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ABSTRACT: The matrix protein VP40 of the highly pathogenic Sudan virus (genus Orthoebolavirus) is a multifunctional protein
responsible for the recruitment of viral nucleocapsids to the plasma membrane and the budding of infectious virions. In addition to
its role in assembly, VP40 also downregulates viral genome replication and transcription. VP40’s existence in various homo-
oligomeric states is presumed to underpin its diverse functional capabilities during the viral life cycle. Given the absence of licensed
therapeutics targeting the Sudan virus, our study focused on inhibiting VP40 dimers, the structural precursors to critical higher-order
oligomers, as a novel antiviral strategy. We have established a crystallographic screening pipeline for the identification of small-
molecule fragments capable of binding to VP40. Dimeric VP40 of the Sudan virus was recombinantly expressed in bacteria, purified,
crystallized, and soaked in a solution of 96 different preselected fragments. Salicylic acid was identified as a crystallographic hit with
clear electron density in the pocket between the N- and the C-termini of the VP40 dimer. The binding interaction is predominantly
coordinated by amino acid residues leucine 158 (L158) and arginine 214 (R214), which are key in stabilizing salicylic acid within the
binding pocket. While salicylic acid displayed minimal impact on the functional aspects of VP40, we delved deeper into
characterizing the druggability of the identified binding pocket. We analyzed the influence of residues L158 and R214 on the
formation of virus-like particles and viral RNA synthesis. Site-directed mutagenesis of these residues to alanine markedly affected
both VP40’s budding activity and its effect on viral RNA synthesis, underscoring the potential of the salicylic acid binding pocket as a
drug target. In summary, our findings lay the foundation for structure-guided drug design to provide lead compounds against Sudan
virus VP40.

1. IMPORTANCE
Ebola virus causes severe fever with unusually high case fatality
rates, which can only be treated symptomatically, as there are
no therapeutics available. VP40 plays a key role in the viral
replication process, as it promotes the budding of new virions
and is also involved in the regulation of viral genome
replication and transcription. While VP40 of the Ebola virus
has been characterized in depth, hardly any work has been
done on VP40 of the Sudan virus, another highly pathogenic
species within the genus Orthoebolavirus in the family of
Filoviridae. The recent outbreak of the Sudan virus in Uganda,
however, emphasizes the need for the development of new
antivirals. Here, fragment-based lead discovery was employed
to identify VP40-binding small molecules that could serve as
promising lead or lead-like structures during structure-guided

drug design with the goal of developing a potent VP40
inhibitor.

2. INTRODUCTION
The genus Orthoebolavirus within the family of Filoviridae in
the order Mononegavirales comprises six species. Among them,
Ebola virus (Orthoebolavirus zairense, EBOV), Bundibugyo
virus (Orthoebolavirus bundibugyoense), and Sudan virus
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(Orthoebolavirus sudanense, SUDV) are the most pathogenic
with unusually high case fatality rates.1,2 While vaccines and
monoclonal antibody cocktails are available against EBOV and
are being used during outbreaks,3,4 much-needed small-
molecule drugs as well as therapeutics are missing, especially
against SUDV,5 the causative agent of the most recent filovirus
outbreak in Uganda.6,7

VP40 is the ebolavirus matrix protein, which forms different
oligomers that have distinct functions in the viral replication
cycle.8 VP40’s N-terminal domain (NTD; residues 1−194) is
connected to its C-terminal domain (CTD; residues 201−326)
via a flexible linker, which allows movement between the NTD
and CTD.9 The CTD mediates the binding of VP40 to cellular
membranes.10 VP40 exhibits a high degree of sequence and
structural similarity between the different Orthoebolavirus
species (Figures S1 and S2). Dimeric VP40 adopts a butterfly
shape, and the two protomers are joined via residues 52−65
and 108−117 of the NTD. VP40 dimers can be transported to
the plasma membrane along cellular membranes.8,11 At the
plasma membrane, VP40 dimers are triggered by contact with
phosphatidylserine to homo-oligomerize into filaments,12 in
which the dimers are connected through their CTD with
residues L203, I237, M241, M305, and l307. Budding is then
facilitated upon the interaction of VP40 with the COPII
transport system13 and the endosomal complexes required for
transport (ESCRT) complex; the interaction with the latter is
enabled by VP40’s two late budding domain (L domains)
motifs 7-PTAP-10 and 10-PPxY-13.14 The third homo-
oligomeric form of VP40 is an octameric ring assembly.15 A
recent study has shown that dimeric VP40 can be triggered
into the octamer upon incubation with certain DNA or RNA.16

