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ABSTRACT: Infection with Lassa virus (LASV), an Old-World
arenavirus that is endemic to West Africa, causes Lassa fever, a lethal
hemorrhagic fever. Delivery of LASV’s genetic material into the host cell
is an integral component of its lifecycle. This is accomplished via
membrane fusion, a process initiated by a hydrophobic sequence known
as the fusion domain (FD). The LASV FD (G260−N295) consists of two
structurally distinct regions: an N-terminal fusion peptide (FP: G260−
T274) and an internal fusion loop (FL: C279−N295) that is connected by a
short linker region (P275−Y278). However, the molecular mechanisms
behind how the LASV FD initiates fusion remain unclear. Here, we
demonstrate that the LASV FD adopts a fusogenic, helical conformation
at a pH akin to that of the lysosomal compartment. Additionally, we identified a conserved disulfide bond (C279 and C292) and salt
bridge (R282 and E289) within the FL that are pertinent to fusion. We found that the disulfide bond must be present so that the FD
can bind to the lipid bilayer and subsequently initiate fusion. Moreover, the salt bridge is essential for the secondary structure of the
FD such that it can associate with the lipid bilayer in the proper orientation for full functionality. In conclusion, our findings indicate
that the LASV FD preferentially initiates fusion at a pH akin to that of the lysosome through a mechanism that requires a conserved
salt bridge and, to a lesser extent, an intact disulfide bond within the internal FL.

■ INTRODUCTION
Lassa virus (LASV), an arenavirus endemic to West Africa, has
been deemed by the World Health Organization (WHO) as
one of the top five diseases requiring prioritized research and
development due to its pandemic potential.1 Infection with
LASV causes Lassa fever, a viral hemorrhagic fever that affects
an estimated 100,000 to 300,000 individuals, annually, but
these numbers may be much higher due to poor healthcare
infrastructure in endemic regions.2−5 In severe cases, the case
fatality rate (CFR) of LASV averages around 20%. LASV is
primarily spread by direct contact with infected rodent
excrement, though there has been an increased incidence of
direct human-to-human transmission.6 Despite these damning
statistics and the high pathogenicity of LASV, there are
currently no FDA-approved vaccines or antivirals for the
explicit treatment of Lassa fever.7−9 Thus, it is evident that
LASV presents a major threat to global public health, especially
considering its evolving pathogenicity, as it nears a complete
zoonotic jump.

Delivery of LASV’s genetic material into the host cell is an
integral component of its lifecycle. Since LASV is an enveloped
virus, this is accomplished via membrane fusion, which is
mediated by the glycoprotein complex (GPC), the sole protein
located on the virion surface.10−12 The GPC comprises a
receptor binding subunit (glycoprotein 1, GP1) and a fusion
subunit (glycoprotein 2, GP2) that is associated with a stable
signal peptide (SSP) [Figure 1]. The initial interaction of GP1

with its primary receptor on the host cell plasma membrane, α-
dystroglycan (αDG), has been well studied.13−15 After
engagement with this receptor, the virion is subsequently
endocytosed, where fusion ultimately takes place. Notably, the
most prominent environmental change in the endocytic
pathway is that of decreasing pH, with the early endosome
shown to have a pH of 6.5−6.0, the late endosome a pH of
5.5−5.0, and the lysosome a pH of 4.5−4.0.16 Intriguingly,
LASV has been reported to initiate fusion at a pH below 5.0,
which is an unusually acidic pH, and suggests that LASV fusion
may occur at the late endosomal or lysosomal compartment,
although a specific preference has not been discerned.17−19

It is believed that LASV follows the six-helix bundle
mechanism to mediate membrane fusion, similar to the
process undergone by other class one fusion proteins,
including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), influenza, human immunodeficiency virus
(HIV), and Ebola virus (EBOV). Therefore, the initial step
of LASV-mediated membrane fusion likely involves the
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anchoring of a hydrophobic sequence at the N-terminus of
GP2, known as the fusion domain (FD), into the target host
cell membrane. This results in the viral and target host cells
being tethered together such that membrane fusion can
transpire, resulting in the formation of a fusion pore and
merging of these membranes. It is thus clear that the FD has an
imperative function in viral entry, as it is solely responsible for
the initial interaction of LASV with the target host cell
membrane. For class one fusion proteins, the FD is generally
an N-terminal fusion peptide (FP), like that of HIV and
influenza, which have been studied extensively.20−27 In limited
cases, however, viruses contain an internal fusion loop (FL)
that is distinguished by a well-conserved disulfide bond, such
as that found in EBOV.28,29 Interestingly, LASV and other
arenaviruses, appear to contain both an FP (G260−T274) and
FL (C279−N295) within their FD that is connected by a short
linker (P275−Y278)30 [Figure 1]. This feature is shared only
with coronaviruses, such as SARS-CoV-2, the causative agent
of the coronavirus disease-2019 (COVID-19) pandemic. With
SARS-CoV-2, it has been demonstrated that the FP and FL are
functionally distinct regions that can initiate fusion separately
but are most effective in synergy with perturbation of either
resulting in a nearly complete hindrance of fusion.31−37

Nonetheless, the necessity for both the FP and FL within
the LASV FD has yet to be established, but given the
similarities with the SARS-CoV-2 FD, it can be postulated that
these two regions are also functionally distinct and have an
important role in the LASV fusion mechanism. However, there
has yet to be any detailed investigation into these key
functional features concerning the LASV FD.

