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Marburg virus (MARV) and the ebolaviruses belong to the family Filoviridae (the members of which are filo-
viruses) that cause severe hemorrhagic fever. Infection requires fusion of the host and viral membranes, a pro-
cess that occurs in the host cell endosomal compartment and is facilitated by the envelope glycoprotein fusion
subunit, GP2. The N-terminal fusion loop (FL) of GP2 is a hydrophobic disulfide-bonded loop that is postulated
to insert and disrupt the host endosomal membrane during fusion. Here, we describe the first structural and
functional studies of a protein corresponding to the MARV GP2 FL. We found that this protein undergoes a
pH-dependent conformational change, as monitored by circular dichroism and nuclear magnetic resonance.
Furthermore, we report that, under low pH conditions, the MARV GP2 FL can induce content leakage from
liposomes. The general aspects of this pH-dependent structure and lipid-perturbing behavior are consistent
with previous reports on Ebola virus GP2 FL. However, nuclear magnetic resonance studies in lipid bicelles
and mutational analysis indicate differences in structure exist between MARV and Ebola virus GP2 FL.
These results provide new insight into the mechanism of MARV GP2–mediated cell entry.
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The fusion of virus and host lipid membrane is a critical
requirement for viral infection [1–3]. This process is
likely favorable but is dependent on viral fusion proteins
to decrease kinetic barriers associated with initial lipid
mixing events. Envelope glycoproteins from different
viruses accomplish the membrane fusion reaction by
use of various mechanisms, but all share a common in-
termediate in which the glycoprotein fusion subunit
spans the host and viral membranes (the so-called pre-
hairpin or extended intermediate). In the structurally
defined class I viruses (ie, those that contain α-helical
content), it is believed that a triggering mechanism
causes the prefusion trimeric envelope spike to undergo
a conformational change in which a hydrophobic re-
gion at the N-terminus of the fusion subunit (fusion

peptide, or fusion loop [FL]) inserts into the host cell
membrane. This process leads to the extended interme-
diate conformation that is anchored into the host cell
membrane by the N-terminal fusion peptide/loop and
into the viral membrane by the C-terminal transmem-
brane domain. Collapse of the extended intermediate is
believed to bring the 2 membranes into proximity; fold-
ing of the ectodomain into a highly thermostable 6-
helix bundle provides the driving force for overcoming
barriers associated with membrane fusion.

The family Filoviridae (the members of which are fi-
loviruses) includes 5 species of ebolaviruses and Mar-
burg virus (MARV); these pathogens cause a severe
and rapidly progressing hemorrhagic fever [4]. Filovi-
ruses are class I viruses, and the glycoprotein consists
of 2 subunits, the surface subunit (GP1) and the trans-
membrane/fusion subunit (GP2) [5–9]; the domain or-
ganization of MARV GP1 and GP2 are specified in
Figure 1A. The prefusion assembly consists of 3 copies
each of GP1 and GP2, with the 2 subunits disulfide
bonded to one another. In the current model for filovi-
rus membrane fusion, the viral particle is first taken up
into endosomal compartments, where host endoproteo-
lytic processing removes major segments of GP1 [7, 10,
11]. This proteolysis step uncovers a receptor binding
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site that engages a critical host factor, Niemann-Pick type C1
[10–12]. Next, an unknown triggering mechanism causes inser-
tion of the GP2 FL into the host cell membrane, leading to the
GP2 extended intermediate. The GP2 ectodomains then col-
lapse into the 6-helix bundle, which has been visualized for pro-
teins from the Zaire ebolavirus species (EBOV) and MARV by
X-ray crystallography [13–15], leading to initial lipid mixing
events. Subsequent undefined events result in formation of a
full fusion pore through which the viral contents are delivered
to the host cytoplasm. Antibodies, peptides, and small mole-
cules that disrupt any step of this process have antiviral activity
in vitro and, in the case of antibodies, can provide postexposure
protection of animals from viral challenge [16–20].

From this fusion mechanism, it seems that the likely role of the
GP2 FL is to anchor into the host cell membrane during forma-
tion of the extended intermediate conformation. However, the
isolated EBOV GP2 FL exhibits lipid mixing activity that is de-
pendent on a low pH–induced conformational change [9, 21].
These results suggest that the FL also plays a direct role in facil-
itating membrane fusion, perhaps by inducing general mem-
brane instability at late-stage points in the host endosomal
pathway. For EBOV GP2 FL, it has been demonstrated that
this pH-dependent lipid perturbing activity is dependent on for-
mation of a hydrophobic fist conformation that is stabilized by a
core consisting of L529, F535, and I544. Mutation of these resi-
dues impaired lipid-perturbing activities of purified EBOV GP2
FL protein and entry by GP2-containing virus-like particles [9].

