1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Infect Dis. Author manuscript; available in PMC 2021 February 14.

-, HHS Public Access
«

Published in final edited form as:
ACS Infect Dis. 2020 February 14; 6(2): 250-260. doi:10.1021/acsinfecdis.9b00296.

Calcium lons Directly Interact with the Ebola Virus Fusion
Peptide To Promote Structure—Function Changes That Enhance
Infection

Lakshmi Nathan'#, Alex L. Lai-*, Jean Kaoru Millet®T, Marco R. Straus®, Jack H. Freed"",
Gary R. Whittaker"8, Susan Daniel”!

'Robert Frederick Smith School of Chemical and Biomolecular Engineering, Cornell University,
120 Olin Hall, Ithaca, New York 14853, United States

TBaker Laboratory, Department of Chemistry and Chemical Biology, Cornell University, Ithaca,
New York 14853, United States

SDepartment of Microbiology and Immunology, College of Veterinary Medicine, Cornell University,
Ithaca, New York 14853, United States

Abstract

Ebola virus disease is a serious global health concern given its periodic occurrence, high lethality,
and the lack of approved therapeutics. Certain drugs that alter intracellular calcium, particularly in
endolysosomes, have been shown to inhibit Ebola virus infection; however, the underlying
mechanism is unknown. Here, we provide evidence that Zaire ebolavirus (EBOV) infection is
promoted in the presence of calcium as a result of the direct interaction of calcium with the EBOV
fusion peptide (FP). We identify the glycoprotein residues D522 and E540 in the FP as
functionally critical to EBOV’s interaction with calcium. We show using spectroscopic and
biophysical assays that interactions of the fusion peptide with Ca2* ions lead to lipid ordering in
the host membrane during membrane fusion, and these changes are promoted at low pH and can
be correlated with infectivity. We further demonstrate using circular dichroism spectroscopy that
calcium interaction with the fusion peptide promotes a-helical structure of the fusion peptide, a
conformational change that enhances membrane fusion, as validated using functional assays of
membrane fusion. This study shows that calcium direct/y targets the Ebola virus fusion peptide
and influences its conformation. As these residues are highly conserved across the Filoviridae,
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calcium’s impact on fusion, and subsequently infectivity, is a key interaction that can be leveraged
for developing strategies to defend against Ebola infection. This mechanistic insight provides a
rationale for the use of calcium-interfering drugs already approved by the FDA as therapeutics
against Ebola and enables further development of novel drugs to combat the virus.
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Ebola virus disease, a hemorrhagic fever in humans and nonhuman primates, has an average
lethality of ~50%.1 The most widespread epidemic to-date occurred in West Africa in 2014,
with nearly 30,000 cases reported and over 11,000 deaths.? Outbreaks happen periodically;
in the current outbreak in the Demaocratic Republic of Congo, over 3000 individuals have
contracted the disease.3 There are currently no therapies approved by the Food and Drug
Administration specifically to treat the disease, though there are vaccines in clinical trials,~’
and the development of antivirals against Ebola is ongoing.”~12 Given the disease’s
importance in global health and the few countermeasures available, it is critical to
understand the Ebola virus lifecycle to identify targets for therapeutic intervention.

Ebola virus disease is caused by Ebola virus, a single-stranded negative-sense RNA virus
belonging to the Filoviriadae family. The Ebola virus genome is enclosed in a lipid envelope
derived from the host cell membrane. The Ebola virus spike glycoprotein (GP) is embedded
in this envelope and mediates viral entry, particularly receptor binding and fusion. GP is a
class I fusion protein and undergoes proteolytic priming by furin, likely during virus
assembly, to cleave pre-GP into its mature form containing subunits GP1 and GP2. GP is not
a prototypical class | fusion protein as it contains an “internal” fusion peptide (FP)
incorporated within a larger disulfide-bonded loop (Figure 1d,e). After initial binding to a
cell-surface receptor, the virus enters cells via macropinocytosis or endocytosis.t3 Within the
endosome, cathepsins cleave off a heavily glycosylated region of GP, known as the glycan
cap.1415 The virus is then able to bind its endosomal receptor, NPC1.16-19 After binding to
NPC1, a subsequent trigger induces a conformational change in GP that allows the virus to
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fuse its envelope with the endosomal membrane,2° thereby releasing the viral genome. The
exact nature of this fusion trigger remains unknown.

During membrane fusion, the hydrophobic FP buries into the endosomal membrane, which
facilitates mixing of lipids between the viral and endosomal membranes. Further
conformational changes in GP then allow a pore to form between the two membranes for
genome escape. The Ebola virus FP is located within an unstructured loop and is flanked by
negatively charged residues.?! NMR studies of Zaire ebolavirus (EBOV) FP indicate that it
has a flexible conformation at both neutral and acidic pH, but the structures at pH 7 and 5.5
are different,22 which points to a possible role for pH in fusion.

It is well-appreciated that lumenal pH changes during endosome maturation; however, levels
of other ions, including calcium (Ca2*), change as well.23:24 Initially, the Ca2* concentration
in endosomes drops rapidly,2> but it increases later in the endocytic pathway, reaching 2.5
1M in late endosomes?® and 400 M in the lysosome.2” The current model of Ebola virus
entry is that the virus undergoes fusion in endolysosomes containing both NPC1 and two-
pore CaZ* channels (TPC2),16 but the role of TPC2 or calcium ions in the infection process
is unknown. Here, we elucidate this role and describe a mechanism that points to calcium
ions directly targeting the fusion peptide during Ebola virus entry. As the search for
antivirals against Ebola continues, our findings indicate that Ca2* disruption is a powerful
therapeutic tool and the mechanism we describe enables the rational design of drugs to
exploit this Ca* dependence.

