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Sudan ebolavirus (SUDV), like Ebola ebolavirus (EBOV), poses a significant threat to global health and
security due to its high lethality. However, unlike EBOV, there are no approved vaccines or treatments for
SUDV, and its structural interaction with the endosomal receptor NPC1 remains unclear. This study
compares the glycoproteins of SUDV and EBOV (in their proteolytically primed forms) and their binding to
human NPC1 (hNPC1). The findings reveal that the SUDV glycoprotein binds significantly more strongly
to hNPC1 than the EBOV glycoprotein. Using cryo-EM, we determined the structure of the SUDV
glycoprotein/hNPC1 complex, identifying four key residues in the SUDV glycoprotein that differ from
those in the EBOV glycoprotein and influence hNPC1 binding: lle79, Ala141, and Pro148 enhance
binding, while GIn142 reduces it. Collectively, these residue differences account for SUDV’s stronger
binding affinity for ANPC1. This study provides critical insights into receptor recognition across all viruses
in the ebolavirus genus, including their interactions with receptors in bats, their suspected reservoir hosts.
These findings advance our understanding of ebolavirus cell entry, tissue tropism, and host range.

The ebolavirus genus, part of the filovirus family, comprises five distinct
viruses, four of which are capable of infecting humans'. Bats are believed to
be the natural reservoir for ebolaviruses, and animal-to-human transmis-
sions have led to sporadic ebolavirus outbreaks, though no intact ebola-
viruses have been isolated from bats or other animals™. Among the five
ebolaviruses, Ebola virus (EBOV) is the most prevalent and has caused the
highest number of human fatalities**. Sudan virus (SUDV), the second most
prevalent ebolavirus, also poses a significant threat to global health and
national security, having caused several recent outbreaks with a case fatality
rate approaching 50%°. The most recent SUDV outbreaks occurred in
Uganda between 2022 and 2023, resulting in 164 cases’. This outbreak
highlights our ongoing vulnerability, as there is currently no FDA-approved
vaccine or therapeutic for SUDV, unlike EBOV. Research on SUDV has
been relatively limited, particularly in understanding its receptor recogni-
tion and cell entry mechanisms, which are crucial for evaluating its infec-
tivity, tissue tropism, and host range, and for developing vaccines and
treatments®. This study aims to address these gaps through a combination of
structural biology, biochemistry, and sequence analysis.

The glycoprotein (GP) of ebolaviruses guides viral entry into host cells’.
It assembles as a homotrimer on the virus surface, consisting of three copies
each of the receptor-binding subunit GP1 and the membrane-fusion subunit
GP2". During maturation, the trimeric GP is cleaved at the GP1/GP2

junction by the protease furin, but GP1 and GP2 remain connected through a
disulfide bond and noncovalent interactions. Each GP1 subunit contains a
receptor-binding site (RBS), which is initially covered by a glycan cap and a
mucin-like domain (MLD)>"". To enable entry, GP1 first attaches to non-
specific cell-surface factors, allowing the virus to be internalized via
endocytosis'”. Once inside the endosomes, endosomal proteases remove the
glycan cap and MLD, resulting in GPdl (the cleaved form of GP) and exposing
the RBS". The exposed RBS then binds to Niemann-Pick C1 (NPC1), the
ebolavirus receptor on the endosomal membrane''°. Following this, GP2
undergoes dramatic conformational changes, fusing the viral and endosomal
membranes to release the viral genome into the host cell’s cytoplasm'”**.
NPC1 serves as the endosomal receptor for ebolaviruses and is essential
for viral entry into cells'*"°. This transmembrane protein is widely expressed
throughout the human body and is predominantly localized in late endo-
somes and lysosomes. A previous study resolved the cryo-EM structure of
EBOV GPcl complexed with full-length human NPCI, demonstrating that
the second luminal domain of NPC1, known as Domain C (NPC1-C), is
responsible for binding filoviruses'’. Another study determined the crystal
structure of EBOV GPclbound to NPC1-C, revealing that NPC1-C interacts
with the receptor-binding site (RBS) of EBOV GPdl, located in a hydro-
phobic pocket, through two protruding loops - Loop 1 and Loop 2'°.
Interestingly, the binding affinity between NPC1-C and EBOV GPdl is
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Fig. 1 | Overall structural interactions between
SUDV GP and its endosomal receptor,

