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ABSTRACT: Dynactin, a large multiprotein complex, binds
with the cytoplasmic dynein-1 motor and various adaptor
proteins to allow recruitment and transportation of cellular
cargoes toward the minus end of microtubules. The structure
of the dynactin complex is built around an actin-like
minifilament with a defined length, which has been visualized
in a high-resolution structure of the dynactin filament
determined by cryo-electron microscopy (cryo-EM). To
understand the energetic basis of dynactin filament assembly,
we used molecular dynamics simulation to probe the intersubunit interactions among the actin-like proteins, various capping
proteins, and four extended regions of the dynactin shoulder. Our simulations revealed stronger intersubunit interactions at the
barbed and pointed ends of the filament and involving the extended regions (compared with the interactions within the
filament), which may energetically drive filament termination by the capping proteins and recruitment of the actin-like proteins
by the extended regions, two key features of the dynactin filament assembly process. Next, we modeled the unknown binding
configuration among dynactin, dynein tails, and a number of coiled-coil adaptor proteins (including several Bicaudal-D and
related proteins and three HOOK proteins), and predicted a key set of charged residues involved in their electrostatic
interactions. Our modeling is consistent with previous findings of conserved regions, functional sites, and disease mutations in
the adaptor proteins and will provide a structural framework for future functional and mutational studies of these adaptor
proteins. In sum, this study yielded rich structural and energetic information about dynactin and associated adaptor proteins that
cannot be directly obtained from the cryo-EM structures with limited resolutions.

Dynactin is a large (∼1 MDa) complex comprised of more
than 20 subunits from 11 different proteins. It works with

the cytoplasmic dynein-1 motor to transport various cargoes
from a cell’s periphery toward the nucleus along micro-
tubules1−3 with high processivity.4−8 Dynactin is built around a
minifilament of actin-related protein 1 (ARP1)9 capped at its
barbed and pointed ends with a specific length.10 The
formation of a stable complex between dynein and dynactin
requires the presence of the N-terminal section of a dimeric
adaptor protein named Bicaudal-D2 (BICD2N).4,5,11−13

BICD2 belongs to a family of BICD and BICD-related
(BICDR) proteins that act as adaptors between dynein and a
wide range of cellular cargoes.14−16 Mutations of BICD2 are
associated with human diseases such as dominant spinal
muscular atrophy.17−22 BICD2N forms a predominantly
coiled-coil homodimer23 that contains binding sites for dynein
and dynactin.11,12 The C-terminal section of BICD2 binds to
cargo-associated proteins.24,25

On the basis of electron microscopy (EM) studies, schematic
models for the dynactin architecture26−30 and dynactin−dynein
interactions4,5,31 were developed, but many molecular details
remain obscure because of the limited resolution. High-
resolution structural information is largely unavailable for
dynactin except for a few crystal structures of small components

and domains of dynactin.32−34 As for the BICD proteins, only
two high-resolution structures are available for the C-terminal
region of the Drosophila BICD35 and the mouse BICD1.36

Because of the lack of high-resolution structural information,
many outstanding questions remain. For example, how is the
dynactin filament assembled from ARP1s, actin, and various
capping proteins with a specific length? How do BICD2N and
related adaptor proteins interact with dynactin and dynein?
Thanks to recent progress in cryo-EM technology, a high-

resolution structure of the dynactin complex has been
determined (at a resolution of 4 Å overall and 3.5 Å in the
filament).37 The new structure unambiguously determined the
composition of the dynactin filament with eight ARP1 subunits
(chains A−G and I) and one β-actin (chain H), which is
capped by ARP1129 (chain J), p62 (chain Y), p25 (chain V),
and p27 (chain U) at the pointed end and a CapZαβ dimer
(chain K and chain L) at the barbed end37 (see Figure 1a).
Among the family of actin-related proteins, ARP1 is the most
similar to actin (with a 54% sequence identity), so it is able to
form actin-like filaments and bind with β-actin and actin-
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capping proteins like CapZαβ.38 In the pointed-end complex
formed by ARP11, p62, p25, and p27,39 p25 and p27 are not
required for filament stability and may be involved in targeting
and recruiting various cargoes10 (e.g., positively charged or
hydrophobic residues of p25 may bind with membrane lipids39

or other acidic cargoes40). On top of the filament is the
dynactin shoulder, which was not resolved in side chains except
for four N-terminal peptides of the p50 subunits.37 These
largely unstructured peptides, known as extended regions
(ERs), are required for ARP1 binding.41,42 On the basis of this
detailed structure, a model was proposed to explain how a
dynactin filament with a defined length is assembled with the
help of the capping proteins described above and the ERs.37

Additionally, the structure of a stable dynein tail−dynactin−
BICD2N (TDB) complex was determined by cryo-EM at a
resolution of 8.2 Å.37 In this complex, a coiled coil of BICD2N
runs the length of the filament, where the N (C) terminus of
BICD2N lies close to the barbed (pointed) end of the filament
(see Figure 1b). However, the side chains of BICD2N were not
resolved at this resolution, so the amino acids of BICD2N that
interact with dynactin and the dynein tail remain unknown.
To fully understand the molecular mechanisms of dynactin

