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Ebolavirus (EBOV), an enveloped filamentous RNA virus causing
severe hemorrhagic fever, enters cells by macropinocytosis and
membrane fusion in a late endosomal compartment. Fusion is
mediated by the EBOV envelope glycoprotein GP, which consists
of subunits GP1 and GP2. GP1 binds to cellular receptors, including
Niemann-Pick C1 (NPC1) protein, and GP2 is responsible for low
pH-induced membrane fusion. Proteolytic cleavage and NPC1
binding at endosomal pH lead to conformational rearrangements
of GP2 that include exposing the hydrophobic fusion loop (FL) for
insertion into the cellular target membrane and forming a six-helix
bundle structure. Although major portions of the GP2 structure
have been solved in pre- and postfusion states and although
current models place the transmembrane (TM) and FL domains of
GP2 in close proximity at critical steps of membrane fusion, their
structures in membrane environments, and especially interactions
between them, have not yet been characterized. Here, we present
the structure of the membrane proximal external region (MPER)
connected to the TM domain: i.e., the missing parts of the EBOV
GP2 structure. The structure, solved by solution NMR and EPR
spectroscopy in membrane-mimetic environments, consists of a
helix-turn-helix architecture that is independent of pH. Moreover,
the MPER region is shown to interact in the membrane interface
with the previously determined structure of the EBOV FL through
several critical aromatic residues. Mutation of aromatic and neigh-
boring residues in both binding partners decreases fusion and viral
entry, highlighting the functional importance of the MPER/TM–FL
interaction in EBOV entry and fusion.
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Ebolavirus (EBOV) is an enveloped, negative strand RNA
virus that causes severe hemorrhagic fever associated with a

25 to 90% mortality rate; for example, the mortality rate in the
recent outbreak in Western Africa was ∼40% (1–4). EBOV
enters cells by macropinocytosis and releases its genetic material
into the cytoplasm by fusion of the viral membrane envelope with
the membrane of a late endosomal compartment (5–8). The
entry and membrane fusion of EBOV is governed by the viral
surface glycoprotein (GP), which is enzymatically cleaved by
cathepsins L and B in endosomes, followed by binding to the late
endosomal/lysosomal receptor Niemann-Pick C1 (NPC1) (9–15).
The enzymatic processing and binding to NPC1 are thought to
lead to conformational changes in the GP subunit 2 (GP2) that
are responsible for the fusion process. It is proposed that the
EBOV fusion loop (EBOV FL), a hydrophobic disulfide-linked
sequence within GP2, is released and inserts into the target
membrane in the course of this multistep activation process (16,
17). At this stage, GP2 is hypothesized to form an intermediate
prehairpin conformation, in which the N- and C-terminal heptad
repeats of GP2 are extended, thereby bridging the viral and
endosomal membranes. The FL inserts into the host membrane
in the form of a hydrophobic fist, a conformation that appears to

initiate the fusion process (18). In a further conformational change,
the N- and C-terminal heptad repeats of GP2 form a six-helix
bundle that provides the energy to bring the two membranes into
fusion contact (19, 20). At this point, the transmembrane (TM)
domain of GP2 is speculated to be in close physical proximity to the
FL, and the TM domain and FL are proposed to cooperate to open
a fusion pore and complete the fusion process. There are also nu-
merous studies, primarily from other viral envelope proteins, that a
polypeptide sequence close to the membrane surface and adjacent
to the TM domain [i.e., the membrane proximal external region
(MPER)] may be critically important for membrane fusion (21–23).
However, despite the attractive working model of FL, TM, and
perhaps MPER domain cooperation in viral fusion, currently,
only very limited structural information is available on EBOV
MPER (24), and the structure of the EBOV TM domain is com-
pletely unknown. Moreover, it is unclear how the MPER/TM do-
mains would cooperate with the FL to promote membrane fusion.
To investigate the structural role of the MPER/TM domain of

