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Ebolavirus (Ebov), an enveloped virus of the family Filoviridae,
causes hemorrhagic fever in humans and nonhuman primates.
The viral glycoprotein (GP) is solely responsible for virus—host
membrane fusion, but how it does so remains elusive. Fusion
occurs after virions reach an endosomal compartment where GP
is proteolytically primed by cathepsins. Fusion by primed GP is
governed by an internal fusion loop found in GP2, the fusion sub-
unit. This fusion loop contains a stretch of hydrophobic residues,
some of which have been shown to be critical for GP-mediated
infection. Here we present liposome fusion data and NMR struc-
tures for a complete (54-residue) disulfide-bonded internal fusion
loop (Ebov FL) in a membrane mimetic. The Ebov FL induced rapid
fusion of liposomes of varying compositions at pH values at or
below 5.5. Consistently, circular dichroism experiments indicated
that the a-helical content of the Ebov FL in the presence of either
lipid-mimetic micelles or small liposomes increases in samples ex-
posed to pH <5.5. NMR structures in dodecylphosphocholine
micelles at pH 7.0 and 5.5 revealed a conformational change from
a relatively flat extended loop structure at pH 7.0 to a structure
with an ~90° bend at pH 5.5. Induction of the bend at low pH
reorients and compacts the hydrophobic patch at the tip of the
FL. We propose that these changes facilitate disruption of lipids at
the site of virus-host cell membrane contact and, hence, initiate
Ebov fusion.
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bolavirus (Ebov), a member of the Filoviridae family, is an

enveloped virus capable of causing severe hemorrhagic fever.
The virus initially targets dendritic cells and macrophages and
then infects a large variety of cell types. This overwhelming in-
vasion results in a fast onset of illness and, in the case of Zaire
Ebov, the most fatal species, up to 90% mortality (1, 2). Al-
though there are promising reports of vaccine strategies and
liposome-encapsulated siRNA formulations, there are currently
no approved vaccines or antiviral drugs to combat Ebov infec-
tions (3, 4). A complementary therapeutic approach is to target
the viral entry and fusion machinery using either small-molecule
or antibody-based strategies.

The glycoprotein (GP) spikes that stud the filamentous Ebov
particle are solely responsible for entry and fusion (5, 6). Fol-
lowing binding of the receptor binding subunit (GP1) of GP to
an as-of-yet unknown host cell receptor(s), Ebov is endocytosed
and delivered to endosomes, where GP is cleaved by cathepsins
B and L to a key intermediate form (7-9). A subsequent trigger
(8) is then thought to cause conformational changes in GP that
expose the internal fusion loop found in the GP2 subunit so that
the fusion loop can engage the target bilayer. After the loop
penetrates the host cell membrane, GP2 is thought to fold
roughly in half, bringing the host and viral membranes in close
proximity, resulting in fusion and release of the viral replication
machinery into the host cell (10-12). The internal fusion loop
of Ebov GP contains a centrally located stretch of hydropho-
bic residues, some of which, when altered in the context of the
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full-length GP protein, inhibit the infectivity of GP pseudovirus
particles (13).

Crystallographic studies show the structure of the fusion loop
in the context of the entire Ebov GP spike in its prefusion tri-
meric form (14). In this structure, the fusion loop interacts with
many residues of the neighboring GP subunit. The crystal
structure also confirms the presence of a predicted disulfide
bond between the well-conserved cysteine residues C511 and
C556, which tether the fusion loop (15-17). Mutation of either
Cys abrogated transduction of murine leukemia virus particles
pseudotyped with Zaire Ebov GP (16). By analogy with a similar
internal fusion loop in the envelope (Env) glycoprotein of the
avian sarcoma/leukosis virus (ASLV), this disulfide bond is
thought to be critical for fusion; in the absence of either or both
of the tethering cysteines (in the context of the full-length pro-
tein), ASLV Env-mediated fusion is aborted during the lipid-
mixing stage of fusion (18-20). Crystal structures have also been
obtained for GP2 in its postfusion conformation, but the fusion
loop was not included in the proteins used for crystallization (15,
21). An NMR structure has been presented for a 16-residue
linear peptide comprising the central hydrophobic region of the
Ebov fusion loop in SDS micelles at pH 7.0 (22). However, this
short peptide did not include either of the essential cysteines that
tether the fusion loop or the additional 38 residues of the loop.