Here we describe studies on the FL region of MARV GP2,
which has not been previously characterized in detail. Although
we find that general aspects of the pH-dependent structure and
membrane-disrupting activities are similar to those of the
EBOV GP2 FL, nuclear magnetic resonance (NMR) and muta-
tional analysis suggest that the structure and requirements for
this activity differ. These results confirm a likely direct role
for the FL region in filovirus membrane fusion and provide
novel insight into MARV GP2 function.

MATERIALS AND METHODS

Protein Expression and Purification
A synthetic DNA fragment encoding the MARV GP2 FL fol-
lowed by a C-terminal TEV cleavage site and polyhistidine
(His) tag was obtained from a commercial supplier (Genewiz,
South Plainfield, New Jersey). The gene was cloned into a
pET-22b(+) vector (Novagen, Madison, Wisconsin), using NdeI
and XhoI restriction sites, so that 2 His tags were encoded at the
C-terminus of the coding sequence (the corresponding protein
construct is referred to as “MGP2-FL”). The correct sequence of
the constructed plasmid was confirmed by DNA sequencing
(Genewiz). The FL protein was expressed in Escherichia coli
strain BL21(DE3). The cells were induced with 1 mM isopro-
pyl-β-D-thiogalactopyranoside at an A600 of 1.0 and harvested
by centrifugation after shaking for 14–18 hours at 22°C. The
cell pellet was lysed with Bugbuster (Merck Millipore, Billerica,

Figure 1. Schematic of the Marburg virus (MARV) GP2 fusion loop (FL). A, The MARV glycoprotein is produced as a single precursor (GP0) that is cleaved
by furin during maturation into the 2 subunits GP1 and GP2. The primary sequence of GP2 contains the FL, N-heptad repeat region (NHR), loop, C-heptad
repeat region (CHR), membrane proximal external region (MPER), transmembrane domain (TM; which includes 2 palmitoylated cysteines, as indicated), and
C-terminal tail (C). The GP1 subunit is disulfide bonded to the GP2 subunit via an intramolecular disulfide bond from C610. The Marburg virus GP2 fusion
loop (MGP2-FL) protein studied here consists of residues 508–561, with the native internal disulfide bond between C512 and C557. B, Amino acid sequence
alignment between the EBOV GP2 FL and the MARV GP2 FL (note that residue numbering differs by 1 position). The positions of residues that form the core
of the EBOV GP2 FL hydrophobic fist [9] are indicated. The aligning positions in MARV glycoprotein FL, as well as 2 others (all indicated in blue), were
subjected to alanine scanning mutagenesis. Abbreviation: EBOV, Ebola virus.
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Massachusetts) supplemented with deoxyribonuclease I (Invi-
trogen, Waltham, Massachusetts) in phosphate-buffered saline
(PBS; pH 7.0), and the insoluble fraction, which contained
MGP2-FL in inclusion bodies, was washed twice with PBS buff-
er. The pellet was then solubilized in 8 M urea in PBS. MGP2-
FL was purified over a Ni–nitrilotriacetic acid agarose (Ni-NTA;
Qiagen, Valencia, California) column, and refolded on-column
by exchanging with n-dodecylphosphocholine (DPC; Avanti
Polar Lipids, Alabaster, Alabama). Final purification was per-
formed by gel filtration chromatography on a PD-10 column
(GE Healthcare, Little Chalfont, United Kingdom) equilibrated
with DPC to remove imidazole. The purified FL was then
reconstituted into isotropic bicelles (q = 0.33) of 1,2-dimyristo-
yl-sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-
3-phosphocholine (DMPC/DHPC; Avanti Polar Lipids) with a
PD-10 column (GE Healthcare). To purify the protein in the
absence of detergent, the FL was eluted from the Ni-NTA col-
umn with 8 M urea in PBS containing 250 mM imidazole and
then refolded by stepwise dialysis, first into 10 mM sodium acetate
(pH 4) with 2 mM tris(2-carboxyethyl)phosphine for 6 hours,
followed by 10 mM sodium acetate (pH 4) for14 hours.