human NPCI1. A Schematic representations of three
versions of SUDV GP: GP ectodomain, GP AM, and
GPcl. GP1 represents the receptor-binding subunit,
and GP2 is the membrane-fusion subunit. MLD
refers to the mucin-like domain. B Binding affinity
between SUDV GPcl and hNPC1-C (Domain C of
human NPC1) measured using surface plasmon
resonance (SPR). Recombinant GPcl was immobi-
lized on a CM5 sensor chip via chemical cross-
linking, and recombinant hNPC1-C was injected at
various concentrations. Data were analyzed using
Biacore Evaluation Software. C Binding affinity
between EBOV GPcl and hNPC1-C measured under
conditions similar to (B) using SPR. D Overall
structure of the SUDV GPcl in complex with
hNPC1-C, determined by cryo-EM. SUDV GPcl
forms a trimer, with two of the three protomers
bound by hNPC1-C. hNPC1-C is shown in green,
GP1 in cyan, and GP2 in gray. E Structure of a single
SUDV GP protomer bound to hNPC1-C.

F Previously determined crystal structure of a single
EBOV GP protomer bound to hNPC1-C (PDB:
5F1B). The two virus-binding loops in hNPC1-C
and the receptor-binding site (RBS) in the viral GP
are shown in orange and magenta, respectively.
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relatively weak, with a dissociation constant (Kd) of about 100 pM", much
weaker than the binding affinities of receptors for other viruses, such as
coronaviruses, which bind in the nanomolar range'**. This raises questions
about how efficiently EBOV can infect tissues with low NPC1 expression.
The structural interaction between SUDV and NPC1 has not yet been
experimentally characterized. Additionally, the impact of sequence varia-
tions among different ebolaviruses on their binding affinity to human NPC1
remains unknown, limiting our understanding of receptor recognition and
cell entry mechanisms for other ebolaviruses. Furthermore, it is unclear how
genetic variations in NPCI across different host species affect the host range
of ebolaviruses. Previous studies have shown that NPC1 from African straw-
colored fruit bats (Eidolon helvum) is recognized by SUDV, but only poorly
by EBOV, due to a single amino acid difference between human NPC1 and
that of E. helvum bats™. The molecular mechanism behind this observation
is not yet understood. Therefore, understanding the structural interaction
between SUDV GP and NPC1 is crucial for better insights into receptor
recognition, cell entry, tissue tropism, and host range of not only SUDV but
also other ebolaviruses.

In this study, we compared the binding affinities of SUDV GPcl and
EBOV GPdl to human NPCI1-C and determined the structure of the SUDV
GPcl complexed with human NPCI1-C, the first such structure to our
knowledge. From this structure, we identified key residue differences between
SUDV and EBOV GPs that influence their differential binding to human

NPCI. Biochemical studies were performed to validate our structural findings.
Using these insights, we analyzed GP sequences from various ebolaviruses and
examined sequence variations between human and bat NPCI. Collectively,
these analyses provide a deeper understanding of receptor recognition, cell
entry, tissue tropism, and host range across the ebolavirus genus.

Results

Binding of SUDV GPcl to human NPC1

To investigate the interaction between SUDV GP and human NPCl
(hNPC1), we expressed and purified a version of the SUDV GP ectodomain
lacking the mucin-like domain (MLD), which we designated as SUDV GP-
AM (Fig. 1A). Similarly, we expressed and purified EBOV GP-AM, using the
same design as for SUDV GP-AM. We also prepared Domain C of hNPC1,
referred to as hNPC1-C. To evaluate the binding between SUDV GP and
hNPC1-C, we removed the glycan cap from both SUDV GP-AM and EBOV
GP-AM through proteolysis, producing SUDV GPcl and EBOV GPd],
respectively (Fig. 1A). These GPcl proteins represent the primed, receptor-
binding forms of ebolavirus GPs and are the main focus of this study. We then
measured the binding affinity between the two GPcls and hNPC1-C using
surface plasmon resonance (SPR). The results indicated that SUDV GPcl and
EBOV GPdl bind to hNPCI-C with dissociation constants (Kd) of 2.41 uM
and 20.4 pM, respectively (Fig. 1B, C). Thus, SUDV GPcl binds to hNPC1-C
approximately nine times more strongly than EBOV GPcl.