filament assembly and dynactin− and dynein−BICD2 inter-
actions, it is essential to utilize structure-based simulation and
modeling to obtain key structural and dynamic information not
directly available from the static structures with limited
resolutions. Molecular dynamics (MD) is the method of choice
for simulating protein dynamics and energetics with atomic
detail in the presence of water and ions.43 Previous MD
simulation studies have provided rich structural and dynamic
information for an actin filament interacting with a coiled-coil
protein named tropomyosin.44,45 In the past, MD simulation of
a large biomolecular system like the solvated dynactin filament
[total of ∼581000 atoms (see Methods)] was highly expensive,
demanding the use of a massively parallelized or special-
purpose supercomputer. Because of recent developments in
computing hardware and software (particularly the use of
graphics processing units to accelerate MD simulation46), one

can now routinely run a MD simulation of a large system (with
several hundred thousand atoms) at a speed of several
nanoseconds per day on a single computer node. This allows
effective sampling of the conformational space of a protein
complex by simultaneously running multiple relatively short
MD trajectories (tens of nanoseconds).47 Such a simulation
strategy is appropriate for probing energetics and fast
fluctuations of a protein complex in a stable state, although
much longer MD simulations (microseconds to milliseconds)
are needed to explore slow dynamics such as a structural
transition between two stable states.
To probe the energetic basis of the dynactin filament

assembly, we exploited MD simulation to analyze the
intersubunit interactions among the actin-like proteins (ARP1
and β-actin), various capping proteins (ARP11, p62, p25, p27,
and CapZαβ), and four extended regions of the dynactin
shoulder (ER1−ER4). Our simulations revealed stronger
intersubunit interactions at the barbed and pointed ends of
the filament and between the extended regions and the ARP1
subunits (compared with the interactions between ARP1
subunits), which may energetically drive filament termination
by the capping proteins and recruitment of the ARP1 subunits
by the extended regions, respectively. Additionally, we modeled
the TDB complex structure of the dynein tail, dynactin, and a
number of coiled-coil adaptor proteins (such as BICD2) and
predicted a key set of charged residues involved in the
electrostatic interactions between an adaptor protein and
dynactin and dynein. Our modeling is consistent with the
previous findings of conserved regions, functional sites, and
disease mutations in the adaptor proteins and will provide a
structural framework for guiding future functional and
mutational studies of these proteins. Our simulation- and
modeling-based approach complements the experimental
structural biology methods by providing key structural,
dynamic, and energetic details critical to the elucidation of
dynactin functions.

■ METHODS
MD Simulation of the Dynactin Filament. We

performed MD simulation for the filament portion of a cryo-
EM structure of the dynactin complex [Protein Data Bank
(PDB) entry 5AFT]. This includes eight ARP1 subunits
(chains A−G and I), a β-actin subunit (chain H), an ARP11
subunit (chain J), a CapZαβ dimer (chains K and L), a p25
subunit (chain V), a p27 subunit (chain U), and four extension
regions of p50 subunits (ER chains a−d). The p62 subunit was
not included because its electron densities were not adequately
resolved for side chain modeling.37 Although p62 is known to
be essential for the integrity of the dynactin filament,39 it is
structurally dispensable for the association of p25 and p27 with
the rest of the ARP1 filament.48 Indeed, as shown by the cryo-
EM structure, p25 and p27 pack end-on to ARP11 as a
continuation of the bottom protofilament (see Figure 1a),
which is reinforced by p62 that wraps around the ARP11−p25/
p27 contact site.37 We used the MODLOOP server49 to add
missing residues in ARP1 (amino acids 1−6), β-actin (amino
acids 1−5), ARP11 (amino acids 1−11, 189−192, 233−238,
and 391−417), CapZα (amino acids 1−6 and 282−286),
CapZβ (amino acids 1 and 272−277), p27 (amino acids 1−12
and 181−185), p25 (amino acids 1−17), ER chain a (amino
acids 21−36), and ER chain b (amino acids 21−36). Only
amino acids 1−20 of ER chains c and d were kept in our model.
The hydrogen atoms and other missing atoms were added with

Figure 1. Structural architecture of (a) the dynactin filament and (b)
the dynactin−dynein tail−BICD2 complex. The following color
coding is used: light and dark gray for two protofilaments of ARP1
subunits, light green for CapZα, green for CapZβ, magenta for β-actin,
ice blue for ARP11, orange for p25, light orange for p27, yellow for
ER1/2 in (a), yellow for BICD2 in (b), and cyan for the dynein tail.
The dynactin subunits are labeled by the chain ids (see Methods for
details). In panel b, the main contacts of BICD2 are with p25, β-actin,
dynein tails, and ARP1 subunit A (colored pink).

Biochemistry Article

DOI: 10.1021/acs.biochem.6b01002
Biochemistry XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.biochem.6b01002
http://pubs.acs.org/action/showImage?doi=10.1021/acs.biochem.6b01002&iName=master.img-001.jpg&w=239&h=164


the Visual Molecular Dynamics (VMD) program.50 The
proteins were immersed in a rectangular box of water molecules
extending 10 Å from the proteins in each direction by using the
VMD program. To ensure a physiological ionic concentration
of 0.15 M and a zero net charge, 349 Na+ and 236 Cl− ions
were added to the system by the VMD program. The entire
system contains ∼581000 atoms.
To remove atomic clashes, the system was refined with two

rounds of energy minimization using the steepest descent
method. First, a 5000-step energy minimization was performed
to refine the solvent with harmonic constraints (force constant
of 10 kcal mol−1 Å−2) applied to all protein atoms, and then a
5000-step energy minimization was conducted to refine the
protein side chains with harmonic constraints (force constant
of 10 kcal mol−1 Å−2) applied to the backbone atoms only. The
system was gradually heated to room temperature (300 K) over
300 ps by MD simulation with harmonic constraints (force
constant of 1 kcal mol−1 Å−2) applied to the Cα atoms to
preserve the global protein conformation. Then the system was
equilibrated for 1 ns by MD simulation in the constant-
temperature, constant-volume ensemble with the same
constraints that were used for heating. Finally, a 50 ns MD
simulation was performed in the constant-temperature,
constant-pressure ensemble. The Nose−́Hoover method51,52