EBOV GP2 in the fusion process of EBOV cell entry, we first
determined by solution NMR the structure of this domain in
dodecylphosphocholine (DPC) micelles at pH 5.5, the pH that
prevails in endosomes where the viral envelope fuses. We also
performed NMR relaxation, paramagnetic relaxation enhance-
ment (PRE), and electron paramagnetic resonance (EPR) ex-
periments to determine protein dynamics and the disposition of
the protein in lipid bilayers. We found that, independent of pH,
EBOVMPER/TM consists of an unstructured N-terminal region
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and a short helix in the MPER region that is followed by a turn
and the TM helix: i.e., MPER/TM forms a helix-turn-helix motif.
Measuring chemical shift changes upon titration of the FL to the
MPER/TM domain indicates that the FL interacts with the se-
quence WTGW in the MPER region, but not with the TM region.
This interaction was further found to be functionally important in
GP2-mediated lipid mixing assays in vitro and in virus-like particle
(VLP) entry assays in cells as, compared with WT, the WTGW
mutant GP constructs were strongly impaired in fusion. We con-
clude that two tryptophans in the MPER region are critical for the
interaction of the FL with MPER and its promotion of GP-
mediated membrane fusion in EBOV cell entry.

Results
Solution NMR Structure of EBOV MPER/TM in DPC Micelles at Neutral
and Mildly Acidic pH. A key feature of the conformational re-
arrangement of EBOV GP2 (see Fig. 1A for its domain structure
and Fig. 1B for its amino acid sequence) during fusion activation is
its strong dependence on pH, which drops by about two units when

the virus moves from the cell surface into the endosome. Previous
structural studies on the soluble ectodomain and the FL of EBOV
GP have shown very different structures at neutral and low pH (18,
25). The pre- and postfusion structures of EBOV GP suggest that
GP2 undergoes a dramatic conformational change, from a complex
trimeric helical arrangement at neural pH to a highly ordered six-
helix bundle at mildly acidic pH. A similar helical packing has been
reported at low pH for the related Marburg virus (26). The EBOV
FL also exhibits very different conformations when bound to DPC
micelles at neutral and low pH. While the structure is only periph-
erally associated with the membrane/micelle surface at neutral pH, it
forms a hydrophobic fist that penetrates more deeply into the
membrane/micelles at low pH (18). In contrast to these well-studied
fragments of GP2, there is no structure available for the MPER/TM
domain of GP2. It is also not known how it might change its con-
formation in response to the lower endosomal pH. To address
questions that require knowledge of the structure of the MPER/TM
domain of GP2, we successfully expressed and purified a construct
encompassing both of these regions of GP2. Our strategy involved
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Fig. 1. Expression, purification, and solution NMR structure of the EBOV MPER/TM domain. (A) EBOV GP2 domain structure. CHR, C-heptad repeat region
(orange); FL, fusion loop (blue); MPER, membrane proximal external region (red); NHR, N-heptad repeat region (green); TM, transmembrane region (red).
(B) Primary structure of EBOV GP2 (Zaire strain). Color codes are matched with domain structure. (C) SDS/PAGE gel showing the isolation of the MPER/TM domain
from the expression fusion protein construct with the Trp leader protein. Lane 1, markers; lane 2, expressed fusion protein after solubilization from inclusion
bodies; lane 3, cleaved MPER/TM domain; lane 4, Trp leader protein. (D) Size exclusion chromatography of the MPER/TM domain in DPC micelles (20 mM
phosphate, 100 mM NaCl, 0.2% DPC) at pH 7.0 showing a single homogeneous symmetric peak. (E) HSQC spectra of the MPER/TM domain in DPC micelles at pH
7.0 (blue) and pH 5.5 (red). All backbone atoms were assigned as shown. (F) Twenty lowest energy structures of the MPER/TM domain in DPC micelles at pH 5.5.
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linking the protein to a Trp leader protein system that targets the
toxic TM domain to inclusion bodies rather than the cell surface
(Methods). Using Ni affinity and size exclusion chromatography and
thrombin cleavage in the presence of detergent ultimately pro-
duced high yields of pure MPER/TM protein (Fig. 1 C and D
and SI Appendix, Fig. S1).
The proteins were concentrated in DPC micelles, and 1H-15N

