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a b s t r a c t

Bicaudal-D1 (BICD1) is an a-helical coiled-coil protein mediating the attachment of specific cargo to
cytoplasmic dynein. It plays an essential role in minus end-directed intracellular transport along mi-
crotubules. The third C-terminal coiled-coil region of BICD1 (BICD1 CC3) has an important role in cargo
sorting, including intracellular vesicles associating with the small GTPase Rab6 and the nuclear pore
complex Ran binding protein 2 (RanBP2), and inhibiting the association with cytoplasmic dynein by
binding to the first N-terminal coiled-coil region (CC1). The crystal structure of BICD1 CC3 revealed a
parallel homodimeric coiled-coil with asymmetry and complementary knobs-into-holes interactions,
differing from Drosophila BicD CC3. Furthermore, our binding study indicated that BICD1 CC3 possesses a
binding surface for two distinct cargos, Rab6 and RanBP2, and that the CC1-binding site overlaps with the
Rab6-binding site. These findings suggest a molecular basis for cargo recognition and autoinhibition of
BICD proteins during dynein-dependent intracellular retrograde transport.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Cytoplasmic dynein plays an important role in sorting diverse
cellular cargo during minus-end-directed intracellular transport
along microtubules [1]. Recent studies revealed that five non-
catalytic subunits link dynein to its cargo and to adaptor proteins
that regulate dynein motor activity [2e6]. A structural analysis of
the dynein motor domain revealed that its unique architecture
generates force, allowing movement along microtubules [7e10].
However, the precise mechanism by which cytoplasmic dynein
recognizes specific cargo remains unknown.

Bicaudal-D (BICD) proteins were first identified in Drosophila
melanogaster as an adaptors for cytoplasmic dynein [11,12]. The
Drosophila BicD protein and its mammalian homologues in cultured
cells, BICD1 and BICD2, were predicted to be cytoplasmic a-helical
coiled-coil (CC) proteins that primarily localized to the Golgi
apparatus along with dynactin at microtubule plus ends [13]. BICD
proteins possess three CC regions, a N-terminal CC1, a central CC2,
aki).
and a C-terminal CC3 region [14]. The N-terminal region of BICD,
containing the CC1 and a portion of the CC2 regions, associates with
cytoplasmic dynein [13]. Recent studies showed that upon inter-
action with the N-terminal region of BICD, dynein was converted
from a non-processive to a highly processive motor [15,16]. The C-
terminal CC3 region of BICD directly interacts with cargo such as
the small GTPase Rab6, which is involved in the regulation of
membrane traffic from the Golgi apparatus to the endoplasmic
reticulum (ER), and Ran-binding protein 2 (RanBP2), which is a
component of the nuclear pore complex [17e19]. The cargo-
binding function of the CC3 region promotes association with
cytoplasmic dynein by disrupting its autoinhibitory interaction
with the N-terminal CC1 region [13,20,21].

Mutations that perturb minus-end directed transport driven by
cytoplasmic dynein have been identified in both cytoplasmic
dynein and human adaptor proteins [22]. Various mutations in the
human BICD2 gene have been found in patients with dominant
congenital spinal muscular atrophy (DCSMA) and lower extremity
predominance (LED) [23]. Twomutations, S107L and R501P, located
within the N-terminal region of BICD2, increase binding affinity to
cytoplasmic dynein [24]. The E774G mutation, located in the BICD
CC3 region, results in defective Rab6 binding [25]. A recent study
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using Bicd2 knockout mice suggested that BICD2 plays a key role in
cerebellar development and function by linking dynein-dependent
cargo trafficking to granule neuron polarization and migration [26].

Here, we report on the crystal structure of mouse BICD1 CC3. Our
structural analysis revealed that BICD1 CC3 forms a parallel homo-
dimeric coiled-coil with leucine-zipper like heptad repeat se-
quences. A comparison with Drosophila BicD CC3 indicated that the
parallel coiled-coil was a conserved structural feature that exhibited
asymmetry [27]. However, the knobs-into-holes packing of BICD1
CC3 is adapted to the equivalent heptad position, which differs from
Drosophila BicD CC3. Furthermore, in vitro binding studies revealed
that BICD1 CC3 possesses distinct binding sites for two classes of
cargo, Rab6 and RanBP2. Our structural and biochemical studies
provide valuable clues to understanding the cargo sorting functions
of cytoplasmic dynein through BICD proteins.

