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Design of a stapled peptide that binds to the
Ebola virus matrix protein dimer interface†

Roopashi Saxena,‡a Madison M. Wright,‡b Benjamin M. Rathman,b Ukesh Karki,c

Prem P. Chapagain, cd Juan R. Del Valle *b and Robert V. Stahelin *a

The Ebola virus (EBOV) is a filamentous lipid-enveloped RNA virus that can cause viral hemmorhagic

fever and has a high fatility rate. EBOV encodes seven genes including the lipid-binding matrix protein,

VP40, which lies beneath the lipid-envelope. VP40 is a 326 amino acid protein with a N-terminal

domain (NTD) harboring a high affinity dimer interface and a C-terminal domain (CTD) critical to plasma

membrane lipid interactions. Disruption of VP40 dimer formation via mutagenesis inhibits assembly and

budding of VP40. A series of conformationally constrained mimics of the VP40 a2 helix were designed

based on the crystal structures of the VP40 dimer. A thermal shift assay was used to screen constrained

and native peptides for significant alterations in VP40 stability. The most meritorious peptides were then

confirmed to directly bind VP40 using microscale thermophoresis and isothermal titration calorimetry.

A constrained VP40 peptide mimetic with a di-cysteine staple emerged with micromolar affinity for the

VP40 dimer. This peptide was able to shift the VP40 dimer–monomer equilibrium as evidenced by size

exclusion chromatography and bound near the NTD a-helix dimer interface. This study provides the first

evidence of a designed small molecule induced disruption of VP40 dimer–monomer equilibrium.

Introduction

Ebolavirus (EBOV) is a lipid-enveloped filamentous virus har-
bouring a negative sense single stranded RNA genome. The first
outbreak of EBOV was reported in 19761 and since then multiple
outbreaks of different strains of virus have led to infections in
humans often with fatality rates greater than 50%.2 EBOV
consists of a 19 kb genome encoding 7 genes including nucleo-
protein (NP), viral protein 35 kDa (VP35), viral protein 40 kDa
(VP40), glycoprotein (GP), viral protein 30 kDa (VP30), viral
protein 24 kDa (VP24) and polymerase (L).3 The virus ultrastruc-
ture has an outer lipid envelope containing GP, which are
trimeric spikes expressed on the viral surface and are required
for viral entry into the host cell. Below the viral surface, VP40
forms a matrix layer that provides stability and shape to the virus
and plays important roles in viral assembly and budding.4–6

Below the matrix layer is the ribonucleoprotein (RNP) complex
formed by viral genome RNA bound to NP, VP24, VP30, VP35,
and L.3

VP40 is an abundantly expressed viral protein, which performs
multiple functions during the viral life cycle. VP40 achieves its
multifunctionality by existing as a transformer protein, with
conformational changes that lead to different oligomerization
states.5,7 VP40 predominantly forms a dimer, which binds to the
host cell plasma membrane inner leaflet and serves as a building
block for matrix layer formation.5,6 The dimer further oligo-
merizes at the plasma membrane to form hexamers for cylindrical
matrix layer formation.4 VP40 also exists as a ring-shaped octamer
which binds viral RNA to downregulate viral replication and
transcription.5,8 Further, expression of VP40 in mammalian cells
in the absence of other EBOV proteins is sufficient to form virus-
like particles (VLPs),9–11 highlighting the importance of VP40–host
interactions for viral assembly and budding.11–13

The VP40 crystal structure demonstrated formation of a high
affinity butterfly-shaped dimer with a distinct N-terminal domain
(NTD) and C-terminal domain (CTD) connected by a flexible
linker.5 The NTD has a critical role in forming NTD–NTD inter-
actions at the dimer interface5,7,14,15 and formation of the octa-
meric ring through a different NTD interface.6,8 Meanwhile, the
CTD is required for binding to host cell plasma membrane lipids
and formation of dimer–dimer interactions.7,13,16,17 The NTD
forms a b-sandwich with two a-helices while the CTD features
two b-sheets and two a-helices connected by a disordered loop
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structure.6,18 The dimerization interface is formed by an NTD
a-helix along with an adjacent loop region, constituting resi-
dues 106–120 and 52–65,5,14,15 respectively. These regions bring
the two protomers together through an array of hydrophobic
interactions.5,14,15 Mutations at critical residues in both these
regions of the dimerization interface have been reported
to disrupt dimer formation, strongly favouring formation of
the octameric ring.5,7,14,15 This indicates that interdomain
contacts regulate conformational dynamics, dimer stability,
and eventually formation of VP40 filaments.

Despite broad knowledge of VP40 structure and dimer
formation, few chemical tools are available to probe VP40
structure, function, and the equilibrium between different
VP40 oligomeric forms. To address this gap, we designed
constrained peptides to probe the VP40 dimerization interface.
The peptidomimetics were designed to mimic the NTD a-
helical region, to either prevent the NTD interaction of two
protomers or disrupt the dimerization interface. Di-cysteine
sidechain stapling was employed to restrict accessible back-
bone conformations at distinct sites along the helix. Biophysi-
cal analysis along with site directed mutagenesis revealed a
VP40 mimic capable of binding the VP40 dimer and shifting the
dimer–monomer equilibrium.