Depletion of CaZ* Inhibits Ebola Virus Infection.

To investigate the impact of Ca2* on EBOV infection of cultured cells, we measured the
infectivity of EBOV pseudotyped virus containing a luciferase gene reporter while
modulating Ca2* in the extracellular and intracellular environment. First, cells were infected
with Ebola GP-pseudotyped virus with or without extracellular Ca2* present during the entry
step. In the presence of external Ca2*, Ebola GP-pseudotyped virus was nearly 3 times more
infectious than when in CaZ*-free media (Figure 1a).

To measure the impact of Ca2* in the intracellular environment, we utilized 1,2-bis(2-
aminophenoxy)ethane-N, NN, N/ -tetraacetic acid tetrakis (BAPTA-AM), a chelator that is
only active intracellularly.?8 Vero E6 cells were pretreated with 50 .M BAPTA-AM, a
concentration that does not significantly impact their viability.2? EBOV infection was
approximately 12 times higher in the presence of unaltered intracellular Ca2* levels
compared to when Ca%* was chelated (Figure 1b). For a comparison of raw RLU values to
the noninfectious control, see Figure S1.

Residues D522 and E540 Are Involved in Ca2*-Dependent Infection.

Ca?" is known to play a role in the fusion of a few other enveloped viruses. Rubella virus
depends on Ca2* for proper orientation of its fusion loops.3° Specifically, Ca2* coordinates
with the residues N88 and D136 located on adjacent fusion loops within E1. Previously, we
showed that viral entry of severe acute respiratory syndrome coronavirus (SARS-CoV) is
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Ca?* dependent, and the FP cannot induce membrane ordering when chelator is present.2
The Ebola virus FP is flanked by negatively charged residues that may coordinate with Ca2*
ions (Figure 1e). Combined with evidence that drugs that interfere with cellular Ca2* inhibit
EBOV infection11:31:32 and the implication of TPC2 in EBOV entry, the presence of these
negatively charged amino acids motivated us to explore whether CaZ* plays a role in Ebola
virus fusion via direct interaction with the FP, in a fashion similar to rubella virus and
SARS-CoV.

We hypothesized that Ca2* might be interacting with negatively charged amino acids near
the viral FP and thus influencing the conformational changes necessary for fusion. The
presence of negatively charged residues flanking the FP is highly conserved among the three
genera of the Filoviridae: Cuevavirus, Marburgvirus, and Ebolavirus (Figure 5f). The
presence of negatively charged residues at positions 522 and 540 is conserved, though the
exact identity of the residue at position 522 varies between aspartate and glutamate from one
genus to another. Within the Ebolavirus genus, the species Zaire, Reston, Bundibugyo, and
Tal'Forest contain an aspartate at position 522, whereas for the Sudan species, that position
is occupied by glutamate. The FP is embedded in a loop, which brings residues D522, E523,
E540, and E545 in close proximity to each other (Figure 1d,e). To investigate the activity of
these conserved negatively charged residues, we used site-directed mutagenesis to generate
pseudotyped virus with neutral residues in these positions. We generated the amino acid
substitutions D522A, E523A, and E545A. Attempts to produce the mutation E540A were
unsuccessful due to recombination within the bacteria used for plasmid amplification;
because alanine and glycine have similar affinities for Ca2*,33 the mutant E540G was
characterized instead. The presence of two negatively charged residues on each side of the
FP implies possible redundancy, where a single mutation might still allow Ca?* to
coordinate with the remaining neighboring negatively charged residue. To test this
possibility, we also generated the double mutant D522A/E523A. These mutations did not
prevent the incorporation of GP into pseudotyped virus particles (Figure S2). In cell
infectivity assays, pseudotyped virus containing D522A exhibited behavior drastically
different than pseudotyped virus with wild type (WT) GP and yielded higher infectivity in
the absence of extracellular Ca?* (Figure 1c). E523A showed lower overall infectivity than
WT but matched the WT Ca2*-dependent behavior, displaying higher infectivity in the
presence of extracellular Ca2*. The double mutant D522A/E523A was infectious albeit at a
very low level, as determined by comparison to a noninfectious negative control (Figure S3).
D522A/E523A behaved similarly to D522A, with higher infectivity in the absence of
extracellular Ca2*. This suggests that D522 plays a central role in Ebola’s response to Ca?*
and E523 likely does not serve a redundant function to D522. E540G had low infectivity and
was relatively unaffected by extracellular Ca2*. E545A had similar overall infection and
Ca%*-dependent behavior to the WT, indicating that it may not be critical in interacting with
Ca?*. Of the mutations tested, D522A, D522A/E523A, and E540G exhibited altered or no
Ca?* dependence compared to the WT. Given the location of these residues adjacent to the
FP, we reasoned that the altered entry behavior of the particles bearing mutated GPs might
be related to fusion. Extracellular and intracellular Ca?* may alter cellular processes beyond
directly impacting viral entry, so it is hard to decouple these effects in interpreting the results
of solely cell-based experiments. Therefore, we next employed biophysical approaches to
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isolate and further investigate the role of CaZ* by examining the structure and fusion activity
without the additional complications of concurrently occurring cellular pathways.

Ca?* Increases EBOV Fusion in Vitro.