Site-directed mutagenesis was performed using the Quik-
Change site-directed mutagenesis method as directed by the
manufacturer (Agilent Technologies, Santa Clara, California).
The sequence of each mutant plasmid was confirmed by DNA
sequencing. The expression and purification of each mutant fol-
lowed the protocol described above for the wild-type FL.

Circular Dichroism (CD)
CD spectra of FL constructs were recorded at room temperature
on a Jasco J-815 spectrometer with a 1-mm path-length cuvette.
Protein concentrations for CD were 40 µM, as determined by
the absorbance at 280 nm. Full-wavelength spectra were obtained
with a 0.5-nm step size and represent the average of 2 scans. The
signal was converted to mean molar ellipticity (θ), using the equa-
tion: θ (in deg cm2 dmol−1) =millidegrees/[path length in milli-
meters ×molar protein concentration × number of residues].

Analytical Ultracentrifugation
A sedimentation velocity study of MGP2-FL was conducted
using the absorption optics of a Beckman Optima XL-I analytical
ultracentrifuge with samples loaded into 2-sector cell assemblies
run in the AN-60Ti rotor. Boundary movement was followed at
280 nm during centrifugation at 58 000 rpm (271 273g) and 20°C
in buffer containing 10 mM sodium acetate, 150 mM NaCl with
0.5% DPC, or 1% bicelles at pH 4. D2O was used to density
match the DPC or bicelles present in the buffer [22–24].Between
60 and 70 scans were collected over the course of the sedimenta-
tion runs, of which a subset, beginning with those in which a
clear plateau is evident between the meniscus and the boundary,
was selected for time-derivative analysis, using DCDT+, ver-
sion 2.4.2, by John Philo [25, 26]. The FL was analyzed at a

concentration of 70 µM, and the corresponding buffer was
used to blank each sample. Values of the buffer density and vis-
cosity were calculated from the composition (including the D2O
but neglecting the detergent), using Sedenterp, version 20120828
Beta (available at: http://sednterp.unh.edu/#). The partial specific
volume of the FL was calculated from its sequence, also by using
Sedenterp. The sedimentation parameters were corrected to stan-
dard conditions (20, w) using these values.

Liposomal Fusion Activity
To prepare large unilamellar vesicles with encapsulated fluorescent
dye, lipid dispersions of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1′-rac-glycerol) (sodium salt) (4:1 molar ratio) were
resuspended with HEPES buffer containing the fluorescent dye
8-aminonapthalene-1,3,6 trisulfonic acid (ANTS) and its
quencher p-xylene-bis-pyridinium bromide (DPX). Ten cycles
of freeze/thaw and 11 rounds of extrusion with a 100-nm mem-
brane were performed to generate homogenous large unilamellar
vesicles. Next, a 10-mL Sepharose CL-2B column was used to iso-
lated liposomes with ANTS/DPX for the following assays. Lipid
concentrations were determined using an organic phosphate
assay [27]. An Infinite M1000 PRO plate reader was used to
monitor liposomal content release induced by the FL constructs.
Excitation was at 355 nm with an 8-nm slit width, and emission
was monitored at 520 nm with a 12-nm slit width. Varying con-
centrations of FL (purified without detergent) were added to
ANTS/DPX-encapsulated liposomes to test for their fusion activ-
ity. Buffer alone was used as baseline (0% content release), while
buffer with 0.3% Triton was used as 100% content release.

Nuclear Magnetic Resonance
Isotopically labeled MGP2-FL was expressed in M9 minimum
medium and purified as described above. Purified protein sam-
ples were reconstituted into 0.5% DPC micelles or 15% DMPC/
DHPC bicelles (q = 0.33) and concentrated to 200 µM for NMR
experiments. The NMR experiments were recorded on a Bruker
Avance III 600 MHz spectrometer, using a Cryo-TCI probe, or
on a Varian Inova 600 MHz spectrometer, using a Cryo-HXY
probe. 15N-HSQC, HNCA, HNcoCA, HNCACB, HNCO, and
HNcaCO experiments were recorded on uniformly 13C, 15N–
enriched MARV GP2 FL samples in bicelles for backbone res-
onance assignments. All 3D experiments were recorded with
nonuniform sampling and processed with MddNMR [28] and
NMRPipe [29]. Referencing was made with respect to 4,4-
dimethyl-4-silapentane-1-sulfonic acid.