Results and discussion
Design and synthesis of stapled VP40 peptides

We designed a series of conformationally constrained mimics
of the VP40 a2 helix based on the crystal structures of the VP40
dimer.5 The a2 helix engages in several key hydrophobic inter-
actions with the opposing VP40 protomer across residues 112–
116, in addition to polar contacts involving D109 and S110
(Fig. 1(A)).15 The backbone torsions of residues 116–120 depart
from canonical a-helical geometry, with Y120 engaging in a
sidechain-to-backbone H-bond to the carbonyl oxygen of I115.
We selected positions Y106, T111, I115, and Y120 as candidate
sites for covalent tethering since these sidechains reside oppo-
site to the dimer interface (Fig. 1(B)). To introduce constraints
at these positions, we substituted pairs of native residues with
Cys to enable stapling of 3 linear substrates (Fig. 1(C)). Two
linear substrates feature i - i + 5 spacing of the Cys residues
and the other i - i + 4 spacing. Since Met can participate in
alkylation reactions with bis-electrophiles we also introduced
an M116X substitution, where X is norleucine.

Linear di-Cys peptides were synthesized on Rink amide resin
using standard Fmoc solid-phase protocols (HATU/NMM acti-
vation). Following cleavage from the resin, the crude unpro-
tected peptides were each reacted with 4 different dibromide
electrophiles to generate 12 unique macrocycles. The stapled
peptides were purified to homogeneity by RP-HPLC and char-
acterized by HRMS (Table 1 and Fig. S1, ESI†).

Screening of peptides for VP40 dimer interactions using a
thermal shift assay

To identify compounds that can interact with the VP40 dimer,
we screened our library of stapled peptides using a thermal
shift assay.19,20 VP40 dimer was purified and isolated from the
octamer fraction (Fig. S2, ESI†) and subjected to temperatures
from 35–95 1C. The intrinsic fluorescence of VP40 contributed
by 2 Trp and 4 Tyr residues was measured at both 330 nm
and 350 nm for each degree change in temperature. The VP40
dimer exhibits minimal fluorescence in the folded state,
and we observe an increase in the fluorescence with higher

Fig. 1 (A) Helical wheel diagram of VP40106–120 derived from the X-ray crystal structure of the VP40 dimer (PDB 4LDB). (B) Non-interface residue
sidechains (green) in the structure of VP40106–120 bound to the opposing dimer protomer. (C) VP40106–120 lead sequence and designed linear di-Cys
substrates for stapling. (D) Diversity-oriented stapling with 4 dibromide electrophiles.

Table 1 Structures and HRMS data for stapled VP40106–120 peptides

Peptide Sequencea Linker Yieldb (%) HRMS (m/zobs)

1a [CSFDSC]TAAIXLASY m-xyl 9 1665.7640 [M + H]+

1b [CSFDSC]TAAIXLASY p-xyl 7 1665.7687 [M + H]+

1c [CSFDSC]TAAIXLASY m-pyr 11 1666.7601 [M + H]+

1d [CSFDSC]TAAIXLASY E-but 8 1615.7465 [M + H]+

2a YSFDS[CTAAC]XLASY m-xyl 14 1715.7454 [M + H]+

2b YSFDS[CTAAC]XLASY p-xyl 4 1715.7439 [M + H]+

2c YSFDS[CTAAC]XLASY m-pyr 10 1716.7402 [M + H]+

2d YSFDS[CTAAC]XLASY E-but 11 1665.7269 [M + H]+

3a YSFDSTTAA[CXLASC] m-xyl 10 1653.7258 [M + H]+

3b YSFDSTTAA[CXLASC] p-xyl 5 1653.7290 [M + H]+

3c YSFDSTTAA[CXLASC] m-pyr 11 1654.7240 [M + H]+

3d YSFDSTTAA[CXLASC] E-but 9 1603.7121 [M + H]+

a Di-Cys macrocycles indicated by brackets (X = norleucine). b Overall
isolated yield following RP-HPLC purification, based on initial resin loading.
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temperatures as the protein unfolds and aromatic residues
become more exposed. Once protein is completely unfolded
maximum fluorescence is recorded, which stays constant with
further increases in temperature. This gives a sigmoidal melting
profile of protein as shown in Fig. 2(A). The transition between
the folded and unfolded states of a protein is determined by
inflection temperatures, which indicates changes in structural
integrity of the protein.19,20 VP40 dimer displays two inflection
temperatures, one at 55 1C (Ti1) and the second at 70 1C (Ti2),
respectively (Fig. 2(A)). Each peptide from the library was then
mixed with the VP40 dimer and the melting profiles of VP40 in
the presence of peptide was measured. In peptide series 1 with
a chemical staple between position 106 and 111, we observed
that m-pyridyl linked 1c decreased both inflection temperatures.
In peptide series 2 with staples between residues 111 and 115,
p-xylyl and m-pyridyl derivatives 2b and 2c changed the melting
profile of VP40 dimer. Lastly, for series 3 with staples between
positions 115 and 120, p-xylyl stapled peptide 3b significantly
decreased both inflection temperatures of VP40 as compared to
the vehicle control DMSO (Fig. 2(B)–(D)). A decrease in inflection
temperature indicates that these peptides are destabilizing the
VP40 dimer. Other stapled peptides tested did not shift the

melting profiles (Fig. S3, ESI†) while peptide 3c only decreased
Ti2 (Fig. 2(D)).