To further define the role of Ca2* and isolate its impact on membrane fusion, we employed
vesicle fusion assays that report lipid mixing. We used an £. coli-expressed EBOV FP
construct containing residues 501-560 of GP (Figure 2a).22 Compared to the “short version”
FP containing residues 524-539, this “long” FP includes the disulfide-bonded loop that is
critical to the structure and function of the FP.22 In the lipid mixing experiment, the FP
construct was mixed with large unilamellar vesicles (LUVs), 10% of which were
fluorescently labeled with a FRET pair. LUVs were used to match their diameter similar to
that of pseudoviral particles. Upon fusion of these labeled vesicles with unlabeled vesicles,
FRET is relieved, resulting in a large increase in fluorescence intensity (Figure 2b). After
adding the FP to the mixture, detergent was added to rupture the LUVs and fully release the
dye. The resulting fluorescence intensity was set to 100% to normalize data from one trial to
the next.

In the pH 5 fusion buffer with 2 mM Ca?*, which is close to the calcium concentration of the
ion found in typical cell culture media formulations and is on par with the concentration
range (0-2 mM) used in previous literature,39 roughly 70% lipid mixing is observed (Figure
2b,c). In the fusion buffer without Ca2* added and in the presence of 1 mM EGTA to chelate
the trace Ca2* (“calcium-less buffer”), the lipid mixing ratio is greatly reduced (39%). As a
negative control, in the presence of 5 mM DTT, which removes the disulfide bond of the FP
even though 2 mM Ca2* was added, lipid mixing is greatly reduced (21%). The scrambled
peptide, which has the same residues as the FP but in a shuffled order, has even lower lipid
mixing activities (12%). Taken together, these data indicate that Ca2* interacts with the FP to
promote fusion. Execution of these same lipid mixing studies with pseudovirus yielded lipid
mixing levels comparable to the DTT control, even in the presence of both low pH and
calcium, indicating that the receptor NPC1 or some other fusion trigger is needed for lipid
mixing (Figure S9) mediated by the full viral particle.

We produced modified FP constructs to match the mutations used in our cell-based assays.
WT FP consistently yielded high levels of lipid mixing in the presence of Ca?* and only half
as much mixing when Ca2* was removed (Figure 2c). FP with the D522A mutation yielded
roughly 50% lipid mixing regardless of whether Ca* was present or absent (Figure 2d). In
the infectivity studies (Figure 1c), this mutant did show behavior different from the WT but
yielded less infection in the presence of extracellular Ca%*. The mutation E523A resulted in
a modest decrease in lipid mixing compared to the WT but still induced more fusion when
Ca?* was present rather than absent (Figure 2d), agreeing with our cell infectivity
observations. E540G was the least fusion-competent, agreeing with our infectivity studies
where it was also the least infectious mutant tested, and was relatively unaffected by Ca?*.
E545A yielded similarly low levels of lipid mixing and was also unaffected by the addition
of Ca2*. This differs from our infectivity experiments, where Ca%* did enhance the infection
of pseudotyped virus with the mutation E545A. Given that these modified FPs no longer
exhibit strong Ca2* dependence, our data suggest that negatively charged residues at
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positions 522, 540, and 545 are important for coordinating with Ca2* and that removal of
these negatively charged amino acids is detrimental to fusion.

Ca?* Increases EBOV FP Membrane Insertion and Lipid Ordering.

Our fusion assay experiments indicate that calcium is targeting the fusion peptide and, in
turn, influencing membrane fusion. Because the fusion peptide inserts into the host
membrane during the fusion process, we next focused on examining the impact of calcium
on this insertion using electron spin resonance (ESR). In this technique, spin labels are
incorporated into lipids at various positions, acting as depth probes. Multilamellar vesicles
(MLVs) containing dipalmitoylphosphatidyl-tempo-choline (DPPTC) are spin labeled in the
head region whereas those with phosphocholine are labeled in either the upper tail region
(5PC) or the lower tail region (14PC) (Figure S4). The ordering parameter, S, of each spin-
labeled lipid was extracted from the ESR spectra using the NSSL program with the
microscopic order-macroscopic disorder (MOMD) model.34 S is an indication of the
amount of membrane ordering at a given depth and serves as a readout for FP membrane
penetration depth.3> More importantly, FP-induced changes in & are thought to be
functionally significant because changes in lipid ordering can lower the energy barrier
between closely approaching membranes by dehydration, enabling fusion to occur.38
Previous ESR studies with other viral FPs indicate that membrane ordering by the viral FP is
a critical step for viral membrane fusion.2%:36-38 The S-shaped curves of S as a function of
increasing WT peptide to lipid (P/L) ratio (Figure 3a—c) suggest cooperativity in membrane
ordering, consistent with the requirement for class I and class Il fusion proteins to
oligomerize for efficient fusion to occur.

We then tested the impact of calcium using 1 mM Ca2* to match conditions consistent with
our previous study on the SARS-CoV FP.2° The WT peptide induced the greatest ordering
effect of the head and upper-tail regions at acidic pH with 1 mM Ca2* (Figure 3a,b), but the
deep hydrophobic region (14PC) was virtually unaffected (Figure 3c). The scrambled
peptide has no ordering effect on the membrane, indicating the ordering effect is sequence
specific. In the calcium-less buffer, the WT FP induced little lipid ordering and was similar
to our negative control, the FP with the disulfide bond removed by DTT, which had virtually
no lipid ordering effect (Figure 3a—c).

