
Zaire ebolavirus, commonly called Ebola virus (EBOV), is an 
RNA virus that causes severe hemorrhagic fever with high 
mortality. Viral protein 35 (VP35) is a virulence factor en-
coded in the EBOV genome. VP35 inhibits host innate im-
mune responses and functions as a critical cofactor for viral 
RNA replication. EBOV VP35 contains a short conserved 
motif that interacts with dynein light chain 8 (LC8), which 
serves as a regulatory hub protein by associating with various 
LC8-binding proteins. Herein, we present the crystal struc-
ture of human LC8 bound to the peptide comprising residues 
67−76 of EBOV VP35. Two VP35 peptides were found to 
interact with homodimeric LC8 by extending the central β- 
sheets, constituting a 2:2 complex. Structural analysis dem-
onstrated that the intermolecular binding between LC8 and 
VP35 is mainly sustained by a network of hydrogen bonds 
and supported by hydrophobic interactions in which Thr73 
and Thr75 of VP35 are involved. These findings were verified 
by binding measurements using isothermal titration calori-
metry. Biochemical analyses also verified that residues 67−76 
of EBOV VP35 constitute a core region for interaction with 
LC8. In addition, corresponding motifs from other members 
of the genus Ebolavirus commonly bound to LC8 but with 
different binding affinities. Particularly, VP35 peptides orig-
inating from pathogenic species interacted with LC8 with 
higher affinity than those from noninfectious species, sug-
gesting that the binding of VP35 to LC8 is associated with 
the pathogenicity of the Ebolavirus species.
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Introduction

Zaire ebolavirus, commonly known as Ebola virus (EBOV), 

is an enveloped, filamentous-shaped, negative-stranded RNA 
virus of the genus Ebolavirus, belonging to the family Filo-
viridae (Di Paola et al., 2020). It is a causative agent of EBOV 
disease, a severe and often fatal hemorrhagic fever that affects 
humans and non-human primates, with a mortality rate of 
up to 90% (Jacob et al., 2020). The nonsegmented EBOV ge-
nome encodes eight proteins: nucleoprotein (NP), viral pro-
tein 35 (VP35), VP40, two glycoproteins (GP and sGP), VP30, 
VP24, and the RNA-dependent RNA polymerase L (Kirch-
doerfer et al., 2017). Among these proteins, VP35 is a critical 
virulence factor that interferes with host innate immune re-
sponses and functions as a pivotal cofactor for viral replica-
tion (Messaoudi et al., 2015). VP35 recognizes and sequesters 
host proteins and immunostimulatory double-stranded viral 
RNA through its C-terminal RNA binding/interferon inhi-
bitory domain to antagonize type I interferon responses (Cár-
denas et al., 2006; Kimberlin et al., 2010; Leung et al., 2010; 
Luthra et al., 2013). VP35 also serves as a key component of 
the viral RNA synthesis machinery in coordination with NP, 
VP30, and RNA polymerase L, in which the interaction be-
tween NP and the N-terminal NP-binding region of VP35 
is critical (Kirchdoerfer et al., 2015; Leung et al., 2015). The 
N-terminal coiled-coil region of VP35 following the NP-bind-
ing region mediates its homooligomerization, which facili-
tates the immunosuppressive activity of this protein (Reid 
et al., 2005); however, whether VP35 forms a trimer or tet-
ramer through its coiled-coil segment remains controversial 
(Bruhn et al., 2017; Ramaswamy et al., 2018; Chanthamontri 
et al., 2019; Zinzula et al., 2019). Between the NP-binding and 
oligomerization regions, VP35 contains a short motif (S71- 
Q-T-Q-T75) that corresponds to the dynein light chain 8 (LC8)- 
binding consensus motif (K/S-X-T-Q-T). Biochemical an-
alysis has verified that EBOV VP35 interacts with the host 
protein LC8. This interaction does not affect its immuno-
repressive activity but stabilizes the oligomeric state of VP35 
and enhances viral RNA synthesis and replication (Kubota 
et al., 2009; Luthra et al., 2015).
  LC8 is a homodimeric human protein that serves as a sub-
unit of the dynein motor complex and regulates complex 
assembly (Zhang et al., 2017). Simultaneously, LC8 functions 
as a regulatory hub by interacting with numerous LC8-binding 
motif-containing proteins (Rapali et al., 2011; Jespersen and 
Barbar, 2020). More than 100 proteins have been experimen-
tally verified as LC8-binding partners. These are involved in 
various cellular processes, including intracellular transport, 
mitosis, apoptosis, autophagy, and transcription regulation 
(Rapali et al., 2011; Jespersen and Barbar, 2020). LC8 also 
interacts with several viral proteins, including EBOV VP35 
and rabies virus phosphoprotein (Poisson et al., 2001; Mar-
tínez-Moreno et al., 2003; Jespersen et al., 2019), which have 
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not yet been structurally characterized.
  In this study, we present the crystal structure of human 
LC8 in a complex with a peptide comprising residues 67−76 
of EBOV VP35. To the best of our knowledge, this is the first 
study reporting the structure of LC8 bound to a virus-de-
rived motif. We characterized the interaction between VP35 
and LC8 through structural and biochemical analyses, in-
cluding binding affinity measurements using diverse VP35 
constructs from EBOV and other members of the genus 
Ebolavirus.