heteronuclear quantum coherence (HSQC) spectra were recorded
at pH 7.0 and 5.5 (Fig. 1E). Interestingly, the two spectra were
nearly superimposable, indicating that the EBOV MPER/TM
domain does not undergo a major conformational change in re-
sponse to low pH. No major chemical shift changes were observed
between the two different values of pH. This indicates that the
EBOV MPER/TM domain assumes very similar structures in its
pre- and postfusion forms. Therefore, and since EBOV fusion
happens only in late endosomal compartments under mildly acidic
conditions, we proceeded with solving the solution NMR structure
of the EBOV MPER/TM domain only at pH 5.5.
We recorded sets of heteronuclear triple-resonance spectra of

13C,15N-labeled samples in fully deuterated DPC as indicated in
Methods and ultimately were able to fully assign the backbone and
side chain resonances of all 45 residues in the construct. The as-
signments of the HSQC cross-peaks are shown in Fig. 1E. Dihedral
angles were calculated from the chemical shifts using TALOS+,
and nuclear Overhauser effect (NOE) distance constraints were
obtained from 15N- and 13C-edited NOESY spectra. The 20 lowest
energy structures calculated using CYANA and CNS representing
the pH 5.5 conformational ensemble are depicted in Fig. 1F. The
structural statistics are reported in SI Appendix, Table S1. The
ensemble is characterized by an unstructured N-terminal region
(residues D632 to N641), a helical MPER region (D642 to Q650),
a turn (W651 to I656), and a TM helical region (G657 to F676).

Comparison of Secondary Structure in DPC Micelles and DMPC/DHPC
Bicelles. To check if the DPC micelle is an adequate environment
for maintaining the structure of MPER/TM in lipid bilayers, we
prepared samples in 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC)/1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) bicelles
at a molar ratio of q = 0.5. In these experiments, MPER/TM was
reconstituted in 15% (wt/vol) DMPC/DHPC bicelles by recon-
stituting MPER/TM into DMPC vesicles followed by addition of an
appropriate amount of DHPC that dispersed the vesicles into
bicelles (Methods). NMR spectra of the bicelle samples were col-
lected at 45 °C instead of 30 °C to obtain sharper resonance lines.
Excellent HSQC spectra were obtained under these conditions that
were fully assigned de novo by obtaining appropriate heteronuclear
triple resonance spectra (SI Appendix, Fig. S2A). Based on chemical
shift index (CSI) analysis, the secondary structure of MPER/TM
was very similar and essentially indistinguishable with a few minor
exceptions in the DPC and DMPC/DHPC environments (SI Ap-
pendix, Fig. S2C). Likewise, when MPER/TM was labeled with a
methane-thiosulfonate spin-label (MTSL) at its C terminus, com-
pletely superimposable continuous wave EPR data were collected in
micelle and bicelle environments at room temperature (SI Appen-
dix, Fig. S2B), which suggests that the internal molecular mobility
and conformation of MPER/TM is very similar in the two systems.
Despite this close similarity of secondary structure, we did not at-
tempt to calculate the complete 3D structure in bicelles because the
resonances of the aliphatic side chains overlapped in the bicelle
system and therefore could not be easily assigned. However, the
main conclusion from this and nuclear and paramagnetic relaxation
data presented below is that the structures of MPER/TM in DPC
micelles and DMPC/DHPC bicelles are very similar to one another
based on the obtained NMR data.
We also performed NMR experiments on full-length EBOVGP2