The octameric structure also includes the triribonucleotide 5′-
UGA-3′ that is bound to residues R134 and F125 of each
monomer.8,15 Octameric VP40 was reported to be involved in
the downregulation of viral genome replication and tran-
scription, although the details remain unclear.8,17,18 In order to
identify VP40-directed inhibitors, various functions of VP40

were targeted, including dimerization and transport19,20 or
interaction with the plasma membrane, egress, or filament
formation.21,22

Fragment-based drug discovery or fragment-based lead
design has become a widely used approach to identify
molecular binders that can be developed into promising
inhibitors.23 This highly sensitive method involves soaking
crystals of the target protein with a series of low-molecular-
weight fragments and subsequent analysis of the crystals at a
beamline. This experimental setup detects even weak bind-
ers.24 Another advantage is the gained structural information
showing how and where the fragment binds to the protein.25

Due to the low number of atoms and functional groups of
fragments, they represent promising starting points for the
development of larger lead structures, therefore necessitating
only a small library for screening.

Here, we present the first structure-based lead discovery
addressing SUDV matrix protein VP40 by using a crystal
soaking pipeline. We identified salicylic acid as a binder in both
the crystalline state as well as in solution. While salicylic acid
displayed a minimal impact on the functional aspects of VP40,
we confirmed the binding pocket to be a promising drug target.

3. RESULTS
3.1. Crystallographic Fragment Screening Yields

Salicylic Acid as a Hit. Expression, purification, and
crystallization of truncated SUDV VP40 lacking the first 43
N-terminal amino acids (sVP40Δ43) were optimized to
reproducibly achieve crystals of dimeric sVP40Δ43 that diffract
better than 2 Å.26 For the crystal soaking, the Jena FragXtal
Screen was used.27,28 This library consists of 96 fragments
(J1−J96; Figure 1A), mostly adhering to the Astex rule of three
(Ro3).29,30 This rule is based on Lipinski’s rule of five (Ro5),31

describing the chemical properties for oral availability of drug-
like molecules or drug candidates. For Astex Ro3, fragments
obey limitations such as molecular weight ≤300 Da and
number of hydrogen bond donors and acceptors ≤3.32 This

Figure 1. Salicylic acid of the Jena FragXtal Screen was identified as a sVP40-binder. (A) Composition of the Jena FragXtal Screen. (B) sVP40 WT
(PDB-ID 8B2U) in surface representation with the NTD (dark red) and the CTD (blue). The binding site of SA (white box, formula, boxed
rectangle), linker, and C-terminal arm (black box) are shown in panels C and D, respectively. (C) Close-up of the SA binding pocket (SA shown in
cyan) between NTD and CTD with H-bonds to Leu158, Arg214 (not all atoms of the side chains were modeled), and a water molecule. (D) A
close-up of the linker (wheat) and C-terminal arm (blue) shown in the stick representation, with the remaining part of the structure shown as both
cartoon and surface (transparency 60%). (E) Thermal stability of sVP40 in complex with SA. Means of denaturing temperatures upon incubation
with increasing concentrations of SA (1−100 mM) were compared with apo sVP40Δ43 WT (three independent experiments).
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library was already used for a number of screening
analyses.27,28,33,34 All fragments were dissolved in dimethylsulf-
oxide (DMSO) and diluted in crystallization buffer to 100 mM
(final concentration of 10% v/v). One or several crystals were
then soaked with each fragment for 12−16 h, 1 h or 10 s, flash-
frozen, and analyzed via X-ray diffraction. In total, 140 data
sets, including negative controls soaked only in 10% DMSO,
were collected and analyzed via the PanDDA suite,35 and the
autorefinement pipeline, which was developed by Schiebel et
al.30 Positive electron density could be observed for crystals
soaked with fragment J15 (salicylic acid (SA) mixed with N,N-
diethylethanimidamide in a 1:1 ratio). Of the two fragments,
only SA could be detected in the electron density map of
VP40Δ43 (Figure 1B,C, Table 1, PDB-ID 8B2U). SA occupied

the pocket between the NTD and CTD and formed H-bonds
to the backbones of L158 (NTD), R214 (CTD), and a water
molecule (Figure 1B,C). The side chain of sVP40 R214 did
not have clear electron density and was only partially modeled
in the final pdb-model (Figure 1C). Interestingly, this structure
revealed features that we characterized in a previous study,
such as the very end of the C-terminus, including the only two
cysteines of VP40 connected via a disulfide bridge, as well as
the linker between the NTD and CTD (Figure 1B,D (PDB-ID
8B3X)).26