If Ca?*’s effect on the WT peptide was strictly due to mediating the electrostatic repulsion
between the negative lipids and negative charges in the FP, we would expect that, when
mixed with DTT, the FP would still be able to induce ordering because the charges of the
amino acids have not been altered. The observation that DTT is detrimental to peptide-
induced lipid ordering indicates that CaZ* is not simply promoting peptide insertion by
screening charge, as has been suggested in other work.3? To further test the effect of Ca* on
S, we increased the Ca2* concentration while fixing the P/L ratio at 1% (Figure 3d,e). The
effects of any ordering caused by Ca2* interacting with the liposomes rather than the fusion
peptide were removed by subtracting S of a liposome and Ca2* only (no peptide) mixture
from the measurement of S when all three components (liposomes, peptides, and Ca2*)
were present, yielding AS,. This AS, increased with increasing Ca2* indicating that there is
more FP-induced membrane ordering at higher Ca2* concentrations in the lipid head (Figure
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3d) and midtail (Figure 3e) regions. Our prior observations of influenza HA, which does not
show increased membrane interaction in the presence of Ca2*,29 indicate that Ca2* does not
act as a blanket promoter of viral FP insertion into target membranes. ESR measurements of
mutant peptides all showed the induction of lipid ordering with increasing P/L ratio but less
so than the WT peptide (Figure S6). In the calcium-less buffer, the ordering effect for all
peptides was minimal. Increasing Ca2* increased the FP-induced membrane ordering in
head (Figure 3d) and midtail (Figure 2e) regions but also had less of an effect on the mutated
peptides than the WT. Of the mutants tested, D522A and E545A had the least membrane
ordering at all Ca2* concentrations tested. These results imply that the ability of the mutated
peptides to induce membrane ordering is impaired due to their reduced ability to interact
with Ca?*.

Ca?* Promotes Insertion of Viral GP into the Target Membrane.

The N-terminal FPs for viruses such as influenza and HIV are anchored to the rest of the
fusion protein at only one end of the FP, so they are easily able to form the functional
domain by themselves. However, as the GP FP is internal (i.e., both of its ends are connected
to the remainder of GP), it is unknown whether isolated FP can recapitulate the fusion
functionality of the complete GP. To determine whether the CaZ*-dependent membrane
ordering effects we observed for isolated FP were also true within the context of complete
GP, we used the technique of time-resolved ESR to monitor the change of & during fusion
of small unilamellar vesicles (SUVs) and pseudovirus particles (PPs). The PPs were
pretreated with thermolysin to remove the glycan cap from GP, and when the PPs were
mixed with the SUVs containing DPPTC, the GP FP was free to insert into the SUV
membrane during the docking of the PPs on the SUV.

In the time-resolved ESR experiments, we reduced the conversion time and scanning times,
which shortened the collection time and allowed collection of the spectra every 30 s. Noisier
signals were denoised using the Wavelet Denoising Package®C before NLSL analysis if
necessary. As shown in Figure S7a, the shape of the ESR signal changes during the time
course, indicating a change of membrane structure. After denoising (Figure S7b), the details
of the difference are more obvious. As shown in Figure 4a, the & increases in the presence
of Ca* at pH 5, and the half maximal ordering parameter occurs at about 3.5 min. When
either the Ca2* or the GP is removed, & does not increase over time. At lower PP/SUV
ratios, & increases over time, though it takes longer to reach the half maximal ordering
parameter (Figure S7¢). This can be explained simply on the basis of concentration: as more
GP is available, more docking events happen. Figure 4b shows the effect of the PP/SUV
ratio on Sy at 10.5 min postmixing. The S-shaped pattern similar to the isolated FP data
(Figure 3a) is observed also only in the presence of Ca2* and at pH 5. The SUV-PP lipid
mixing experiments show very low mixing ratios (Figure S9), indicating no fusion in this
condition. Thus, the membrane ordering is due to docking of the PPs with the SUVSs, not
fusion between the two. If the function of the FP in the context of the entire GP is similar to
that of the isolated one, then the membrane ordering effect should be observed in these
experiments too, and they are. In summary, we report FP-induced membrane ordering with
the time-resolved method and in a “biological” context for the first time. This result supports
that the FP can induce lipid ordering both alone and in the context of the whole GP.
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Ca?* Increases FP Helical Content.

To better understand the structural importance of the negatively charged amino acids on FP
conformation, we used circular dichroism (CD) spectroscopy to examine the secondary
structures of mutant and WT FPs in membranes with and without CaZ* present (Figure 5).
We used SUVs because the LUVs generate a significant scattering effect in our instrument,
which makes the signals noisy. In our control condition, where the disulfide bond of the
fusion loop is removed by the addition of DTT, the peptide adopts a random coil structure.
The WT FP exhibits a well-formed a-helical structure in the presence of SUVsatpH 5in 1
mM Ca2* (22.7 + 1.8%). At higher pH with Ca2*, there is a decrease in helical content (12.1
+ 2.2%). In the pH 5 calcium-less buffer, the helical content is even lower (10.8 + 1.7%).
From the helical content vs Ca?* concentration (Figure S10), we estimated that about 0.8
mM Ca2* is required to induce 50% conformational change of the FP. All mutants exhibit
less helical structure than the WT, indicating that these negatively charged amino acids are
important for maintaining the structure of the FP. The mutant E545A exhibits the least
helical structure, indicating E545 is important for maintaining the FP structure. When
interacting with lipid bilayers, the mutants have less formed secondary structure. Combined
with our functional studies, these results indicate that CaZ* influences FP structure, which
impacts its interaction with the membranes, and thereby its membrane fusion function.

DISCUSSION

The direct role of Ca2* in Ebola virus fusion has not been previously identified, although
there have been previous links between potential therapeutics and intracellular Ca2* levels.
Screens of potential filovirus therapeutics indicated that ion channel inhibitors, such as
amiodarone, dronedarone, bepridil, lomerizine, verapamil, and tetrandrine, 113141 and drugs
that induce Ca2* efflux from endosomes, such as U18666A, tamoxifen, and clomiphene,32
are able to inhibit EBOV infection. Expression of the endosomal EBOV receptor, NPC1, is
also linked to Ca2* levels in the endosomal lumen. Removal of NPC1 results in Ca2*
depletion in late endosomes and lysosomes,*? in addition to blocking EBOV entry.17:19
Sakurai et al. demonstrated that blocking or knocking out the calcium transport channel
TPC2 can also inhibit infection of Ebola virus.3! The anti-EBOV nature of these Ca2*-
inhibiting drugs agrees with our results and indicates that further development of similar
therapeutics may be fruitful. Our studies indicate that, from a therapeutic standpoint,
modulation of both extracellular and intracellular Ca2* is an attractive target.