and attempted to solve its structure in DPC micelles. Although we
could not observe all expected cross-peaks of the 175-residue protein,
the HSQC cross-peaks were dispersed well enough (SI Appendix, Fig.
S3A) to pursue the assignment of large parts of the MPER/TM
segment and to show that, again, a very similar secondary struc-
ture, as observed in the micellar or bicellar system, is preserved in

this structure. The problem with the full-length construct is that it
contains a well-known trimerization motif in the N-heptad repeat
region (NHR) of the ectodomain. This could be demonstrated in
native Bis-Tris gels, which showed that the protein was monomeric
in DPC, but trimeric in DMPC/DHPC or in DMPC vesicles (SI
Appendix, Fig. S4). Interestingly, DPC seems to be capable of
disrupting the NHR trimerization sites of GP2. Therefore, we also
investigated full-length GP2 in lipid bicelles by NMR (SI Appen-
dix, Fig. S3B). Although reasonable quality HSQC spectra could
be obtained with this system, they were still not good enough to
pursue assignments or a full structure determination. Even when
specifically labeled with 15N-Leu, only about half of the 16 ex-
pected Leu cross-peaks could be observed in an HSQC spectrum
of GP2 at pH 7 and 5.5, perhaps reflecting conformational ex-
change or heterogeneity of the sample.

Membrane Depth and Backbone Dynamics of MPER/TM in Lipid
Micelles and Bicelles. To better understand the disposition of the
MPER/TM domain in the membrane, the depth of the protein in
the bicelle was investigated by PRE experiments in the presence of
soluble gadolinium(III) diethylenetriaminepentaacetic acid
[Gd(DTPA)] or the bicelle-incorporated spin-labeled fatty acids
5-DSA or 16-DSA (Fig. 2). The paramagnetic quenching profiles in
Fig. 2 A–C show that the N-terminal and front of the MPER region
were accessible to Gd(DTPA) but not to 5- and 16-DSA. In marked
contrast, the TM region was highly quenched by 16-DSA, but less by
the shallower membrane probe 5-DSA and the soluble probe Gd
(DTPA). These data demonstrate that the MPER domain is inter-
facially located and that the TM domain is deeply immersed into the
bicelle. Similar and even more clear-cut data were obtained in DPC
micelles (SI Appendix, Fig. S5 A–C). Spin-lattice and spin-spin re-
laxation, as well as heteronuclear NOE data, indicated that the
membrane-embedded regions of MPER/TM were well-ordered and
that the solvent-exposed regions were significantly more dynamic in
lipid bicelles (Fig. 2 D–F) and micelles (SI Appendix, Fig. S5 D–F).
To further investigate the depth of the protein in lipid bilayers, we

performed EPR power saturation experiments with several single
cysteine mutants (N643C, W644C, T659C, I663C, I666C, and
A670C) that were each labeled with the nitroxide spin label MTSL.
The mutation sites were chosen based on the NMR structure of the
MPER/TM domain: Somewhat bulky residues facing away from
MPER helix were selected in the TM region to match the bulkiness
and avoid protein clashes of the MTSL spin probes. N643 and
W644 were selected because they are positioned just before the
critical MPER region, and T569 was chosen to mark the turn in the
bilayer. The proteins were reconstituted into 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC):1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phospho-(1′-rac-glycerol) (POPG) (85:15) vesicles, and power
saturation EPR experiments were performed in the presence of
water-soluble Ni-ethylenediamine-N,N′-diacetic acid (NiEDDA)
and membrane-permeant O2 and N2 (Fig. 3A), which yielded
NiEDDA and O2 accessibilities (Fig. 3B). Depth parameters were
calculated from these data (Fig. 3C). Comparisons of these depth
parameters with values from reference proteins of known structure
indicate that the TM domain transverses the lipid bilayer with
Ile663 situated close to the center of the bilayer and that the MPER
region resides in the membrane interface.
To determine if MPER/TM forms a monomer or trimer in