was used to maintain constant temperature (T) of 300 K and
constant pressure (P) of 1 atm. The periodic boundary
conditions were imposed to eliminate boundary effects. A 10 Å
switching distance and a 12 Å cutoff distance were used for
nonbonded interactions. The particle mesh Ewald (PME)
method53 was used to accurately calculate long-range electro-
static interactions without a cutoff. The SHAKE algorithm54

was used to constrain the bond lengths of hydrogen-containing
bonds, which allows a larger time step of 2 fs for MD
simulations. The atomic coordinates of the system were saved
for subsequent analysis every 50 ps during MD simulations.
The energy minimization and MD simulation were conducted
with the NAMD MD simulation program55 using the
CHARMM27 force field56 (with the CMAP corrections57)
and the TIP3P water model.58

MD-Based Energetic Analysis. We used the following
criteria to identify a hydrogen bond (HB) between two polar
non-hydrogen atoms (i.e., acceptor and donor): the donor−
acceptor distance is <3.5 Å, and the donor−hydrogen−acceptor
angle is >120°. A salt bridge (SB) is identified between two
oppositely charged residues if the distance between their
charged O/N atoms is <4 Å. We used the VMD program50 to
identify and calculate the occupancy of each HB or SB within a
structural ensemble (defined as the probability that this HB or
SB is formed in the ensemble). We considered only those HBs
or SBs with an occupancy of ≥0.3.
We used the NAMD energy plugin of the VMD program to

calculate the van der Waals (VDW) interaction energy between
adjacent dynactin subunits. A 10 Å switching distance and a 12
Å cutoff distance were used for the VDW interactions. The
CHARMM27 force field was used for the VDW parameters.
We used the measure command of the VMD program to

calculate the solvent accessible surface area of each dynactin
subunit in isolation (denoted ai for subunit i) and in complex
(denoted Aij between subunits i and j) and then calculated the
contact surface area between each pair of adjacent subunits as
(ai + aj − Aij)/2.
Coiled-Coil Threading. We threaded the sequence of an

adaptor protein along the coiled-coil backbones of BICD2 in

chains 5 and 6 of the TDB structure (PDB entry 5AFU), where
we assigned the amino acid at position S + 1 (1) of the given
sequence to position 1 (1 − S) of chains 5 and 6, if the position
shift S is positive (negative). The following adaptor proteins
were modeled: mouse BICD2 (sp|Q921C5.1), mouse BICD1
(sp|Q8BR07.2), Drosophila BICD (sp|P16568.2), mouse
BICDR1 (sp|A0JNT9.1), mouse HOOK1 (sp|Q8BIL5.2),
mouse HOOK 2 (sp|Q7TMK6.3), and mouse HOOK3 (sp|
Q8BUK6.2). The S ranges for these adaptor proteins were
chosen according to the predicted coiled-coil regions (from the
UNIPROT database): [0, 100] for BICD2, [−10, 90] for
BICD1 and BICD, [50, 150] for BICDR1, and [100, 200] for
the HOOK proteins. For a given S, we assessed the
compatibility of the threaded sequence with the coiled-coil
structure as follows. (1) We predicted the heptad positions
(abcdefg) of the given sequence using the COILS program59

and recorded the core a/d positions predicted with at least 50%
probability as “sequential core positions” of the coiled coil. (2)
For residue n in chain 5 (or 6) of 5AFU (n = 1, 2, ..., 275), we
calculated the minimal Cα−Cα distance (dn) between this
residue and chain 6 (or 5), sorted them from low to high, and
kept the top 2/7 positions as “structural core positions” of the
coiled coil. (3) We calculated a coiled-coil packing score
ScoreCC defined as the fraction of “sequential core positions”
that are also “structural core positions” and plotted ScoreCC as a
function of S (see Figure S1). In this plot, the peaks correspond
to S values for which the threaded sequence is compatible with
the coiled-coil structure with optimal matching between the
“sequential core positions” and the “structural core positions”.

Electrostatic Energy Calculation. We modeled side chain
atomic coordinates in the adaptor protein, p25, p27, ER1−4,
and dynein tails using the SCWRL4 program.60 The two
human dynein tails (sp|Q14204.5) were modeled from an X-ray
structure of the yeast dynein tails (PDB entry 5AFR) based on
their sequence alignment (with a 43% sequence similarity). We
calculated the electrostatic interaction energy between the
adaptor protein and dynactin and dynein by summing over all
pairs of charged residues (D, E, K, or R) as follows:

∑= −E
q q

d
e

i j

i j

ij

d d

,

/ij D

where qi (qj) = ±1 is the charge of residue i (j) from the
adaptor protein (dynactin and dynein), dij is the distance
between the side chain centroids of residues i and j, and dD =
3.04/√I = 7.8 Å is the Debye length for electrostatic screening
in an electrolyte solution with an ionic strength (I) of 0.15 M.
Then we plotted E as a function of S (see Figure S1) to

identify S values that minimize E while satisfying the criterion
of being compatible with the coiled-coil structure (see Figure
S1). Although E considers only the electrostatic energy, it
correlates well with the full binding affinity calculated by the
PRODIGY web server61 [with a Pearson correlation of 0.8 (see
Table S1)].