We identified residues D522 and E540 as key players in the dependence of Ebola virus
infection on Ca2*. Mutation of other nearby negatively charged residues did not alter
calcium dependence, indicating that D522 and E540 play specific roles in the interaction
with the ion, rather than calcium dependence being driven by the overall charge of GP.
Previous studies of E523 and E540 found these residues to be detrimental to fusion in the
context of the hydrophobic core fusion peptide alone.*3 In ESR, the “long” FP, which
extends beyond the core and includes the disulfide bond, is more efficient in inducing
membrane ordering than the short hydrophobic core alone (Figure S5), indicating that the
larger context of these residues within the peptide is functionally important. Our work with a
longer peptide clarifies the roles of these residues in mediating FP conformation and the
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interaction with Ca2* as well as their effect on virion infectivity. Others have observed
reduced binding of the mutant D522A to the membrane proximal external region of GP.44
Our work links this mutation to the reduced interaction with Ca2* and thereby reduced
fusion competence due to alteration in the direct interaction of the FP with the membrane,
adding new insight into the role of D522 in fusion. Given that D522 and E540 are implicated
in the Ca?*-dependent entry of EBOV and that negative residues at those sites are conserved
across the Filoviridae, Ca2*-targeting drugs might be effective against all viruses within the
family. Indeed, the drugs toremifene and clomiphene increase Ca2* release from
endosomes32 and are able to inhibit multiple strains of both EBOV and MARV.10

As the endosome matures, the endosomal membrane becomes enriched with anionic lipids.
45 Others have observed that negatively charged lipids are necessary for partitioning of the
Ebola FP into the target membrane®3 and suggested that calcium alters the hydrogen-
bonding network at the surface of the membrane rather than targeting the fusion peptide
itself.39:43 Our spectroscopic data combined with our mutant studies suggest a wholly
orthogonal mechanism to what this previous work suggested. Our work shows that the
conformational changes in FP are due to its interaction with the ion, which we further show
leads to specific changes in lipid ordering in the host membrane and an increase in fusion
activity. Our work thus sheds further insight into how these conformational changes are
functionally important within the context of viral fusion and entry and links these
biophysical observations to the mechanism that enables CaZ*-perturbing drugs to inhibit
filovirus infection. As pH decreases, the FP forms an a-helical fist-like structure.22 Our
studies indicate that Ca2* may act to stabilize or promote that a-helical structure. This
results in higher extents of fusion as Ca* concentration increases, aligned with higher level
infections of the virus in the presence of both extracellular and intracellular Ca?*.

Our previous ESR work with the FPs of influenza virus and HIV (both are N-terminal FP of
class I glycoproteins) and dengue virus (an internal FP of a class Il glycoprotein) suggested
that FP-induced membrane ordering is a result of dehydration due to FP insertion, which is a
prerequisite step for reducing repulsive forces between two opposing membranes to initiate
membrane fusion.3646 Qur current study extends these concepts to the Ebola FP, an internal
FP within a class | glycoprotein. We show that Ebola FP also induces membrane ordering,
while the functionally impaired mutated peptides have significantly lower membrane
ordering capacity. This result upholds the theory that membrane ordering induced by the FP
is a common prerequisite for viral entry. Taken together, the Ca?*-dependent EBOV FP
conformational changes, membrane ordering effect, and subsequent modifications in fusion
activity found here point to the FP being at least one of the direct targets of Ca2* in the entry
of EBOV.

Blocking two-pore channels (TPC2), which are involved in calcium efflux from the
endosome,#” inhibits Ebola infection.3! Perhaps when the channels are functional, they
create a locally high concentration of calcium near the membrane, encouraging fusion and
thereby infection. However, the exact role of TPC2 in Ebola infection remains unclear.

In our studies, low pH and calcium seem to act synergistically to promote the insertion of
GP into the target membrane. During endosomal maturation, the concentration of calcium
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within the endosome initially drops from 2 mM extracellularly to 3 £M2° within the early
endosome. However, the calcium concentration then goes back up to 400600 1M?27 as
lysosomes merge with late endosomes. Simultaneously, the pH drops from 6.8 in the early
endosome to 4.8 in the late endosome.*8 Given that Ebola virus fuses in late endosomes,16:20
after binding NPC1, the virus may undergo fusion in response to these dual environmental
cues of low pH and high calcium. Our ESR studies with both fusion peptide and pseudovirus
indicate that low pH and calcium together promote the insertion of the fusion peptide. We
saw little lipid mixing between pseudovirus and liposomes, indicating that even with the
glycan cap removed from GP an additional factor beyond low pH and Ca?*, such as NPC1
binding, is needed for insertion of the fusion peptide into the host membrane to progress to
full fusion.

Ca?* has been implicated in the fusion of a few other enveloped viruses. Rubella virus,
which utilizes the class 11 fusion protein E1, depends on Ca2* for proper orientation of its
fusion loops.3° Specifically, Ca%* coordinates with the residues N88 and D136 located on
adjacent fusion loops within E1. Previously, we showed that viral entry of SARS-CoV is
Ca?* dependent and the FP cannot induce membrane ordering when chelator is present.2?
Our work adds to this nascent understanding of the role of Ca%* in viral fusion and points to
Ca?* as an attractive host factor for antiviral therapeutic intervention.