To verify that the impact of 3b on inflection temperatures is
staple-dependent, we synthesized linear peptides in which the
Cys residues at positions 115 and 120 were replaced with Ile
and Tyr from the parent sequence (4) or 2 Ala residues (5).
These peptides did not change Ti1 and only slightly decreased
Ti2 (Fig. S4, ESI†). These results highlight the requirement of
macrocyclic constraint between residues 115 and 120 for desta-
bilization of VP40 dimer. In addition, peptides 3a and 3b are
constitutional isomers and differ only in the regiochemistry of
xylene linker substitution. Their distinct effects on inflection
temperature suggests that interactions with the VP40 dimer are
sensitive to subtle changes in linker geometry and macrocycle
conformation.

Microscale thermophoresis (MST)21 was then used to assess
VP40 interactions comparing peptides that decreased both
inflection temperatures. Peptides were added to cell lysate
containing GFP tagged VP40 for a range of concentrations
and fluorescence signal at each concentration was determined.
The greater the change in fluorescence readout with varying
peptide concentrations indicates stronger binding of peptide to

Fig. 2 A library of compounds was screened based on changes in melting profile of the VP40 dimer. (A) Ebolavirus VP40 dimer was purified and
subjected to thermal melting with absorbance measured at 330 nm and 350 nm. The ratio of absorbance (350 nm/330 nm) was plotted for every degree
change in temperature giving sigmoidal melting profile for VP40 with two inflection temperatures (Ti1 – 55 1C, Ti2 – 70 1C). (B) The library of compounds
was individually assessed for altering the VP40 melting profile by addition of individual peptides to VP40 dimer. Inflection temperature 1 (C) and inflection
temperature 2 (D) of VP40 with each of the peptides was compared to vehicle control DMSO. Statistics represent one way ANOVA with multiple
comparisons to DMSO ****p o 0.0001. Each experiment was repeated three times.
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GFP tagged VP40. It was observed that 3b showed the most
pronounced concentration dependent change in fluorescence
(Fig. S5, ESI†) and was pursued for further studies.

To investigate the impact of sidechain stapling on confor-
mation, we obtained circular dichroic (CD) spectra of wild-type
VP40106–120 (4) and selected macrocyclic variants in 1 : 1 MeCN :
H2O (Fig. 3(A)). Peptide 4 exhibited a canonical a-helical CD
signature characterized by ellipticity minima at 208 and 222 nm
and a 208/222 nm band strength ratio of 1.3. Our lead peptide
3b, featuring a C-terminal p-xylyl staple between residues
115 and 120, exhibited a significant shift in 208/222 nm band
strength ratio indicating potential disruption of canonical
a-helical structure. Peptides 1b and 2b, which harbour the same
p-xylyl staple positioned at the N-terminus or in the center of the
sequence, showed CD signatures similar to that of the wild-type
peptide. The i - i + 4 staple in 2b also resulted in enhanced
helicity relative to 3b and 4 based on band intensity at 222 nm.
The incorporation of other i - i + 5 staples at the C-terminus
significantly altered the conformation of the peptide relative to
3b (Fig. 3(B)). Taken together, these results suggest that the
precise nature and position of the p-xylyl staple are important for
stabilizing a conformation of 3b that interacts with the VP40
dimer. However, the stronger binding of 3b to VP40 did not
appear to stem from enhanced helicity. The i - i + 5 staple in 3b

may instead serve to mimic the non-helical C-terminal capping
motif observed in the X-ray structure of the VP40 dimer.5

To examine the peptide secondary structure of both WT
(unstapled) and 3b in solution, we performed three replicates of
500-ns simulations of each system. As shown in Fig. S6 (ESI†),
the unstapled WT sequence maintains the helical structure
(Fig. S6A–C, ESI†), whereas the stapled 3b significantly loses
the helicity during the simulations. Interestingly, the helical
structure is retained for 3b when it is interacting with VP40
(see Molecular dynamics section).

Interactions of 3b with VP40 are independent of non-specific
disulfide interactions

Since di-Cys stapling was used to constrain 3b, we wanted to
rule out the possibility of non-specific cysteine residue inter-
actions causing destabilization of VP40. We utilized a di-cysteine
mutant of VP40 where VP40 cysteines at positions 311 and 314
were mutated to alanine. Previous studies demonstrated that
these mutations do not affect VP40 dimer stability.22 We purified
the di-cysteine VP40 mutant (C311A/314A) dimer and added
different concentrations of 3b for the thermal shift assay. When
different concentrations of 3b were added to WT VP40 dimer, it
was observed that a higher concentration of peptide led to a
greater shift in the melting profiles (Fig. 4(A) and (B)). Similarly,
3b was able to decrease the inflection temperatures of di-cysteine
mutant VP40 in a concentration dependent manner, suggesting
that destabilization is independent of cysteines present in VP40
(Fig. 2(D) and 4(C)). We also added a reducing agent, TCEP
(tris(2-carboxyethyl)phosphine), to the WT VP40 reaction mixture
to eliminate disulfide interactions. Although VP40 dimer gave a
single inflection temperature (Ti1) at 55 1C in reducing buffer
conditions, 3b was able to decrease Ti1 like native buffer condi-
tions. Overall, these results indicate that 3b-mediated destabili-
zation of VP40 dimer is independent of cysteines present in VP40
and disulfide interactions between protein and peptide.