micellar and bilayered membrane mimetics, we performed double
electron resonance (DEER) experiments of the Cys677-nitroxide–
labeled protein in DPC micelles, DMPC/DHPC bicelles, and
DMPC/membrane scaffolding protein 1D1 (MSP1D1) nanodiscs
(SI Appendix, Fig. S6). No spin–spin interactions were detected in
either situation, indicating that this construct is monomeric in lipid
micelles, bicelles, and nanodiscs.
Next, we examined if the angle between the MPER and TM

domain that was determined by solution NMR in DPC micelles
was preserved in lipid bilayers. To this end, we double-labeled with
nitroxide spin labels the MPER/TM construct at cysteine residues
introduced in positions 643 and 666 or 643 and 670 in the MPER
and TM portions of the molecule, respectively. These sites were
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chosen because they did not interfere with each other or clash with
other residues based on the NMR structure. Intramolecular DEER
experiments were performed and compared in DPC micelles and
DMPC/MSP1D1 nanodiscs (SI Appendix, Fig. S7 A and C). The
derived distance distributions centered at about 3.5 and 4.0 nm for
the two spin label pairs, respectively, (SI Appendix, Fig. S7 B and D)
and were similar in micelles and nanodiscs although they were
somewhat more broadly distributed in nanodiscs. Importantly, the
calculated distance distributions between these two pairs of residues
matched the distributions calculated from the NMR structures quite
well, lending support to the validity of these structures in lipid
micelles and bilayers.
To quantitatively position the MPER/TM structure in the lipid

bilayer, the NMR structure was recalculated using XPLOR-NIH,
but within an implicit membrane model using the PRE and EPR
power saturation data as additional restraints. The five lowest energy
structures calculated by this procedure are shown in Fig. 3D. This
calculation suggests that the MPER helix resides slightly beneath
the phosphate level of the lipid headgroups and that the TM helix
transverses the lipid bilayer at an angle. Although this calculation
makes perhaps overly optimistic assumptions about the transfer-
ability of the NMR structural data into a lipid bilayer and although
the number of membrane restraints are almost certainly not suf-
ficient to determine the membrane-embedded structure with high

precision, the calculations, which are all based on experimental
measurements, are still instructive and indicate how this structure
is most likely embedded in the lipid bilayer. Regardless, it can be
concluded from our data with certainty that MPER/TM consists of
a soluble and dynamic N-terminal region, a structured interfacial
α-helical MPER region, a more flexible turn, and a well-ordered
TM region that transverses the lipid bilayer. We also obtained
highly resolved spectra of a construct comprising the C-terminal
heptad repeat (CHR) followed by MPER and TM (SI Appendix,
Fig. S8). Comparison with the shorter MPER/TM construct shows
virtually all corresponding peaks in the CHR/MPER/TM con-
struct, indicating that the CHR domain unlikely influences the
structure of the MPER/TM domain.

Interaction of MPER/TM with FL of EBOV GP2. Structural and func-
tional results suggest that the TM and fusion domains (fusion
peptides or fusion loops) of class 1 viral fusion proteins might in-
teract during a late stage in membrane fusion (27). However, there
is relatively little direct experimental evidence that such interac-
tions in fact occur between the relevant protein segments. An ex-
ception to this is some evidence for an interaction between the TM
and fusion domains of HIV gp41 (28), but, even in this case, the
interaction has not been demonstrated structurally. Like for fusion
proteins of other class 1 viruses, the TM and fusion domains of
EBOV consist of highly conserved sequences within each family of
viruses. The results of this work, together with prior work from our
laboratories, indicate that the MPER and N-terminal part of the
TM regions of the MPER/TM domain and the FL (29) reside at a
similar depth in lipid bilayers, allowing for a potential physical
interaction between them in the plane of the membrane. To test
this hypothesis, we collected HSQC spectra of the MPER/TM
domain in DPC after adding increasing amounts of unlabeled FL
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and monitored the chemical shifts of affected residues (Fig. 4 A–C).
The chemical shifts of most residues were unaffected by this ti-
tration, but significant chemical shift changes were observed for the
MPER/TM residues Trp645, Thr646, Gly647, and Trp648. These
four consecutive residues all reside in the short interfacial MPER
helix. Perhaps surprisingly, the TM region of the domain was not
affected by this titration. We also carried out the reciprocal titration,
in which chemical shifts in the FL were monitored when increasing
amounts of unlabeled MPER/TM were added (Fig. 4 D–F). In this
case, significant chemical shift changes were observed for FL resi-
dues Tyr517, Trp518, Thr519, Thr520, Gln521, and Asp522. These
sites of interaction are also located in a helical region of the FL, the