In this study, we have expressed and purified a 36-amino
acid construct that encompasses the complete LASV FD
(G260−N295) to investigate the pH conditions and functional

features that are pertinent to its fusion mechanism [Figure 1].
Only when the pH was decreased to 4.0 did we witness the
adoption of a helical conformation that correlated with a
significant increase of FD-initiated fusion, indicating a
preference for the lysosomal compartment. Moreover, as
there is little information regarding the mechanistic details of
the LASV FD, we examined the functional features of its FL,
including the disulfide bond (C279 and C292) and a salt bridge
(R282 and E289). Intriguingly, the disulfide bond is not needed
to maintain the structure of the FD but is required for
association with the target host cell membrane and fusion.
Additionally, the salt bridge appears to play a critical role in the
fusion mechanism, as its interruption altered the structure of
the FD, which, in turn, had an impact on the overall affinity for
the membrane and function. Collectively, we demonstrate that
the LASV FD has a preference to initiate fusion at a pH
resembling that of the lysosomal compartment, which requires
an intact disulfide bond and salt bridge for efficient fusion.

■ MATERIALS AND METHODS
Lipids. 16:0−18:1 1-palmitoyl-2-oleoyl-glycero-3-phospho-

choline (POPC), 16:0−18:1 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-[1′-rac-glycerol] (POPG), 18:1 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[lissamine rhodamine B sulfon-
yl] (Rh-PE), and 18:1 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-[7-nitro-2−1,3-benzoxadiazol-4-yl] (NBD-PE)
were all purchased from Avanti Polar Lipids (Alabaster, AL,
USA).

Expression. The Lassa virus fusion domain (LASV FD)
construct 260(GTFTWTLSDSEGKDTPGGYCLTRWM-
LIEAELKCFGN)295 was designed with an N-terminal 9×-
His tag followed by a trp operon leader sequence (TrpLE), and
thrombin cleavage site, and then cloned into a pET24α vector.
Of note, the natural thrombin cleavage site was replaced with
LVPR↓GT to yield the native sequence of the LASV FD. The
amino acid sequence utilized was derived from a LASV GPC
plasmid graciously donated by the Judith M. White lab at the
University of Virginia in Charlottesville, Virginia. The LASV
FD-containing vector was transformed into Escherichia coli
strain BL21(DE3)pLysS cells (ThermoFisher Scientific;
Waltham, MA, USA). A single colony from the transformation
was used to inoculate 5 mL of LB media containing 50 μg/mL
kanamycin (ThermoFisher Scientific; Waltham, MA, USA)
and 34 μg/mL chloramphenicol (ThermoFisher Scientific;
Waltham, MA, USA). This starter culture was grown overnight
(approximately 18 h) at 37 °C and 225 rpm in a MaxQ 4000
incubated shaker (ThermoFisher Scientific; Waltham, MA,
USA) before being added to 1 L of LB media containing 50
μg/mL kanamycin and 34 μg/mL chloramphenicol. The 1 L
culture was grown at 37 °C and 225 rpm until an OD600
between 0.6 and 0.8 was achieved, as measured on an
Ultrospec 1000 spectrophotometer (Pharmacia Biotech; Cam-
bridge, United Kingdom), and then induced with 1 mM IPTG
(ThermoFisher Scientific; Waltham, MA, USA). The culture
was incubated for an additional 4 h before being harvested at
4,000 × g and 4 °C for 45 min in an Avanti J-15R centrifuge
(Beckman Coulter; Brea, CA, USA). The cell pellets were
stored at −80 °C or immediately purified. The SARS-CoV-2
fusion domain (SARS-CoV-2 FD) was expressed and purified
following the previously described methods.36

Purification. The purification protocol previously de-
scribed by our lab has been adopted and modified to maximize
the amount of isolated, pure protein.38 A 1 L cell pellet

Figure 1. Several regions within the LASV glycoprotein complex
(GPC) that have functional relevance to membrane fusion. The GPC
is cleaved by SPase at position 58, yielding the stable signal peptide
(SSP), which has a myristoylation motif (myr) at position 2, and
receptor binding subunit (glycoprotein 1, (GP1)). Following cleavage
by SKI-1/S1P at position 259, the fusion subunit (glycoprotein 2,
(GP2)) is separated from GP1, releasing a fusion domain (FD, red) at
the N-terminus that is composed of two structurally distinct regions: a
fusion peptide (FP, yellow) and internal fusion loop (FL, orange)
conjoined by a short linker region (dotted line). A structural
alignment with two of the most common arenaviruses afflicting
humans revealed that the FL contains a conserved disulfide bond
(blue, solid line) and salt bridge (purple, dashed line). Residues with
full conservation are indicated by an asterisk (*), whereas those with
strong and weak similarities are denoted by a semicolon (:) and
period (.), respectively. Abbreviations: LCMV, lymphocytic chorio-
meningitis virus; LUJOV, Lujo virus; HR1, heptad repeat 1; HR2,
heptad repeat 2; TM, transmembrane domain.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08632
ACS Omega 2024, 9, 4920−4930