Xylene staple in 3b is required for binding of peptide to the
VP40 dimer

Next, we quantitatively assessed 3b binding to the VP40 dimer
using isothermal titration calorimetry (ITC). 3b was titrated into
the vessel harbouring the target VP40 dimer and monitored for
binding by measuring the heat change with injections of 3b.
We observed heat of titration changes with each 3b injection that
became saturated at higher 3b concentrations, showing sigmoi-
dal change in heat of titrations (Fig. 5(A)). The binding curve
depicts that 3b binds to VP40 dimer with an apparent affinity of
60 mM (Fig. 5(B)). The linear peptide where both the cysteines
used for stapling are changed to alanine (5) was used as a
control. The control peptide with the same sequence but no
chemical staple (5) did not show significant binding to the VP40
dimer (Fig. 5(C) and (D)). The heat of titration did not change
with initial injections of 5 and only showed changes at higher
concentration. This trend of heat of titration was like the heat of
solvent, therefore indicating little to no interaction between 5
and VP40. These studies reveal that a p-xylene staple between
residues 115–120 is crucial for 3b–VP40 interactions.

Fig. 3 Circular dichroic (CD) spectra of select peptides. (A) Selected
macrocyclic variants (1b, 2b, and 3b) with a p-xyl staple and the WT
peptide (4) were used to collect CD spectra in 1 : 1 MeCN : H2O. (B)
Different CD spectra were detected for peptides of the same sequence
with different stapling chemistry (3a–3d).
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Compound 3b binds in proximity to the VP40 N-terminal
domain helical dimer interface

These findings prompted us to understand the binding mecha-
nism and probable binding sites of 3b on VP40. The NTD a-
helical dimer interface is also exposed in the VP40 octamer
structure5 (Fig. 6(A)) and therefore we investigated the binding
of 3b to the VP40 octamer. ITC studies revealed that 3b binds to
octamer with an apparent KD of 51 mM (Fig. 6(C)). This enabled
us to investigate the binding of 3b with different VP40 mutants
as we and others have previously observed that mutations at
critical residues causes a shift in the oligomerization profile of
VP40 from dimer to octamer.5,7,14,15 We assessed the binding of
3b to a mutant in which the isoleucine at position 307 is
mutated to arginine (I307R) (Fig. 6(D)). I307R mutation pre-
vents CTD–CTD interaction between the dimers5 and has been
reported to favourably form the octamer (Fig. 6(E)).5,7 We
observed that 3b can bind the I307R octamer mutant with an
affinity of 29 mM (Fig. 6(F)). We next examined the mutation
L117A, which is present in the NTD a-helix and is essential for
maintaining inter-protomer interactions to retain VP40 dimer
stability (Fig. 6(G)).5,7,15 We observed that 3b is unable to bind
to the octamer formed by the L117A mutation (Fig. 6(H) and
(I)). This suggests that 3b binding to VP40 is dependent on the
presence of a bulky hydrophobic residue at position 117 where
mutation to Ala disrupted 3b interactions. Altogether, these
studies demonstrate that 3b was able to bind to VP40 when the
NTD a-helical dimer interface is intact or exposed in the VP40
octamer structure. This is supported by similar affinity of 3b for

WT VP40 octamer and the I307R mutant whereas binding of 3b
is disrupted to the L117A mutant, indicating 3b likely interacts
near residue L117.

Compound 3b binds to VP40 of different Ebolavirus strains

There is high sequence similarity in the VP40 NTD a-helical
region of VP40 between different strains of Ebolavirus
(Fig. 7(A)). Residues 101–125 are identical between Zaire and
Sudan Ebolavirus. As the results above suggested 3b binding is
near L117 in the NTD a-helical interface, we tested binding of
3b to the VP40 dimer of Sudan Ebolavirus (Fig. 7).23 We
observed that 3b binds to Sudan VP40 dimer with an apparent
KD of 43 mM (Fig. 7(B)). Further, the control peptide 5 did not
show binding to Sudan VP40 like results obtained with the
Zaire strain (Fig. 7(C)). This suggests that 3b can interact with
the conserved NTD dimer interface and can be used to probe
the VP40 dimerization in different strains of Ebolavirus.