■ RESULTS AND DISCUSSION
MD Simulation of Intersubunit Interactions in the

Dynactin Filament. We performed MD simulation starting
from the cryo-EM structure of the dynactin filament (PDB
entry 5AFT) in the presence of a box of water molecules and
ions (see Methods). To construct a structural ensemble for
energetic analysis, three 50 ns MD trajectories were generated
and combined (after discarding the initial 10 ns when the

Biochemistry Article

DOI: 10.1021/acs.biochem.6b01002
Biochemistry XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b01002/suppl_file/bi6b01002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b01002/suppl_file/bi6b01002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b01002/suppl_file/bi6b01002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b01002/suppl_file/bi6b01002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b01002/suppl_file/bi6b01002_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b01002


system undergoes equilibration). We then conducted an
ensemble-based analysis of the intersubunit interactions
[including hydrogen bonds (HBs), salt bridges (SBs), and
van der Waals (VDW) energy (see Methods)] to understand
the energetic basis of the filament assembly and capping
process. Despite the large size of the dynactin filament (with
4921 residues), 50 ns seems to be sufficient to equilibrate the
system (see Figure S2) and sample the dynamic intersubunit
interactions. We have verified the robustness of the results of
the analysis by using a different truncation of the MD
trajectories (see Table S2).
Within the dynactin filament, there are two protofilaments

wrapping around each other. They are formed by subunits/
chains ACEGI and BDFH, and all but chain H are ARP1 (see
Figure 1a). In each protofilament, the intersubunit interactions
feature 8−12 HBs, 1−2 SBs, a VDW energy of 85−96 kcal/mol
(in absolute value), and an intersubunit contact surface area of
1.1−1.2 × 103 Å2 (see Table 1). Similar to an actin filament, the
flexible loop of subdomain 2 [including residues K43, V45, V47,
M48, A49, L52, H65, and R66 (see Tables 2 and 3)] is involved
in forming intersubunit HBs and SBs along the long pitch helix
of the dynactin filament.26

At the barbed end, the protofilaments are capped by a
CapZαβ dimer (chains K and L) via ∼15 HBs and ∼4 SBs
between ARP1 subunit A and CapZβ (chain L), which are
reinforced by ∼8 HBs and 2 or 3 SBs between ARP1 subunits
AB and CapZα (chain K) (see Table 1 and Figure 2a). The
number of these capping HBs/SBs is greater than the number
of intersubunit HBs/SBs within the ARP1 filament (see above),
which explains why the barbed-end capping of the ARP1

filament by CapZαβ is favored over filament extension,37

allowing CapZαβ to serve as a stabilizer of the ARP1 filament.26

These capping interactions involve charged residues R152,
E172, R264*, D266*, E270*, E271, K285, D287, D289, R291,
and K355* of ARP1. Some of them (labeled with an asterisk)
are not conserved in charge between ARP1 and β-actin. This
explains why CapZαβ binds more strongly with ARP1 than
with actin.37 Only a subset of the charged residues mentioned
above (in amino acids 266−273) were previously identified by
inspecting the static cryo-EM structure,37 supporting the
usefulness of MD simulation to fully explore dynamic
interactions. The ARP1-binding residues of CapZαβ are
primarily distributed in the C-terminal helical region [amino
acids 220−286 of CapZα and amino acids 210−277 of CapZβ
(see Tables 2 and 3 and Figure 2a)], which is consistent with
previous proposals that this region serves as likely points of
interaction with the actin/ARP1 filament.32,62,63

At the pointed end, a β-actin (chain H) is incorporated into
the lower protofilament (see Figure 1a). However, our
energetic analysis found that β-actin binds more weakly to
ARP1 [with slightly fewer HBs and SBs (see Table 1)], so it is
not energetically favorable for β-actin to compete with ARP1
for binding at the pointed end. As suggested by Carter et al.,37

the favorable incorporation of a β-actin is due to a
concentration of actin much higher than that of ARP1 in
cells.64 The pointed end of the filament is capped by an ARP11
subunit that forms 11 (19) HBs and 4 (5) SBs with β-actin
(ARP1 subunit I) (see Table 1 and Figure 2b). These capping
interactions are stronger than the intersubunit HB and SB
interactions within the ARP1 filament (see above), which

Table 1. Summary of Intersubunit Interactions Based on MD Simulations

subunit pair
no. of HBs (mean ± standard

deviation)
no. of SBs (mean ±
standard deviation)

VDW energy (mean ± standard
deviation) (kcal/mol)

contact area (mean ± standard
deviation) (Å2)

first
protofilament

A-C 10.9 ± 1.9 1.9 ± 0.7 90.8 ± 13.4 1176 ± 84

C-E 8.6 ± 2.4 1.2 ± 0.8 92.3 ± 10.6 1174 ± 72
E-G 9.9 ± 1.9 1.4 ± 0.6 88.5 ± 9.7 1113 ± 66
G-I 9.6 ± 2.1 1.0 ± 0.5 96.2 ± 9.6 1152 ± 51

second
protofilament

B-D 9.2 ± 2.6 1.0 ± 0.6 89.6 ± 8.8 1117 ± 49

D-F 11.8 ± 2.8 1.8 ± 0.6 94.4 ± 10.6 1199 ± 61
F-H 7.7 ± 1.9 0.7 ± 0.6 85.3 ± 12.6 1090 ± 101

barbed end A-L 15.4 ± 7.1 4.0 ± 1.5 84.7 ± 15.2 1374 ± 159
A-K 8.3 ± 2.3 3.0 ± 1.1 24.6 ± 5.3 490 ± 33
B-K 8.9 ± 2.9 1.7 ± 1.1 53.7 ± 13.7 908 ± 170

pointed end H-J 10.7 ± 2.4 3.6 ± 0.9 98.4 ± 13.1 1455 ± 98
I-J 18.8 ± 4.0 5.1 ± 1.4 72.3 ± 12.5 1432 ± 138
J-U 5.1 ± 2.3 1.3 ± 0.7 19.0 ± 8.2 378 ± 105
J-V 3.1 ± 1.8 0.7 ± 0.6 30.8 ± 11.4 457 ± 159