RESULTS AND DISCUSSION

Protein Expression, Purification, and Reconstitution
The predicted MARV GP2 FL includes residues 508–551 of gly-
coprotein, as well as a single cysteine (C512) that is thought to
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disulfide bond to C557 contained in the N-heptad repeat region
(NHR; Figure 1) [8]. We therefore produced a construct
(MGP2-FL) that consists of residues 508–561, to allow disulfide
bond formation between these 2 cysteine residues, presumably
important for structure and mechanism of this region. MGP2-
FL could be expressed in good yield from E. coli, and formation
of the disulfide bond was confirmed by the Ellman test (data not
shown). We found that MGP2-FL could be reconstituted effec-
tively in membrane-like environments such as DPC micelles
and DMPC/DHPC bicelles.

CD Studies
To explore whether the MGP2-FL structure exhibits a pH de-
pendence, we recorded CD spectra under a variety of buffer
conditions in both DPC micelles and lipid bicelles (Figure 2A
and 2B). We found that MGP2-FL undergoes pH-dependent
conformational changes in both DPCmicelles and lipid bicelles,
with the conformational change being more pronounced in bi-
celles. The overall spectra were consistent with an α-helical

structure in DPC micelles, with slightly weakening intensity
upon increasing pH. In lipid bicelles at pH 4–6, the spectra
are consistent with mixed structure, showing a broad minimum
at approximately 220 nm, but at pH 7, the spectra are feature-
less, suggesting a lack of defined structure under these condi-
tions. These data are somewhat consistent with findings on
the EBOV GP2 FL [21], in that the structure is pH dependent.
However, EBOV GP2 FL shows a partial α-helix CD signature
across this pH range in DPCmicelles but with differing absolute
and relative intensities at 208 nm and 222 nm, a change that is
more pronounced than we observed here in DPC micelles with
MGP2-FL. Furthermore, the EBOV GP2 FL CD spectra were
consistent with an α-helical structure in small unilamellar ves-
icles at low pH. The solution NMR structures of EBOV GP2 FL
at both pH 7 and 5.5 contained α-helical segments, although the
overall topology differed between these 2 conditions [21]. Here,
it appears the MARV GP2 FL is not as strongly α-helical and
that a very pronounced change in conformational preference
(potentially unfolding) occurs at pH >6.

Figure 2. Circular dichroism and analytical ultracentrifugation of the Marburg virus GP2 fusion loop (MGP2-FL). A and B, Circular dichroism of (40 µM)
MGP2-FL in n-dodecylphosphocholine (DPC) micelles (A) or 1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DMPC/DHPC) bicelles (B) at several pH conditions. C and D, Velocity analytical ultracentrifugation of (70 µM) MGP2-FL in DPC micelles (C) or DMPC/
DHPC bicelles (D) at pH 4.
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NMR Analysis
To gain residue-specific information about MGP2-FL, we pro-
duced it in isotopically labeled form for study by heteronuclear
NMR. Since the corresponding EBOV FL is structurally some-
what malleable, we first examined the influence of the lipid en-
vironment on the MGP2-FL by comparing 1H15N-HSQC
fingerprints of the protein in DPC detergent micelles and in
DMPC/DHPC bicelles at pH 4. While a number of the amide
cross-peaks were generally similar in the 2 environments (Fig-
ure 3A), there were also quite a few significant differences in
chemical shift positions. In DPC, the protein also showed a
much wider range of cross-peak intensities, with approximately
5–10 of the amide cross-peaks being barely visible in DPC (eg,
L526, W532, F535, and L559; Figure 3A), indicative of some dy-
namic conformational exchange. Given these differences, we
chose to use bicelles for more-extensive structural characteriza-
tion. In bicelles (and also in DPC micelles; data not shown), the
location of numerous cross-peaks differed at pH 4 and 7, con-
firming CD observations that structural preferences vary as a
function of pH (Figure 3B). The backbone 1H, 13C, and 15N res-
onances of the MGP2-FL at pH 4 were assigned by standard tri-
ple-resonance NMR methods. These chemical shifts were used
to estimate the secondary structure propensities for each residue,
using the program SSP [30].Comparison the MGP2-FL second-
ary structural predictions in lipid bicelles with those based on
previously reported EBOV GP2 FL chemical shift assignments
in DPC micelles indicates several significant differences (Fig-
ure 3C), with the MGP2-FL showing considerably more helical
character for residues 524–532 (MARV numbering) and even
more-substantial differences for residues 534–536 that form
the tip of the loop in EBOV GP2 FL structure.