Communications Biology | (2025)8:156


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07613-y

Article

Table 1 | Cryo-EM data collection, refinement, and validation
statistics

SUDV GPcl/ hNPC1-C
(PDB 9DZ2) (EMD-47323)

Data collection and processing

Magnification 130,000
Voltage (kV) 300
Electron exposure (e—/A?) 53.7
Defocus range (um) -1.0~-2.0
Pixel size (A) 0.664
Symmetry imposed C1
Initial particle images (no.) 656,688
Final particle images (no.) 159,976
Map resolution (A) 3.31
FSC threshold 0.143
Map resolution range @A) 2.8-5.2
Refinement
Initial model used (PDB code) 5f1b
Model resolution (A) 3.10
FSC threshold 0.5
Map sharpening B factor (Az) —-112.6
Model composition
Non-hydrogen atoms 9523
Protein residues 1207
B factors (A%
Protein 70.17
R.m.s. deviations
Bond lengths (&) 0.004
Bond angles (°) 0.739
Validation
MolProbity score 1.97
Clashscore 10.10
Poor rotamers (%) 0.49
Ramachandran plot
Favored (%) 93.15
Allowed (%) 6.26
Disallowed (%) 0.59

Structure of SUDV GPcl complexed with human NPC1

To examine the structural interaction between SUDV GP and hNPC1, we
determined the cryo-EM structure of the SUDV GPcl complexed with
hNPC1-C. The structure was refined to a resolution of 3.31 A (Table 1;
Supplementary Fig. 1), revealing a trimeric SUDV GPcl bound by two copies
of hNPCI-C (Fig. 1D). The trimeric SUDV GPdl consists of three GP1
subunits, each lacking the MDL and glycan cap, and a trimeric GP2 stalk.
The receptor-binding site (RBS) is located in a cavity at the top of the
truncated GP1, with hNPC1-C sitting on top of it (Fig. 1D, E). When
comparing our cryo-EM structure of the SUDV GPcl/hNPC1-C complex
with the crystal structure of the EBOV/hNPC1-C complex, we observed that
the overall binding modes of the two complexes are similar (Fig. 1E, F). For
each monomeric SUDV GPcl/hNPC1-C complex, two loops in hNPC1
interact with the RBS of SUDV GPcl (Fig. 2A). Loop 1 rests on the surface of
the RBS, while Loop 2 inserts into the cavity of the RBS. The cryo-EM
density map clarified the detailed interactions between SUDV GPcl and
hNPC1-C (Supplementary Fig. 2). In total, 9 residues in hNPC1-C Loop 1, 8
residues in hNPCI-C Loop 2, and 16 residues in the SUDV RBS are involved
in the binding interactions (Fig. 2A, B). Among these 16 residues in the

SUDV RBS, only four differ from the EBOV RBS: residues 79, 141, 142, and
148. Of these, residue 142 interacts with Loop 1 and residues 79, 141 and 148
interact with Loop 2 (Fig. 2A, B). Therefore, these four residue differences
are responsible for the stronger binding of SUDV GPcl to hNPC1 compared
to EBOV GPcl.

The most notable difference between the SUDV RBS/hNPC1-C and
EBOV RBS/hNPCI1-C interfaces is the significant conformational change in
Loop 1 of hNPC1-C. At the SUDV RBS/hNPCI-C interface, Loop 1 has
shifted >6 A away from the RBS compared to its position at the EBOV RBS/
hNPC1-C interface (Fig. 3A; Supplementary Fig. 3). This shift is mainly
driven by the S142Q residue change in the SUDV RBS, where GIn142, with
its larger side chain, pushes Loop 1 away from the RBS. As a result, at the
EBOV RBS/hNPC1-C interface, the main chains of residues 141-143 in the
RBS form stacking interactions with residues 424-427 in hNPCI-C
(Fig. 3B). In contrast, at the SUDV RBS/hNPCI1-C interface, these main
chain stacking interactions no longer exist due to the conformational shift in
Loop 1, caused by GIn142 (Fig. 3C). This makes GIn142 in SUDV RBS less
favorable for hANPC1-C binding compared to Ser142 in EBOV RBS.

Although Loop 2 of hNPC1-C adopts a similar conformation at both
the SUDV RBS/hNPC1-C and EBOV RBS/hNPCI-C interfaces, the specific
interactions differ due to variations in the residues between the two RBS
regions. At the EBOV RBS/hNPC1-C interface, Ala148 from the RBS does
not interact with hNPC1-C (Fig. 4A). However, at the SUDV RBS/hNPCI-
C interface, Pro148 forms a hydrophobic stacking interaction with the side
chain of Asp502 from hNPCI1-C (Fig. 4B). The A148P residue change from
EBOV RBS to SUDV RBS enhances hNPC1-C binding by introducing this
favorable hydrophobic stacking interaction. At the EBOV RBS/hNPCI-C
interface, the polar hydroxyl group of Tyr423 from hNPCI-C forms
unfavorable interactions with the hydrophobic side chains of Val79 and
Vall41 from the RBS (Fig. 4C). In contrast, at the SUDV RBS/hNPCI1-C
interface, Alal41, with its smaller hydrophobic side chain compared to
valine, stays farther from the polar hydroxyl group of Tyr423 from hNPC1-
C (Fig. 4D). Additionally, Alal41 is stabilized by a favorable hydrophobic
interaction with Ile79 from the RBS, which is not possible with valine due to
its shorter side chain compared to isoleucine. Thus, the V141A and V791
residue changes from EBOV RBS to SUDV RBS improve hNPC1-C binding
by alleviating an unfavorable interaction and creating a new favorable
interaction at the RBS/hNPC1-C interface. Overall, Pro148, Alal41, and
1le79 in the SUDV RBS are more conducive to hNPC1-C binding compared
to Alal48, Vall41, and Val79 in the EBOV RBS, respectively.