ERs-related a-C 19.0 ± 3.8 3.7 ± 1.2 91.7 ± 17.3 1483 ± 193
a-E 12.4 ± 3.2 3.9 ± 1.0 40.6 ± 14.8 801 ± 194
a-A 1.6 ± 1.8 10.2 ± 3.8 195 ± 56
b-G 23.1 ± 3.1 4.9 ± 1.1 117.3 ± 12.3 1838 ± 104
b-I 12.8 ± 2.1 3.8 ± 0.9 50.0 ± 11.2 879 ± 102
b-F 5.9 ± 2.6 1.7 ± 1.1 20.6 ± 9.0 437 ± 105
b-E 3.5 ± 2.2 0.8 ± 0.8 22.9 ± 7.2 407 ± 78
c-D 8.4 ± 2.6 2.5 ± 1.1 37.7 ± 12.2 681 ± 138
d-F 10.7 ± 2.4 2.8 ± 1.0 47.9 ± 10.5 818 ± 148
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explains why the pointed-end capping by ARP11 is favored over
filament extension.37 These capping interactions sequester
residue K43 of ARP1 subunit I, so it cannot be recruited to
bind another ARP1 via a key SB between K43 and D28737 (see
Table 3). Additionally, residues H65 and R66 (see Tables 2 and
3) in the subdomain 2 loop of ARP1 are absent in ARP11,37 so
they cannot be recruited to form a HB or SB with another
ARP1 at the pointed end. In sum, our findings account for
favorable capping of the pointed end by ARP11 and
unfavorable addition of another ARP1. Taken together, the
capping of the barbed and pointed ends permits the assembly
of a dynactin filament with a defined length.
In the absence of p62, the ARP11 subunit is loosely

associated with the p25 subunit (chain V) and the p27 subunit
(chains U) via 3−5 HBs and ∼1 SB in our simulations (see
Table 1). Addition of p62 is expected to reinforce this loose
association in MD simulations, which await future solution of a
high-resolution structure for the p62 subunit.
In the cryo-EM structure of the dynactin filament,37 two

pairs of extended regions (ER1−2 and ER3−4) coat the
filament surface, which correspond to the N termini of four p50
subunits.65 ER1 and ER2 contact the top protofilament, with
ER1 (chain a) running from subunit C to subunit E and ER2

Table 2. Summary of Intersubunit Hydrogen Bonds Based
on MD Simulations

subunit
pair HB-forming residue pairs

A-C S209-D289 K43-D287 V45-A175 V47-G173 M48-G173 H65-Y171
R66-D289

C-E D245-R291 K43-D287 V45-A175 V47-G173 M48-G173 A49-Y148
R66-D289

E-G D245-R291 K43-D287 V45-A175 V47-G173 M48-G173 A49-Y148
R66-D289

G-I P244-R292 D245-Q284 D245-R291 D245-R292 K43-D287 V45-
A175 V47-G173 M48-G173 A49-Y148 L52-E172 H65-Y171

B-D S209-D287 P244-R292 D245-R291 K43-D287 V45-A175 V47-
G173 M48-G173 A49-Y148 L52-E172 H65-Y171

D-F D245-R291 K43-D287 V45-A175 V47-G173 M48-G173 A49-Y148
H65-Y171 R66-D289

F-H D245-R290 V45-A170 V47-G168 M48-G168 H65-Y166 R66-D288
A-L R152-R269 G173-Q259 F174-Q259 R264-D219 K285-E230 K285-

K235 D287-K235 K355-E261
A-K G269-R266 E270-R266 E271-R260 D289-K166 R291-E200
B-K D287-R260 D287-V264 D287-R266 F376-K273
H-J D244-K339 V247-K334 G46-G154 K61-E153 R62-D294 K84-

D400
I-J R199-E145 K200-D386 K200-S99 G202-N58 E277-K403 K43-

E276 S70-E276
J-U D209-R147
J-V K44-S154 R78-E156
a-C D29-R66 Q30-E212 A31-E219 E36-K308 E39-G309 S44-D312

E46-R329 E46-I330 E46-A332 A48-A332 A48-Q334
N51-T150

a-E I12-A332 R14-D312 R14-I330 E16-K319 D18-K327
b-G D24-R220 E32-R220 E38-K308 E39-G309 E39-G311 S44-D312

E46-R329 E46-I330 E46-A332 I48-A332 N51-A149 K58-G151
D70-R373 F71-R373 S72-R373 S72-F376 D73-R118

b-I R14-D312 R14-I330 E16-K319 E16-I328 D18-K327
c-D R14-D312 R14-I330 E16-R329
d-F R14-D312 R14-I330 E16-K319 K5-R336 D8-K308