Compound 3b alters the oligomerization equilibrium of VP40

While the studies above indicate the specific binding of 3b to the
VP40 dimer, the effect of peptide on the VP40 dimer remains
unknown. To gain insights in this regard, we incubated VP40
dimer with 3b and performed size exclusion chromatography to
separate different oligomeric forms of VP40. We observed that
there is a dominant dimer peak in the peptide and vehicle-
treated samples. In addition to the dimer peak, we observe a
small peak around 22 mL in the peptide-treated fraction corres-
ponding to VP40 monomer (Fig. 8). Immunoblotting revealed

Fig. 4 Peptide 3b destabilizes both wild type and di-cysteine mutant of VP40 as thermal titration of 3b shows similar results for wild type and di-cysteine
double mutant of VP40. (A) Peptide 3b was titrated with wild type VP40 and melting profiles for each concentration is plotted. (B) The inflection
temperature 1 (Ti1) and inflection temperature 2 (Ti2) of wild type VP40 with each concentration is shown by bar graphs. (C) Peptide 3b was titrated with
C311A/314A dimer and melting profiles of di-cysteine double mutant are plotted. (D) The inflection temperature 1 (Ti1) and inflection temperature 2 (Ti2)
of C311A/314A with each concentration of peptide is shown by bar graphs. Each experiment was repeated three times.
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that fractions collected from the peptide-treated samples elute
VP40 in later fractions. This indicates that 3b can cause a slight
shift in the equilibrium of VP40 dimer towards formation of the
monomeric form of VP40.

Computational studies of 3b interactions with VP40

To explore 3b interactions with VP40 at the dimer interface, we
modelled the complex of VP40 and 3b by taking the VP40
structure from residues 106 to 120 and connecting the cysteine
sidechains of residues 115 and 120 with a p-xylyl staple using a
custom patch (included in the ESI†). We performed a 1.0 ms all-
atom molecular dynamics simulation of the complex using
NAMD 3.0.24 Analysis of the trajectory showed that 3b remains
bound for the duration of the simulation. As shown in the
Movie S1 (ESI†), the peptide is stably bound with significant
VP40-3b hydrophobic contacts (Fig. 9(B)) and hydrogen bond
interactions (Fig. 9(C)–(E)) to hold the peptide in the interface.
The most notable VP40–3b hydrogen bonding occurs between
S81–D109, D80–S107, and D80–S110. Notably, the N-terminal

tail that is aligned with a b-strand (indicated by a small arrow in
Fig. 9(A)) reorients and wraps the peptide, adding to the
stability of the complex. A transient reorientation of the peptide
occurs around 65 ns but snaps back to its former position by
200 ns. A similar event is observed between 780–930 ns,
suggesting a possibility of further optimization to enhance
the interactions. Additional two 1.0 ms replicas runs of the
system show similar interfacial interactions of S81–D109 or
D80–S110 but we also see additional contacts for D27 interact-
ing with L117 and S119 in one of the runs. The slight variations
seem to be due to the loop orientations of the N-terminal tail
wrapping the peptide.

Conclusions

The EBOV VP40 dimer is necessary for formation of virus
particles from the host cell plasma membrane. VP40 dimer
formation is mediated by a NTD a-helix and adjacent loop
region, mutation of which prompts VP40 octamer formation

Fig. 5 Peptide 3b binds VP40 dimer in ITC studies. (A) Peptide with xylene linker (3b) was titrated into VP40 dimer for 20 injections and heat readings for
each injection was plotted. Heat of titration indicates binding and saturation of peptide. Heat of dilution of peptide was calculated by titrating equivalent
amount of DMSO with VP40 dimer over 20 injections. (B) Enthalpy of binding of peptide (3b) was calculated by subtracting enthalpy of DMSO from
enthalpy of peptide and plotted with mole ratio of peptide to the dimer. Each experiment was repeated three times, giving an apparent KD of 60 � 2 mM.
Error bars indicate standard deviation of separate replicate experiments. (C) Peptide with no linker (5) was titrated into VP40 dimer for 20 injections and
heat readings for each injection was plotted. Heat of titration indicate no changes in heat in initial injections and heat is reduced only at high
concentrations. This pattern of heat titration is similar to that of DMSO. (D) Corresponding enthalpy of DMSO was subtracted from enthalpy of peptide 5
and plotted to give a binding curve. Each experiment was repeated three times and subtracted enthalpy indicate little to no binding of peptide 5 to VP40
dimer. Error bars indicate standard deviation from replicate experiments where each experiment was repeated three times.
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in vitro5,7,14,15 and stalls VP40’s ability to reach the inner leaflet of
the host cell plasma membrane.5,7,15 We identified several con-
strained peptides that could associate with VP40, altering the
VP40 melting temperature, and bind directly to VP40 as evidenced
by MST. We pursued 3b as it demonstrated the most significant
binding affinity with MST and lowered Ti1 and Ti2 of VP40. We
demonstrated that binding of 3b to VP40 was specific to the
constrained peptide sequence and stapling chemistry using both
modified peptides and mutations of VP40. Binding of 3b to VP40
was shown to be independent of VP40 Cys residues and 3b
binding occurred to both VP40 dimer and octamer with micro-
molar affinity. Notably, the NTD a-helix that mediates VP40
dimerization is exposed in the VP40 octamer structure. Mutagen-
esis studies demonstrated 3b bound near the NTD a-helix that
mediates dimerization as mutation of L117 to Ala abrogated
binding of 3b to VP40. 3b was also able to associate with Sudan
VP40 with similar affinity to that of Zaire VP40, further demon-
strating the ability of 3b to interact near the VP40 dimer interface

and be a viable future probe of VP40 oligomer equilibria. VP40 is
highly conserved among EBOV strains and almost completely
conserved across strains between residues 101 and 120. Thus, 3b
and future analogues should be useful for examining VP40
biophysical properties from all known EBOV strains.