2. Materials and methods

2.1. Sample preparation

Mouse BICD1 CC3 (residues 711-808) and a constitutively active
mutant of Rab6 (Rab6Q72L; residues 8-175) were expressed in
Escherichia coli cells and purified as previously described [28]. The
GST-fused BICD1 CC1 region (residues 1-300) and the MBP-fused
RanBP2 BBR-RanBD3 (residues 2143-2450) were expressed using
pET49b (Novagen) and pOPINM (Addgene) plasmids in E. coli,
respectively. These recombinant proteins were purified using a
glutathione sepharose 4B column (GE healthcare) or amylose resin
column (New England Biolabs). Further purificationwas performed
using a Hitrap Q sepharose high performance column (GE health-
care). The purified proteins were concentrated using a Vivaspin 20
(Vivascience).

2.2. Structural determination

Using X-ray diffraction data [28], the positions of 8 selenium sites
were determined using SHELX-D [29]. The initial phase calculation
and density modification were performed using SHARP and SOLO-
MON, respectively [30,31]. Model building was carried out from the
calculated electron density map using the graphics program, COOT
[32]. The structure was refined using the simulated annealing
method and the TLS refinement method using the program PHENIX
[33]. The structure contained additional N-terminal residues (3 and
1 residues for chain A and chain B, respectively). No model was built
for the five C-terminal residues (residues 804-808) of chain B.

2.3. Pull-down assay of BICD1 CC3 with cargo factors and BICD1
CC1

To generate the MBP-fused BICD1 CC3 (MBP-BICD1 CC3) and
Rab6Q72L complex, a solution containing 100 mM MBP-BICD1 CC3
and 100 mM Rab6Q72L was prepared and incubated at 277 K for 1 h
in the pull-down buffer (10 mM Na-HEPES buffer pH 7.5, 150 mM
NaCl, 1 mMDTT) containing 1 mMGTP and 5 mMMgCl2. A complex
solution containing 100 mM MBP-BICD1 CC3 and 100 mM of the
RanBP2 BBR-RanBD3 fragment was prepared in the pull-down
buffer. To reconstitute the autoinhibitory state of BICD1 CC3
bound to CC1, a solution containing 100 mM MBP- BICD1 CC3 and
200 mMCC1was prepared in the pull-down buffer. These complexes
were precipitated using amylose resin (New England Biolabs),
which was equilibrated with the pull-down buffer. The resin-bound
the complex was washed three times with 1 mL pull-down buffer
and was eluted using 30 ml of the pull-down buffer containing
20mMmaltose. The amount of MBP-BICD1 CC3 and bound cargo, or
BICD1 CC1, in each eluted solutionwas determined using SDS-PAGE.
3. Results

3.1. Structural determination and overall structure of BICD1 CC3

The BICD1 CC3 protein displayed high sequence homology to
BICD2 and BicD (91% and 75% identity, respectively) and was pre-
dicted to contain 141 residues (residues 663-803) (Supplementary
Fig. S1a). We prepared and crystalized the highly homologous CC3
region of mouse BICD1, which comprised 98 residues (residues 711-
808). The structure of BICD1 CC3 was determined using the single-
wavelength anomalous dispersion (SAD) method and was refined
to 1.50 Å with an R value of 17.5% (a free R value of 20.6%). The
asymmetric unit of the crystal contained a parallel coiled-coil
dimer of BICD1 CC3 formed by two extended a-helices which are
~150 Å in length (Fig. 1A). Pairwise superposition of 93 Ca-carbon
atoms (residues 711-803) between two helices displayed a large
root-mean-square (r. m. s.) deviation of 2.9 Å. The structural dif-
ference between the two a-helices in the CC3 dimer is ascribed to
the bending of the one helix (A chain), compared with a rather
straight structure of the other helix (B chain) (Supplementary
Fig. S1b). Thus, no structural symmetry of the a-helices of the
CC3 dimer was maintained. The crystallographic statistics are
summarized in Supplementary TableS1.