EXPERIMENTAL SECTION

Peptides.

The EBOV FP was expressed using a vector developed by the Tamm Lab.22 The mutant FPs
were generated using a USB Change-IT site directed mutagenesis kit (Affymetrix). The
protocol of expression and purification also follows published procedures.22 Briefly, the
relevant plasmids were transformed in BL21(DE3) Escherichia coli competent cells and
grown at 37 °C to an optical density of ~0.8. Protein expression was induced for 3 h at 30 °C
by 0.5 mM IPTG. The harvested cells were lysed by sonication and clarified by
centrifugation at 40 000 rpm for 45 min. The supernatant containing the His-tagged fusion
protein was transferred to a pre-equilibrated Ni-NTA agarose resin column, and the
supernatant and resin were incubated for 2 h at 4 °C on a rotator in wash buffer (containing
25 mM Tris, 500 mM NaCl, 20 mM imidazole, 5% glycerol, 5 mM g-ME, and 10 mM
CHAPS, pH 8). The resin was then rinsed with digestion buffer (containing 25 mM Tris, 50
mM NaCl, 5 mM CaCl,, and 5% glycerol, pH 7.5). 125 L of Factor Xa (1 mg/mL) in 15
mL of digestion buffer was added to the resin and incubated overnight at room temperature.
The proteins were eluted using 50 mL of wash buffer, dialyzed against dialysis buffer (25
mM Tris, 50 mM NaCl, 5% glycerol, pH 8.5, with 1 g/L Chelex 100 resin), and purified
using a Superdex Peptide 10/300 GL gel-filtration column (GE Healthcare) using gel-
filtration buffer (containing 30 mM sodium phosphate and 200 mM NaCl, pH 7.4). The
sample was either exchanged to the fusion buffer (5 mM HEPES, 10 mM MES, 150 mM
NaCl, pH 7 or pH 5) for measurement or lyophilized for storage. The fusion buffers are free
of calcium unless CaCl, was intentionally added. As a further safeguard, 1 mM EGTA was
added to chelate the trace Ca?* and thus generate the “calcium-less buffer”. We have
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compared ESR as well as CD spectra in the fusion buffer and the “calcium-less buffer”; the
differences were minimal.

Cell Lines and Plasmids.

HEK 293T (accession no.: CRL-11268, ATCC) cells and Vero E6 cells (accession no.:
CRL-1586, ATCC) were grown in complete DMEM [DMEM with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, 10 tg/mL streptomycin, and 1% HEPES]. Cells were
maintained at 37 °C and 5% CO,. pcDNA3.1-EBOV-GP (BEI Resources) encodes Zaire
ebolavirus GP. The mutations D522A, E523A, E540G, E545A, and D522A/E523A were
produced by site directed mutagenesis of pcDNA3.1-EBOV-GP using the QuickChange XL
site-directed mutagenesis kit (Agilent) with primers designed using the Agilent online tool.

Lipid and Vesicle Preparation.

The lipids POPC and POPG, the chain spin labels 5PC and 14PC, and a headgroup spin
label DPPTC (Figure S4) were purchased or synthesized by our laboratory. The composition
of membranes used in this study is consistent with our previous study.*® The desired
amounts of POPC, POPG, cholesterol, and 0.5% (mol/mol) spin-labeled lipids in chloroform
were mixed well and dried by N, flow. The mixture was evacuated in a vacuum drier
overnight to remove any trace of chloroform. To prepare MLVs, the lipids were resuspended
and fully hydrated using 1 mL of pH 7 or pH 5 buffer (5 mM HEPES, 10 mM MES, 150
mM NacCl, pH 7 or pH 5) at room temperature for 2 h. To prepare SUVs for CD
measurements, the lipids were resuspended in fusion buffer and sonicated in an ice bath for
20 min or when the suspension became clear. The SUV solution was then further clarified by
ultracentrifugation at 13 000 rpm for 10 min.

Sequence Analysis.

Sequences of Filoviridae spike proteins were aligned using CLUSTAL with Geneious
software and the following UniProt accession numbers: Zaire ebolavirus. Mayinga-76
(Q05320), Gabon-94 (011457), Eckron-76 (P87671), and Kikwit-95 (P87666); Reston
ebolavirus. Reston-89 (Q66799), Philippines-96 (Q91DD8), Siena/Philippine-92 (Q89853),
and Uganda-00 (Q7T9D9); Sudan ebolavirus. Boniface-76 (Q66814) and Maleo-79
(Q66798); Tai Forest ebolavirus. Cote d’Ivoire-94 (Q66810); Lake Victoria marburgvirus.
Musoke-80 (P35253), Ozolin-75 (Q6UY66), Popp-67 (P35254), Ravn-87 (Q1PDC7), and
Angola/2005 (Q1PD50); L/oviu cuevavirus isolate Bat/Spain/Asturias-Bat86/2003
(GBEFI5); Bundibugyo ebolavirus (R4QRCO).

Pseudotyped Virus Production.