To investigate how the Ebov disulfide-bonded fusion loop
contributes to membrane fusion, we generated a 54-residue
construct representing the entire disulfide-bonded internal Ebov
fusion loop (Ebov FL; Fig. 1). We show that this Ebov FL
construct is capable of inducing liposome fusion in a low pH-
dependent manner, and that it undergoes a major conforma-
tional change upon insertion into liposomes and phospholipid-
mimicking dodecylphosphocholine (DPC) micelles at pH 5.5.

Results

Liposome Fusion Induced Under Acidic Conditions. The ability of the
54-residue disulfide-bonded Ebov FL construct to induce lipo-
some fusion was tested in a FRET-based lipid-mixing assay (23).
The Ebov FL was mixed with liposomes composed of POPC:
POPG [1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine to 1-
palmitoyl-2-oleoyl-sn-glycero-3-(1-phosphoglycerol)] (7:3) at a
ratio of 1:20 (protein:lipid). No fusion was observed at pH 7.4.
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Fig. 1. Sequence and topology of Ebov glycoprotein containing the fusion loop region. (4) Sequence numbering of (Upper) the Ebov FL used in this study
and (Lower) the EBO;¢ peptide used in a previous NMR study (22). The hydrophobic patch residues are highlighted in magenta and the cysteines forming
a disulfide are highlighted in orange. (B) Domain topology of Ebov GP; nomenclature and coloring are as in the published crystal structure (14). White and
hatch-marked regions correspond to disordered and construct-deleted regions, respectively. GP1: green, GP1 base; blue, GP1 head; Glyc Cap, glycan cap;
Mucin, mucin-like domain; RBR, receptor binding region; SP, signal peptide. GP2: red, chain-reversal region; HP, hydrophobic patch; HR1 and HR2, heptad
repeats 1 and 2; MPER, membrane-proximal external region; TM, transmembrane domain. The orange dividing lines represent the cysteine residues of the
internal FL (gray). The dashed lines represent the residues making up our internal Ebov FL construct.

When equilibrated samples were acidified to pH 7.0, 6.5, or 6.0,
a slow rate of lipid mixing was observed (Fig. 2). In contrast,
when the pH was lowered to 5.5 or less, rapid lipid mixing was
observed, albeit reaching a maximum of only ~5%. More ex-
tensive fusion (reaching ~30%) was observed in reactions in
which either the protein:lipid ratio or the percentage of POPG
was increased (Figs. S1 and S2). These findings indicate that the
Ebov FL can induce liposome fusion, but only at low pH.

Secondary Structure Determination by CD Spectroscopy. The effect
of low pH on the secondary structure of the FL was investigated
using CD spectroscopy. In the presence of POPC:POPG (4:1)
small unilamellar vesicles (SUVs), the FL showed minimal he-
lical content, ~9% at pH 7.0-6.0, similar to CD spectra recorded
in the absence of lipid (Fig. 34). As the pH was lowered to 5.5—
4.5, the amount of helical structure increased to 15-22%. CD
spectra were also recorded for the FL in the presence of a large
excess of DPC micelles at different pH values (Fig. 3B). DPC
caused an increase in helical structure, 18% at pH 7.4-6.0, but
the helicity was further enhanced to 25% when samples were
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Fig. 2. pH-dependent lipid mixing induced by Ebov FL. Vesicles were com-
posed of POPC:POPG (7:3). Experiments were performed with 50 pM un-
labeled:labeled vesicles at a ratio of 9:1 and with 2.5 uM Ebov FL. The labeled
vesicles contained 1 mol % 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-POPE) and 1 mol % 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (am-
monium salt) (Rh-POPE). Percent lipid mixing was derived from FRET of
vesicles in the presence or absence (black trace) of Ebov FL upon acidification
with 1 M HCI to the indicated pH values.
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acidified to pH 5.5-4.5. The FL was also studied in the absence
of SUVs or detergent micelles. At neutral pH the helical content
was minimal, but it increased to 22% under acidic solution
conditions (Fig. S3).