Table 3. Summary of Intersubunit Salt Bridges Based on MD
Simulations

subunit
pair SB-forming residue pairs

A-C K43-D287 R66-D289
C-E K43-D287 R66-D289
E-G K43-D287 R66-D289
G-I K43-D287
B-D K43-D287
D-F K43-D287 R66-D289
F-H R66-D288
A-L D287-K235 R264-D219 K285-E230 K355-E261
A-K D266-K268 D289-K166 E271-K256 R291-E200
B-K D287-R260 D287-K256 E172-K281
H-J D244-K339 R62-D294 K84-D400 K61-E153
I-J E273-K403 E277-K403 K200-D386 R199-E145 R46-E174 K43-

E276
J-U D209-R147 R213-E131
a-C D29-R66 E27-R220 E36-K308 E38-K308 E46-R329
a-E D18-K327 D24-R329 E16-K319 R14-D312 K5-E219
b-G D24-R220 D70-R373 D73-R118 E27-R220 E32-R220 E38-K308

E46-R329 E87-K355
b-I D18-K327 D3-R220 E16-K319 R14-D312
b-F D73-K200 R80-E232
b-E K62-E53
c-D E16-R329 E16-K319 R14-D312
d-F D8-K308 E16-K319 R14-D312

Figure 2. HBs and SBs forming charged residues at the intersubunit
interfaces: (a) at the barbed end, (b) at the pointed end, and (c)
between ER1/ER2 and ARP1 subunits. The color coding is the same
as that in Figure 1. Acidic and basic residues are represented by side
chains colored red and blue, respectively. The various subunits are
labeled by the chain ids. Also see Tables 2 and 3.
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(chain b) running from subunit G to subunit I (see Figure 1a).
ER3 and ER4 reach down to contact the bottom protofilament,
with ER3 (chain c) running from subunit B to subunit D and
ER4 (chain d) contacting subunit F. On the basis of these
observations, it was proposed that dynactin filament assembly is
initiated by the four ERs recruiting eight ARP1 subunits and
stabilizing their polymerization into a filament with five
subunits on the top protofilament and three on the bottom
protofilament (see Figure 1a). To test the proposal mentioned
above, we examined the dynamic interactions between the four
ERs and the ARP1 subunits during the MD simulations. ER1
and ER2 bind primarily with ARP1 subunits CEGI, featuring
12−23 HBs and ∼4 SBs (see Table 1). Such strong HB and SB
interactions can be attributed to numerous acidic residues in
the ERs [including D3, D8, E16, D18, D24, E27, D29, E32,
E36, E38, E46, D70, D73, and E87 (see Tables 2 and 3 and
Figure 2c)] forming SBs with a positively charged groove on
the ARP1 filament.37,65 These strong interactions allow ER1
and ER2 to readily recruit four ARP1 subunits and initiate the
filament assembly process. Compared with ER1 and ER2, ER3
and ER4 are less structured, so they bind ARP1 subunits DF
with fewer HBs and SBs (see Table 1). In agreement with our
finding of differences between ER1−2 and ER3−4, a previous
study65 suggested that the two pairs of ERs experience different
environments, with one pair (ER1−2) being more closely
bound to the ARP1 filament.
In summary, our MD simulations revealed stronger

intersubunit HB and SB interactions at the barbed and pointed
ends of the ARP1 filament and between two ERs and the ARP1
subunits (compared with the interactions within the filament).
These key interactions may energetically drive filament
termination by the capping proteins (CapZαβ at the barbed
end and ARP11 at the pointed end) and the initial recruitment
of the ARP1 subunits by the ERs, respectively.37 Future
mutational studies that target these interactions will be needed
to validate their importance to dynactin filament assembly.
Electrostatics-Based Modeling of BICD2N Bound to

Dynactin and the Dynein Tail. In the cryo-EM structure of
TDB (PDB entry 5AFU, chains 5 and 6), the BICD2N
homodimer was modeled as two backbone traces of unknown
amino acids because of the limited resolution (∼8.2 Å37).
Therefore, this structure did not reveal how BICD2N interacts
with dynactin and the dynein tail at the amino acid level. Here
we used electrostatics-based modeling to define the unknown
binding interface between BICD2N and dynactin and the
dynein tail and identify key charged residues involved in the
binding.
The ∼270 residues of mouse BICD2N are predicted to form

an α-helical coiled-coil structure that requires tight packing of
core nonpolar residues at the a/d heptad positions. Meanwhile,
BICD2N is rich in charged residues, with basic (acidic) residues
accounting for 15% (22%) of all residues and a negative net
charge. This charge richness resembles that of another well-
studied coiled-coil protein α-tropomyosin [with basic (acidic)
residues accounting for 19% (28%) of all 284 residues]. α-
tropomyosin is known to form predominantly electrostatic
interactions with an actin filament,66 and actin is homologous
to ARP1 in the dynactin filament. On the basis of the
similarities described above, we hypothesize that BICD2N
interacts electrostatically with the dynactin filament, although
the BICD2N-binding sites on ARP1 are distinct from the
tropomyosin-binding sites on actin.37 Additionally, BICD2N
and most subunits of the dynactin filament (except p25) have

negative net charges, so their charged residues must be placed
at specific positions to achieve favorable electrostatic interaction
between BICD2N and the dynactin filament.
By exploiting the key features of BICD2N mentioned above,

we built a structural model of BICD2N as follows: (1)
threading the mouse BICD2 sequence along the coiled-coil
backbone traces of BICD2N (with a shift of residue position by
S ∈ [0, 100]) and (2) finding an optimal threading solution
that is both compatible with the coiled-coil structure and
minimized in the electrostatic interaction energy between
BICD2N and dynactin and dynein (see Methods). By
attachment of a GFP to the N terminus of mouse BICD2
and visualization of it via cryo-EM, it was determined that the
coiled coil of BICD2N starts near its N terminus.37 Therefore,
we focused our modeling near S = 0 (see Methods). In the
optimized model where S = 2, amino acids 3−277 are assigned
to the 275-amino acid coiled-coil structure of BICD2N in the
TDB structure37 (see Figure 3a).
On the basis of this model, we identified a key subset of