4921

https://pubs.acs.org/doi/10.1021/acsomega.3c08632?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08632?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08632?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08632?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


containing the LASV FD was resuspended in 120 mL of
sucrose buffer (20% sucrose (w/v), 20 mM Tris, 300 mM
NaCl, 10 mM β-mercaptoethanol (BME), 120 μL of Halt
protease inhibitor cocktail (ThermoFisher Scientific; Waltham,
MA, USA), pH 8.0) and sonicated for 10 min on ice (40%
power, 1 s on, 1 s off) with a Branson Digital Sonifier SFX 250
equipped with a titanium flat tip (Emerson; Danbury, CT,
USA). After sonication, the solution was then centrifuged at
40,000× g and 4 °C for 1 h via an Avanti J-E centrifuge
(Beckman Coulter; Brea, CA, USA). Due to the TrpLE, the
target protein was directed to inclusion bodies during
expression,39 which are insoluble in this solution and left in
the pellet after this step. Thus, the supernatant was discarded
as the target protein was in the pellet, which was then
resuspended in 480 mL of lysis buffer (3 M Trichloroacetic
acid (TCA), 20 mM Tris, 300 mM NaCl, 10 mM BME, pH
8.0) containing 2% Triton X-100 and 30% glycerol. The
solubilized pellet was subsequently sonicated twice (40%
power, 1 s on, 1 s off) with a two min rest on ice in between
each sonication using a Branson Digital Sonifier SFX 250
equipped with a titanium flat tip (Emerson; Danbury, CT,
USA) and then centrifuged at 40,000 × g and 20 °C for 30 min
in an Avanti J-E centrifuge (Beckman Coulter; Brea, CA,
USA). The supernatant was incubated for at least 24 h with
prewashed Ni-NTA resin (Qiagen; Germantown, MD, USA)
at 20 °C. Following incubation, the resin was gradient washed
in a stepwise fashion with 30 mL per step. The TCA
concentration was decreased from 3 to 0 M in 0.75 M
increments, BME from 10 to 0 mM in 2.5 mM increments, and
glycerol from 30 to 0% in 10% increments using a combination
of lysis buffer and salt buffer (20 mM Tris, 300 mM NaCl, pH
8.0). This process gradually removes the lysis buffer and its
denaturing components to encourage the LASV FD to
properly refold. Upon completion of the gradient wash, the
resin was subsequently washed with 300 mL of salt buffer and
then 30 mL of cleavage buffer (2.5 mM CaCl2, 20 mM Tris,
100 mM NaCl, pH 8.5). Following this, 5 mg/mL thrombin
(BioPharm Laboratories; Bluffdale, UT, USA) was added
directly to the LASV FD-bound Ni-NTA resin and brought up
to 15 mL with cleavage buffer. The cleavage reaction
proceeded for at least 24 h at room temperature while
shaking. The flowthrough was collected, and the resin was
washed twice with 15 mL of cleavage buffer. The postcleavage
flowthrough and washes were pooled together. A representa-
tive SDS-PAGE is shown in Figure S1A.

Size Exclusion Chromatography. The pooled postcleav-
age sample was concentrated with a 3 kDa MWCO Amicon
ultra centrifugal filter (Sigma-Aldrich; St. Louis, MO, USA)
prior to further purification via size exclusion chromatography
(SEC) using a Superdex Peptide 10/30 HR column (Cytiva;
Marlborough, MA, USA) with HMA buffer (10 mM HEPES/
MES/Sodium Acetate (HMA), 100 mM NaCl, pH 7.4) as the
mobile phase and AKTA pure system (Cytiva; Marlborough,
MA, USA). A standard curve was prepared for the column
utilizing the void (vo, 4.0 mL) and total volume (vT, 18.0 mL)
of the column as well as the elution volumes (ve) of
cytochrome c (12 384 Da, ve = 7.1 mL), aprotinin (6512
Da, ve = 9.2 mL), and vitamin B12 (1355 Da, ve = 14 mL). The
Kav of each standard was determined from the equation v v

v v
( )
( )

e o

c o

and plotted versus the logarithm of the molecular weight. A
typical SEC trace is shown in Figure S1B. The fractions

containing the isolated protein were then pooled and stored at
−80 °C until needed.

Preparation of Unilamellar Vesicles. Large unilamellar
vesicles (LUVs) were prepared by mixing appropriate amounts
of stock lipid solutions in glass test tubes. Chloroform was
removed via gentle vortexing while a continuous nitrogen
stream was applied, creating a lipid film. This film was then
placed in a vacuum desiccator overnight to further remove
residual chloroform. The next day, the lipid film was
resuspended in the appropriate volume of HMA buffer via
vortexing and subjected to 10 freeze−thaw cycles between
liquid nitrogen and a 42 °C water bath and then extruded 21
times through a double layer of 100 nm pore-size
polycarbonate membranes (Avestin; Ottawa, ON, CAN).
The lipid film for small unilamellar vesicles (SUVs) was
prepared similarly to the method described for LUVs;
however, after resuspension in the appropriate volume of
either CD buffer (1 mM HMA, 10 mM NaCl, pH 7.4) or ITC
buffer (10 mM NaOAc, 100 mM NaCl, pH 4.0), the lipids
were sonicated on ice for 15 min (1 s on, 1 s off, 10% power)
using a Branson Digital Sonifier SFX 250 equipped with a
titanium microtip (Emerson; Danbury, CT, USA). The
transparent solution was subsequently centrifuged at 20,000
× g for 15 min in an Eppendorf 5425 microcentrifuge (Sigma-
Aldrich; St. Louis, MO, USA) to remove any particulates and
then transferred to a fresh microcentrifuge tube for usage. All
vesicles used in this study were comprised of 65 mol % POPC
and 35 mol % POPG unless otherwise indicated.