3.2. Parallel coiled-coil of BICD1 CC3

BICD1 CC3 was formed by a characteristic heptad repeat con-
sisting of seven residues typically denoted as abcdefg, with a and
d residues, such as leucine, showing hydrophobic properties
required for knobs-into-holes packing (Fig. 1B and Supplementary
Fig. S2) [34]. The heptad registers within the BICD1 CC3 dimer
were determined using the SOCKETalgorithm, which automatically
recognizes knobs-into-holes interactions [35]. The coiled-coil
packing of BICD1 CC3 was assigned to 78 residues (residues 720-
797), which were completely contained in ten heptad repeats and
two regions at the N- and C-terminal ends (residues 720-723 and
794-797), partially composed of four positions, defg and abcd,
respectively. Although the N-terminal region (residues 711-719)
was not assigned as the heptad repeat, this region created an
extended a-helical region and contributed to the formation of the
homodimeric coiled-coil through hydrophobic contact using the
Tyr713 side chain. Additionally, the Tyr713 side chain creates the
hydrogen bonds with Glu716 (Supplementary Fig. S3). The coiled-
coil packing interface was formed between equivalent residues of
the two chains (Fig. 1B and Supplementary Fig. S2). Interestingly,
the heptad repeat arrangement in BICD1 CC3 was found to differ
from the heterotypic knobs-into-holes packing interaction of BicD
CC3 (Fig. 1C and Supplementary Fig. S2).

3.3. Comparison of homodimeric interactions in BICD1 CC3 and
BicD CC3

To elucidate the differences in the heptad repeat arrangement of
BICD1 CC3 compared to BicD CC3, we performed a superposition
analysis. The superposition of BICD1 chain B (residues 734-780)
with BicD chain A (residues 677-723) revealed that chain A of
BICD1 shifted toward the N-terminus at an average of 3.8 Å,
compared with the position of BicD CC3 chain D (Fig. 2A). The large
displacement of BICD1 CC3 chain Awas detected in four N-terminal
heptad repeats (residues 724-752) and two, C-terminal heptad
repeats (residues 787-794). The structural deviation between
BICD1 CC3 and BicD CC3 may be caused by characteristic knobs-
into-holes interactions of specific residues in BICD1.

The N-terminal region of BICD1 CC3 maintained a homodimeric
interface by complementary packing interactions between



Fig. 1. Structure of BICD1 CC3 with homotypic registry. (A) The BICD1 CC3 homomeric dimer represented as a ribbon structure. Two polypeptide chains are colored in magenta
and blue. (B) The homotypic knobs-into-holes interactions in BICD1 CC3. The residues forming a layers in the BICD1 CC3 structure are shownwith wireframe representations of the
main chains, and each chain is colored in magenta and blue. (C) Heterotypic BicD CC3 knobs-into-holes interactions. The N-terminal heterotypic register is offset by four amino acid
sequence positions in each chain (colored in cyan and yellow). Val702, colored in black, is located in a noncomplementary position. Regions of the C-terminal homotypic register are
colored in green and orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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equivalent residues (Fig. 2B and D). Contact site I of BICD1 CC3
(residues 723-734) was created by knobs-into-holes interactions
comprising a position residues, Met724 and Leu731, and d position
residues, Leu727 and Leu734 (Fig. 2B). The g position residue,
Glu730, contacting an e position residue, Lys735, formed salt
Fig. 2. Parallel coiled-coil packing of BICD1 CC3. (A) Comparison of BICD1 CC3 with BicD C
with chain A of BicD CC3 (colored in wheat). BICD1 chain A and BicD chain D are shown in m
CC3. A close-up view of coiled-coil packing in BICD1 Box I (B), and BicD (C), with stick m
Electrostatic bonds are shown as red dashed lines. Coiled-coil packing in BICD1 Box II (D) and
is referred to the web version of this article.)
bridges. Similarly, contact site II was formed by homotypic knobs-
into-holes interactions comprising the seven layers (Fig. 2D).

Three BicD CC3 aromatic residues, which are located at contact
site II, were suggested to stabilize the asymmetric coiled-coil
structure by inducing steric clash at the interhelical interface
C3 by pairwise superposition. The chain B of BICD1 CC3 (colored in blue) is superposed
agenta and white, respectively. Boxed regions indicated the heterotypic regions of BicD
odels of side chains. The brackets show the layers of the knobs-into-holes packing.
BicD (E). (For interpretation of the references to colour in this figure legend, the reader
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(Fig. 2E) [27]. Structural analysis of BICD1 CC3 also revealed that
two residues, Phe741 and Phe748, forming the d layers, stack the
aromatic rings face-to-face between the two helices (Fig. 2D). In
addition, the aromatic side chain of Tyr755 creates a complemen-
tary pairwise, type4 knobs-into-holes interaction (Fig. 2D) [35]. In
contrast, the aromatic residues Phe684 and Phe691 of BicD, which
correspond to Phe741 and Phe748 of BICD1 CC3, form a face-to-
edge contact with aromatic rings between these side chains in a
distinct layer (Fig. 2E). The side chains of BicD Tyr698 also interact
by stacking aromatic rings face-to-face on the same molecular side.
3.4. Molecular surface properties of BICD1 CC3

