binding, but a further 26 aa truncation (residues 607–686)
(Fig. 2b, lane 6) completely abrogated ARF binding. Proceeding
from the other direction, truncation of 30 aa from the N terminus
of the original construct abolished ARF binding (residues 636–
756) (Fig. 2b, lane 7). Thus, the ABD of FIP3 is contained within
residues 607–712. Using a similar approach, we determined that
residues 484–588 encompass the FIP4 ABD (Fig. 2c).

Simultaneous Binding of Rab11 and ARF5 to FIP3. Considering the
data reported above that the ABD and RBD are distinct, we
examined whether FIP3 simultaneously binds Rab11 and ARF5.
We incubated a constant amount of GST-Rab11(Q70L) pre-
bound to glutathione-Sepharose beads with a constant amount
of His6�T7-FIP3 and a varying amount of His6�T7-
ARF5(Q71L), and bound material was analyzed by immuno-
blotting with anti-T7-tag antibody. The amount of His6�T7-FIP3
and His6�T7-ARF5(Q71L) pulled down with GST-
Rab11(Q70L) was constant irrespective of the amount of His6�
T7-ARF5(Q71L) (Fig. 8, which is published as supporting
information on the PNAS web site), suggesting the independent
and simultaneous binding of Rab11 and ARF5 to FIP3.

Crystallization of FIP3-RBD in Complex with Rab11. We attempted to
crystallize the FIP3 fragment (residues 607–756), which includes
both the ABD and RBD (Fig. 7) in complex with a C-terminally
truncated form of Rab11(Q70L) (residues 1–173; hereafter called
Rab11). However, the obtained cocrystal contained a smaller FIP3
fragment that had undergone partial degradation during the crys-
tallization procedure. Mass spectroscopic analysis and N-terminal
sequencing revealed that the obtained crystal contained intact
Rab11 and a C-terminal 42-aa fragment (residues 715–756) of FIP3.
We therefore prepared this fragment (hereafter called FIP3-RBD)
for further cocrystallization studies. Initial phases were determined
with selenomethionine (SeMet)-substituted proteins by the multi-
ple anomalous dispersion method, and the structure was refined to
1.75-Å resolution (Table 1, which is published as supporting infor-
mation on the PNAS web site). The final model includes all amino
acids (residues 715–756) of FIP3-RBD and residues 7–173 of Rab11
with a bound GTP molecule and a Mg2� ion.

Overall Structure of the Rab11–FIP3-RBD Complex. The cocrystal
contained two Rab11 and two FIP3-RBD molecules in the asym-
metric unit (Fig. 3 a and b). Each FIP3-RBD consists of an
N-terminal long �-helix (residues 716–748) followed by a 90° bend
at the conserved Pro-750 residue, a 310 helix (residues 750–752),
and a C-terminal short �-strand (residues 753–755), adopting an
‘‘L’’ shape (Fig. 9, which is published as supporting information on
the PNAS web site). The long �-helix forms a parallel coiled-coil
homodimer (Fig. 9) that symmetrically interacts with two Rab11
molecules on both sides, forming a quaternary Rab11–(FIP3-
RBD)2–Rab11 complex (Fig. 3 a and b). Here we identify molecules
in the quaternary complex as ‘‘A–(C–D)–B’’; where A and B
designate Rab11 and C and D designate FIP3-RBD (Fig. 3a). The
switch 1, switch 2, and interswitch regions of Rab11 interact with the
C-terminal half of the long �-helix and the short �-strand of
FIP3-RBD. The Rab11–(FIP3-RBD)2–Rab11 tetrameric complex
is not completely dyad-symmetric, showing remarkable deviations

Fig. 1. Delineation of the regions of FIP3 and FIP4 essential for their
interactions with Rab11. (Upper) Extracts of HeLa cells expressing HA-tagged
Rab11(Q70L) were pulled down with GST or FIP3 (a) or FIP4 (b) GST fusion
proteins, as indicated and processed for immunoblot analysis to detect bound
HA-Rab11(Q71L). (Lower) The blots were then stained with Coomassie bril-
liant blue (CBB).