To ensure soaking of SA in the crystalline state did not
introduce a bias into the interaction mode, we cocrystallized
VP40 with SA.36,37 This approach revealed the same binding
mode and position of SA as those during the soaking

experiments (Table 1, PDB-ID 8B1S, Figure S3). The binding
of SA to sVP40 in solution was confirmed using a thermal shift
assay (TSA). Incubation with sodium salicylate decreased
VP40’s thermal stability in a dose-dependent manner (Figures
1E and S4).
3.2. Salicylic Acid Showed Minor Effects on VP40’s

Functions. As a next step, we investigated whether the
binding of SA impaired VP40’s functions. First, an EBOV-
based minigenome (MG) assay was used to analyze the
function of sVP40, as a SUDV-based MG assay was not
available. For this, HEK293 cells were transfected with the MG
components38 and a plasmid encoding sVP40 and treated with
increasing concentrations of SA. Reporter gene activity was
measured at 48 h post-transfection (p.t.). As anticipated, wild-
type sVP40 (sVP40 WT) inhibited reporter gene expression in
a dose-dependent manner. To achieve reporter gene activity
reduction comparable to that observed with EBOV VP40
(eVP40), a higher quantity of the sVP40-encoding plasmid was
required for transfection (Figure S5). Treatment with 1 mM
SA impacted reporter levels even further, whereas they were
slightly increased upon incubation with 10 μM SA compared
to that of the untreated VP40 sample (Figure 2A).

To investigate the potential inhibitory effect of SA on the
release of VP40, a budding assay was performed. HEK293 cells
were transfected with plasmids encoding sVP40 and the viral
glycoprotein (GP), the latter to increase the yield of virus-like
particles (VLPs), and treated with SA for 4 h p.t. The ratio of
released/intracellular VP40 was determined via Western
blotting. VP40 release was not significantly impaired by any
of the SA concentrations used (Figure 2B,C). Because MG and
VLP assays represent artificial overexpression systems to study
the distinct steps of the viral replication cycle, a potential
inhibitory effect of SA on authentic SUDV was tested under
the BSL4 conditions. For this, HuH7 cells were infected with
SUDV at an MOI of 0.01 and treated with increasing
concentrations of SA. As shown in Figure 2D, SA treatment
had no significant effect on released viral titers.

Taken together, SA seemed to exert only slight changes in
reporter gene activity in an MG assay and had no implications
for budding. Because SA covers only a small fraction of the
large binding pocket, this result was not unexpected.
3.3. Characterization of Residues Involved in the

Interaction of SA with VP40. To investigate the biological
relevance of the SA binding pocket and therefore its suitability
as a drug target to inhibit functions of VP40, we characterized
the residues that are involved in the interaction with SA, L158,
and R214 and also included L213. The mutants sVP40 L158A,
sVP40 L213A, and sVP40 R214A were generated in the
mammalian expression vector pCAGGS and used in MG and
budding assays. As shown in Figure 3A, the inhibitory effect of
VP40 on viral genome replication and transcription was
completely abolished upon mutation of R214. In addition, a
slight but not significant effect was observed for sVP40 L158A.

Next, we examined the same set of mutants within a VLP
assay, which revealed that each of the mutated amino acids
played a critical role in the initiation of VLPs. Notably, the
mutations markedly reduced the efficiency of budding, with the
most pronounced decrease observed for the sVP40 L213A
mutant (Figure 3B,C). These findings are consistent with the
existing literature; specifically, residues L213 and R214 have
been previously investigated in the context of eVP40.39,40 A
recent study highlighted the importance of electrostatics of the
linker residues between the NTD and CTD for the interaction

Table 1. Data Collection and Refinement Statistics of
Dimeric sVP40Δ43 WT in Complex with SAa

data collection 8B2U (soaking)
8B1S

(cocrystallization)

space group C2 C2
unit cell parameters [Å] (a, b, c,

α, β, γ)
62.30; 90.62; 48.10 62.10; 90.62; 48.19
90.00; 94.02; 90.00 90.00; 94.25; 90.00

resolution range 47.99−1.80
(1.84−1.80)

48.06−1.60
(1.63−1.60)

total number of reflections 81,399 (4,329) 233,261 (9,242)
number of unique reflections 24,102 (1,315) 33,883 (1,474)
I/σ 6.4 (0.7) 21.8 (3.8)
Rmerge 0.076 (1.020) 0.037 (0.318)
completeness [%] 97.9 (90.4) 97.7 (86.7)
multiplicity 3.4 (3.3) 6.9 (6.3)
CC1/2 [%] 99.5 (42.4) 99.9 (97.2)