Pseudotyped viruses were produced following published protocols.#%:59 Briefly, particles
were produced by transfecting HEK 293T cells with plasmids encoding for luciferase,
Murine Leukemia Virus gag and polymerase, and the viral spike protein of interest using
Lipofectamine 2000 following the manufacturer’s instructions and subsequently maintained
in DMEM with 10% fetal bovine serum (FBS) and 1% HEPES. Supernatant was harvested
48 h post-transfection, filtered through a 0.45 gm membrane, and stored at —80 °C. To
remove the glycan cap, pseudovirus particles were pelleted by ultracentrifugation at 42 000
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rpm, 4 °C, for 2 h in a TLA 55 rotor (Beckman Coulter) and then resuspended in a buffer
(50 mM Tris, 10 mM CacCls, 150 mM NacCl, 0.05% Brij, pH 7.3) containing 0.167 mg/mL
thermolysin. The particles were then placed at 37 °C overnight. Removal of the glycan cap
was confirmed by Western Blot (Figure S8) and is consistent with published literature.14

Vero E6 cells were seeded at 5 x 10° cells/mL in a 24-well plate. Twenty-four hours after
seeding, cells were rinsed three times with CaZ*-free PBS and then incubated with 200 i of
pseudotyped virus and 300 yL of RPMI supplemented with 0.2% BSA and 10 mM HEPES
at pH 7 on ice at 4 °C with rocking for 1.5 h. Cells were washed with Ca%*-free PBS to
remove unbound viral particles and incubated at 37 °C for 2 h in 200 yL of DMEM with the
specified concentration of Ca2* for internalization. Complete DMEM with 20 mM NH,4CI
was added to the cells to block further infection, and 48 h later, luciferase activity was
measured using the Luciferase Assay System (Promega) and Glomax 20/20 luminometer.

BATPA-AM Treatment.

Vero E6 cells were seeded at 5 x 105 cells/mL in a 24-well plate. Twenty-four hours after
seeding, cells were pretreated with 50 M BATPA-AM or an equivalent volume of DMSO
diluted in DMEM with 2% FBS for 1 h at 37 °C. Cells were then infected with 200 zL of
pseudotyped virus at 37 °C in the presence of 50 /M BATPA-AM or an equivalent volume
of DMSO. After 2 h, complete DMEM was added and the cells were incubated for 72 h.
Luciferase activity was measured as described above.

Lipid Mixing Assays.

Fluorescently labeled LUVs (2.5 ¢M final concentration) containing 1% 7-nitrobenz-2-
oxa-1,3-diazole (NBD)-egg-POPE and 1% Rhodamine-egg-POPE and unlabeled LUV (22.5
LM, final concentration) were mixed in 1 mL of pH 5 fusion buffer. Fusion peptides were
then added from concentrated stock solutions to give a 1 ¢M final concentration of each
peptide. 10% Triton X-100 was added to achieve a 1% final concentration after fusion
reactions were completed. The fluorescence spectra were collected on a Varian Cary Eclipse
Fluorescence spectrometer. Fluorescence intensities of the samples before the addition of
fusion peptides and after the addition of Triton X-100 were used to set the baseline (0%) and
100% fusion levels, respectively. The fluorescence yields of the experimental samples were
normalized to these levels to determine % lipid mixing. Fluorescence intensity variations
due to volume changes were corrected in each case. All experiments were performed at least
3 times, and representative curves are shown.

ESR Spectroscopy and Nonlinear Least-Squares Fit of ESR Spectra.

To prepare the samples for lipid ESR study, a stock solution of the FP (1 mg/mL) was added
to the lipid POPC/POPG/Chol = 3:1:1 MLV dispersion (above) at the experimentally
indicated ratios. After 20 min of incubation, the dispersion was centrifuged at 13 000 rpm
for 10 min to concentrate the vesicles for better signal-to-noise ratio, which is consistent
with our previous protocol.2%:36-38 The pellet was transferred to a quartz capillary tube for
ESR measurement with FPs.
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For the SUV-PP interaction, SUV was prepared by sonication, and the concentrations of the
SUVs and PPs were determined using a Malvern Nanosight NS300 (Malvern, UK). A recent
denoising algorithm developed in our lab?? increases the signal-to-noise ratio by signal
processing and enables us to use SUV instead of MLV for these experiments, despite the
lower signal-to-noise ratio for the former. The desired ratios of vesicles were mixed and then
acidified immediately before the acquisition. ESR spectra were collected on an ELEXSYS
ESR spectrometer at X-band (9.5 GHz) at 25 °C using a N, Temperature Controller. The
ESR spectra from the labeled lipids were analyzed using the NLLS fitting program based on
the stochastic Liouville equation3* using the MOMD (microscopic order-macroscopic
disorder) model as in previous studies.2%:34:51 The fitting strategy is the same as previously
reported.3® S, is defined as follows: Sy = (D2 o) = (1/2(3 cos26 - 1)), where D; g is the
Wigner rotation matrix element and & is the polar angle for the orientation of the rotating
axes of the nitroxide bonded to the lipid relative to the director of the bilayer; i.e., the
preferential orientation of lipid molecules and the angular brackets imply ensemble
averaging. Sy indicates how well the chain segment to which the nitroxide is attached is
aligned along the normal to the lipid bilayer.

CD Spectroscopy.

Fusion peptides (0.2 mg/mL in pH 5 solution) were mixed with SUVs composed of POPC/
POPG/Chol = 3:1:1 at a ratio of 1:100 peptide/lipid at room temperature for 10 min before
measurement. The CD spectra were collected at 25 °C on an AVIV Model 202-01 Circular
Dichroism spectrometer. The signals from pure SUVs or pure solution were subtracted from
the sample spectra as blanks. The CD spectra were analyzed using K2D3.52

Statistical Analysis.