The current study should inform further structure-based
design efforts to target VP40 and alter dimer–monomer equili-
bria. Since the VP40 dimer is necessary for proper virus
assembly and budding,5,7 shifting VP40 towards the monomer
or octamer form would inhibit spread of virions from cell to
cell. Further, inhibiting octamer formation or repressing octa-
mer function could also be detrimental to the EBOV lifecycle.
VP40 has been hypothesized to serve as a regulator of viral RNA
transcription.5,25,26 While it is somewhat understood how VP40
binds RNA it is not yet known how to allosterically inhibit VP40
octamer RNA binding. Thus, since 3b bound the VP40 octamer,
3b and future analogues could be used to probe VP40 octamer
activity and how best to alter VP40 RNA binding affinity.

Fig. 6 Peptide 3b binds to intact VP40 dimer. (A) Representative figure of VP40 octamer with residues 106–120 highlighted in red for each protomer
(shown in blue and cyan). (B) Wild type VP40 was recombinantly expressed and purified using Ni-NTA chromatography and subjected to a size exclusion
column. Wild type VP40 shows predominant dimer and octamer peaks. Octamer fractions were collected and concentrated for ITC studies. (C) Peptide
3b was titrated with wild type VP40 octamer for over 20 injections and heat of titration for each concentration were measured. As described previously,
heat of dilution was measured by titrating an equivalent amount of DMSO with VP40 octamer. Enthalpy of binding of peptide was plotted by subtracting
enthalpy of DMSO from enthalpy of peptide 3b with mole ratio of peptide to VP40 octamer. Experiments were repeated three times with error bars
representing standard deviation and binding affinity KD of 51 � 3 mM. (D) Representative image indicates mutation of isoleucine to arginine at position 307
abrogates CTD–CTD interactions. (E) VP40 with I307R mutation was purified as above and subjected to size exclusion chromatography indicating the
mutated protein predominantly forms octamer. (F) Peptide 3b was titrated with I307R octamer and binding curve was plotted by subtracting enthalpy of
DMSO from the enthalpy of peptide. Each experiment was replicated three times giving KD of 29 � 7 mM. Error bars indicate standard deviation of
replicate experiments. (G) Representative image indicates mutation of leucine to alanine at position 117 disrupts the interprotomer hydrogen bonding
required for stabilization of dimer. (H) Recombinant expression and purification of L117A mutant shows predominant octamer formation. (I) Peptide 3b
was titrated for 20 injections with L117A mutant octamer and enthalpy of binding was determined by subtracting enthalpy of DMSO from the enthalpy of
peptide and plotted with mole ratio of peptide to L117A mutant. Experiments were repeated three times with error bars indicating standard deviation. No
binding was observed for peptide 3b with L117A mutant octamer. Each experiment was repeated three times.
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Recently, a pocket was found in Sudan VP40 near residues L158
and R214 that was able to accommodate salicylic acid27 while

targeting VP40 host interactions with small molecule inhibitors
has also shown efficacy.28,29 Thus, multiple sites are emerging

Fig. 7 Peptide 3b binds to Sudan Ebolavirus VP40 dimer. (A) Conserved sequence of dimerization interface between different Ebolavirus strains. (B)
Sudan VP40 dimer was recombinantly expressed and purified and peptide 3b was titrated for 30 injections with the dimer. Heat of dilution was calculated
by titrating equivalent amount of DMSO for 30 injections. Enthalpy was plotted by subtracting enthalpy of DMSO from enthalpy of peptide. Experiment
was repeated three times giving a KD of 43 � 5 mM with error bars indicating standard deviation between experiments. (C) Similarly, peptide 5 was titrated
with Sudan VP40 dimer for 20 injections and subtracted enthalpy from DMSO was plotted. Each experiment was repeated three times, with error bars
indicating standard deviation and the experiments showed no binding of peptide 5 to the Sudan VP40 dimer. Each experiment was repeated three times.

Fig. 8 Peptide 3b slightly shifts equilibrium of VP40 dimer. (A) Peptide 3b was added to purified VP40 dimer and incubated at 4 1C overnight. The sample
was injected in a Superdex 200 10/300 GL column to separate the oligomeric forms of VP40. Elution profile of VP40 with peptide 3b is shown in red and
it indicates a dimer peak and a smaller peak at 22 mL elution volume. As a vehicle control, VP40 dimer was treated with equivalent DMSO concentration
and subjected to size exclusion chromatography (in black) showing a dimer peak. (B) 1 mL fractions were collected and immunoblotted for VP40 using
anti-6xHistidine antibody. VP40 was detected in all the fractions from 11–24 mL for the peptide while DMSO samples show presence of VP40 from 12–21
mL and less amounts in 23 and 24 mL fractions. There was no protein detected in the 22 mL fraction in case of DMSO while there is presence of protein in
case of peptide 3b indicating peptide induced formation of smaller order oligomers of VP40 which are eluted at higher volumes.
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as prime targets to alter VP40 oligomer equilibria to inhibit
virus assembly and spread.