Fig. 2. Specific interactions of FIP3 and FIP4 with ARF5�6 and delineation of
the FIP ABD. (a) Extracts of HeLa cells expressing HA-tagged ARF1(Q71L) (Left),
ARF5(Q71L) (Center) or ARF6(Q67L) (Right) were pulled down with GST or FIP3
(residues 607–756), FIP4 (residues 484–637), or GGA1-GAT fused to GST.
(Upper) The extracts were then processed for immunoblot analysis to detect
bound ARF-HA. (Lower) The blots were then stained with CBB. (b and c)
Extracts of HeLa cells expressing HA-ARF5(Q71L) were pulled down with GST
or FIP3 (b) or FIP4 (c) fragments fused to GST as indicated. (Upper) The extracts
were then processed for immunoblot analysis to detect bound HA-
ARF5(Q71L). (Lower) The blots were then stained with CBB.
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in the switch 2 region of Rab11 and the N-terminal region of
FIP3-RBD (see below).

FIP3 Homodimer Formation. The homodimerization of FIP3-RBD in
the crystal is compatible with the previous observation that FIPs
form homodimers in solution (20). The �-helical portion of FIP3-
RBD is amphiphilic, as previously predicted (12, 14, 21). The
hydrophobic side of the amphiphilic helix mediates formation of the
parallel coiled-coil homodimer (Fig. 9) in which the interface is
predominantly hydrophobic with several additional hydrogen
bonds, burying 964 Å2 of accessible surface area. The two pro-
tomers of the FIP3-RBD homodimer have essentially the same
C-terminal structure (residues 733–756; the C� atom rmsd between
the two protomers is 0.12 Å), whereas the helical axes of the
N-terminal half of the two protomers (residues 715–732) tilt �20°
toward each other when the C-terminal half of the protomers are
superimposed. It is possible that the asymmetric distortion of the
�-helices was caused by nonphysiological contacts between the N
terminus of the FIP3-RBD �-helix and the neighboring Rab
molecule in the crystal.

Rab11 Structure. GTP-bound Rab11 contains six �-strands (�1–�6)
and five �-helices (�1–�5) like other Rab GTPases. The rmsd
between Rab11-GTP (molecule A) in complex with FIP3-RBD and
free Rab11-GTP (22) [Protein Data Bank (PDB) ID code 1OIW]
is 1.09 Å for all C� atoms, but the value drops to 0.39 Å if switch
1 and switch 2 are excluded from the comparison (Fig. 10, which is
published as supporting information on the PNAS web site). In
particular, the switch 2 conformation differs substantially between
free Rab11-GTP and Rab11-GTP complexed with FIP3-RBD (Fig.
4). In the free Rab11-GTP structure, the switch 2 region is not
helical and makes only limited interactions with switch 1 (22). When
complexed with FIP3-RBD, however, switch 2 is farther away from
switch 1 to accommodate the FIP3-RBD �-helix between these
switch regions (Fig. 4). Furthermore, the switch 2 regions of the two
Rab11 molecules in the complex take somewhat different confor-

mations (Fig. 4); the flexibility of switch 2 is suggested by its large
B factors and poor electron density.

FIP3–Rab11 Interaction. In the quaternary Rab11–(FIP3-RBD)2–
Rab11 complex, the Rab11-interacting region of FIP3-RBD is
confined to the C-terminal 24 aa (residues 733–756), which cover
the C-terminal half of the long �-helix and the short �-strand (Fig.
3c); this region corresponds well with the Rab11-binding domain
determined biochemically (11, 14) (Fig. 1a). Rab11 recognition by
FIP3-RBD is essentially the same between the two symmetric
interfaces, and the interaction between Rab11 and FIP3-RBD
buries accessible surface areas of 771 and 737 Å2 from Rab11
molecules A and B, respectively. Binding to FIP3-RBD involves
three regions of Rab11: (i) switch 1, (ii) switch 2, and (iii) interswitch
(Fig. 11, which is published as supporting information on the PNAS
web site).
Switch 1. Although the amphiphilic �-helix of FIP3-RBD is respon-
sible for homodimerization on its hydrophobic side [C–D interac-
tion in the quaternary A–(C–D)–B complex] (Fig. 9), the same side