Analytical Ultracentrifugation
The EBOV glycoprotein prefusion structure, as well as both the
EBOV and MARV GP2 postfusion structures, are trimeric out-
side of the context of membranes [5, 13, 15]. The molecular
weights obtained from S20,w/D20,w values for MGP2-FL peptide
are 7.15 kDa (68% confidence interval [CI], 6.79–7.53 kDa) and
14.52 kDa (68% CI, 13.96–15.07 kDa) for the peptide in DPC
micelles and DMPC/DHPC bicelles, respectively (Figure 2C
and 2D). These values are comparable to the calculated mono-
mer mass of 9.38 kDa. Since MGP2-FL is a small, elongated
peptide, deviation of the molecular weight determined by sed-
imentation velocity from the peptide mass is expected. Uncer-
tainty in the partial specific volume in DPCmicelles and bicelles
also contributes to uncertainty in the measured molecular
weight. However, both values are close to that of the monomer,
confirming that the peptide has little propensity to trimerize
under the experimental conditions analyzed.

In the EBOV prefusion glycoprotein structure, the GP2 FL
adopts a hairpin-like structure, stabilized by interactions with
each of the GP1 subunits with no direct interactions with other Fi
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GP2 FL segments [5]. Therefore, it is reasonable to expect that,
outside of the context of the prefusion spike, the FL itself would
adopt a primarily monomeric conformation. In the postfusion
GP2 structures of both EBOV andMARV, the NHR segment par-
ticipates in interhelical trimer interactions in the region surround-
ing the C557 (MARV numbering), but in both crystallized
constructs, the Cys was mutated to an alternative residue [13,
15]. Although MGP2-FL does contain portions of the NHR,
these segments do not promote trimer formation in this context.

Pore-Forming Activity
The fusion peptide regions from a number of viral glycoproteins
exhibit lipid perturbing activity. We explored the capacity of
MGP2-FL to form pores in POPC:POPG vesicles, using an
ANTS/DPX content release assay (Figure 4A). pH-dependent
pore-forming activity was observed, with high activity at pH 4
and low activity at pH 7, both of which were dose dependent on
MGP2-FL. These experiments were performed in the presence
of excess Zn2+ at pH 4, which chelates His tags and prevents
their protonation. Therefore, there is no contribution by pro-
tonation of the His tags to this pH-dependent behavior. These

data are somewhat consistent with lipid-mixing experiments
with the EBOV GP2 FL, which also shows pH-dependent activ-
ity. However, we note that it appears that the MGP2-FL has
higher general activity than the EBOV GP2 FL because, in
our hands, the MGP2-FL induces approximately 5% content re-
lease at protein to lipid ratios of 0.00027 (or a protein to lipo-
some ratio of approximately 22), whereas 5% lipid mixing was
observed for EBOV GP2 FL under similar conditions with sim-
ilar liposomes [21]. We suggest that pore-forming activity is a
higher threshold for membrane lytic or fusion activity since
pore formation requires disruption of a full lipid bilayer, where-
as lipid mixing requires only perturbation of the outer bilayer of
≥2 liposomes.

Mutational Analysis of Core Residues
The EBOV GP2 FL undergoes a pH-dependent conformational
change in DPC micelles; at low pH (5.5), a number of hydro-
phobic residues are exposed at the tip of the fist that is hypoth-
esized to represent a fusion-competent conformation [9]. It is
postulated that core interactions between L529, F535, and
I544 are required to support this conformation, and mutation

Figure 4. Liposome content release assay and characterization of mutants. A, Release of 8-aminonapthalene-1,3,6 trisulfonic acid and p-xylene-bis-
pyridinium bromide contents of wild-type Marburg virus GP2 fusion loop, as well as alanine mutants, at pH 4 and pH 7. B, Circular dichroism spectra
of alanine mutant proteins at several pH conditions in 1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phosphocholine bicelles
at protein concentration of 40 µM.
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of L529 and I544 to alanine (each as a single mutation or as the
double mutant) resulted in entry defects for GP-containing
virus-like particles. The corresponding positions in MARV are
similar at 2 of these positions (L530 and F536), but T545
(MARV) contains a hydroxyl group rather than being purely al-
iphatic, as is found at the aligning position in EBOV (I544) (Fig-
ure 1B). To explore whether similar interactions might be
important for the MARV FL, we generated several single alanine
point mutants—L530A, S531A, L543A, T545A, and F536A—
and assessed their structural properties by CD and their capacity
to induce leakage from liposomes (Figure 4). The L530A, T545A,
and F536A mutations were intended to determine whether the
same core residues in the EBOV GP2 FL play a role for MARV
GP2. When considered in the context of the EBOV GP2 FL (pH
5.5) structure, there is the potential for a hydrogen bonding inter-
action between S531 and T545, and therefore the S531A muta-
tion was used to explore this possibility. Also, since T545
contains some polarity, the neighboring aliphatic residue
(L543) is a possible candidate for inclusion in the hydrophobic
core, and therefore this residue was also mutated.