Materials and Methods

Preparation of recombinant proteins and peptides
The DNA fragment encoding human LC8 was subcloned into 
the modified pET21a vector (Novagen) for production of the 
recombinant protein using the Escherichia coli expression 
system. The protein expressed in the BL21(DE3) RIL strain 
(Novagen) was purified using Ni-nitrilotriacetic acid chro-
matography (QIAGEN), HiTrapTM Q HP anion exchange 
column (GE Healthcare), and HiLoadTM 26/600 SuperdexTM 
75 pg column (GE Healthcare). The final purified protein was 
equilibrated with a buffer consisting of 50 mM Tris-HCl; pH 
7.5, 200 mM NaCl, and 1 mM dithiothreitol. Each of the DNA 
fragments encoding EBOV VP35 (residues 59−66/ 59−82/ 
59−145/83−145) were cloned into the pET28a plasmid (No-
vagen) modified to tag the protein with N-terminal (His)6- 
maltose-binding protein, and purified similarly with LC8. 
Synthetic 10-mer VP35 peptides originating from EBOV (re-
sidues 67−76; wild-type, T73E, or Q74A), Sudan ebolavirus 
(residues 56−65), Bundibugyo ebolavirus (residues 68−77), 
Taï Forest ebolavirus (residues 68−77), Bombali ebolavirus 
(residues 68−77), and Reston ebolavirus (residues 56−65) were 
purchased from Peptron (http://www.peptron.co.kr/).

Crystallization and structure determination
Purified LC8 was mixed with the EBOV VP35(67−76) pep-
tide at a 1:2 molar ratio and incubated for 16 h. The resulting 
complex sample was concentrated to 10 mg/ml for the crys-
tallization trials. The protein and precipitant solution con-
taining 200 mM ammonium citrate dibasic, 200 mM am-
monium citrate tribasic (pH 5.5), and 30% (w/v) polyethylene 
glycol 3,350 were mixed and equilibrated to obtain crystals. 
For cryoprotection, 10% glycerol was added to the precipi-
tant solution. Diffraction datasets were collected at the 7A 
beamline of Pohang Accelerator Laboratory, Korea. The soft-
ware HKL2000 was used for data processing (Otwinowski and 
Minor, 1997). LC8 bound to VP35(67−76) structure was de-
termined by the molecular replacement method with the Pha-
ser program (McCoy et al., 2007) using the structure of LC8 
complexed with the nitric oxide synthase 1 (NOS1) peptide as 
a search model (Liang et al., 1999). The Coot and PHENIX 
programs were used for model building and refinement, re-
spectively (Emsley and Cowtan, 2004; Adams et al., 2010). Crys-
tallographic and refinement data statistics are presented in 
Table 1. The coordinates and structure factors of LC8 bound 
to VP35(67−76) have been deposited in the PDB (https:// 
www.rcsb.org/) with the accession code 7D35.

Isothermal titration calorimetry (ITC)
All measurements were performed at 25°C using a VP-ITC 
microcalorimetry system (MicroCal) and protein samples di-
alyzed against a solution containing 50 mM Tris-HCl; pH 7.5, 
200 mM NaCl, and 1 mM dithiothreitol. Dilution enthalpies 
were measured in separate experiments (titrant into buffer) 
and subtracted from the enthalpies of binding between the 
protein and titrant. Data were analyzed using Origin software 
(OriginLab). All experiments were performed in triplicate.