Fig. 3. Structure of the Rab11–FIP3-RBD complex. (a) Ribbon
stereodiagram of the Rab11–FIP3-RBD complex (side view).
The asymmetric unit contains two Rab11 (molecules A and B)
and two FIP3-RBD (molecules C and D) molecules. The switch
1, switch 2, and interswitch regions of Rab11 are highlighted
in green, red, and blue, respectively. GTP and Mg2� ions are
shown as ball-and-stick models. Encircled N and C stand for N
and C termini, respectively. (b) Top view of a. (c) Sequence
alignment of the RBD of the human FIP family proteins. Red,
residues identical among all of the members; green, residues
conserved among at least four members; blue, residues con-
served between FIP3 and FIP4. The secondary structures of
FIP3-RBD are schematically shown at the bottom. The residues
involved in dimerization are marked with a � symbol. Orange
(molecule C) and purple (molecule D) asterisks above the
sequences stand for the residues involved in the interaction
with Rab11 (molecule A).

Fig. 4. Superposition of Rab11 in different forms. The switch 1 and switch 2
regions are shown. The side chains of Arg-72 and Arg-74 in the switch 2 region
are indicated by ball-and-stick models. GTP�GDP molecules also are presented
as ball-and-stick models. The GDP-bound form (PDB ID code 1OIV) is blue, the
GTP-bound free form (PDB ID code 1OIW) is green, and molecule A GTP-bound
Rab11 in complex with FIP3-RBD is red, whereas molecule B is orange.
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in the middle of the �-helix also is involved in binding the switch 1
region of the Rab11 molecule (A–D and B–C interactions) (Figs. 3
and 5). The interaction is hydrophobic in nature (Fig. 5c), with the
Tyr-737 side chain of FIP3-RBD packing against the Ile-44 side
chain and Gly-45 of Rab11 and the side chain of Leu-734 and the
aliphatic portion of the Arg-733 side chain interacting with the side
chain of Ile-44 in the Rab11 switch 1 region (Fig. 6a).

Switch 2. The hydrophilic side of the amphiphilic helix of FIP3-RBD,
which is opposite the dimer interface, faces switch 2 of the other
Rab11 molecule (A–C and B–D interactions) (Figs. 3 and 5). In
addition to hydrophilic residues (Gln-735, Asp-736, Asp-739, Arg-
740, and Glu-747), the hydrophilic side includes the hydrophobic
residues Val-743 and Met-746 (Figs. 5 and 6b). The hydrophilic
interaction of Rab11 with FIP3-RBD involves features unique to its
switch 2, which is largely disordered and less helical compared with
those of other Rabs (22) (Fig. 5a). The side chains of Arg-74 and
Arg-82 in the disordered switch 2 form salt bridges with Asp-739
and Glu-747, respectively (Figs. 5b and 6b). In addition, the side
chain of Arg-72 in the switch 2 loop forms a hydrogen bond with
the Gln-735 side chain (Fig. 6b), although only at the A–C interface.
Another remarkable feature of Rab11 switch 2 is that the side chain
of Tyr-80, one of three invariant hydrophobic residues in the Rab
family (23), points inward (Fig. 6b), thereby forming an intramo-
lecular hydrogen bond with the main chain carbonyl of Leu-16. In
striking contrast, the side chain of the corresponding Tyr�Phe
residue points outward in all of the reported structures of GTP-
bound Rab proteins, except Rab11 and Rab7�Ypt7. As a result,
Rab11 forms a characteristic, large hydrophobic pocket surrounded
by Ile-76, Ala-79, and Tyr-80 of switch 2; Trp-65 of the interswitch
region; and Val-46 of switch 1 (Figs. 5 a and c), which accommo-
dates the large side chain of FIP3-RBD Met-746 (Fig. 6b). Fur-
thermore, at the top of this pocket, Ala-75 and Ile-76 come in
hydrophobic contact with Val-743 and Ile-742, respectively, of
FIP3-RBD (Fig. 6b).
Interswitch. Finally, an intermolecular parallel �-sheet is formed
between the C-terminal short �-strand of FIP3-RBD and the
�3-strand of the Rab11 interswitch region (A–C and B–D interac-
tions) (Figs. 3 and 6c); the main chains of Leu-753 (carbonyl
oxygen) and Val-755 (amide nitrogen) of FIP3-RBD form hydro-
gen bonds with the main chain of Phe-48 (amide nitrogen and
carbonyl oxygen) of Rab11.