Fusion Assay. The FRET-based fusion assay outlined here
has been frequently employed in the literature to assess the
fusion of viral FDs.23,28,35,40,41 Unlabeled LUVs were mixed
with labeled LUVs of 63:35:1:1 POPC:POPG:Rh-PE:NBD-PE
at a ratio of 9:1 unlabeled:labeled. Experiments were
performed in a Corning Costart black-walled, clear-bottomed
96-well plate (Sigma-Aldrich; St. Louis, MO, USA) with
volumes of 150 μL per well containing 100 μM vesicles and 5
μM LASV FD (1:20 protein:lipid) in HMA buffer. HMA
buffer is linear from pH 3.0−8.0, as verified via pH titration, so
acidification can be carefully controlled through the addition of
1 M HCl. Fluorescence was recorded at 23 °C on a
SpectraMax M5 microplate reader (Molecular Devices; San
Jose, CA, USA) with excitation and emission wavelengths
recorded at 460 and 538 nm, respectively, with a cutoff at 530
nm. For all experiments, the percent fusion was calculated from
the equation ( )

( )
x 100% where FM is the measured

fluorescence, F0 is the background fluorescence at pH 7.4, and
FT is the total fluorescence, which was measured after
complete vesicle disruption via the addition of 1% Triton X-
100. No fusion was witnessed when the FD was incubated at
pH 7.4, hence, why this value was used for the background
fluorescence. Controls containing no FD were run alongside
each experimental condition and subtracted from the final
values. Errors were propagated according to the standard error
of the mean (SEM).

Circular Dichroism (CD) Spectroscopy. CD measure-
ments were performed on a Jasco J-810 spectrophotometer
(Jasco; Easton, MD, USA) with a 2 mm quartz cuvette (Starna
Cells; Atascadero, CA, USA). Samples contained 0.8 mM
POPC:POPG (65:35) with 20 μM LASV FD (WT) or each
mutant. All experiments were carried out at 23 °C in 1 mM
HMA, 10 mM NaCl, and pH 4 unless indicated otherwise. For
the pH titration, 100 mM HCl was added stepwise until the
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desired pH was achieved, which was confirmed with a
calibrated pH probe. Spectra were collected from 260 to 198
nm with a step size of 1 at 20 nm/min and averaged over three
accumulations. Measurements were taken for the buffer alone
containing 0.8 mM SUVs and subtracted from each sample,
then smoothed using the program CDToolX.42 Spectra were
converted to mean residue ellipticity (MRE) units and the
helical percentage was calculated from the MRE at 222 nm via
the following equation: fH = ( )

( )
222 , where θC = 2,220−53T,

θH = (250T − 44,000)*(1 −
n
3), T is the temperature in

Celsius, and n is the number of residues in the protein.28,43,44

Isothermal Titration Calorimetry (ITC). To prepare the
protein for titration, it was placed in a 0.5−3 mL, 3.5 kDa
MWCO Slide-A-Lyzer dialysis cassette (ThermoFisher;
Waltham, MA, USA), then dialyzed for a minimum of 4 h
against 2 L of 10 mM NaOAc, 100 mM NaCl at either pH 5.0
(SARS-CoV-2 ITC buffer) or pH 4.0 (LASV ITC buffer) at 4
°C. The protein was carefully removed from the dialysis
cassette and spun down for 15 min at 20,000xg in an
Eppendorf 5425 microcentrifuge (Sigma-Aldrich; St. Louis,
MO, USA). Following this, the protein was transferred to a
clean microcentrifuge tube before being degassed for 8 min in
a MicroCal Thermovac (Malvern Panalytical; Malvern, United
Kingdom) alongside 20 mM 65:35 POPC:POPG SUVs that
were resuspended in the ITC buffer. The protein concen-
tration of the resulting sample was determined following the
Pierce BCA protein assay kit microplate reader protocol
(ThermoFisher; Waltham, MA, USA), then ran on the ITC.
For LASV, the protein concentration was ∼15−20 μM for WT
and each mutant, whereas the SARS-CoV-2 FD was 30 μM. All
ITC measurements were made using a Malvern VP-ITC
microcalorimeter (Malvern Panalytical; Malvern, United King-
dom) in ITC buffer. The sample cell was filled with the
degassed protein solution, and the injection syringe with the
degassed SUVs. All titrations were performed at 23 °C with 41
injections in total. Each injection was 7 μL with a 16.8 s
duration, except for the first injection, which was 2 μL with a
4.8 s duration. For all injections, the reference power was set to
5 μcal/s, and there was an initial delay of 1200 s. The stirring
speed was 310 rpm, while the filter period was 2 s. All
processing was conducted through NITPIC45 and SED-
PHAT46 with final figures generated via GUSSI.47 At least
two titrations were performed for each condition with the
average Kd and standard deviation presented on each isotherm.

■ RESULTS
A pH resembling that of the lysosome enhances

LASV FD-initiated fusion. To probe the relationship
between the pH and functionality of the LASV FD, we
employed a FRET-based fusion assay across a range of
environmental pH values that are relevant to the endocytic
pathway [Figure 2A]. The LASV FD was mixed with vesicles
comprised of 65:35 POPC:POPG to provide a simple
imitation of the membrane composition found in the late
endocytic pathway, where anionic lipids are a key constitu-
ent.48−50 We observed no fusion at a pH resembling that of the
plasma membrane (pH 7.4−7.0). Minimal fusion was noted at
a pH similar to that of the early endosome (pH 6.5−6.0),
which was followed by a slight increase at a pH comparable to
the late endosome (pH 5.5−5.0). In contrast, fusion readily
occurred at a pH akin to the lysosomal compartment (pH 4.5−

4.0). More specifically, a 5-fold increase in fusion was observed
between the late endosome (pH 5.0) and lysosome (4.0),
whereas a 3-fold increase was noted when the latter was
compared to pH 4.5. This indicates that the LASV FD is
sensitive to environmental pH and must be shuttled to the late
endocytic pathway before any degree of fusion can occur, with
the optimal compartment for it to initiate fusion suggested to
be the lysosome.