Biochemical validation of structural data

To validate the structural data, we performed two biochemical assays to
evaluate how residue differences between the SUDV and EBOV RBS regions
affect viral receptor binding and viral entry. First, we conducted SPR
experiments between hNPC1-C and several SUDV GPdl variants, each
containing a mutation corresponding to a residue change from the SUDV
RBS to the EBOV RBS: 179V, A141V, Q142S, and P148A (Supplementary
Figs. 4, 5). Additionally, we included a variant of SUDV GPcl with an A141V/
Q142S/P148A triple mutation, as these residues are located near one another.
The results showed that the 179V, A141V, and P148A mutations reduced
SUDV GPcI’s binding affinity to hNPC1-C, while the Q142S mutation
increased the binding affinity (Fig. 5A; Supplementary Fig. 6; Supplementary
Data 1). Furthermore, the A141V/Q142S/P148A triple mutation also
reduced SUDV GPclI’s binding affinity to hANPC1-C. Second, we conducted a
SUDV pseudovirus entry assay using SUDV GPdl containing the same
mutations (Fig. 5B; Supplementary Figs. 7, 8). Lentiviruses pseudotyped with
SUDV GPcl were used to enter hNPCl1-expressing human cells. The results
indicated that the 179V, A141V, and A141V/Q142S/P148A mutations
reduced SUDV pseudovirus entry, whereas the Q142S mutation enhanced
entry. The P148A mutation exhibited a trend toward reducing SUDV
pseudovirus entry, though the result was not statistically significant. Overall,
these biochemical assays align with the structural data, showing that residue
differences between SUDV and EBOV GPcl generally favor SUDV GPcl’s
binding to hNPC1, with the exception of residue 142.
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Fig. 2 | Detailed structural interactions between A
SUDV GP and hNPC1. A Interface between SUDV
GPcland hNPC1-C. hNPC1-C interacts with SUDV
GPcl through two loops. Top panel: Residues of the
two receptor loops are shown as orange sticks, while
the RBS of SUDV GPclis displayed as a cyan surface.
Bottom panels: Residues of the two receptor loops
are shown as orange sticks, and receptor-contacting
residues within the RBS are shown as magenta sticks.
Four receptor-contacting residues that differ
between the RBS regions of SUDV and EBOV are
highlighted in red. B Sequence alignment of the RBS
regions between EBOV and SUDV. RBS residues are
shown in magenta, with receptor-contacting resi-
dues highlighted in red. The four receptor-
contacting residues that differ between SUDV and
EBOV are shaded. Fully conserved residues are
indicated with asterisks (*), strongly conserved
residues with colons (:), and weakly conserved
residues with periods (.).
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Discussion

SUDV is a highly lethal virus with no approved drugs or vaccines currently
available as countermeasures. A significant gap in SUDV research is that its
receptor binding and cell entry mechanisms are not as well understood as
those of EBOV. Viruses in the ebolavirus genus use a unique cell entry
mechanism: the RBS of their GP is initially covered by the glycan cap and
MLD, which only becomes exposed in endosomes after endosomal pro-
teases cleave off these structures. At that point, the GP binds to its NPC1
receptor on the endosomal membranes, enabling the viruses to penetrate the
endosomal membrane. Therefore, the interaction between ebolavirus GPcl
(the cleaved form of GP) and NPCl is presumed to be a key factor influ-
encing cell entry efficiency, tissue tropism, and host range.