Mutational Experiments. Residues involved in the Rab11 interaction
are well conserved in the FIP family (Fig. 3c). To validate the
structurally observed molecular interactions, we mutated FIP3
residues expected to be critical for its interaction with Rab11. All
of the mutations examined abolished the binding of GST–FIP3
(residues 607–756) to Rab11(Q70L) (Fig. 12, which is published as
supporting information on the PNAS web site). The Y737S muta-
tion abolished Rab11 binding, indicating the importance of the Tyr
residue in mediating the interaction with Rab11 switch 1 (Fig. 6a).
Furthermore, the loss of the Rab11 binding when either Asp-739 or
Glu-747 were mutated to Ala indicates the importance of the salt
bridges formed by these residues with the Rab11 switch 2 region. In
addition, the inability of M746S to bind Rab11 verifies the impor-
tance of this hydrophobic residue in filling the large hydrophobic
pocket involving the Rab11 switch 2 region (Fig. 6b). Finally, FIP3
(residues 607–752) is unable to bind Rab11, confirming that the
C-terminal �-strand is essential for intermolecular �-sheet forma-
tion with the Rab11 interswitch region (Fig. 6c).

Fig. 5. Interface between Rab11 and FIP3-RBD. (a) The Rab11 and FIP3-RBD
interface in an ‘‘open book’’ representation. (Left) Rab11 (molecule A) is
shown as a ribbon diagram. (Right) The FIP3-RBD dimer. The color scheme is
the same as that of Fig. 3b. The residues involved in the interactions are
displayed as ball-and-stick models. (b) Molecular surface representation of a.
The surfaces are colored according to the electrostatic surface potential (blue,
positive; red, negative; scale, �10 to �10 kTe�1). (c) The hydrophobicity is
green and is shown in the same view as a.

Fig. 6. Interaction between Rab11 and FIP3-RBD. Shown are
close-up views of the switch 1 (a), switch 2 (b), and interswitch
(c) regions of Rab11 in complex with FIP3-RBD. The color
scheme is the same as that of Fig. 3b. Residues involved in the
interaction are labeled and indicated by ball-and-stick mod-
els. The cyan dashed lines indicate hydrogen bonds or elec-
trostatic interactions.
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Discussion
Specificity of Rab11–FIP3-RBD Interaction. We examined the struc-
tural basis for the specific recognition of Rab11 by FIPs in detail.
FIPs form homodimers in solution, and the obtained Rab11–(FIP3-
RBD)2–Rab11 structure supports these data (20, 24). Additionally,
our structural data confirm that the RBD of FIPs adopt an
amphiphilic helical conformation (12, 14, 21). The FIP3-RBD
homodimer interacts with the switch 1, switch 2, and interswitch
regions of Rab11, and, although the RabSF1–RabSF4 regions (25)
also are involved in effector recognition in several Rab–effector
complexes, this is not the case with the Rab11–FIP3-RBD complex.
Rab11 switch 2 structure is unique among Rab family members and
is essential for its specific interaction with FIP3-RBD independent
of the RabSF regions. In particular, the side chain of Tyr-80, one
of the three invariant aromatic residues in the Rab family, points
inward to form a large hydrophobic pocket together with switch 1
to accommodate the FIP3-RBD. In contrast, the side chain of the
corresponding aromatic residue in other GTP-bound Rab proteins
generally points toward the solvent (26), except for Rab7 (PDB ID
code 1VG8) and Ypt7 (PDB ID code 1KY2). Rab7�Ypt7, however,
cannot bind FIP3-RBD because of the tight interactions between
the two switch regions.