Results and Discussion

Crystal structure of LC8 bound to the VP35 peptide
To elucidate the molecular association between EBOV VP35 
and human LC8 at an atomic level, we prepared a highly pu-
rified recombinant LC8 protein expressed in E. coli and a 
synthetic peptide containing the LC8-binding motif (K67-
TRNSQTQTD76) of VP35. These were mixed at a 1:2 molar 
ratio and crystallized after 16 h incubation. Using crystals with 
the space group P6122, the complex structure was determined 
at a resolution of 2.4 Å (Table 1). The asymmetric unit of our 
crystals contains one LC8 protomer bound to a single VP35 
peptide. However, our size exclusion chromatography-multi-

Table 1. Data collection and structure refinement statistics
Data collection PDB 7D35

Space group P6122
Unit cell dimensions

a, b, c (Å) 43.43, 43.43, 205.19
a, β, γ (°) 90, 90, 120

Resolution (Å) 50.0−2.4 (2.44−2.40)a

Rsym
b (%) 9.4 (31.0)

I/σ (I) 17.2 (4.4)
Completeness (%) 95.0 (96.2)
Redundancy 4.7

Refinement
Resolution (Å) 50.0−2.4
Number of reflections 4860
Rwork

c/Rfree (%) 22.8/29.2
Number of atoms

Protein 709
Peptide 81
Water 17

RMSD
Bond lengths (Å) 0.007
Bond angles (°) 0.911

Ramachandran plot (%)
Most favored region 95.65
Additionally allowed region 4.35

Average B-values (Å2)
Protein 32.9
Peptide 34.8
Water 32.1

a The numbers in parentheses are statistics from the shell with the highest resolution.
b Rsym = Σ |Iobs - Iavg| / Iobs, where Iobs is the observed intensity of individual reflection 
and Iavg is the average across symmetry equivalents.
c Rwork = Σ ||Fo| - |Fc|| / Σ |Fo|, where |Fo| and |Fc| are the observed and calculated 
structure factor amplitudes, respectively. Rfree was calculated with 10.2% of the data.
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angle light scattering results using purified LC8 protein in-
dicated that LC8 exists as a homodimer (Supplementary data 
Fig. S1), consistent with previous structural and biochemical 
studies (Liang et al., 1999; Benison et al., 2008; Lightcap et al., 
2008; Gallego et al., 2013). Moreover, incubation with the 
VP35 peptide did not affect the dimeric state of LC8 (Supple-
mentary data Fig. S2). Multimeric protein interfaces are some-
times found between crystallographic symmetry-related mol-
ecules (Lee et al., 2019, 2020; Yun et al., 2019). The dimeric 
form of LC8 was also determined in our crystal lattice. Two 
LC8 molecules (mol A and mol B in Fig. 1) constitute a homo-
dimer with the generation of two β-sheets encompassing the 
two subunits, each composed of β1, β4, β5, and β2 strands 
from one subunit and β3 strand from the other subunit (Fig. 
1A). Two α-helices in each LC8 protomer are bound to one 
side of the β-sheet (Fig. 1A). The VP35 peptide forms an ad-
ditional β-strand extending the central β-sheet by associat-
ing with the β3 strand of each LC8 molecule, constituting a 
2:2 complex (Fig. 1A and Supplementary data Fig. S3). Struc-
tural comparison with other LC8-peptide complexes dem-
onstrated that the association of the LC8-binding motif of 
VP35 with LC8 is in a canonical manner, as the VP35 peptide 
complexed with LC8 overlapped suitably with the LC8-bound 
NOS1 (Liang et al., 1999) and Nek9 (Gallego et al., 2013) pep-
tides when superimposed (Fig. 1B). Atoms from a single VP35 
strand form a network of hydrogen bonds with those from 

two LC8 molecules in the complex to maintain the intermo-
lecular interaction (Fig. 1C). The complex formation is mainly 
sustained by typical β-strand-constituting interactions in-
volving hydrogen bonds between the main chain amide (N) 
and carbonyl (C) groups of Lys67 (O), Arg69 (N and O), 
Ser71 (N and O), Thr73 (N and O), and Thr75 (N) from 
the VP35 peptide and Thr70 (N), His68 (O and N), Val66 (O 
and N), Ser64 (O and N), and Phe62 (O) from β3 of LC8 
mol A (Fig. 1C, left). Additional hydrogen bonds are medi-
ated by VP35 side chains of Asn70, Ser71, Thr73, and Thr75 
in association with atoms from LC8 mol A (Fig. 1C, left) 
and those of Gln72 and Gln74 in contact with atoms from 
LC8 mol B (Fig. 1C, right). The complex formation is addi-
tionally reinforced by hydrophobic interactions mediated 
by Cβ and Cγ atoms of Thr73 and Thr75 from VP35 and side 
chain atoms of Phe62, Phe73, Tyr75, Tyr77, Ala82, and 
Leu84 from LC8 mol A (Fig. 1D).