Refinement
resolution range 47.99−1.80 36.14−1.60
Rwork/Rfree [%] 20.8/23.0 18.9/20.7
number of unique reflections 23.796 33,841
number of protein residues 248 244
average B factor [Å2] 43.5 37.0
r.m.s deviations:

bond length [Å2] 0.007 0.004
bond angles [deg] 0.91 0.73

Ramachandran plot:
favored [%] 97.88 98.26
allowed [%] 2.12 1.74
outliers [%] 0.00 0.00

rotamer outliers [%] 0.00 0.00
clash score 1.88 3.19
number of TLS groups 5 5
aValues for the outer shell are given in parentheses.
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with the cellular plasma membrane and showed that
differences in the net charge of VP40 alter budding
dynamics.41 To investigate a similar mechanism for the pocket
residues, we prepared various R214 mutants and assessed their
functionality in an MG and budding assay (Figure 3D,E) and
could show that the net charge plays only a minor role in the
regulation of viral RNA synthesis (especially when compared
to R214A, Figure 3A). In contrast, defects in budding activity
are more prominent for negative or uncharged substitutions
compared to other substitutions that retain net charges, such as
R214K or R214H (Figure 3E). Expression levels of all R214
mutants were similar (Figure S6).

To further explore the effects of these point mutations, we
assessed their impact on the ability of sVP40 to form homo-
oligomers. To this end, we generated mutants sVP40Δ43
L158A, L213A, and R214A using the bacterial expression
vector pET46. The resultant recombinant proteins were
expressed in Escherichia coli, purified through affinity
chromatography, and then analyzed by size-exclusion chroma-
tography (SEC). The SEC analysis revealed that while the
wild-type sVP40Δ43 protein predominantly eluted as dimers
with a detectable, albeit minor, octamer fraction, the mutant
proteins demonstrated a decrease in dimer formation coupled
with an increased octamer fraction (Figure 3F), as determined

via calculating the area under the curve (AUC) for the different
oligomeric peaks and the octameric fraction (Figure 3G). This
suggested that the residues coordinating SA, particularly L158
or R214, are important for the stability of VP40 dimers. While
it has been discussed that octamers of VP40 play an important
role in the downregulation of RNA synthesis,8,17 this
presumption is not confirmed by our results, where R214A
lost its ability to inhibit viral RNA synthesis although the
amount of VP40 octamers was increased from 10 to 50%
(Figure 3F,G).

In our study, we demonstrated that fragment-based drug
discovery identified SA to bind with low affinity in a pocket of
VP40 that is important for the protein’s function. The SA-
coordinating amino acids L158 (NTD) and R214 (CTD) are
essential for the budding function and viral RNA synthesis-
modulating function of VP40. The identified binding site on
VP40 is therefore promising for the further development of SA
derivatives in order to inhibit the functions of VP40’s
functions.

4. DISCUSSION
The recent SUDV outbreak in Uganda stresses the need for
virus-specific vaccines and novel antivirals. So far, SUDV has
remained mainly understudied compared to EBOV. We

Figure 2. SA displays only minor effects on VP40 in functional assays. (A) Treatment with SA influences reporter gene activity in a minigenome
assay. HEK293 cells were transfected with pCAGGS sVP40 WT and the minigenome assay components. The cell culture medium was changed 4 h
p.t., and increasing concentrations of SA were added (1 μM−1 mM). Cells were lysed 48 h p.t., and reporter gene activity was measured and
normalized to the sample without VP40 (set to 100%). For the negative control, no polymerase L was added to the transfection mix. (B, C) The
effect of SA treatment on VP40 release. Cells were transfected with pCAGGS GP and pCAGGS sVP40 WT, and the cell culture medium was
changed 4 h p.t., and SA added. Supernatants were collected, and cells were lysed 24 h p.t., and Western blot analyses of cellular and released VP40
were performed using rabbit α-VP40 and mouse α-tubulin as primary antibodies and donkey α-mouse and goat α-rabbit IRDye 680 as secondary
antibodies. (C) Quantification of VLPs. Released VP40 was normalized to the amount of VP40 in lysates, and sVP40 WT w/o SA was set to 100%.
(D) HuH7 cells were infected with SUDV and treated with varying concentrations of SA. Viral titers of the supernatants were assessed at 2 dpi via
TCID50. Bars indicate the mean ± SD of at least three independent experiments, and asterisks indicate statistical significance (*P < 0.05 and
****P < 0.0001) compared to the positive control without SA.
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successfully employed fragment-based lead design via crystal
soaking and identified salicylic acid as a crystallographic binder
of dimeric sVP40. The success rate of the screening described
here was surprisingly low, with only one fragment identified as
a hit when compared to other publications using the same
library.28,34,42 Other fragments of the Jena FragXtal screen that
are structurally quite similar to SA did not bind, suggesting that
the functional groups are crucial for successful soaking (Table
S1). Due to its small size, SA seems to be a promiscuous
binder, as it was reported as a ligand for numerous other
proteins,43−52 also including screenings using the same
library.42,53 SA derivatives such as 2-hydroxy-4-aminobenzoic
acid and P-hydroxybenzoic acid are bound to the SARS-CoV-2