To further prove the impact of environmental pH on the
LASV FD, we utilized CD spectroscopy to investigate the
structural impact of the different physiologically relevant pHs
found along the endocytic pathway on the FD. We
demonstrate that the global secondary structure of the FD
remains unchanged until a pH resembling that of the lysosome
(pH 4.0) was introduced [Figure 2B]. From pH 7.0 to 5.0, the
LASV FD appeared to exist in a predominantly random coil
conformation, as distinguished by the single, negative dip at
200 nm.51−53 Nonetheless, when we reduced the pH to 4.0, we
observed a significant change in the secondary structure of the
LASV FD to be mainly an α helix, which was denoted by the
double dip at 208 and 222 nm. This was reinforced by size
exclusion chromatography (SEC) as there was an increase in
the elution volume of the FD when the pH was reduced from
7.4 to 4.0, characteristic of a smaller, more compact structure
[Figure S2A].54 The helical content was calculated to be 35%
at pH 4.0, which corresponded to the involvement of nearly 13
residues in the helix. Although we cannot discern the exact
location of the helix within the LASV FD, these findings
indicate that the structure and function of the LASV FD are
pH-dependent, where the FD can only induce fusion at a low
pH akin to that found in the lysosomal compartment when it
adopts a helical conformation.

The disulfide bond within the FL is important for the
interaction of the LASV FD with the lipid membrane
and its fusogenicity. To assess the importance of the
disulfide bond within the fusion mechanism of the complete
LASV FD, we first addressed the ability of the FD to initiate
fusion when the disulfide bond was broken. When the reducing
agent tris(2-carboxyethyl)phosphine (TCEP) was introduced
to eliminate the disulfide bond, we witnessed a significant 3-
fold decrease in fusion activity [Figure 3A]. Interestingly, the
addition of TCEP to the FD did not impart significant changes
to the global secondary structure [Figure 3B]. Furthermore,
the helical content of the LASV FD remained relatively
unchanged at 37% when TCEP was introduced in comparison

Figure 2. Function and secondary structure of the LASV FD have a
large pH dependence. [A] Positive correlation between pH and fusion
with optimal fusion occurring at a pH of 4.0, which is akin to the
lysosome (n ≥ 6). Data normalized to pH 4. [B] Global secondary
structure is dependent on environmental pH with a helical structure
only adopted at pH 4.
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to that of the WT at 35%. This was corroborated by SEC
where an identical elution volume was noted in the absence
and presence of TCEP [Figure S2B]. Thus, the observed loss
of function did not appear to be due to a perturbation of the
global secondary structure or the oligomeric state of the FD.

We next asked if the loss of functionality was due to an
inability of the FD to associate with the vesicles without its
conserved disulfide bond. To address this question, we
measured the initial interaction of the LASV FD with 65:35
POPC:POPG vesicles in the absence and presence of TCEP
via isothermal titration calorimetry (ITC). We have found that
the complete FD has a strong affinity for the vesicles with a
dissociation constant (Kd) of 11.7 ± 0.8 μM [Figure
4A].29,55−57 However, when TCEP was introduced, the affinity

of the FD for the vesicles was significantly hindered, as
denoted by the almost 20-fold increase in the Kd to 255 ± 20
μM [Figure 4B]. Put together, our results indicate that the
disulfide bond within the FL is imperative for the initial
interaction of the LASV FD with the membrane and, thus, its
overall function.

A salt bridge within the FL is critical to the overall
structure and function of the LASV FD. When assessing
the LASV FD, we discovered a potential salt bridge (R282 and
E289) within the FL. A sequence alignment revealed that the
charge distribution of the salt bridge is well conserved where
positive and negative residues exist at the same position
[Figure 1]. We first aimed to determine if there was any merit
behind our notion that the proposed salt bridge has a specific
role within LASV FD-initiated membrane fusion. This was
accomplished by introducing 500 mM NaCl to the LASV FD,
which would ablate any ionic interactions, such as a salt bridge,
due to competition between the charged ions and side chains.
Interestingly, when high salt concentrations were introduced to
the LASV FD, we noted a significant reduction in the amount
of fusion [Figure 5A]. In contrast, when the same conditions
were applied to the SARS-CoV-2 FD, which was not expected
to contain a salt bridge, fusion was affected to a much lesser
extent. We then sought to determine how the identified salt
bridge may impact the ability of the LASV FD to associate with
the vesicles. We observed a decreased affinity of the LASV FD
for the vesicles under high salt concentrations, as denoted by
the drastic increase in the Kd to 339 ± 12 μM under these
conditions [Figure 5B]. Opposingly, under physiological
conditions (100 mM NaCl), the SARS-CoV-2 FD had a Kd
of 9.9 ± 0.8 μM [Figure 5C], which remained relatively
unchanged at 11.8 ± 1.0 μM when the salt concentrations were
increased to 500 mM NaCl [Figure 5D]. Thus, it is clear that
the LASV FD, but not the SARS-CoV-2 FD, is sensitive to high
salt concentrations, indicating that a salt bridge likely exists in
the LASV FD.