In other Rab–effector and ARF–effector complexes, one par-
ticular effector residue typically located close to the conserved Gly
residue of switch 1 (Gly-45 in Rab11), generally plays a crucial role
in recognizing switch 1 and switch 2 of the GTPases in their
GTP-bound state (27). In the case of FIP3-RBD, however, the
corresponding residue, Ile-742, has a limited interaction with the
poorly ordered switch 2 region of Rab11; instead, Asp-739 and
Met-746 appear to participate in the Rab11 interaction (Fig. 6b).

We observed dyad-symmetric binding in the Rab11–FIP3-RBD
complex, and several other GTPase–effector complexes adopt
similar binding modes, including Rab5–Rabaptin-5 (28), Rab7–
RILP (29), and Arl1–GRIP (30, 31). However, the relative orien-
tation of the effector to the GTPase molecule in these complexes
differs substantially from the Rab11–FIP3-RBD complex. Detailed
structural comparisons are described in Supporting Text and Figs. 13
and 14, which are published as supporting information on the PNAS
web site.

Mutational Analyses of Rab11–FIP-RBD Interaction. The structure of
the Rab11–FIP3-RBD complex is consistent with current and
previous studies using FIP mutants.
Mutations of switch 1-interacting residues. The Y737S mutant of FIP3
(Fig. 12) and the corresponding Y629A mutant of Rip11 (reported
in ref. 20 as Y628A) do not bind Rab11, but the Rip11 Y629F
mutant and the RCP Y620F mutant retain their Rab-binding ability
(21), highlighting the importance of the hydrophobic portion of this
conserved Tyr residue in supporting FIP interactions with switch 1
(Fig. 6a).
Mutations of switch 2-interacting residues. The D739A and E747A
mutants of FIP3 (Fig. 12) and the D619A FIP4 mutant (reported
in ref. 18 as D538A) also fail to bind Rab11. We propose that
neutralization of these acidic residues disrupts the two salt bridges
between switch 2 of Rab11 and these residues on the hydrophilic
side of the amphiphilic RBD helix (Figs. 5b and 6b). In contrast,
mutation of the corresponding Asp-631 or Glu-639 residues of
Rip11 to Ala (20) or Asp-622 to Asn of RCP (21) does not affect
Rab11 binding. Interestingly, FIP3 has a Gln residue at position 735,
and Rip11 and RCP have a Glu residue at the corresponding
position (Fig. 3c). FIP3 Gln-735 forms a hydrogen bond with Arg-72
of Rab11 switch 2 (Fig. 6b), and a substituted Glu residue at this
position may form a third salt bridge with Arg-72 of Rab11, thereby
overcoming the loss of one of the other two salt bridges in the
Rab11–Rip11 and Rab11–RCP interactions. On the other hand,
mutation of Met-746 to Ser in FIP3 abolishes Rab11 binding (Fig.

12), supporting the structural data that this hydrophobic residue is
required to fill the large pocket characteristic of Rab11 (Fig. 6b).
Mutations of interswitch-interacting residues. The FIP3 fragment (res-
idues 607–752) does not bind Rab11 (Fig. 12), suggesting that the
C-terminal �-strand is essential for intermolecular �-sheet forma-
tion (Fig. 6c).
Mutations of residues involved in RBD dimerization. Ile-738 of FIP3 is
located at the dimerization interface and interacts with the side
chains of Leu-734 and Tyr-737 of the counterpart molecule (Fig. 9).
Although Ile-738 is not in direct contact with Rab11, the I738E
mutation abolishes Rab11 binding and endosomal targeting of FIP3
(17, 18). Moreover, the corresponding I630E mutation of Rip11
disrupts Rab11 binding, whereas the conservative substitution
I630V has no effect on Rab11 binding (14, 20). Furthermore, the
RCP I621E mutant does not dimerize, bind Rab11, or associate
with endosomal membranes (21). Taken together, all of these data
support our structural data that dimerization of the RBD is
essential for Rab11 binding.