NSP3 macrodomain in the crystalline state (PDB-codes: 5RUE
and 5RTJ, respectively).54

SA was identified as a crystallographic binder in the crystal
soaking screening, and its binding was confirmed in solution
via TSA. The TSA results suggested a destabilization of sVP40
in its dimeric form. Decreased melting temperatures upon
ligand binding was reported previously for other proteins.55−57

However, the sVP40 crystal in complex with SA did not exhibit
altered topology compared to the apo form (PDB-code
8B3X,26 (Figure S3)), as indicated by a root-mean-square
deviation (RMSD) of 0.144 for 8B2U vs 8B1S and 0.140 and
0.166 for 8B3X vs 8B2U and 8B1S, respectively. The
characterization of the pocket mutants sVP40 L158A,

Figure 3. Influence of sVP40 pocket mutants on reporter gene activity, budding, and homo-oligomerization. (A) Influence on an MG assay:
HEK293 cells were transfected with pCAGGS sVP40 WT or mutants along with the minigenome assay components. Cells were lysed 48 h p.t., and
reporter gene activity was measured and normalized to the sample without VP40 (set to 100%). For the negative control, no polymerase L was
added to the transfection mix. (B, C) The effect of sVP40 pocket mutants on VP40 release: cells were transfected with pCAGGS GP and sVP40
WT or mutants. Supernatants were collected, and cells lysed 24 h p.t. and Western blot analyses of cellular and released VP40 were performed using
rabbit α-sVP40 and mouse α-tubulin as primary antibodies and donkey α-mouse and goat α-rabbit IRDye 680 as secondary antibodies.
Quantification of VLPs: released sVP40 was normalized to the amount of sVP40 in lysates, and sVP40 WT was set to 100%. VP40 typically exhibits
two major bands, both of which were used for quantification. (D) Influence of different arginine substitutions on reporter gene activity. (E) The
effect of arginine substitutions on VP40 release. (F) Size-exclusion chromatography of sVP40 WT and pocket mutants. (G) Area under the curve
(AUC) of the different VP40 oligomers: size-exclusion chromatography and calculation of the AUC of the dimeric and octameric peaks and
determination of the octameric percentage of total VP40 AUC. Bars indicate the mean ± SD of three independent experiments, and asterisks
indicate statistical significance as follows: *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.00005 compared to sVP40 WT.
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L213A, and R214A showed that VLP formation of the mutants
is impaired concomitant with an increase in the octameric
fraction compared to sVP40 WT (Figure 3F,G). The increased
formation of octamers might represent a destabilization of
dimeric VP40, which could account for the destabilizing effect
seen in the TSA. It might also explain the decrease in budding
activity, which is in line with the literature described for eVP40
L213A and R214A.39 Additionally, L213 was reported to
penetrate into the plasma membrane, along with I293, L295,
and V298,40 and the eVP40 L213A mutant exhibited decreased
plasma membrane localization and penetration as well as
diminished externalization of phosphatidylserine on the outer
leaflet of the plasma membrane,12 which promotes efficient
uptake of virions by target cells.58 The abrogated interaction
with the plasma membrane might be another reason for
decreased levels of VP40 in the cell culture supernatant. Also,
similar implications are possible for R214 as this residue is
located on the outer rim of the pocket. Therefore, two
scenarios are imaginable: First, it can be suggested that SA
binding induces a possible destabilization of the sVP40 by
directly affecting the pocket and its residues. However, our
experimental TSA data shows that while the dimer is indeed
affected, its destabilization is not severe enough to impair the
dimerization, as evidenced by the absence of a monomeric
peak (see Figure S4) in the melt curve. Second, a stabilization
of the dimer is also conceivable since SA forms interactions
with both termini and thus could possibly interfere with
octamerization, which involves a conformational rearrange-
ment of the CTD. Other possibilities upon binding of pocket-
directed inhibitors include impaired function of VP40 due to
the blockade of the crucial residues L158, L213, and R214,
which could impair interaction with other viral or host proteins
due to the occupied pocket. All possibilities, however, depend
on the development of a (larger) SA derivative that binds to
VP40 with a higher affinity.