BICD1 CC3 displays a characteristic electrostatic surface poten-
tial with a highly polarized distribution generated by positively
charged N-terminal and negatively charged C-terminal regions
(Fig. 3A). The positively charged surface, basic1, of the N-terminal
region (residues 726-751) contains six basic residues, Lys726,
Arg728, Lys732, Lys735, Arg745, and Arg751 (Fig. 3B and
Supplementary Fig. S1a). In contrast, the C-terminal region pos-
sesses two negatively charged surfaces, acidic1 and acidic2, and
contains a positive charged region, basic2, located between the two
negatively charged surfaces. Acidic1 is a highly conserved region
consisting of 38 residues (residues 753-772) (Fig. 3C and
Supplementary Fig. S1a). The acidic2 region is created by four
conserved acidic residues, containing Glu795 and Glu798. The
electrostatic surface properties of BICD1 CC3 are similar to the
molecular surface properties of BicD CC3 (Fig. 3D).
3.5. Interaction of BICD1 CC3 with Rab6

We examined the interaction of the MBP-fused BICD1 CC3
(MBP-BICD1 CC3) fragment with a Rab6 constitutively active
mutant, Rab6Q72L, by pull-down assay. Compared to wild type
MBP-BICD1 CC3, truncation of the acidic2 region disrupted Rab6
binding (Fig. 4A). Furthermore, the three alanine-mutants (Glu772,
Ile784, and Lys787) displayed a reduction in Rab6 binding affinity
(Fig. 4B). In contrast, the Met782, Glu795, and Glu798 mutants did
not show a detectable reduction. These results suggest that the
Fig. 3. Molecular surface properties of BICD1 CC3. (A) The surface electrostatic potential of
are mapped on the molecular surface. (B) The position of mutated residues shown on the m
(C) The conserved residues were mapped on the molecular surface. Conserved and semi-inva
electrostatic potential of BicD CC3. (For interpretation of the references to colour in this fig
BICD1 C-terminal region (residues 753-800) plays an essential role
in Rab6 binding, where the acidic1 and basic2 regions interact with
Rab6 and the acidic residues in the acidic2 region are not required
for the Rab6 binding.
3.6. Interaction of BICD1 CC3 with RanBP2

RanBP2 is a giant protein comprised of 3224 residues. A recent
study reported that the CC3 region of mouse BICD2 directly binds
the linker region (residues 2143-2293) between two Ran-binding
domains (RanBD2 and RanBD3), referred to as the BICD-binding
region (BBR) [19]. To confirm whether BICD1 CC3 binds to the
RanBP2 BBR, we performed a pull-down assay of MBP-BICD1 CC3
with purified BBR-RanBD3 (residues 2143-2450). We determined
that RanBP2 BBR-RanBD3 bound to MBP-BICD1 CC3 (Fig. 4C);
however, N-terminal truncation mutant (residues 753-800)
showed a significant binding reduction. The three alanine-mutants
(Leu744, Arg745, and Arg751) on the positively charged basic1 re-
gion displayed a reduction in RanBP2 binding affinity (Fig. 4D).
These results strongly suggest that the N-terminal segment of
BICD1 CC3 containing the positively charged basic1 region has a
critical role in RanBP2 binding.
3.7. Intramolecular interaction of BICD1 CC3 with the N-terminal
CC1 region

To determine the CC1 binding site, a pull-down assay using the
MBP-BICD1 CC3 and the CC1 regionwas performed. The N-terminal
truncation mutant (residues 753-800) exhibited a reduced CC1-
binding affinity to 40%, but this was not a significant reduction
(Fig. 4E). A pull-down assay using the four MBP-BICD1 CC3 point
mutants, Glu772, Met782, Ile784, and Lys787 (that create the
acidic1 and basic2 surfaces), showed a reduction in CC1 binding
affinity; however the two residues of the acidic2 region, Glu795
and Glu798, showed no reduction in binding affinity (Fig. 4F). These
results suggest that the C-terminal region, containing acidic1 and
basic2 regions required for the Rab6-binding, may have an essential
role in CC1 binding for the formation of an autoinhibitory state.
the BICD1 CC3 dimer. Positive (blue: þ10 kT/e) and negative (red: �10 kT/e) potentials
olecular surface are colored green for Rab6-binding and cyan for RanBP2-binding sites.
riant conserved residues are colored in magenta and pink, respectively. (D) The surface
ure legend, the reader is referred to the web version of this article.)