Structure Determination by Solution NMR. NMR spectroscopy was
used to obtain structures of the disulfide-bonded Ebov FL at pH
7.0 and 5.5 in DPC micelles. Experimental conditions were se-
lected based on the lipid-mixing and CD results. DPC micelles
were used for structure determination because SUVs are too
large to obtain highly resolved NMR spectra. According to our
CD results, the secondary structure of the FL appears to be
similar whether bound to DPC micelles or POPC:POPG (4:1)
liposomes at pH 5.5. Representative fully assigned heteronuclear
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Fig. 3. CD spectra of Ebov FL in the presence or absence of (4) SUVs and (B)
DPC micelles at different pH values. (A) Ebov FL (42 pM; 0.25 mg/mL) in-
cubated with 1 mM POPC:POPG (4:1) SUVs. The dashed line indicates the CD
spectrum of Ebov FL in pH 7.4 buffer without lipid. (B) FL (42 pM) incubated
with 5 mM DPC micelles. All spectra were recorded at 22 + 2 °C.
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single-quantum correlation (HSQC) spectra for the FL in DPC
micelles at pH 7.0 and 5.5 are shown in Fig. S4. Standard triple-
resonance NMR spectra were acquired and assigned with °N,
13C-labeled samples in fully deuterated DPC as described in full
detail in SI Materials and Methods. The *Cy chemical shifts of
Cyss1p and Cysssg at 41.9 and 41.2 ppm, respectively, confirmed
that these residues are in an oxidized state and that the fusion
peptide indeed formed a loop (Fig. S5). The reduced form would
have shown chemical shifts for these Cys resonances in the 26- to
32-ppm range; no peaks corresponding to Cys residues were
detected in this region of the spectra. Moreover, a large fraction
of the cross-peaks in the HSQC spectra were significantly
changed after reduction of the NMR samples with DTT, further
confirming the oxidized disulfide-bonded state of our protein.
Structural restraints were obtained from '°N- and '*C-edited
NOESY and HNHA experiments as well as from the chemical
shift information as described in SI Materials and Methods.

The 20 lowest-energy conformers representing the pH 7.0
“inactive” and 5.5 “active” conformations are depicted in Fig. 4
A and C, respectively. The structural statistics are reported in
Table 1. At pH 7.0 there was no standard regular secondary
structure detected by MOLMOL secondary structure recognition
software (24). Despite this lack of standard secondary structure
recognized by NMR, the tight coils and turns that are apparent
in the structure may be the reason for the apparent helix
detected in the CD experiments for both pH 7.0 and 5.5 con-
ditions in the presence of DPC micelles. Because the Kabsch—
Sander routine that is used in MOLMOL defines helix by the
presence of intramolecular residue i to i+4 hydrogen bonds and
because the molar ellipticity measured in CD responds to ¢, y
backbone torsion angles, it is not surprising that NMR structure
representations may underestimate and CD may overestimate
actual extents of helix, especially if polypeptides that are local-
ized in interfacial membrane regions can make alternate hydro-
gen bonds to lipid headgroups and interfacial water molecules
while still being helical or near-helical.

Hydrophobic Patch

The pH 7.0 structures in Fig. 4 A and B depict an elongated
loop confined by a disulfide bond. The tip of the loop is com-
posed of a somewhat flexible hydrophobic patch, which is in
a planar conformation. The pH 7.0 conformation can be de-
scribed as a hand, where the wrist represents the disulfide bond
and the fingers represent the hydrophobic patch. In the pH 5.5
structure, the FL shows a reorientation of the hydrophobic patch
about residues Ilesq4 and Glys,g. The change in structure be-
tween pH 7.0 and 5.5 can be thought of as the formation of a fist,
where the knuckles represent the hinged region, indicated by
ared dashed line in Fig. 4C. The distances between the backbone
C, atoms of Trps;s, Glyszs, and Ilesqy are provided (black dashed
lines) to show the major reorientation of the hydrophobic patch
relative to the supporting “palm” of the hand formed by the two
disulfide-bonded chains. To further illustrate the differences be-
tween the structures, Fig. 54 shows a comparison of the lowest-
energy conformers at pH 7.0 and 5.5. This comparison clearly
shows that the pH 7.0 structure is more elongated and the pH 5.5
structure contains a roughly 90° bend in the hinge region.

The differences between the pH 7.0 and pH 5.5 structures
include some elements of standard regular secondary structure
as detected by MOLMOL. Most notable is the helix from Glyssq
to Alaszo. The increased formation of a coil between residues
Hiss;¢ and Glysys also contributes to the hinge motion or
“clenching of the fist.” These conformational changes result in
the repositioning of the hydrophobic Iless,-Tyrsgs-Ilessy region
from an inward-facing Trps;s at pH 7.0 (Fig. 4B) over to Ilesy7-
Glys,s-Leusag located in the hydrophobic patch at pH 5.5 (Fig.
4D). Interestingly, this rearrangement moves the aromatic resi-
due Tyrs43 toward the hydrophobic front end of the fist. Taken
together, these conformational changes result in a redistribution
of hydrophobic residues on the surface of the FL, as depicted in
Fig. 6. At pH 7.0, the hydrophobic residues are fairly evenly
distributed over the surface of the structure (Fig. 6 4 and B), but
they are more, but not exclusively, focused to the front end of the
fist at pH 5.5 (Fig. 6 C and D). This clenching motion compacts
the structure and reorients the enlarged hydrophobic patch at