While the overall topology of the SA binding pocket is
highly conserved among the different ebolavirus species
(Figure S2), the cavity is occupied by the very end of the C-
terminal domain in the eVP40 structure as well as in the
models generated using ColabFold.59 However, the terminal
arm seems to necessitate a high level of flexibility, suggesting
that a ligand such as SA can bind to VP40 depending on the
conformational state or might even be able to displace the C-
terminal arm. The characterized area represents the only
pocket of dimeric VP40 besides a shallow tunnel formed by
residues 67−70, 102−105, and 273−280 on top of the dimer.
Urata et al. hypothesized that the pocket between the CTD
and NTD is the interaction site between VP40 and other viral
or host proteins, such as NP60 or proteins of the COPII
transport system,13 but so far, involved residues or structure
remained enigmatic. Urata et al. characterized the 292-YIGL-
295 motif for eVP40, which is located inside the pocket and
was reported to be critical for both VLP release and
downregulation of viral genome replication and transcription.61

This further increases the attractiveness of the pocket and also
raises questions about its accessibility. In this regard, it needs
to be mentioned that accessibility is given due to the flexibility
of the R214 side chain, which could not be completely
modeled in any of the sVP40Δ43 WT structures of the present
study. Generating the symmetry mates of the crystal packing
showed that the pocket is still solvent-exposed and not blocked
by other protomers in the crystal, whereas other areas are
obstructed (Figure S7).

Identification of antivirals against filoviruses typically
included high-throughput screenings using relatively large
libraries and complex molecules.19,62−65 Due to their size,
these compounds are potentially highly potent but are often
unspecific binders and tend to have high off-target effects. In
addition, they usually offer only reduced chemical diversity,
making modification more challenging. On the other hand,
fragments are ideally suited for purpose- and target-specific
modification and are therefore attractive for the drug discovery
process. However, fragments typically exhibit weak binding
affinities in the millimolar range and, therefore, require highly
sensitive screening methods. Extension of hits into lead
compounds requires the synthesis of a potentially extensive
array of molecules until a suitably potent compound emerges.
This process becomes exponentially intricate in the absence of
structural information as the number of synthesized molecules
is potentially dramatically increased at each step of the
development (reviewed in refs 66−68). While the implemen-
tation of crystal soaking experiments proved labor-intensive in
the initial phases, structure-guided drug design is greatly
facilitated. This, in turn, substantially mitigates the challenges
associated with the design and synthesis of derivatives as
possible extension sites are easily located and validated using
our approach.

In conclusion, a crystal soaking screening is a powerful
technique to identify lead-like molecules and offers the
structural information needed for later stages of the drug
design process. The present work describes the expression,
purification, and crystallization of sVP40 in a highly
reproducible manner, as well as the establishment of a high-
content crystallographic screening pipeline. Such identified
binders usually exhibit low affinities in the high μM or low mM
range, suggesting that these hits would be missed in a less
stringent assay. Crystal soaking offers the additional advantage
of structural information, facilitating the fragment extension
process. This method is particularly suited for nonenzymatic
proteins, where, like in the case of VP40, their functionality can
only be assessed in cell culture-based assays involving the
presence of numerous other proteins. Using fragment-based
lead discovery, we identified the small-molecule SA, which
binds to residues L158 of the NTD and R214 of the CTD of
VP40, thereby bridging both domains. Since the flexibility of
the protein is needed for membrane binding and octameriza-
tion, it is presumed that a derivative with a higher binding
affinity than SA could effectively impair the protein’s
conformational dynamics and inhibit its functions.

It is therefore presumed that SA is a promising lead-like
molecule for the development of a VP40 inhibitor. In further
studies, extended derivatives of SA will be synthesized to
increase the molecule’s affinity for the binding pocket of
sVP40. The present study offers novel perspectives on
identifying small molecules that exploit vulnerable sites in a
viral target protein and pave the way for potent and highly
specific inhibitors.

5. METHODS
5.1. Compounds. The crystallographic screening library

was provided by G.K. and A.H. in collaboration with Jena
Bioscience. Salicylic acid was purchased from Thermo Fisher
Scientific and Acros Organics with a purity of >95% assessed
via titration assay.
5.2. Expression, Purification, and Crystallization.