In this study, we discovered that SUDV GPdl binds to human NPC1
approximately nine times more strongly than EBOV GPcl. Among the
receptor-contacting residues in the RBS region, only four (residues 79, 141,
142, and 148) differ between SUDV GPcl and EBOV GPdl, indicating that
these four residues are the key determinants of SUDV GPcl’s stronger
receptor-binding affinity. We determined the cryo-EM structure of the
SUDV GPdl bound to hNPCI-C (Domain C of hNPCl), revealing the
structural role of each of these four RBS residue changes in hNPCI-C
binding. Among these, Ile79, Alal41, and Pro148 in SUDV GPcl are more

favorable for hNPC1-C binding than Val79, Val141, and Ser142 in EBOV
GPd], respectively, while GIn142 in SUDV GPdl is less favorable for ANPC1-
Cbinding than Ser142 in EBOV GPcl. We confirmed the structural findings
with biochemical assays. Together, these data suggest that the relatively high
NPC1-C-binding affinity of SUDV GPcl could facilitate the virus’s entry into
cells, potentially allowing SUDV to infect tissues with lower NPCI expres-
sion, such as the respiratory system, gastrointestinal tract, muscles, con-
nective and soft tissues, and skin™’. This elevated binding affinity also implies
that entry inhibitors targeting the RBS of SUDV would need to counteract its
stronger receptor interaction. It is important to note that other factors also
contribute to viral infectivity and tissue tropism, and this study focuses
specifically on receptor binding, which is just one of these determinants.
Our study advances the understanding of receptor binding in the ebo-
lavirus genus, for which structural interactions with human NPC1 are una-
vailable for three of the viruses. We analyzed the RBS region sequences from
all five ebolaviruses and found that only the four residues examined in this
study have undergone variations across these viruses (Fig. 6A). At positions
79 and 141, SUDV is the only virus that contains Ile79 and Ala141, while the
other four viruses have Val79 and Vall41. As demonstrated in our study,
Tle79 and Alal41 are more favorable for ANPC1-C binding than Val79 and
Vall41, respectively. At position 142, both SUDV and RESTV have GIn142,
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Fig. 3 | Detailed structural interactions between A
the SUDV RBS and Loop 1 of hNPC1-C. A A
significant conformational change in Loop 1 of
hNPC1-C is observed when bound to SUDV com-
pared to EBOV. This shift involves Loop 1 moving
6.3 A away from the RBS, driven by the presence of
Q142 in the SUDV RBS. B Detailed interactions
between the EBOV RBS and Loop 1 of hNPC1-C.
C Detailed interactions between the SUDV RBS and
Loop 1 of hNPC1-C. Double arrows in (B) indicate
hydrophobic stacking interactions, whereas in (C),
the distances are too great to support such hydro-
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Fig. 4 | Detailed structural interactions between the SUDV RBS and Loop 2 of
hNPCI1-C. A Interactions between Ala148/Lys155 in the EBOV RBS and Loop 2 of
hNPCI-C. B Interactions between Pro148/Lys155 in the SUDV RBS and Loop 2 of
hNPC1-C. A dotted line in (A) indicates a long-range salt bridge, which is absent in (B) due
to the greater distance. The double arrow in (B) represents a hydrophobic interaction that
cannot form in (A) because of the larger distance. C Interactions between Val79/Vall41 in
the EBOV RBS and Loop 2 of hNPC1-C. D Interactions between Ile79/Alal41 in the
SUDV RBS and Loop 2 of hNPC1-C. In (C), red double arrows indicate unfavorable
interactions between a polar functional group and hydrophobic functional groups. In (D),
the distance is sufficient to alleviate these unfavorable interactions, and the black double
arrow highlights a favorable hydrophobic interaction.

while the other three viruses have Ser142. Our data show that Ser142 is more
favorable for hNPCI binding than GInl142. At position 148, only EBOV
contains Alal48, while the other four viruses have Pro148, which, as we
demonstrated, is more favorable for hNPCI1 binding than Ala148. Notably,
the A141V substitution has the most significant impact on hNPC1-C bind-
ing. Overall, SUDV possesses three favorable residues (including the critical
Alal41) and one unfavorable residue. In contrast, EBOV, BDBV, and TAFV
each have one favorable residue and three unfavorable ones (including the
critical Val141), while RESTV has all four unfavorable residues (including the
critical Vall41). Based on hNPCI1-C binding affinity, SUDV ranks the
highest, followed by EBOV, BDBV, and TAFV, with RESTV ranking last.
This could potentially explain the lack of pathogenicity in humans for RESTV
infections™. However, it is important to note that ebolavirus pathogenesis is a
complex process, influenced by numerous factors beyond the RBS/hNPC1