Fig. 4. NMR structures of Ebov FL in DPC micelles at pH 7.0 and 5.5. The 20 lowest-energy conformers representing the Ebov FL structure in DPC micelles at
(A) pH 7.0 and (C) pH 5.5. Black dashed lines depict distances between C, atoms of llesss and Trpss (8.8 + 0.4 A at pH 7.0 and 11.3 + 0.4 A at pH 5.5) and llesa,
and Glys,g (12.7 £ 0.25 A at pH 7.0 and 7.1 + 0.65 A at pH 5.5). B and D show the lowest-energy conformers at pH 7.0 and pH 5.5, respectively, with side chains
of indicated residues shown in blue stick figure representations. Unstructured loops and turn regions are shown in gray, a-helix in green, p-sheet in blue, and
the disulfide-linked residues Cyssq; and Cyssse in orange. The hydrophobic patch residues defined in Fig. 1 are highlighted in magenta.
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Table 1. NMR and refinement statistics for Ebola fusion loop in DPC micelles

pH 7.0 pH 5.5
NMR distance and dihedral restraints
Distance restraints
Total NOE 665 517
Intraresidue 151 155
Interresidue 514 362
Sequential (i —j=1) 281 216
Medium-range (i — j < 4) 188 114
Long-range (i — j > 5) 45 32
Total dihedral angle restraints
¢ 8 10
" 5 10
Structure statistics
Violations (mean and SD)
Distance restraints (A) 0.029 + 0.001 0.024 + 0.001
Dihedral angle restraints (°) 0.28 + 0.10 0.20 + 0.05
Maximum dihedral angle violation (°) 0 0
Maximum distance restraint violation (A) 0 0

Deviations from idealized geometry

Bond lengths (A)
Bond angles (°)

Impropers (°)

Average pairwise rmsd* (A)

Heavy atoms
Backbone

0.0037 + 0.0001

0.0029 + 0.0001

0.52 + 0.01 0.48 + 0.11
0.35 + 0.01 0.29 + 0.02
1.45 + 0.43 1.06 + 0.30
1.95 + 0.48 1.54 + 0.31

*Calculated from the 20 lowest-energy structures out of 200.

the tip, potentially allowing for better membrane accessibility at
low than at neutral pH.

We also aligned the pH 7.0 NMR structure of the Ebov FL
with the corresponding region of the pH 8.5 prefusion crystal
structure of the trimeric GP ectodomain including heptad repeat
1 (Fig. 5B). Despite many differences between the two struc-
tures, the overall elongated shapes of the fusion loops are sim-
ilar. In the crystal structure, the fusion loop is stabilized by
residues in GP1 and GP2 that are absent in the construct used
for NMR. In addition, the NMR structure was determined in the
presence of DPC micelles, whereas no lipids were present in the
crystal. The most striking difference between the two structures
is perhaps the p-sheet that is observed at the beginning and end
of the fusion loop in the native prefusion crystal structure but is
absent in the extended pH 7.0 solution structure in DPC. This
small sheet is most likely stabilized by the neighboring p-strand 6
of GP1 in the crystal structure, as shown in Fig. 5B (14).

Discussion

All enveloped viral fusion proteins, be they class I, II, or III,
contain a fusion peptide or fusion loop, a relatively hydrophobic
stretch of amino acids that engages the target membrane to
initiate fusion. The fusion peptides of most class I fusion pro-
teins, for example those of the hemagglutinin (HA) of influenza
virus and the Env glycoprotein of HIV, are located at the amino
terminus of their transmembrane-anchored fusion subunits. In
contrast, two class I viral fusion proteins, the Env glycoprotein of
the ASLV and the GP of Ebov, contain an internal fusion loop
flanked by conserved Cys residues. Class II and III viral fusion
proteins also contain internal fusion loops that appear to be
stabilized by disulfide bonds (25, 26). Whereas considerable in-
formation is available on the structure and function of N-terminal
fusion peptides, less is known about internal fusion loops, es-
pecially about their structure as they engage membranes. Al-
though information has been presented on the structure and
fusion activity of short (e.g., 15- to 16-residue) linear portions of
these loops, no study has yet characterized an entire disulfide-