Dual Interaction of Class II FIPs with ARF and Rab11. In this study, we
showed that FIP3 and FIP4 have distinct binding regions for Rab11
and ARF5�ARF6 and can bind simultaneously to these GTPases.
The predicted long �-helical structure of the region containing both
RBD and ABD (14, 24) makes it possible that the ABD projects
away from the Rab11-positive membrane. This possibility leads to
a model wherein the Rab11-positive vesicles are tethered to the
ARF5�ARF6-positive compartments by virtue of FIP3�FIP4, lead-
ing to membrane fusion. Alternatively, the ABD may lie along the
Rab11-positive membrane. In this case, FIP3�FIP4 links Rab11-
and ARF5�ARF6-positive microdomains within the same com-
partment, thereby triggering ARF-mediated vesicle budding. De-
termining the crystal structure of the triple Rab11–FIP–ARF
complex will provide invaluable insight into the mechanism under-
lying the vesicle delivery, although our attempts so far have been
unsuccessful because of the extreme instability of constructs con-
taining the ABD.

Methods
Pull-Down Assays. Bacterial expression vectors for GST fusion and
His6�T7-tagged proteins were constructed by subcloning cDNA
fragments into pGEX-6P1 (GE Healthcare, Bucks, U.K.) and
pET28a (Novagen, Darmstadt, Germany), respectively. Mamma-
lian expression vectors for HA-tagged human Rab11a(Q70L),
FIP3, and FIP4 were constructed by subcloning the corresponding
cDNA fragments into pcDNA3-HAN (32). Construction of ex-
pression vectors for HA-tagged ARFs was described previously
(19, 33, 34).

GST fusion proteins of human FIP3 or FIP4 mutants were
expressed in Escherichia coli BL21(DE3) cells and purified with
glutathione-Sepharose 4B beads (GE Healthcare). HeLa cell ly-
sates expressing HA-Rab11a(Q70L), ARF1(Q71L)-HA,
ARF5(Q71L)-HA, or ARF6(Q67L)-HA were prepared as follows.
Twelve hours after transfection of the Rab11 or ARF vector, the
cells were lysed in buffer A (20 mM Tris�HCl, pH 7.4�100 mM
NaCl�2 mM MgCl2�1% Triton X-100�10% glycerol) containing a
protease inhibitor mixture (Complete EDTA-free, Roche Diag-
nostics, Basel, Switzerland) and 100 �M GTP-�S. The lysate
supernatant was precleared with glutathione-Sepharose 4B beads
and incubated for 1 h at 4°C with the GST–FIP3 or GST–FIP4
protein, or GST–GGA1-GAT (19, 34), prebound to glutathione-
Sepharose 4B beads. The beads were then pelleted and washed four
times with buffer B (buffer A containing 1% Nonidet P-40 instead
of 1% Triton X-100). The bound materials were processed for
immunoblotting using the monoclonal anti-HA antibody (Roche
Diagnostics), peroxidase-conjugated secondary antibody, and ECL
reagents (GE Healthcare).

The simultaneous interaction of ARF5 and Rab11 with FIP3 was
examined as follows. His6�T7-FIP3 and His6�T7-�12ARF5(Q71L)
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were expressed in BL21(DE3) cells and purified with a Probond
resin (Invitrogen, Carlsbad, CA). GST-Rab11a(Q70L) prebound to
glutathione-Sepharose 4B beads was incubated with His6�T7-FIP3
and His6�T7-�12ARF5(Q71L) in buffer A for 1 h at 4°C. The
materials bound to the beads were processed for immunoblotting
using the monoclonal anti-T7 tag antibody (Novagen) as described
above.