Wid 179V A141V Q1428 P148A A141V
type Q142s
P148A

Fig. 5 | Biochemical assays investigating the effects of residue changes from the
SUDV RBS to the EBOV RBS on receptor binding and viral entry. A SPR assay
evaluating the binding of SUDV GP«l (wild type and variants) to hNPCI-C. Each
SUDV GPcl variant includes mutations corresponding to residue changes from the
SUDV RBS to the EBOV RBS. In the SPR assay, GPcl was immobilized on a sensor
chip via chemical crosslinking, and hNPC1-C was injected over the chip. Data are
shown as mean + SEM (n = 3). Statistical differences between wild-type GPcl and each
variant were analyzed using a Student’s two-tailed t-test, with significance levels
indicated above each bar: **¥**P < 0.001; ***P < 0.001; *P < 0.05. B SUDV pseudo-
virus entry assay assessing the entry efficiency of SUDV pseudoviruses (wild type and
variants) into human cells expressing hNPC1. Each SUDV pseudovirus variant
includes mutations corresponding to residue changes from the SUDV RBS to the
EBOV RBS. Before the assay, all pseudoviruses were treated with protease to remove
the MLD and glycan cap. Pseudovirus entry signals were normalized based on GP
expression levels on each pseudovirus. Data are presented as mean + SEM (n =9).
Statistical differences between the wild type and each mutant were analyzed using a
Student’s two-tailed -test, with significance levels indicated above each bar:

*#%P < 0.001; *P < 0.05; n.s., not statistically significant.

interaction. Therefore, the findings from this analysis require experimental
validation and should be considered as just one of several factors that con-
tribute to ebolavirus pathogenesis.

The animal origins and host ranges of ebolaviruses have been a subject of
significant interest. Although bats are believed to be the natural reservoir for
ebolaviruses, infectious ebolaviruses have yet to be isolated from bats. Pre-
vious research has shown that NPC1 from the bat species E. helvum is poorly
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Fig. 6 | Structural data used to assess human

71 81 111 121
receptor binding by various ebolaviruses and bat EBOV EGNGVATDVP SATKRWGFRS LEIKKPDGSE CLPAAPDGIR
receptor binding by SUDV and EBOV. A Sequence
alignment of receptor-binding site (RBS) regions in SUDV EGSGVSTDIP SATKRWGFRS LEIKKPDGSE CLPPPPDGVR
ebolavirus glycoproteins (GPs). Residues are colored BDBV EGNGVATDVP TATKRWGFRA LDIKKADGSE CLPEAPEGVR
as shown in Fig. 2B. B Structural model of bat NPC1- TAFV EGNGVATDVP TATKRWGEFRA LAIKKVDGSE CLPEAPEGVR
C bound to EBOV GPcl. C Structural model of bat RESTV EGNGIATDVP SATKRWGFRS LEIKKSDGSE CLPPPPDGVR
NPCI-C bound to SUDV GPcl. A D502F mutation Kk ke ekkek skkkhkkkkke Kk Kkk kkkk Kkkk  Kkekoeok
was introduced in both (B) and (C) using PyMOL ot . . : oo
modeling”’. RBS
131 141 151 161

EBOV GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI

SUDV GFPRCRYVHK AQGTGPCPGD YAFHKDGAFF LYDRLASTVI

BDBV GFPRCRYVHK VSGTGPCPEG YAFHKEGAFF LYDRLASTII

TAFV DFPRCRYVHK VSGTGPCPGG LAFHKEGAFF LYDRLASTII

RESTV GFPRCRYVHK VOQGTGPCPGD LAFHKNGAFF LYDRLASTVI

LKk kkkkkkk | kkkkok Kkkk s kkkKk kkkkkkokk sk
Bat NPC1-C c Bat NPC1-C
4
F502 /
( 6.5 A
A148
& K155 X’
=