Binding measurements between LC8 and EBOV VP35
Next, the binding affinity between human LC8 and EBOV 
VP35 was quantified using ITC. The VP35(67−76) peptide 
that forms a stable complex with LC8 (Fig. 1) was shown to 
interact with the human protein with a dissociation constant 
(KD) of 3.91 μM (Fig. 2A, top left). The complex formation 
was significantly abrogated by the introduction of structure- 
based mutation into the VP35 peptide (Fig. 2A, top middle 

(A) (B)

(C)

(D)

Fig. 1. Crystal structure of LC8 com-
plexed with VP35(67−76) peptide. (A)
The LC8 homodimer bound to the 
VP35 peptides are presented as ribbons
with the secondary structure labels. (B)
Structural superimposition of three 
LC8-peptide complex structures. For 
clarity, LC8 molecules bound to NOS1
or Nek9 are not shown. (C) Hydrogen
bond network between VP35 (green) 
and two LC8 molecules (pink and yel-
low). Dashed lines indicate intermo-
lecular hydrogen bond. Black, VP35 
main chain atom-associated; green, 
VP35 side chain atom-associated. (D) 
Hydrophobic interaction mediated by
Thr73 and Thr75 of VP35. Involved re-
sidues are shown as sticks and labeled.
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and right), such as T73E that causes steric and charge hin-
drance with hydrophobic residues of LC8 (Phe73, Tyr75, 
and Leu84) and Q74A that abrogates hydrogen bonds medi-
ated by the side chain amide group of Gln74 (Fig. 2A, bot-
tom). Furthermore, LC8 interacted with truncated VP35 pro-
teins comprising residues 59−82 (KD of 3.83 μM) or 59−145 
(KD of 3.79 μM), which contain the LC8-binding motif, with 
nearly the same affinity as the VP35(67−76) peptide (Fig. 2B). 
In contrast, truncated VP35 proteins comprising residues 

59−66 or 83−145 did not interact with LC8 (Fig. 2C). The 
collective data demonstrated that residues 67−76 of EBOV 
VP35 containing an LC8-binding motif constitute a core 
region for interaction with human LC8.

LC8 interacts with VP35 from diverse Ebolavirus species
The genus Ebolavirus comprises six species: EBOV, Sudan 
ebolavirus (SUDV), Bundibugyo ebolavirus (BDBV), Taï Forest 
ebolavirus (TAFV), Bombali ebolavirus (BOMV), and Reston 

(A)

(B)

(C)

Fig. 2. ITC analysis using EBOV VP35 peptides and proteins. The indicated 1 mM EBOV VP35 peptides (A) or His6-maltose-binding protein (MBP)-tagged
EBOV VP35 proteins (B and C) were titrated into 100 μM LC8. The KD and Ka values were deduced from curve fittings of the integrated heat per mole of 
added ligand. Thermodynamics values are listed in Supplementary data Fig. S4. The effect of structure-based mutations of VP35 (green) are modeled 
based on the complex structure and shown as the bottom panels in (A). Substituted VP35 residues and involved LC8 (pink and yellow) residues are 
labeled. The dashed lines indicate intermolecular hydrogen bonds mediated by Gln74 of VP35.
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ebolavirus (RESTV) (Di Paola et al., 2020). Herein, we inves-
tigated whether human LC8 also binds to VP35 from the five 
other Ebola virus species. To this end, ITC was performed us-
ing recombinant LC8 and the VP35 peptides (derived from 
the five additional Ebolavirus species) corresponding to re-
sidues 67−76 of EBOV VP35 (Fig. 3A). As shown in Fig. 3B, 
all the peptides that we used interacted with LC8, but the 
binding affinities were distinct despite considerable sequence 
homology between them. The BDBV VP35 peptide interacted 
with LC8 more avidly than other peptides (KD of 820 nM; 
Fig. 3B). Compared to the EBOV peptide, the residues contri-
buting to complex formation (see Fig. 1C and D) were found 

to be most conserved in the BDBV peptide; however, the 
Ser71 residue at the fifth position in EBOV VP35 was sub-
stituted with Val72 in BDBV VP35 (Fig. 3A). Modeling an-
alysis based on the LC8−EBOV VP35 complex structure 
revealed that the number of intermolecular C−C contacts 
within 4.5 Å mediated by side chain atoms of this position 
increases from 6 to 22 due to the Ser-to-Val mutation. It was 
because Cγ1 and Cγ2 atoms from the substituted valine resi-
due of EBOV VP35 could mediate additional C−C contacts 
with carbon atoms from Val66, His68, and Phe73 of LC8 in 
the modeled mutant structure (Fig. 3C). Therefore, the 5-fold 
higher LC8-binding affinity of BDBV VP35 than EBOV VP35 