To investigate the role of the individual residues within the
salt bridge in LASV FD-initiated membrane fusion, we
generated single-point mutants (i.e., R282E and E289R) as well
as a double mutant (R282E/E289R). The selected single-point
mutations should prevent the formation of the salt bridge as
both residues would now carry the same charge (i.e., R282E and
E289 vs R282 and E289R). Theoretically, the double mutation
should maintain the salt bridge as the positioning of the
residues would merely be switched. For each mutant, we
observed a dramatic reduction in fusion in comparison to WT
[Figure 6A], which was partially due to a decrease in binding
affinity [Figure S3]. The R282E/E289R and R282E mutants had a
nearly identical effect on function where either mutation
resulted in a 4-fold decrease in fusion and a 15-fold increase in
the Kd. Specifically, the R282E/E289R mutant had a Kd of 158 ±
21 μM [Figure S3A] whereas the R282E mutant had a Kd of 181
± 17 μM [Figure S3B]. Surprisingly, the E282R mutation had a
more significant impact with a 10-fold reduction in fusion and
a vast, 40-fold increase in the Kd to 414 ± 19 μM [Figure S3C]
in contrast to WT. Intriguingly, when 500 mM NaCl was
introduced to R282E/E289R, there was a significant decrease in
its ability to initiate fusion, whereas there was no substantial
difference in the ability of either single mutant (R282E or
E289R) to initiate fusion under physiological or high salt
conditions [Figure S4].

We next examined the secondary structure of each mutant
and found that all three were perturbed in comparison to the
WT [Figure 6B]. More specifically, the R282E mutant appeared
to adopt a mixture of secondary structures as denoted by deep
dips at 208 and 222 nm, indicative of a helix, and minimum
near 215 nm, suggestive of a β-sheet conformation.51 The
E289R mutant seemed to shift the conformation back to a
largely random coil structure, as indicated by the decrease in

Figure 3. A conserved disulfide bond is required for efficient function
of the LASV FD, but not for the global secondary structure. [A]
Disruption of the disulfide bond reduced fusion (n ≥ 15). Data
normalized to WT. Student’s t-Test assuming unequal variances used
to calculate P- value; *** = P < 0.001. [B] Global secondary structure
remained relatively unchanged under reducing conditions.

Figure 4. Interruption of the disulfide bond resulted in a decreased
binding affinity of the LASV FD. [A] WT and [B] WT with 1 mM
TCEP. Both ITC experiments were conducted in 10 mM NaOAc,
100 mM NaCl, pH 4.0 with vesicles titrated into the protein.
Dissociation constants (Kd) are displayed on the respective isotherm.
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intensity at 222 and 208 nm and the appearance of a deep
minimum near 200 nm. For the R282E/E289R mutant, we
witnessed a decrease in intensity at 222 nm, but the 208 nm
intensity was similar to that observed for the WT, correlating
to a decrease in helical content to 30% and fewer residues
involved in the helical structure. Notably, SEC demonstrated
that each salt bridge mutant remained monomeric at both
physiological pH [Figure S5A] and low pH [Figure S5B]. It is
therefore apparent from our data that the identified salt bridge
is integral to the LASV FD as its perturbation has a significant
impact on both the overall function and structure. Moreover, it
is evident that both charges of the salt bridge are indispensable,
but the local impact of the residue at position 289 (E289) is
greater than the residue at position 282 (R289).

■ DISCUSSION
LASV is an emerging arenavirus that has no FDA-approved
vaccines or antivirals despite an increased incidence of human-
to-human transmission. Delivery of LASV’s genetic material
into the host cell is an integral component of its lifecycle and is
achieved via membrane fusion, a process that is initiated by the
FD. While the FD of most class one fusion proteins contains
only an FP or FL, the LASV FD is unique in that it contains
both an FP and FL in tandem. Despite this distinctive
characteristic, little is known about the LASV FD, particularly
the membrane where it initiates fusion and any functional
components that are important toward this process. Here, we
indicate that the LASV FD has a distinct preference to initiate
fusion at an environmental pH akin to that of the lysosomal
membrane, at which point it adopts a fusogenic, helical
conformation. We reveal that both a disulfide bond and salt

Figure 5. High salt concentrations impair the functionality of the LASV FD, but not the SARS-CoV-2 FD. [A] Introduction of 500 mM NaCl to
the buffer system significantly reduced fusion for the LASV FD, but not SARS-CoV-2 FD (n ≥ 18). Data normalized to 100 mM NaCl for each FD.
Student’s t-Test assuming unequal variances used to calculate P-value; ** = P < 0.01, *** = P < 0.001. [B] LASV FD with 500 mM NaCl; [C]
SARS-CoV-2 FD; and [D] SARS-CoV-2 FD with 500 mM NaCl. All ITC experiments conducted in 10 mM NaOAc, 100 mM NaCl or 500 mM
NaCl at pH 5.0 (SARS-CoV-2) or pH 4.0 (LASV), with vesicles titrated into the protein. Dissociation constants (Kd) are displayed on the
respective isotherm.
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bridge within the FL must be present for the LASV FD to
interact with the target membrane and efficiently mediate
fusion.