11214 | www.pnas.org/cgi/doi/10.1073/pnas.1104760108

bonded fusion loop in a lipid environment. Here we generated
and analyzed a construct, Ebov FL, corresponding to the 54-
residue disulfide-bonded fusion loop of Ebov GP. We first
demonstrated that the Ebov FL changes conformation (increases
its a-helicity) and induces liposome fusion at low, but not neu-
tral, pH. We next determined NMR structures for the loop in
DPC micelles at both neutral and acidic pH. Our NMR studies
reveal a pronounced low pH-dependent reorientation of the tip
of the FL and a concomitant repositioning of the hydrophobic
residues at this tip, a region containing amino acids critical for
Ebov GP-mediated infection (13). In addition to their relevance
to Ebov GP-mediated fusion, our findings may provide more
general insight into the mechanism of other viral fusion proteins
that contain internal fusion loops.

Following proteolytic priming by endosomal cathepsins, Ebov
GP-mediated fusion is thought to follow a canonical fusion
cascade used by all characterized viral fusion proteins: The tri-
meric GP spike is thought to change conformation, insert its
fusion loop into the target membrane, and then fold roughly in
half, to bring the viral and target membranes together and ini-
tiate their merger (10-12). In the native Ebov GP trimer, the
fusion loop is extended and relatively flat. Our NMR structure of
the disulfide-bonded Ebov FL in DPC micelles at pH 7.0 reveals
a similar elongated and relatively flat loop with a hydrophobic
patch at its tip. The Ebov FL induces liposome fusion, but only at
low pH, an observation that suggests that Ebov fusion requires
low pH per se (i.e., that low pH is not just needed for optimal
activity of endosomal cathepsins). In its fusion-active (pH 5.5)
state, the hydrophobic patch at the tip of the FL is bent ~90° and
endowed with an increased hydrophobic surface area. The
overall change can be likened to the clenching of a fist. Although
the orientation of the Ebov FL relative to the plane of the
membrane is not yet known, the low pH-induced ~90° bend may
drive the hydrophobic tip of the FL deeper into the membrane.
This proposal is reminiscent of our model for how the N-terminal
fusion peptide of influenza HA engages target membranes (27—
30). Our HA fusion peptide construct contains the first 20 resi-
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Fig. 5. Comparisons of the Ebov FL NMR structures and a portion of the
prefusion crystal structure of the trimeric GP ectodomain [Protein Data Bank
(PDB) ID code 3CSY]. (A) Overlay of lowest-energy NMR conformers at pH 7.0
(cyan) and 5.5 (gray) with its helix in green. The structures are aligned by the
disulfide bond shown in orange. (B) Overlay of lowest-energy NMR con-
former at pH 7.0 (cyan) with Ebov fusion loop residues and HR1 from PDB ID
code 3CSY (fusion loop, gray; HR1, rainbow). p-Sheet strand 6 of GP1, shown
in black, presumably stabilizes the two strands of g-sheet seen in the FL of
the crystal structure (corresponding to residues 515-520 and 543-548 of Fig.
1). Constructs are aligned by residues at the tip of the hydrophobic patch.

dues of the fusion peptide from the X:31 HA (subtype H3) and
adopts a “boomerang” shape with a 105° angle separating two
helical sections. At low pH, one helical section lies approxi-
mately parallel to the membrane while the other penetrates it
more steeply and deeply. Analysis of mutant forms of this HA
fusion peptide suggests that the 105° angle is required for proper
fusion: No fusion is observed with a point mutant that forms
a single straight interfacial helix (28), and leaky fusion is ob-
served with a mutant peptide in which the angle of the boo-

A Leus;s

Trpss,

merang increased to ~150° (30). A 23-residue fusion peptide
from a different subtype HA, which has two amino acid differ-
ences compared with X:31 HA, was reported to form a tighter
bend at a corresponding position (31).