Exact numbers of replicates are defined in each figure legend. All pvalues were determined
using a two-tailed Student’s #test unless otherwise noted in the figure legend. All error bars
indicate standard deviation among independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
BAPTA-AM 1,2-bis(2-aminophenoxy)ethane-N, N,V , V -tetraacetic acid tetrakis
CD circular dichroism
DPPTC dipalmitoylphosphatidyl-tempo-choline
DMEM Dulbecco’s Modified Eagle Medium
DM SO dimethyl sulfoxide
DTT dithiothreitol
EBOV Ebola virus
EGTA ethylene glycol tetraacetic acid
ESR electron spin resonance
FP fusion peptide
GP glycoprotein
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
LUV large unilamellar vesicle
MARV Marburg virus
MES 2-(A-morpholino) ethanesulfonic acid
MOMD microscopic order—macroscopic disorder
NBD 7-nitrobenz-2-oxa-1,3-diazole
NPC1 Niemann-Pick disease, type C1
POPC 1-palmitoyl-2-oleoyl- sn-glycero-3-phosphocholine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1”-rac-glycerol)
PPs pseudovirus particles
SARS-CoV severe acute respiratory syndrome coronavirus
SUV small unilamellar vesicle
TPC2 two-pore calcium channel
WT wild type
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Figurel.
Ebolavirus entry is enhanced in the presence of extracellular and intracellular calcium. Viral

particles pseudotyped with Zaire ebolavirus GP were added to (a) Vero E6 cells and allowed
to internalize in calcium-free DMEM (-Ca2*) or DMEM with 1.8 mM calcium (+Ca2*) for
2 h to assess the impact of extracellular calcium and (b) Vero E6 cells pretreated with 50 ¢M
of the chelator BAPTA AM or DMSO for 1 h. Pseudovirus particles were then added to cells
with 50 zM BAPTA AM or DMSO and allowed to internalize for 2 h. Data was normalized
so that infection +Ca2* was equal to 1. Error bars represent the standard deviation for 3
independent experiments. (c) Infectivity of pseudotyped viral particles with WT or mutated
EBOV GP. Data was normalized so that infectivity of WT EBOV in the presence of Ca2*
was 1. Error bars represent s.d. from 3 independent experiments, each with 3 technical
replicates, with the exception of E545A and E54G, for which 4 independent experiments
were conducted. Dots represent the mean of the technical replicates. p values were
determined by the one-way ANOVA comparison to WT. (d) Trimer of Zaire EBOV GP with
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fusion peptide (dark blue), fusion loop (pale blue), and disulfide bonds (orange). (e) Zaire
EBOV fusion loop and nearby negatively charged residues that may be involved in binding
calcium. (f) Glycoprotein sequences of different filovirus strains were retrieved from
UNIPROT and aligned using CLUSTAL. Horizontal lines demarcate different species.
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Figure 2.

EBOV FP mediated lipid mixing is Ca?* dependent. (a) Sequence of the FP used in lipid
mixing, ESR, and CD experiments with the core hydrophobic FP in bold. (b) Raw data from
a representative lipid mixing experiment using the expressed long FP. (c) Normalized %
lipid mixing induced by the fusion peptide or a scrambled peptide (Scr’d) from three
independent experiments except for WT in the presence of Ca?* where four independent
experiments were conducted. Error bars indicate s.d. (d) Normalized lipid mixing where 0 is
the basal lipid mixing level of the WT with 5 mM DTT (c, red) and 100% is the level of WT
with 2 mM Ca?* (c, black). Error bars represent s.d. from three independent experiments
except for WT where four independent experiments were conducted. Dots represent the
mean of the replicates. ns = p> 0.05, * = p< 0.05, ** = p< 0.01, and *** = p< 0.001
compared to WT (for (d), red indicates the comparison between +Ca?* and —Ca2* for each
mutant), as calculated by the Student’s #test or ANOVA.
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ESR spectroscopy shows FP induces membrane ordering in a Ca2* dependent fashion. (a—c)
Plots of order parameters (&) of (a) DPPTC, (b) 5PC, and (c) 14PC versus peptide/lipid
ratio (P/L ratio) of FP in POPC/POPG/Chol = 3:1:1 MLVs. (d, e) the plot of AS of (d)
DPPTC and (e) 5PC versus Ca2* concentration of the WT and mutant FPs at 1% P/L ratio.
Each experiment was repeated two to three times. Typical uncertainties found for S are 6 x
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Figure 4.

Time-dependent ESR experiments on DPPTC in the pseudoviral particle-SUV interaction.
(a) The plot of order parameters of DPPTC changes during the time course of the
measurement. The ratio of PP/SUV is about 15:1. Black, with 1 mM Ca?*; red, with 1 mM
EGTA,; blue, using the empty particles instead of the pseudoviral particles. (b) The plot of
order parameter of DPPTC in different PP/SUV ratios. The order parameters are extracted
from the curves collected at 10.5 min after activation.
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Figure5.

CD spectra of EBOV FPs show that Ca?* and the mutation of negatively charged residues
alter FP structure. (a) WT FPs at acidic or neutral pH and + Ca2*. (b) Mutated FPs at pH 5, 1
mM Ca2* and WT (black) for reference. Two to three spectra were collected independently
for each sample; representative spectra are shown.

ACS Infect Dis. Author manuscript; available in PMC 2021 February 14.



	Abstract
	Graphical Abstract
	RESULTS
	Depletion of Ca2+ Inhibits Ebola Virus Infection.
	Residues D522 and E540 Are Involved in Ca2+-Dependent
Infection.
	Ca2+ Increases EBOV Fusion in Vitro.
	Ca2+ Increases EBOV FP Membrane Insertion and Lipid
Ordering.
	Ca2+ Promotes Insertion of Viral GP into the Target
Membrane.
	Ca2+ Increases FP Helical Content.

	DISCUSSION
	EXPERIMENTAL SECTION
	Peptides.
	Cell Lines and Plasmids.
	Lipid and Vesicle Preparation.
	Sequence Analysis.
	Pseudotyped Virus Production.
	Infection.
	BATPA-AM Treatment.
	Lipid Mixing Assays.
	ESR Spectroscopy and Nonlinear Least-Squares Fit of ESR Spectra.
	CD Spectroscopy.
	Statistical Analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