(A)

(B)

(C) (D)

Fig. 3. Binding analysis between LC8 and VP35 from diverse Ebolavirus species. (A) VP35 sequence alignment between six members of the genus Ebolavirus.
Conserved residues are shaded in cyan. The LC8-binding consensus motif residues are marked in red. (B) LC8-binding affinities were measured and ana-
lyzed by ITC using the indicated peptides, similarly to Fig. 2. The graph showing the interaction between the EBOV VP35 peptide and LC8 is identical to 
that in Fig. 2A, which is included in this figure for comparison. Thermodynamics values are listed in Supplementary data Fig. S4. (C and D) BDBV VP35- 
mimicking Ser71Val (C) or RESTV VP35-mimicking Thr73Ser (D) mutation of EBOV VP35 (green) was modeled based on the LC8 (violet)-bound com-
plex structure. Substituted VP35 residues and involved LC8 residues are shown as sticks and labeled. The dashed lines indicate intermolecular hydrogen 
bonds.
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might depend on enhanced hydrophobic interaction with 
valine instead of serine at the fifth position of the peptide. 
We also found that the VP35 peptides derived from SUDV 
and TAFV exhibited comparable LC8-binding affinities to 
the EBOV VP35 peptide, with KD values of 6.45 μM and 4.29 
μM, respectively (Fig. 3B). Notably, EBOV, BDBV, and SUDV 
are the three established species of the genus Ebolavirus that 
caused Ebola outbreaks with mortality rates of 88%, 32%, and 
53%, respectively (Rojas et al., 2020). A single case of TAFV 
infection in humans has been previously reported: severe he-
morrhagic fever was observed in an infected patient who re-
covered 6 weeks later (Le Guenno et al., 1995), indicating 
that TAFV is also pathogenic.
  In contrast, VP35 peptides originating from BOMV (isolated 
from fruit bats) and RESTV (nonpathogenic in humans) (Rojas 
et al., 2020) showed relatively weak LC8-binding affinities. 
Their KD values for LC8 were 27.9 μM and 62.1 μM, which 
are 7- and 16-fold lower than the KD values of the EBOV 
VP35 peptide, respectively (Fig. 3B). We assume that the pre-
sence of aspartate (in BOMV VP35) or serine (in RESTV 
VP35) instead of the conserved glutamine residue at the sixth 
position of the peptide (Fig. 3A) might attenuate complex for-
mation, as Gln72 of EBOV VP35 mediates intermolecular 
hydrogen bonds with the neighboring LC8 molecule (see Fig. 
1C, right). Moreover, the seventh position of the RESTV pep-
tide is occupied by a serine residue, which corresponds to 
Thr73 in the EBOV peptide (Fig. 3A). The Cγ atom of Thr73 
mediates nine intermolecular C−C contacts with carbon 
atoms from Phe73, Tyr75, and Leu84 of LC8 within 4.5 Å 
in the LC8−EBOV VP35 complex structure, which is absent 
in the T73S mutant model (Fig. 3D). Therefore, the presence 
of serine instead of threonine at this position should weaken 
intermolecular hydrophobic interactions between LC8 and 
the VP35 peptide. This might at least partially account for the 
especially weak affinity of the RESTV VP35 peptide toward 
LC8. Collectively, these results may suggest that the LC8- 
binding ability of VP35 is associated with the pathogenicity 
of the Ebolavirus species.

Conclusion

In this study, we determined the novel crystal structure of 
human LC8 in a complex with EBOV VP35(67−76) peptide 
in a 2:2 stoichiometry that is maintained by a combination 
of hydrogen bond network and hydrophobic interactions. 
We also conducted structural and biochemical analyses to 
characterize the intermolecular interactions. We confirmed 
that residues 67−76 of EBOV VP35 comprise the core region 
for binding LC8. A recent report indicated that the EBOV 
VP35 coiled-coil region (residues 83−145), which follows the 
LC8-bidning region, assembles into homotrimeric and ho-
motetrameric forms simultaneously (Zinzula et al., 2019). 
Therefore, we hypothesize that binding of the LC8 dimer 
to the LC8-bidning region of VP35 in a 2:2 stoichiometry 
might control the oligomerization state of the coiled-coil 
region and the full-length protein of VP35 and also affect 
the functionality of the viral protein, which remains to be 
elucidated. We also suppose that this region may enable the 
putative relationship between the LC8-binding ability of VP35 

and the pathogenicity of the Ebolavirus species. We believe 
that our findings will provide a rational basis for future re-
search to discover the functionality of VP35 as a critical vi-
rulence factor during EBOV infection.
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