EBOV GPcl

SUDV GPcl

recognized by EBOV GPdcl”. This poor recognition is likely due to positive
selection in bat NPC1, possibly as an evolutionary adaptation to evade EBOV
infections. This restriction has been linked to a single residue change in bat
NPCl, where Glu502 in human NPC1 is replaced by phenylalanine in bat
NPCI. Studies have also revealed that a single mutation in EBOV GPdl,
V141A, can overcome this restriction, allowing EBOV GPdl to bind to bat
NPC1”. The molecular mechanisms behind these findings were previously
unclear. Building on our discoveries, we examined the residue change at
position 502 in bat NPC1. As suggested by previous studies, at the EBOV
RBS/human NPC1 interface, Asp502 in hNPCI1 forms a long-range salt
bridge with Lys155 in the EBOV RBS (Fig. 4A)'’. However, at the EBOV RBS/
bat NPCI interface, Phe502 in bat NPC1 cannot form this salt bridge with
Lys155 in the EBOV RBS (Fig. 6B), explaining why EBOV GPcl cannot bind
to bat NPC1. At the SUDV RBS/bat NPCl1 interface, Phe502 in bat NPC1 can
form a hydrophobic interaction with Pro148 in SUDV RBS (Fig. 6C). This
analysis suggests that the D502F residue change from human to bat NPC1
may result from positive selection in bat NPC1 to evade EBOV, but not
SUDV. Indeed, previous studies have shown that NPC1 from E. helvum bats
can be recognized by SUDV GPcl”. Additionally, as demonstrated in this
study, the V141A mutation enhances the binding between the RBS and
NPC1-C by eliminating an unfavorable interaction at the binding interface.
Thus, the V141A mutation may compensate for the loss of the salt bridge
between Phe502 in bat NPC1 and Lys155 in the RBS, lifting the restriction on
EBOV infection in bat cells. Therefore, our study provides a molecular
explanation for previous findings on the potential host range of ebolaviruses.

In summary, the implications of this study go beyond the receptor
binding, cell entry, tissue tropism, and host range of SUDV, as it also
enhances our broader understanding of ebolaviruses.

Methods

Cell lines and plasmids

HEK293T cells (American Type Culture Collection, ATCC) were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and
100 pg/mL streptomycin. Expi293F cells (ThermoFisher) used for protein
expression were cultured in Expi293 Expression Medium (ThermoFisher).
No commonly misidentified cell lines were used in this study.

The genes for SUDV GP (NCBI Reference Sequence: NC_006432.1),
EBOV GP (NCBI Reference Sequence: NC_002549.1), and human NPC1
(UniProt: O15118) were synthesized by GenScript. For pseudovirus pro-
duction, the full-length SUDV GP gene was cloned into the pcDNA3.1(+)
vector with a C-terminal C9 tag. For protein expression, the genes encoding
EBOV GP-AM (residues 1-632, excluding residues 312-464 for the MLD)
and SUDV GP-AM (residues 1-637, excluding residues 312-464 for the
MLD) were cloned into the Lenti-CMV vector (Vigene Biosciences) with a
C-terminal foldon trimerization motif followed by a His tag. The human
NPCI-C gene (residues 374-620) was cloned into the same vector with a
tPA signal peptide at the N-terminus and a Strep-tag II at the C-terminus.

Protein expression and purification

Plasmids encoding EBOV GP-AM, SUDV GP-AM, and human NPCI-C
were transiently transfected into Expi293F cells using polyethylenimine
(PEL Polysciences). Three days post-transfection, the supernatants were
collected. GP-AM proteins were purified using a Ni-NTA column (Cytiva),
followed by further purification on a Superose200 gel filtration column
(Cytiva). To generate GPcl, 1 mg of GP-AM was digested with 5 ug of
thermolysin L (Sigma-Aldrich) at room temperature overnight and
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subsequently purified using a Superose200 gel filtration column (Cytiva).
Human NPCI-C protein was purified using a Strep-Tactin XT column
(Cytiva) and further refined with a Superose200 gel filtration column.

Surface plasmon resonance

Surface plasmon resonance (SPR) was used to measure the binding affinity
between recombinant GPcl (from EBOV or SUDV) and recombinant
human NPC1-C using the Biacore S200 system (Cytiva), as previously
described™”’. Recombinant GPcl was immobilized on a CM5 sensor chip
(Cytiva) via chemical crosslinking. Human NPC1-C was injected at varying
concentrations (1.25 uM to 20 uM) in a running buffer containing 50 mM
MES (pH 6.0), 150 mM NaCl, and 0.05% Tween20. The resulting data were
analyzed using Biacore Evaluation Software (Cytiva).

Pseudovirus cell entry assay

A pseudovirus entry assay was performed to assess the entry efficiency of
SUDV pseudoviruses, as previously described”®”’. SUDV pseudoviruses
were generated by co-transfecting HEK293T cells with a pcDNA3.1(+)
plasmid encoding full-length SUDV GP, a helper plasmid psPAX2 encoding
the HIV backbone, and a reporter plasmid plenti-CMV-luc. After 72 hours,
the SUDV pseudoviruses were harvested, and their GP was cleaved into
GPcl by treating with 1 mg/mL freshly prepared thermolysin L in the pre-
sence of 2 mM CaCl2, followed by a 30-minute incubation at 37 °C. The
reaction was halted by adding 500 uM phosphoramidon. The cleaved
SUDV pseudoviruses (GPcl pseudoviruses) were then used to infect
293 T cells transiently expressing full-length human NPCI1. After 48 hours,
the cells were lysed, and portions of the lysates were transferred to new
plates. Luciferase substrate was added, and Relative Light Units (RLUs) were
measured using an EnSpire plate reader (PerkinElmer).