Fig. 4. Interaction of BICD1 CC3 with cargo factors, Rab6 and RanBP2, and CC1. (A) Pull-down assay of MBP-BICD1 CC3 fragments with Rab6Q72L. The C-terminal truncation of
790-800 residues disrupted Rab6 binding. (B) Pull-down assay of MBP-BICD1 CC3 mutants with Rab6Q72L indicates a critical role of the acidic1 and basic2 regions in Rab6 binding.
(C) Pull-down assay of MBP-BICD1 CC3 fragments with RanBP2 BBR-RanBD3. The deletion of the N-terminal basic1 region shows a significant binding reduction. (D) Pull-down
assay of MBP-BICD1 CC3 mutants with RanBP2 BBR-RanBD3 suggests the essential role of the N-terminal basic1 region in RanBP2 binding. (E) Pull-down assay of MBP-BICD1
CC3 with CC1 suggests a key role of the CC3 C-terminal region in CC1 binding. (F) Pull-down assay of MBP-BICD1 CC3 mutants with CC1 indicates the overlap of the CC1-
binding site with the Rab6-binding site.
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4. Discussion

Our study showed that the BICD1 CC3 protein forms a parallel,
homodimeric coiled-coil with axial asymmetry with complemen-
tary knobs-into-holes interactions between equivalent residues.
The unique pairwise arrangement of three aromatic residues may
play a key role in stabilizing this homotypic coiled-coil packing
arrangement. The distinct conformation of the BICD1 Tyr755 side
chain, compared to BicD Tyr698, results in a shorter inter-residue
distance between its two a-helices (Supplementary Fig. S4).
Although the heterotypic packing of BicD CC3 is stabilized by four
electrostatic interactions at contact site II, the aliphatic residue in
the next a layer might determine a preference for aromatic residue
arrangement. The leucine residue is conserved in the a position
following the d layer tyrosine in the mammalian BICD protein,
whereas BicD has a valine residue at the same position
(Supplementary Fig. S1a). This finding suggests the possibility that
the presence of a bulky aliphatic side chain in the layer next to a
tyrosine residue arranges aromatic residues in the homotypic
registry by fixing the conformation of the tyrosine side chain.

Our binding experiments revealed that BICD1 CC3 has distinct
binding sites for two classes of cargo, Rab6 and RanBP2. Although
truncation of the acidic2 region disrupted Rab6 binding, mutating
conserved acidic residues had no effect on Rab6 binding, suggesting
that the acidic2 region contributes to the formation of the basic2
region by stabilizing coiled-coil packing, rather than providing a
binding surface. In addition, the disruption of Rab6 binding in vitro
caused by the Glu772 mutation located at the end of the acidic1
region, supported clinical research findings where the Glu774
mutation in human BICD2, corresponding to a mouse BICD1 Glu772
to glycine mutation, was observed in the genomes of patients
suffering from DCSMA and LED and had an impairment in Rab6
binding [25]. Furthermore, we identified an N-terminal positive
region required for RanBP2 binding that was distinct from the C-
terminal Rab6 binding site in BICD1 CC3. Our observation, indi-
cating the existence of distinct sites for cargo-binding in a long
coiled-coil structure, provides evidence that BICD proteins link
many types of cargo to cytoplasmic dynein.

A previous report suggested the possibility that the CC1 release
from the BicD CC3 region following cargo-binding is stimulated by a
structural rearrangement of the knobs-into-holes core packing in a
homodimeric coiled-coil [27]. A shift in the axial position of one
helix in our BICD1 CC3 structure might show a transition between
heterotypic and homotypic packing that involves autoinhibitory
release. Furthermore, our binding study shows that three residues
(Glu772, Ile784, and Lys787), required for Rab6 binding, play a
critical role in the maintenance of the autoinhibitory state through
direct interaction with the N-terminal CC1 region. The overlap of
the Rab6-binding site with the CC1-binding site is assumed to
simulate CC1 release from CC3 due to a competitive Rab6 binding
effect and to stabilize the active state of BICD proteins by pre-
venting CC1-binding.
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