BICD2 residues with a ≥5% contribution to the electrostatic
interaction energy [including E20*, K90*, E100*, and R164*
in chain 5 and E25*, K40, E124*, R160*, E234, E237*, E241*,
E242*, and E245* in chain 6 (see Figure 3a)], which interact
with ARP1 subunit A, β-actin, p25, and the dynein tail (see
Figure 3a). Most of these residues are conserved between
BICD2 and its homologues BICD1 and BICD [labeled with an
asterisk (see Figure S3)]. In dynactin, we found a cluster of
three basic residues in p25 [K74, K75, and K78 (see Figure
3a)] prominently involved in binding of BICD2N, which are
colocalized with known p25 sites of single-nucleotide variations
linked to diseases (at amino acid positions 70, 72, and 7367).
The functional importance of p25 is further supported by the
finding that it is a part of the conserved core of dynactin (the
second most conserved subunit in dynactin after ARP1).68

Additionally, p25 is the only dynactin subunit consistently
showing alkaline pI (i.e., with a positive net charge), hinting at
p25-specific electrostatic interactions within the dynactin
complex or with other cellular components (such as negatively
charged BICD2).68 Three mutations linked to the dominant
spinal muscular atrophy are mapped to BICD2N18,20,21

(including S107L, N188T, and I189F), and one of them
(S107L) led to increased affinity for dynein and dynactin.20 In
our BICD2 model, S107 is located near E100, which is
predicted to bind the dynein tail (see Figure 3a), so the S107L
mutation may indirectly perturb the interaction between
BICD2 and the dynein tail. N188 and I189 are located in the
proximity of ARP11, so their mutations could affect the
BICD2−ARP11 interactions.
In summary, our electrostatics-based modeling has predicted

the charged residues involved in the electrostatic interaction of
BICD2N with dynactin and dynein tail, which provide
promising targets for future mutational studies.

Electrostatics-Based Modeling of Other BICD and
BICD-Related Proteins Bound to Dynactin and the
Dynein Tail. Next, we modeled three adaptor proteins that
are sequentially similar to BICD2, including mouse BICD114 (a
mammalian orthologue of BICD2 with a 63% sequence
identity), fruit fly BICD (a Drosophila orthologue of
BICD223,35 with a 39% sequence identity), and mouse BICD-
related protein 1 (BICDR1).16 BICD2 and BICDR1 interact
with dynein and dynactin with similar binding affinity despite
the lack of significant sequence similarity.69 Among these
proteins, a highly conserved region was identified near the N
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terminus69 (amino acids 35−50 of BICD, amino acids 30−45
of BICD1, amino acids 39−54 of BICD2, and amino acids
112−127 of BICDR1). The alignment in this region provides a
useful constraint for the threading of these adaptor proteins
(see below). We utilized the same protocol that was used for
modeling BICD2 (see above), assuming the coiled-coil
structure of BICD2N in the TDB structure37 makes a good
template for modeling the coiled-coil regions of BICD1, BICD,
and BICDR1.
In the optimized model of BICD1 with the position shift S =

−7, amino acids 1−268 of mouse BICD1 are assigned to amino
acids 8−275 of the coiled-coil structure of BICD2N in the TDB
structure.37 On the basis of this model, we identified a subset of
BICD1 residues (R81 and R151 in chain 5 and E16, K31, R151,
E228, E232, E233, and E236 in chain 6) interacting with ARP1
subunit A, β-actin, p25, and the dynein tail (see Figure 3b).
In the optimized model of BICD with S = −2, amino acids

1−273 of Drosophila BICD are assigned to amino acids 3−275
of the coiled-coil structure. This model predicts a number of
BICD residues (K86, E96, and K160 in chain 5 and E21, K149,
R156, E233, E237, E238, and E241 in chain 6) interacting with
ARP1 subunit A, β-actin, p25, and the dynein tail (see Figure
3c).
In the optimized model of BICDR1 with S = 73, amino acids

74−348 of mouse BICDR1 are assigned to the 275-amino acid
coiled-coil structure. This model pinpoints a subset of BICDR1
residues (R157, R158, and E167 in chain 5 and K111, R118,
K234, E313, and E316 in chain 6) interacting with ARP1
subunit A, β-actin, p25, and the dynein tail (see Figure 3d).
The binding sites of BICD1 and BICD are very similar to

that of BICD2, which is consistent with their sequence
alignments with BICD2 [with a shift of residue number by 9
and 4, respectively (see Figure S3)]. The binding sites of
BICDR1 are also located in the same regions that contact p25,
β-actin, ARP1 subunit A, and the dynein tail, although the
corresponding residues cannot be aligned sequentially with the
BICD proteins. Encouragingly, the models mentioned above
consistently place the conserved N-terminal region in the
proximity of ARP1 subunit A (see Figure 3b−d).
Mutations of two conserved N-terminal alanines (A43V/

A44V in BICD2 and A116V/A117V in BICDR1) were shown
to affect the interaction with the dynein−dynactin complex69

(or affect the interactions within BICD70). While these alanines
do not directly contribute to binding in our electrostatics-based
models, they are in the proximity of the predicted ARP1-
binding residues in BICD2 [K40 (see Figure 3a)] and BICDR1
[K111 and R118 (see Figure 3d)], so their mutations may
affect binding by structurally perturbing the ARP1-binding site
or altering the flexibility of the coiled coil in a manner similar to
that of the alanine clusters in tropomyosin.45

In summary, our electrostatics-based modeling has identified
key charged residues involved in the electrostatic interactions of
three BICD and related proteins with dynactin and dynein tails,
which are consistent with the sequence alignments and support
the functional conservation of the binding sites.