In the literature, LASV-mediated membrane fusion has been
demonstrated to be a pH-dependent process and promoted by
the engagement of GP1 with a secondary, intracellular receptor
late within the endocytic pathway, known as lysosomal
associated membrane protein 1 (LAMP1).17−19,58−60 To
date, however, the specific conditions that trigger the fusion
machinery, particularly the LASV FD, remain unclear.
Furthermore, any conformational changes undergone by the
LASV FD have not been discerned even though other viral
FDs will undergo a structural transition to adopt a more
fusogenic conformation, often becoming α-helical, when
triggered to initiate fusion.28,32,55,61,62 For example, in the
EBOV FD, the helical content becomes increased at a low pH,
a conformational change that is required to mediate
fusion.28,29,55 The HIV FD must also undergo a conforma-
tional change to initiate fusion, predominantly becoming more
helical.23,63 In a simplistic membrane model, our findings
demonstrate that the complete LASV FD has a clear pH
dependency in its ability to initiate fusion with optimal fusion
suggested to occur at pH 4.0 [Figure 2A], which is directly
linked to conformational changes [Figure 2B, S2A]. We believe
that the α-helical conformation we witnessed at pH 4.0 is the
fusogenic form of the LASV FD, whereas the random coil seen
at higher pH was the nonfusogenic form. Our ITC experiments
support this notion as the FD had a strong affinity for the lipid
bilayer at pH 4.0, but no affinity at pH 7.0 [Figure S6].
Intriguingly, MD simulations indicated that the FD adopts a
random coil structure at pH 5.5 that was capable of inserting
into the membrane.64 This could potentially explain why we
witnessed some fusion at a pH similar to the late endosome as
the FD could perturb the lipid bilayer but did not have the
proper orientation to make preferential interactions such that
fusion could be initiated efficiently. In turn, we anticipate that
the helical conformation adopted by the FD at pH 4.0 likely
allows for favorable hydrophobic interactions with the target
host cell membrane, specifically the lysosomal membrane, such
that membrane fusion can be initiated. While it could be
suggested that GP1 dissociation or LAMP1-binding may

slightly alter this optimal pH, our data indicate that pH 4.0 is
an essential requirement for the FD to undergo the
conformational change necessary to initiate fusion. Collec-
tively, this reinforces the idea that LASV must enter the
endocytic pathway with optimal fusion occurring at the
lysosomal compartment after the FD adopts the fusogenic,
helical conformation and is independent of GP1 dissociation or
LAMP1 engagement.

Despite its critical role in the initial interaction with the
target host cell membrane, the LASV FD has received limited
attention in previous studies, particularly its functional
components. In our investigation of LASV FD-initiated
membrane fusion, we have uncovered that an intact disulfide
bond within the LASV FL is essential for the full functionality
of the complete FD [Figure 3A]. One plausible explanation
would be that the disulfide bond provided structural
stabilization of the LASV FD, particularly its folding or
oligomeric state, such that the helical conformation adopted at
a low pH is maintained and fusion can occur. This notion is
supported by the EBOV FD and baculovirus FD, both of
which characteristically contain an FL, where disruption of the
disulfide bond resulted in conformational changes that
impacted fusion.16,65−67 However, for the LASV FD, the
global secondary structure [Figure 3B] remained relatively
unchanged under the reducing conditions. It could be argued
that the oligomeric state of the LASV FD was affected without
an intact disulfide bond, but the introduction of reducing
conditions brought about no change in the SEC trace [Figure
S2B], correlating to monomeric states for both. Thus, we
postulate that disruption of the disulfide bond affected the
tertiary structure of the LASV FD. Furthermore, our findings
indicate that this alteration interfered with the initial
interaction of the LASV FD with the target membrane,
which, with the disulfide bond present, had a Kd akin to those
of other class one fusion proteins that increased significantly
(20-fold) when the cysteines were reduced [Figure 4].29,55−57

Intriguingly, this finding aligned with literature regarding the
SARS-CoV-2 FD, which also features both an FP and FL in
tandem, where the disulfide bond within the FL was
demonstrated to have an explicit, vital role in the fusion
mechanism.31−35,37 Specifically, the overall secondary structure
of the SARS-CoV-2 FD was maintained without the disulfide
bonded FL, but there was a large and significant decrease in
fusogenicity, postulated to be due to a change in the tertiary
structure that altered its ability to associate/interact with the
target host cell membrane and/or the FP. Taken together, this
indicates that the LASV FD is capable of forming the helical
conformation in the absence of the disulfide bond in the FL,
but was not able to effectively associate with the target host cell
membrane, resulting in the reduction of fusion efficiency.

During our investigation of the key functional features of FL
within the LASV FD, we identified a potential salt bridge that
may be important for fusion. A sequence alignment of the
LASV FD alongside other notable family members indicated
that charged residues were highly conserved in the same
position, specifically R282 and E289, suggestive of a salt bridge
[Figure 1]. This was supported by a recent Cryo-EM structure
of the prefusion LASV GPC which placed the side chains of
these two residues within 4.4 to 5.5 Å, where a strong salt
bridge has been shown to have an optimal distance of ∼4.5
Å.68−70 We show that high salt concentrations resulted in a
significant, 4-fold (75%) decrease in fusion [Figure 5A] and an
inability to associate with the lipid bilayer [Figure 5B] in