Cryo-EM data collection

SUDV GPcl and human NPCI1-C were mixed at a molar ratio of 1:4 and
diluted to a concentration of 0.3 mg/mL. A 4 pL aliquot of the mixture was
applied to freshly glow-discharged Quantifoil R1.2/1.3 300-mesh copper
grids (Electron Microscopy Sciences), blotted for 4 seconds at 22 °C under
100% humidity, and plunge-frozen in liquid ethane using a Vitrobot Mark
IV (FEI). Images were captured using a K3 Summit detector (Gatan) with a
BioQuantum GIF energy filter (20 eV slit width) in CDS mode, attached to a
300 kV FEI Titan-Krios TEM at the Hormel Institute, University of Min-
nesota. Data collection was performed with EPU software (ThermoFisher
Scientific) at a pixel size of 0.664 A (nominal magnification 130,000x) and a
defocus range of —1.0 to —2.0 um. Each image consisted of 40 dose-framed
fractions, recorded with a total electron dose of 53.7 e-/A2. Cryo-EM data
collection statistics are summarized in Table 1.

Cryo-EM data processing, model building and refinement
Cryo-EM data were processed using cryoSPARC v4.5.1%, following the
workflow detailed in Supplementary Fig. 1. A total of 15337 dose-
fractionated movies were motion-corrected using MotionCor2"', and con-
trast transfer function (CTF) estimation was performed with CTFFIND-
4.1.13”. The data were downsampled to 0.885 A/pixel. Images with defocus
values outside the range of —0.6 to —3.2 um or with CTF fits worse than 7 A
were excluded. A total 0of 9,526,509 particles were selected using the Blob and
Template pickers in cryoSPARC v4.5.1. Three rounds of 2D classification
were performed to remove junk particles, resulting in 656,688 particles for
Ab-initio reconstruction of four maps, followed by heterogeneous refine-
ment. Two rounds of 3D classification yielded 159,976 particles, which were
subjected to non-uniform and CTF refinement, producing a final map at
3.31 A resolution. Post-processing with the Cryo-EM Feature Enhancement
Model” further improved map density. The final resolution was calculated
using gold-standard Fourier shell correlation (FSC) at a cutoff of 0.143
between the two half-maps. Local resolution estimates were obtained using
cryoSPARC v4.5.1.

Initial model building of the SUDV GPcl/human NPC1-C complex
was performed in Coot-0.8.9", using 5F1B as the starting model.

Refinement was carried out using Phenix-1.16 alongside manual adjust-
ments in Coot-0.8.9. Within the SUDV GPcl trimer, two of the three sub-
units were occupied by human NPCI-C. To confirm the binding of two
hNPC1-C molecules to the trimeric SUDV GPdl, additional 3D classifica-
tion of the particles was performed, revealing no complexes with full
occupancy (i.e., three hNPC1-C receptors bound). Applying C3 symmetry
resulted in lower map resolution, further supporting the absence of a
threefold axis of symmetry. Of the two bound NPCI1-C molecules, the
better-resolved one was selected for atomic model building. Model and map
statistics are summarized in Table 1. Figures were prepared using UCSF
Chimera X v0.93" and the PyMOL Molecular Graphics System, Version
3.0”. Contact residues between SUDV GP and human NPC1-C were
identified using LigPlot™.

Statistics and reproducibility

Data analysis and statistical assessments for the pseudovirus entry assay and
protein-protein binding affinity measurements were conducted using
GraphPad Prism (version 10.3.0). The pseudovirus entry assay was per-
formed with nine replicates, utilizing the same batch of pseudoviruses to
infect an equal number of cells seeded in separate wells. Protein-protein
binding affinity measurements were performed in triplicate. The Ka values
were calculated using surface plasmon resonance (SPR) with the same batch
of GPcl and NPC1-C proteins, with each Ka value obtained from indepen-
dent injections. Statistical analyses were conducted using unpaired two-tailed
Student’s t-tests to determine the significance of differences between mutants
(proteins or pseudoviruses) and wild-type controls. All cryo-EM-related
statistics are summarized in Table 1.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The atomic model and corresponding cryo-EM density map for Sudan
ebolavirus GP complexed with human NPC1 have been deposited into the
PDB and the Electron Microscopy Data Bank, respectively, with accession
numbers 9DZ2 and EMDB-47323. All other data are available from the
corresponding authors on reasonable request.
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