Experimental
Protein expression and purification

The pET46 plasmids encoding wild type Zaire Ebolavirus VP40 and
Sudan Ebolavirus VP40 (deletion of N-terminal 43 residues) with 6x-
His-tags were kind gifts from Dr Erica Ollmann Saphire (La Jolla
Institute for Immunology).5,23 The C311A/C314A plasmid was pre-
viously made in the lab.22 The I307R and L117A mutations were
made in Zaire Ebolavirus VP40 plasmid by Gene Universal (Newark,
DE). Each of these plasmids were transformed into Rosettat BL21
DE3 cells (Merck Millipore Billerica, MA) and purified using Ni-NTA
affinity chromatography as previously described.16 The eluted
protein was further subjected to size exclusion chromatography
on a HiLoad 16/600 Superdex 200 pg column using an AKTA PURE
Protein Purification System) (Cytiva Life Sciences, Marlborough,
MA) to separate oligomeric forms of VP40. The dimeric and
octameric fractions of protein were concentrated and stored in
buffer containing 10 mM HEPES, 150 mM NaCl, pH 8.0. Protein
concentration was determined using Piercet BCA Protein Assay.

Solid-phase synthesis of linear peptide substrates

Automated solid-phase peptide synthesis was carried out on
NovaPEG Rink amide resin (35–100 mesh, 0.45 mmol g�1) on a

0.1 mmol scale. Fmoc deprotection steps were carried out by
treating the resin with a solution of 20% piperidine/DMF once at
room temperature (5 min), then at 75 1C (2 min). After Fmoc
deprotection the resin was washed 4� with DMF. Coupling of
Fmoc-protected amino acids was achieved using 5 equiv. HATU
(0.25 M in DMF), 10 equiv. NMM (1 M in DMF), and 5 equiv. of
Fmoc-protected amino acid (0.2 M in DMF) at 50 1C (10 min � 2).
Deprotection and coupling steps were repeated until peptide
synthesis was complete and then a final Fmoc deprotection was
run to remove Fmoc from the N-terminus. The resin was trans-
ferred to a suitable vessel, washed with DCM (5 mL� 4) and dried
under vacuum. Peptides were cleaved from the solid support and
globally deprotected by incubating the dried resin in 4 mL of
TFA : TIPS : H2O : DODT (92.5 : 2.5 : 2.5 : 2.5) for 2.5 h. The resin
was filtered, and the filtrate was collected in a 50 mL centrifuge
tube. The resin was washed with DCM (10 mL), filtered, and crude
peptides were precipitated from the combined filtrate by the
addition of cold Et2O (40 mL). The mixture was centrifuged,
and the supernatant decanted. The pellet was washed with Et2O
(25 mL � 2) and dried thoroughly under vacuum.

Synthesis of stapled peptides

For dithiol bis-alkylation, 1.5 equiv. of 1,3-bis(bromomethyl)-
benzene, 1,4-bis(bromomethyl)benzene, 2,6-bis(bromomethyl)-
pyridine, or E-1,4-dibromo-2-butene was added to a 1 mM
solution of linear precursor peptide in 1 : 1 MeCN : H2O

Fig. 9 Structure and dynamics of VP40–3b complex. (A) Structure of the VP40–3b complex at 0 ns. The N-terminal tail (indicated by a small arrow) is
pointing downward and not interacting with 3b. (B) As in the VP40 dimer structure, 3b has significant hydrophobic contacts with VP40 at the dimer
interface. The hydrophobic side chains involved in the interactions are shown in stick whereas the hydrophobic surface is shown as a transparent white
surface. The N-terminal tail (indicated by a small arrow) wraps the peptide during the simulation. (C) Residues involved in hydrogen bond interactions at
the VP40–3b interface. (D) The total number of hydrogen bonds between VP40 and 3b during the simulation. (E) Specific VP40–3b hydrogen bond pairs
that are observed to form at least 10% of the time during the 1 ms simulation. These simulations were run three different times.
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buffered with NH4HCO3 (20 mM) and the pH was adjusted to
8.0 using 2 M aq. NaOH. Reaction progress was monitored by
analytical HPLC. The reaction was stirred for 2 h before evaporating
the MeCN under a stream of N2, freezing, and lyophilization. All
peptides were purified by preparative RP-HPLC (C12, 250 mm �
21.2 mm, 4 mm, 90 Å) using linear gradients of MeCN in H2O
(mobile phases modified with 0.1% formic acid) over 30 minutes.
RP-HPLC samples for all purified peptides were acquired (C12,
150 mm � 4.6 mm, 4 mm, 90 Å) using linear gradients of MeCN
in H2O (mobile phases modified with 0.1% formic acid) over
20 minutes and LC spectra are provided for l = 220 nm. HRMS
of purified peptides were acquired using a Bruker Impact II ESI-
QTOF. Lyophilized peptides were dissolved in DMSO to make 10
mM stock solutions and were stored at �20 1C until further use.