Protein Expression, Purification, and Crystallization. For crystalliza-
tion of Rab11a(Q70L), a cDNA fragment encoding a truncated
protein lacking the C-terminal 43 aa, Rab11a�C43(Q70L),
was subcloned into pGEX-6P1. Cells expressing GST-
Rab11a�C43(Q70L) or GST-FIP3 (residues 607–756) were har-
vested after induction with 1 mM isopropyl �-D-thiogalactoside for
6 h at 25°C and lysed in PBS by sonication. The lysate supernatant
was loaded on a glutathione-Sepharose 4B column. GST-
Rab11a�C43(Q70L) was eluted with glutathione and cleaved
with PreScission protease (GE Healthcare). The protein was pu-
rified by Superdex 75 chromatography in buffer C (20 mM
Tris�HCl, pH 8.0�100 mM NaCl�5 mM MgCl2). The purified
Rab11a�C43(Q70L) was added to GST–FIP3 (residues 607–756)
and cleaved with PreScission protease. The complex was purified by
Superdex 75 chromatography in buffer C. We obtained crystals of
the complex, but FIP3 underwent partial degradation. Mass spec-
troscopic analysis and N-terminal sequencing of the resulting
crystals revealed that they contained a C-terminal fragment of FIP3
(residues 715–756) and Rab11a�C43(Q70L). We therefore sub-
cloned the cDNA fragment for FIP3 (715–756) (FIP3-RBD) and
used it for cocrystallization with Rab11a�C43(Q70L). SeMet-
substituted Rab11�C43(Q70L) and FIP3-RBD were expressed in
E. coli DL41 cells and purified by the same procedures as described
above. The SeMet-substituted Rab11–FIP3-RBD complex was
concentrated to �5.0 mg�ml�1 with buffer C. Crystallization con-
ditions for the native and SeMet-substituted Rab11–FIP3-RBD
complexes were screened by using the hanging drop vapor diffusion
method at 289 K. Crystals were obtained after 5 days against a
reservoir containing 20% isopropanol, 3–5% (wt�vol) PEG 4000,
and 0.05 M MES-NaOH, pH 5.8–6.0.

X-Ray Data Collection and Processing. The crystals of the SeMet-
substituted Rab11–FIP3-RBD complex were picked from the drop-

lets with cryo-loops, transferred to mother liquor solution contain-
ing an additional 15% glycerol, and then flash-frozen in liquid
nitrogen. For crystal structure analysis, the multiple anomalous
dispersion data set was collected to 2.25-Å resolution at 100 K with
synchrotron radiation at beamline 6A of the Photon Factory at the
High Energy Accelerator Research Organization. A single wave-
length data set with another SeMet crystal was collected to a higher
resolution of 1.75 Å at beamline PF-AR NW12A. The crystals
belong to the orthorhombic space group P21212 with unit-cell
dimensions a � 108.7, b � 120.6, and c � 36.2 Å. Data were
processed with HKL2000 (35). The data collection and processing
statistics are summarized in Table 1.

Structure Determination and Refinement. The crystal structure of the
Rab11–FIP3-RBD complex was solved by using the multiple anom-
alous dispersion method. The program SOLVE (36) was used to
locate and refine six of the eight Se sites. The RESOLVE (37)
program was used for solvent flattening, assuming a 47% solvent
content. The initial electron density map at the Rab11–FIP3-RBD
complex region was very clear after solvent flattening. An initial
model was generated with RESOLVE and refined with CNS (38),
and model building was carried out with TURBO-FRODO (39).
The final model refined for the resolution range from 40.0 to 1.75
Å has an R factor of 20.2% and an Rfree of 22.3%. The final model
includes two Rab11 (residues 7–173), two FIP3-RBD, two GTP
molecules, two Mg2� ions, one MES molecule, and 419 water
molecules, and it has excellent geometry, with no Ramachandran
outliers in disallowed regions (most favored region, 93.0%; addi-
tionally allowed region, 7.0%). The final refinement statistics are
shown in Table 1. Figures were produced with MOLSCRIPT (40),
Raster3D (41), and POVScript� (42).
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