In the hydrophobic patch at its tip, the fusion loop of Ebov
GP contains an aromatic-hydrophobic-glycine tripeptide motif
(Tyrsss-Phes;s-Glysse), as has been seen in the fusion peptides/
loops of other viral fusion proteins (12, 32, 33), for example
those of Marburg GP, HIV Env, influenza HA, Dengue E, Se-
vere Acute Respiratory Syndrome S, and even a fusion protein
encoded by a nonenveloped virus (34). This type of motif is well-
suited to interact with membrane-water interfaces. In the Den-
gue E protein, a class II fusion protein, the tripeptide motif (Leu-
Phe-Gly) is located at the tip of its internal fusion loop and is
thought to embed in the membrane ~6 A deep, with the Phe of
its aromatic-hydrophobic-glycine tripeptide motif and an up-
stream Trp serving as “aromatic anchors” at the membrane in-
terface (35). When the upstream Trp was mutated in a linear 15-
residue model of part of the Dengue fusion loop, no lipid mixing
was observed (36). The bipartite fusion loops of class IIT viral
fusion proteins also contain a combination of aromatic and hy-
drophobic residues (37-40). Interestingly, one of the fusion loops
of HSV glycoprotein B, a class I1I fusion protein, has been shown
to undergo a local change in structure at low pH (41).

Analogous to the Dengue virus fusion loop, the Ebov fusion
loop contains a Trp (Trpsz; in our numbering system) upstream
of the aromatic-hydrophobic-glycine tripeptide motif (Tyrsza-
Phes36-Glyss;) found in the hydrophobic patch at the tip of the
Ebov fusion loop. The linear EBO; construct (Fig. 1) with an Ala
substituted for this Trp lacked secondary structure in SDS
micelles compared with the wild-type peptide (22, 42). EBO,s was
modeled to lie parallel to the membrane surface, with Trpg and
Phey, (Trpss; and Phesss in our numbering system) serving as
aromatic anchors (Fig. S6) (42). Ebov FL Iless-Tyrsss-Ilesys,
which moves into the hydrophobic patch at low pH (Fig. 6D), may
provide an additional aromatic-hydrophobic anchor. It will be
interesting to determine whether Trpss; (with Iless,) and Tyrsgs
(with Iles4, and Ilesqq) function in concert with Tyrs34 and Phesss
to form aromatic-hydrophobic anchors that help the fusion loop
penetrate deeper into the membrane at low pH. Although located
in topologically different positions, a dual aromatic-hydrophobic
(Phe/Ile plus Trp) anchor mechanism was previously proposed to

D leg,;

Trpss;

Tyrsas

lle
542 ”6532

Leusyq Tyrsas

Fig. 6. Hydrophobicity surface map of the lowest-energy conformers at pH 7.0 and pH 5.5. Side view representations at (A) pH 7.0 and (C) pH 5.5. Front view
representations with the hydrophobic patch facing forward at (B) pH 7.0 and (D) pH 5.5. Trp, Tyr, Phe, Leu, and lle are classified as hydrophobic, and their

surfaces are shown in red in these representations.
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determine the angle of the boomerang structure of the influenza
HA fusion peptide (29).

It was previously speculated that a high turn propensity at the
tips of the Ebov GP and ASLV Env fusion loops might be im-
portant for fusion function (43, 44). There are two proline resi-
dues near the tip of the Ebov fusion loop. These two Pro residues
(Pross; and Pross7), which are conserved among all filovirus GPs,
flank the aromatic-hydrophobic-glycine tripeptide motif; they are
likely important for the structure of the Ebov fusion loop. Mu-
tation of Pross; in the Ebov fusion loop, and its equivalent in
ASLYV Env, abrogated the fusion potential of their respective full-
length glycoproteins (13, 44), perhaps due to a reduced depth of
membrane penetration and/or an inability to form a membrane-
destabilizing structure (43).

In conclusion, we report structures for a complete internal
disulfide-bonded fusion loop, that of the Ebov GP, in a membrane
environment. Our structures were determined at pH 7.0 and 5.5,
which represent, respectively, fusion-inactive and fusion-active
states. Our major finding is that low pH induces a major con-
formational change in the disulfide-bonded Ebov FL. The change
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involves a reorientation and compaction of hydrophobic residues
through a hinge mechanism that redirects the hydrophobic sur-
face at the tip of the loop. We propose that this change allows for
tighter interaction with the target membrane and is therefore
arequirement for optimal fusion by Ebov GP. Our findings set the
stage for defining which residues of the fusion loop drive its
conformational change and which engage the target membrane to
promote fusion.

Materials and Methods

The Ebov FL was expressed with a cleavable His-tag in BL21 (DE3) E. coli cells
and purified by nickel and gel filtration chromatography. Reducing agents
were removed during the last purification steps, which resulted in a disulfide
linked FL. Detailed descriptions and associated references for protein ex-
pression and purification, fluorescence, CD and NMR spectroscopy, and NMR
structure determination are provided in S/ Materials and Methods.
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