Thermal shift assay

Samples were prepared by adding peptides at a final concen-
tration of 125 mM (1.25% DMSO) to VP40 dimer at concentration
of 1 mg ml�1 in 10 mM HEPES, 150 mM NaCl, pH 8.0 buffer.
Melting profiles of VP40 were measured using a Tycho NT.6
(NanoTemper Technologies, München, Germany) and the data
was directly exported from the instrument. The inflection tem-
peratures of different samples, as calculated by the instrument,
were compared using a one-way ANOVA in GraphPad Prism.

Microscale thermophoresis

GFP-VP40 plasmid was prepared as previously.12 HEK293 cells from
ATCC were cultured in DMEM (Corning) media supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. GFP-VP40
was transfected using Lipofectamine 2000 and cells were collected
24 hours post transfection in Dulbecco’s phosphate buffer saline
(DPBS no calcium, no magnesium). Cells were then lysed in DPBS
containing 1% TritonX-100 (PBS-T) and the lysate was clarified by
low-speed centrifugation. Samples for assay were prepared by
serially diluting peptides in the cell lysate and fluorescence was
measured using a Monolith NT.115 (NanoTemper Technologies).
Fluorescence readout was analysed using Monolith analysis soft-
ware and binding curves plotted in GraphPad Prism.

Circular dichroism

All peptides were analysed at a concentration of 75 mM in 1 : 1
MeCN : H2O. CD spectra were acquired using a JASCO J-1700 CD
spectrometer in a 1 mm path length quartz cell with 2 s digital
integration time, 1 nm bandwidth, 0.5 nm datapitch, and a
scan speed of 100 nm min�1 at 20 1C. Mean residue ellipticity at
a given wavelength (MRE; deg cm2 dmol�1 residue�1) was
calculated based on the equation MRE = y/(10 � b � M � n),
where y is ellipticity (mdeg), b is the pathlength (cm), M is the
peptide concentration (mol L�1), and n is the total number of
residues.

Isothermal titration calorimetry (ITC)

ITC studies were performed with 50 mL of peptide in the ITC
syringe and 300 mL of purified VP40 or mutant in the ITC cell
using a Nano ITC (TA instruments, New Castle, DE, USA).
Measurements were made at 20 1C at 200 rpm stir speed. In

each experiment, 0.5 mM of peptide was titrated into the cell
containing 1 mg mL�1 of protein. Data was exported from the
instrument and corresponding heats of DMSO were subtracted
from heat of peptide to obtain heat of binding of peptide.
All thermograms were fit to specific binding with a Hill slope
model (equation: Y = Bmax � X^h/(Kd^h + X^h) using GraphPad
Prism to obtain apparent binding affinity.

Size exclusion chromatography studies

Purified VP40 dimer at a concentration of 1 mg mL�1 was
incubated overnight with 3b at a final concentration of 125 mM.
The samples were then subjected to size exclusion chromato-
graphy using a Superdex 200 10/300 GL column (AKTA Pure, GE
Healthcare). 1 mL fractions were collected and immunoblotted
using a previously described protocol for VP40 detection.16

Briefly, fractions were loaded on a gel (10% SDS-PAGE), run,
and then transferred to a nitrocellulose membrane. The
membrane was blocked with 5% milk-TBS-T and VP40 was
identified using an anti-his tag polyclonal antibody (Sigma-
Aldrich, Inc., St. Louis, MO). The antibody was detected using
an AP Conjugate Substrate Kit (Bio-Rad, Hercules, CA) and
imaged on an Amershamt Imager 600 (Cytiva Life Sciences).
Precision Plus Proteint Kaleidoscope Ladder (Bio-Rad) was
used to confirm the size of the VP40 band (40 kDa).

Molecular dynamics simulations

The VP40 dimer structure available in the protein data bank
(PDB ID 4LDB)5 was used to model the VP40 monomer-3b
complex. The missing residues were added using Modeller.30

The simulation system was prepared with CHARMM-GUI31,32

web server using the CHARMM36m force field.33 The complex
was solvated with TIP3 water and ionized/neutralized with
0.15 M KCl in a cubic box of size 89 � 89 � 89 Å3. A custom
patch for stapling the p-xylyl to the cysteines was defined by
generating a force field file using CGenFF34 parameters. The
prepared system contained a total of 65 970 atoms, with 6816
water molecules, 58 potassium ions, and 59 chloride ions.
Molecular dynamics simulation was performed with NAMD
3.024 using 2 fs timesteps. The system was first minimized for
10 000 steps, followed by 1 ns equilibration at 303.15 K with all
protein and peptide heavy atoms restrained. An unrestrained
production simulation was run for 1.0 microseconds at con-
stant temperature and pressure (NPT). Temperature was con-
trolled using Langevin dynamics with damping of 1 ps�1 and
constant pressure was maintained at 1 atm with the Nose–
Hoover Langevin piston35 pressure control with piston period
of 0.05 ps and decay 25. The long-range electrostatic interac-
tions were calculated with the Particle Mesh Ewald method
(PME)36 method with periodic boundary conditions and a non-
bonded cut-on and cut-off set at 10 Å and 12 Å respectively. The
covalent bonds of hydrogen atoms were restricted using
ShakeH.37 Visual molecular dynamics (VMD)38 was used to
analyze the trajectories and create images. Hydrogen bonds
between VP40 and the peptide were defined with a 3.5 Å
distance and 301 angle cutoff.
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