SUDV VP40 constructs lacking the first 43 amino acids
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(sVP40Δ43) were cloned into the bacterial expression plasmid
pET46 and transformed into Rosetta2 cells. Expression,
purification, and crystallization were performed as previously
described.26 Briefly, cells were grown in Luria−Bertani (LB)
medium and induced with 0.5 mM IPTG once the exponential
phase was reached (OD600 ≥ 0.5). sVP40 was then expressed
overnight at room temperature, bacterial cells were eventually
harvested, the bacterial pellet was resuspended in VP40 buffer
(25 mM Tris, 300 mM NaCl, pH 8) with 10 mM imidazole,
lysed using a microfluidizer, and the supernatant was subjected
to centrifugation. sVP40Δ43 (WT or mutants thereof) was then
purified by immobilized metal affinity chromatography using
Ni-NTA beads and eluted by application of 250 mM imidazole
in VP40 buffer after extensive washing steps of the beads using
VP40 buffer with 20 mM imidazole. VP40-containing fractions
were then applied to a HiLoad16/60 size-exclusion chroma-
tography column using VP40 buffer as the running buffer. The
total yield of the purified protein was applied to the SEC
column. Eluted fractions corresponding to dimeric VP40 were
collected and concentrated to 7 mg/mL sVP40Δ43 in 25 mM
Tris and 300 mM NaCl, pH 8, and was mixed 1:1 with
crystallization buffer (100 mM N-(2-hydroxyethyl)piperazine-
N′-ethanesulfonic acid (HEPES), 40 mM MgCl2, 10% v/v
PEG400). Crystals were grown overnight at 18 °C using the
hanging drop method. As a cryoprotectant, 20% ethylene
glycol was added to the crystallization buffer.
5.3. Soaking of sVP40 Crystals and Analysis. Frag-

ments originating from the FragXtal Screen (Jena Biosciences)
were dissolved in DMSO to 1 M and diluted 1:10 in
crystallization buffer (with or without 20% ethylene glycol as a
cryoprotectant) to a final concentration of 100 mM. Crystals
were then placed in a drop of the diluted fragments and soaked
for only seconds, minutes, 1 h, or overnight. Crystals were then
harvested, flash-frozen in liquid nitrogen, and analyzed at the
Swiss Light Source, Paul Scherrer Institute, Villigen, Switzer-
land. Data sets were collected and processed using XDS69 and
scaled using the ccp4i suite Aimless.70 Data sets were then
analyzed using the software packages dimple71 and eventually
PanDDA.35 In addition to PanDDA, the autorefinement
pipeline by Schiebel et al.30 was used. For further manual

evaluation, molecular replacement (MR) was performed using
Phaser72 with 4LD88 as a search model, and data sets were
refined using iterative cycles of refinement procedures using
Phenix Ref ine73 and model building in coot.74 Restraints for SA
were generated using phenix-elbow. Water molecules were
added manually to the model (in coot), which was refined for
atom occupancies, individual B-factors, and TLS groups (as
determined using the Phenix TLS tool). The overview of the
crystal data analysis is given in Figure 4.
5.4. Thermal Shift Assay. For this assay, 20 μM sVP40Δ43

WT in 25 mM Tris, 300 mM NaCl, pH 8, was mixed with
SYPRO Orange (50× final concentration), 2 μL sodium salt
(SA) was dissolved in VP40 buffer to final concentrations of
1−100 mM and VP40 buffer ad 20 μL. A melting curve
analysis using a StepOne Real-Time PCR system, with the
temperature ranging from 25 to 99 °C with a continuous
increase of 0.05 °C/s, was performed. Each reaction was
measured in triplicates, and 20 μL of each mixture was used
per well of a 96-well plate. Negative controls included samples
without protein or without SA.
5.54. Mutagenesis of Plasmids. Mutagenesis of sVP40 in

the eukaryotic plasmid pCAGGS or the bacterial expression
plasmid pET46 EK/LIC was performed using the Agilent
Quickchange Lightning Mutagenesis Kit according to
manufacturer’s instructions. Primer sequences were as follows:
ggtagcacaaactcttgagcgaaagcctggttccccat (for both pCAGGS
and pET46 sVP40 L158A), tggaagtagaacgggtctcgcctttgggt-
gaaatgaaagc and ctctcatttcacccgaacgcgagacccgttctacttcc (for
pCAGGS and pET46 sVP40 L213A, respectively), and
cctggaagtagaacgggtgccagctttgggtgaaaatga and tcatttcacc-
caaagctggcacccgttctacttccagg (for pCAGGS and pET46
sVP40 R214A, respectively).
5.6. Mammalian Cells. HEK293 (human embryonic

kidney) and HuH7 (human hepatoma) cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 10% fetal calf serum (FCS), 2 mM L-
glutamine (Q), 100 U/mL penicillin, and 100 μg/mL
streptomycin (P/S) and grown at 37 °C and 5% CO2.
5.7. Minigenome Assay. The principle and plasmids of