Electrostatics-Based Modeling of the HOOK Proteins
Bound to Dynactin and the Dynein Tail. Next, we modeled
three adaptor proteins that are not sequentially similar to
BICD2, including mouse HOOK1, HOOK2, and HOOK3.
The HOOK proteins71,72 are involved in endocytic protein
trafficking, Golgi organization, and cilium formation.73−78

Similar to BICD2, HOOK1 and HOOK3 were shown to
enhance the formation of a dynein−dynactin complex and

Figure 3. Models of the dynactin filament and dynein tails in complex
with the following adaptor proteins: (a) BICD2, (b) BICD1, (c)
BICD, (d) BICDR1, (e) HOOK1, (f) HOOK2, and (g) HOOK3. The
following color coding is used: pink for ARP1-A, magenta for β-actin,
orange for p25, yellow for coiled-coil adaptor protein, cyan for dynein
tails, and gray for the rest of the filament. Acidic and basic residues
involved in binding are represented by side chains colored red and
blue, respectively. The three dynactin subunits involved in binding are
labeled by the chain ids.
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processive dynein motility.79 In addition to the central coiled-
coil domain, the N-terminal domain of HOOK1 and HOOK3
(e.g., amino acids 1−160 of HOOK3) is also required for
binding to dynactin and dynein.79,80 The three HOOK proteins
are sequentially similar to each other, with the sequences of
HOOK1 and HOOK2 (HOOK3) being 46% (57%) identical.
We employed the same protocol that was used for modeling
BICD2N, assuming the coiled-coil structure of BICD2N in the
TDB structure37 makes a good template for modeling the
coiled-coil regions of the HOOK proteins despite the lack of
sequence similarity.
In the optimized model of HOOK1, amino acids 162−436

are assigned to the 275-amino acid coiled-coil structure of
BICD2N. This model predicts a subset of HOOK1 residues
(K245, K246, E255, and E398 in chain 5 and K315, K318,
E398, E403, E404, and E407 in chain 6) interacting with β-
actin, p25, and the dynein tail (see Figure 3e).
In the optimized model of HOOK2, amino acids 153−427

are assigned to the coiled-coil structure. This model identifies a
subset of HOOK2 residues (K236, K237, E246, E250, R346,
and E389 in chain 5 and R306, E384, E394, E395, and D398 in
chain 6) interacting with β-actin, p25, ARP11, and the dynein
tail (see Figure 3f).
In the optimized model of HOOK3, amino acids 159−433

are assigned to the coiled-coil structure. This model pinpoints a
subset of HOOK3 residues (R242, R243, E252, E256, and
E395 in chain 5 and R283, K312, K315, D390, D393, E395,
E401, D404, and K408 in chain 6) interacting with β-actin, p25,
ARP1 subunit F, and the dynein tail (see Figure 3g).
The binding residues of three HOOK proteins are similar,

which is consistent with their sequence alignments [with a shift
of residue number by 9 (3) between HOOK1 and HOOK2
(HOOK3) (see Figure S4)]. Compared with the BICD
proteins, the HOOK proteins share only the binding sites
that contact p25, β-actin, and the dynein tail, but not ARP1.
The loss of a common ARP1-binding site in HOOK proteins
may lead to weak binding of dynactin to be compensated by the
N-terminal domain forming new interactions with dynein and
dynactin. The β-actin-binding site of HOOK proteins is in a
central conserved region (amino acids 293−345 of HOOK3),
which was shown to be functionally important by deletion
mutations in a fungal homologue Hok1.71 In support of the key
role of p25 in dynein and dynactin binding, it was shown that
both dynein and p25 are required for the physical interaction
between HookA (a homologue of human HOOK proteins) and
dynein and dynactin.72

In summary, our electrostatics-based modeling has pin-
pointed the charged residues involved in the electrostatic
interactions of three HOOK proteins with dynactin and the
dynein tail, which are consistent with their sequence alignments
and differ from the BICD proteins in lacking a conserved
ARP1-binding site.

■ CONCLUSION
In summary, we have employed molecular simulation and
modeling to probe dynactin filament assembly and its
interactions with cargo adaptor proteins at high resolution.
First, we used MD simulation to analyze the dynamic
intersubunit interactions in the dynactin filament. Our
simulations revealed stronger intersubunit interactions at the
barbed and pointed ends of the filament and involving the
extended regions (compared with the intrafilament interac-
tions), which may drive filament termination by the capping

proteins and recruitment of the actin-like proteins by the
extended regions. Next, we modeled the unknown binding
configuration between dynactin and the dynein tail and a
number of coiled-coil adaptor proteins and predicted a key set
of charged residues involved in the electrostatic interactions.
Our models were validated in comparison with previous
findings of conserved regions, functional sites, and disease
mutations in the adaptor proteins and will provide a structural
framework for guiding future functional and mutational studies
of these key cargo-binding proteins.
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