Figure 6. An identified salt bridge is critical to the overall structure
and function of the LASV FD. [A] Under physiological salt conditions
(100 mM NaCl), all salt bridge mutants (R282E, red; E289R, green;
R282E/E289R, purple) had decreased fusion in comparison to WT
(blue) (n ≥ 38). All lipid mixing normalized to WT, pH 4. Student’s t
test assuming unequal variances used to calculate P-value; n.s. = not
significant, ** = P < 0.01, and *** = P < 0.001. [B] Mutation of any
salt bridge residue altered the secondary structure.
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comparison to the LASV FD under physiological conditions. It
could be claimed that this observation was due to an
interaction between the anionic lipids of our vesicles and the
salt ions, hindering association with the target host cell
membrane and/or function of the FD. Therefore, we carried
out the same set of experiments on the SARS-CoV-2 FD,
where a potential salt bridge was not apparent. We establish
that high salt concentrations had a minimal impact on the
ability of the SARS-CoV-2 FD to associate with the lipid
bilayer [Figure 5C,D], but moderate loss of fusion (15%);
albeit to a much lesser extent than the LASV FD. We theorize
that this was due to indirect competition between the SARS-
CoV-2 FD and salt ions for nonspecific interactions with water
molecules or anionic lipids, resulting in a depletion of the
hydration barrier of the protein and/or masking of the lipid
bilayer charge, respectively.68,69,71−73 Nonspecific interactions
contribute to membrane fusion significantly less than specific
interactions that have structural and functional relevance, such
as the salt bridge elucidated within the LASV FD, providing a
rationalization for the decrease in fusion observed for the
SARS-CoV-2 FD despite its ability to associate with the lipid
bilayer. Nonetheless, we postulate that there was a direct
competition between the LASV FD and salt ions for specific
ionic interactions, which resulted in the ablation of the salt
bridge. Even when accounting for the reduction in fusion
caused by general, nonspecific interactions in high salt
concentrations, we still witnessed a significant 2.5-fold (60%)
decrease in fusion by the LASV FD. Collectively, this gives
credence to our hypothesis that the identified salt bridge was a
unique feature of the LASV FD and required for association
with the lipid bilayer such that there is full functionality.

Single mutants were created such that both residues within
the salt bridge carried the same charge (i.e., R282E and E289R)
as well as a double mutant that switched the positioning of the
charges (i.e., R282E/E289R). We hypothesized that the single
mutants would ablate the salt bridge due to the existence of the
same charge at either position, which would impede the
necessary ionic interaction and result in decreased function or
structural perturbations. In turn, we believed that any
functional and/or structural impacts could be rescued by the
double mutant, as the required residues for the ionic
interaction would be present, albeit at swapped positions,
such that the salt bridge would be restored. Unexpectedly, we
observed a significant decrease in the binding affinity and,
subsequently, fusogenicity for all three mutants in comparison
to WT [Figure 6A, S4]. Additionally, the secondary structure
but not the oligomeric state was perturbed for each mutant
[Figure 6B, S5]. Based on our findings, a possible explanation
is that the disruption of the salt bridge between the side chains
of the basic residue at position 282 (R282) and the acidic
residue at position 289 (E289) has a critical role in LASV FD-
initiated membrane fusion. Specifically, upon the delivery of
LASV to the lysosomal compartment, the low pH environment
causes the side chain of E289 within the FD to become
protonated. This breaks the salt bridge, which results in the
formation of a new bonding network within the LASV FD,
prompting adoption of the fusogenic, helical conformation
necessary for the initiation of fusion. Here, we believe that R282

forms new interactions, which stabilize the fusogenic
conformation of the FD. Our data supports this notion as
both single mutants had decreased fusion and altered
secondary structures where mutation of E289R was particularly
devastating with a largely random coil structure at low pH

[Figure 6]. Moreover, the salt bridge was likely reformed in the
double mutant (R282E/E289R), as indicated by the significant
decrease in fusion under high salt concentrations [Figure S4].
However, switching the charges still disrupted the overall
bonding network, preventing the formation of the proper
fusogenic helical structure required for efficient fusion. Thus,
the position of the charge appears to be imperative to the
function of the LASV FD. This is in alignment with previous
studies, where ionic interactions are suggested to sense the pH
and form a proper conformation to ensure membrane fusion
occurs at the appropriate location.74−80

In summary, our data indicate that the LASV FD has a
distinct preference to mediate fusion at a pH that is akin to the
lysosomal compartment, which is directly linked to the
adoption of a fusogenic, helical conformation. In a simplistic
model, we have illustrated that the helical conformation alone
is insufficient to have a robust interaction with the target host
cell membrane and initiate fusion. Here, two bonds within the
FL of the LASV FD have been demonstrated to play an
important role in this action: the disulfide bond located
between C279 and C292 as well as the salt bridge that occurs
between R282 and E289. In particular, an intact disulfide bond is
necessary for the LASV FD to efficiently bind to the target host
cell membrane. Additionally, the salt bridge must be present to
maintain the global secondary structure and behaves as a
potential pH-sensing site that allows the FD to initiate fusion
in the appropriate compartment. Overall, we have provided a
deeper understanding of the molecular mechanisms that
influence LASV FD-initiated membrane fusion as well as
more general insights into the functional roles of the FL within
LASV fusion. These critical components have the potential to
serve as a therapeutic target for the development of a novel
antiviral to target the FD and prevent membrane fusion, such
that LASV infection cannot occur. In the future, the
investigation of more complex lipids is warranted to gain a
better understanding of physiologically relevant lipid compo-
sitions toward FD-initiated membrane fusion and therapeutic
development.
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