minigenome (MG) assays were already described elsewhere.38

Figure 4. Workflow for the analysis of crystallographic data. (A) Promising data sets were refined using Phenix and Coot until the final model was
generated. (B) Interesting data sets were identified by using both the refinement pipeline by Schiebel et al. as well as dimple and PanDDA.
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In short, HEK293 cells in 12-well plates at approximately 50%
confluency were transfected with plasmids coding for the
various viral proteins: 500 ng of pCAGGS L, 62.5 ng of
pCAGGS VP35, 50 ng of pCAGGS VP30, 62.5 ng of pCAGGS
NP, 125 ng of pCAGGS T7, 125 ng of pANDY 3E5E, 50 ng of
pGL4 Firefly Luciferase, and 400 ng of pCAGGS sVP40 WT/
mutants using the TransIT transfection reagent.26 Differences
in the absolute amount of transfected plasmid DNA were
compensated for by the addition of an empty pCAGGS vector.
For the treatment with SA, the cell culture medium was
changed to 2 mL of DMEM with 3% FCS + Q/P/S with 2 μL
of SA (salicylic acid sodium salt, final concentrations of 1 μM−
1 mM). While we did not control for the cellular uptake of SA,
several publications report a successful treatment of HEK293
cells with SA,75−78 indicating sufficient membrane perme-
ability. Forty-eight hours post-transfection (p.t.), cells were
washed twice with PBSdef and eventually resuspended 1× Lysis
Juice (Promega) and frozen at −20 °C. After thawing, the cell
suspension was centrifuged for 10 min at 13,200 rpm and 4 °C.
The supernatant was used to measure reporter gene (Renilla
luciferase) activity using the Beetle-Juice and Renilla-Juice BIG
KITs (PJK) with a Centro LB 960 luminometer (Berthold
Technologies). Firefly luciferase signals were used to normalize
the transfection efficiency. Data was analyzed using one-way
analysis of variance (ANOVA) by Prism version 8.1.1
(GraphPad Software Inc., San Diego, CA).
5.8. VLP Assay. HEK293 cells in 6-well plates at

approximately 50% confluency were transfected with 500 ng
of pCAGGS sVP40 WT or mutants and pCAGGS EBOV GP,
the latter to improve yields of virus-like particles (VLPs)79 (3
wells per sample). Four hour p.t., the cell culture medium was
changed to 3 mL of DMEM with 3% FCS + Q/P/S (for SA
experiments: addition of 0.1% SA (sodium salt) with final
concentrations of 1 μM−1 mM). Cell culture supernatants
were collected for 24 h p.t., centrifuged for 10 min at 2500 rpm
and 4 °C to remove cell debris, and the supernatant was later
subjected to ultracentrifugation for 2 h at 4 °C and 40,000 rpm
over a 20% sucrose cushion. Pellets containing VLPs were then
resuspended in 50 μL of 1× sample buffer with β-
mercaptoethanol and heated for 5 min at 95 °C. Cells were
washed twice with PBSdef and eventually resuspended in 1×
Lysis Juice (Promega) and frozen at −20 °C. After thawing,
the cell suspension was centrifuged for 10 min at 13,200 rpm
and 4 °C. Sixty microliter portion of the supernatants of the
lysate was then mixed with 20 μL of 4× sample buffer and then
treated as described for the VLP samples above. Western Blot
analyses of both cell lysate and VLP samples were performed
as described in the next section.
5.9. Western Blot Analysis. Protein samples were

separated on a 12% sodium dodecyl sulphate (SDS)-
polyacrylamide gel (50 min at 200 V) and transferred to a
0.45 μM nitrocellulose membrane (Amersham) by applying 25
V and 1 A for 30 min. The membrane was blocked using 10%
skim milk in PBSdef, stained with rabbit α-sVP40 and mouse α-
tubulin (1:1000 in 1% skim milk, diluted in PBSdef with 0.1%
Tween-20) as primary antibodies and donkey α-mouse IRDye
680, goat α-mouse IRDye 800, and goat α-rabbit IRDye 680
using the Odyssey CLx imaging system. Signals were quantified
using an Odyssey Infrared Imaging Scanner with the
ImageStudio Acquisition software. Intensities of released
VLP were normalized to the respective lysate samples via
quantification of both VP40-specific bands. Data was analyzed

using one-way ANOVA by Prism version 8.1.1 (GraphPad
software Inc., San Diego, CA).
5.10. Infection of HuH7 Cells with SUDV. All infection

experiments using the Sudan virus (SUDV) were performed in
the BSL4 laboratory of the Institute for Virology, University of
Marburg, according to national and international regulations.

HuH7 cells were seeded in 12-well plates to a confluency of
50% and infected with SUDV at an MOI of 0.1 TCID50/mL.
The required virus volume was mixed with 500 μL DMEM
without FCS and added to the cells. The inoculum was
removed after 1 h at 37 °C and 5% CO2, the cells were washed
thrice with PBSdef, and 1 mL of DMEM with 3% FCS and 0.1%
DMSO/SA was added to the cells. The addition of SA was
only performed once directly after infection. Two days
postinfection (dpi), supernatants were harvested, and viral
titers (TCID50/mL) were assessed via the TCID50 method
using the Spearman & Kar̈ber algorithm.80
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