All mutants were found to have similar pH-dependent CD
signatures relative to the wild-type protein, with a broad mini-
mum at approximately 220 nm at pH <6 and featureless spectra
at pH 7 in lipid bicelles. In addition, all mutants exhibited a pH-
dependent liposome leakage activity similar to that of wild type,
with high activity at pH 4 but low activity at pH 7. At pH 4, al-
iphatic mutants L530A, L543A, and F536A all showed similar
levels of activity to the wild-type MGP2-FL, but S531A and
T545A were slightly attenuated, showing approximately 50%–

60% leakage at higher protein concentrations. Nonetheless,
these differences were relatively subtle and overall the structural
and lipid-perturbing behavior of all mutants was similar to
wild-type MGP2-FL, thus suggesting specific side chain–side
chain contacts among these positions do not contribute sub-
stantially to fusion active conformations.

Conclusions and Implications for Viral Membrane Fusion
Here, we have demonstrated that the MARV GP2 FL exhibits
pH-dependent structure and pore-forming activity. While gene-
ral aspects of these features resemble EBOV GP2 FL, there are
clear differences. First, the CD and NMR chemical shift compar-
isons indicate that MARV GP2 FL adopts a distinct structure
from EBOV GP2 FL at low pH and that the nature of the pH-
dependent transition is sharper. The MARV GP2 FL undergoes
a dramatic change between pH 6 and 7 in lipid bicelles, likely
from a mixed structure to less structured, as opposed to the grad-
ual conformational change across pH 4–7 that was reported with
EBOV GP2 FL [21]. Also, the EBOV GP2 FL contains substantial
α-helical character throughout this pH range, whereas the CD in-
dicates a mixed structure for MARV GP2 FL at the lower pHs.
The mutational data clearly indicate that L530, F536, and T545
of MARV GP2 FL are not as critical for structure or function

as the corresponding residues in EBOV GP2 FL, which are pro-
posed to form a core that supports the hydrophobic fist fusion-
active conformation. Neighboring residues such as S531 and
L543 also do not appear to play a strong role in stabilizing fu-
sion-active conformations. Together, these results suggest that
the fusion-active conformation of the MARV GP2 FL is distinct
from that of EBOV GP2 FL but that there is convergence on the
general pH-dependent activity. Higher-resolution structural
studies will provide deeper insight into mechanism of the
MARV GP2 FL relative to EBOV GP2 FL.

Functional data supporting a fusogenic role for the EBOV
GP2 FL and, here, the MARV GP2 FL are strong, but the precise
role of these segments in the membrane fusion cascade remains
unclear. The lipid mixing activity of EBOV GP2 FL was modest,
5% under optimal conditions, suggesting that this segment may
require other aspects for creation of a full fusion pore. However,
here we have shown that pore-forming activity of MARV GP2
FL is strong under some conditions and this activity may be sig-
nificant for membrane fusion in this case. The pH-dependent
fusion activity is consistent with a model whereby the most ac-
tive fusogenic conformations of GP2 are not deployed until late
in the endosomal maturation pathway. For example, we have
shown that the stability of the 6-helix bundle of the GP2 ecto-
domains from both EBOV and MARV are highly sensitive to
pH [15, 31, 32]. Formation of the 6-helix bundle, which is pos-
tulated to draw the host and cell membranes into proximity, is
also highly promoted under conditions of the matured endo-
some. Whether the fusogenic, or lipid-perturbing activities, of
the FL participate at the stage of the extended intermediate or
after collapse of the 6-helix bundle remains to be determined. In
other systems, it has been proposed that membrane active seg-
ments of fusion subunits, such as the FL, participate in the tran-
sition from the hemifusion intermediate to the full fusion pore
[33–35]. Nevertheless, the results reported here confirm a likely
role for the FL during the membrane fusion cascade and high-
light the requirement for this segment for viral entry.
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