helix that precedes the most hydrophobic front end of the pH 5.5
FL fist structure (18). The identified sites of interaction are con-
sistent with the depths of membrane insertion of the MPER/TM
and FL domains. They also support the notion that the two domains
indeed interact with each other in membrane environments, con-
sistent with current models of late steps of type 1 viral fusion protein-
mediated membrane fusion.
To further confirm the interaction between the membrane-active

domains of EBOVGP2 and to assess the importance of the specific
residues mediating this interaction, we labeled the FL with Alexa
488 and the MPER/TM domain with Alexa 546 fluorophors and
performed Förster resonance energy transfer (FRET) experiments

A B

C

D E

F

Fig. 4. NMR chemical shift perturbations upon the mutual interactions of the EBOV MPER/TM and FL domains. (A) HSQC spectra of 15N-labeled MPER/TM
titrated with increasing amounts (blue to red) of unlabeled FL. (B) Structure of the MPER/TM domain with residues shown in red whose chemical shifts are
most perturbed by the addition of the FL. (C) Chemical shift perturbations calculated as Δδcomp = [ΔδHN2 + (ΔδN/6.5)2]1/2 with the most significantly
perturbed residues highlighted in red. (D) HSQC spectra of 15N-labeled FL titrated with increasing amounts (blue to red) of unlabeled MPER/TM domain.
(E) Structure of the FL, with residues shown in red whose chemical shifts are most perturbed by the addition of the MPER/TM domain. (F) Chemical shift
perturbations calculated as Δδcomp = [ΔδHN2 + (ΔδN/6.5)2]1/2 with the most significantly perturbed residues highlighted in red.
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(Fig. 5 A and B). Strong binding of the two WT sequences to each
other was observed. This binding was reduced when the four in-
teracting residues of the MPER were changed to alanines in single
site mutations (Fig. 5C). Similarly, five residues were replaced with
alanines in the critical region of the FL structure (namely, His516,
Tyr517, Trp518, Thr519, and Asp522), and all of these single site
mutants exhibited reduced binding to the MPER/TM domain
(Fig. 5D). All mutants expressed well and could be easily purified
and refolded as described in Methods for the WT protein. The
single site mutations unlikely introduced significant conformational
changes to the WT structure, as shown by relatively unperturbed
chemical shifts of the mutant molecules outside of the site that was
mutated (SI Appendix, Fig. S9).

Functional Confirmation of EBOV MPER/TM and FL Interaction Sites.
To investigate if the residues that are critical for the interaction
between MPER/TM and the FL are also critical for EBOV GP2-
mediated membrane fusion, we examined the effects of these same

mutations on lipid mixing in fusion experiments in vitro (Fig. 5E).
To this end, full-length GP2 was reconstituted into proteoliposomes
(virosomes) that were then reacted with fluorescent lipid-labeled
liposomes to measure fusion between the virosomes and liposomes
at various pH values (SI Appendix, Fig. S10). This system gave much
better control of the fusion reaction and ensured a precise 1:1 stoi-
chiometry of the FL and MPER/TM domains, compared with a less
well-defined fusion reaction that could have been performed with
the two unconnected GP2 fragments. When all four critical resi-
dues on MPER were simultaneously replaced by alanines, fusion
decreased by 60%, compared with WT GP2-mediated fusion (Fig.
5E). Interestingly, all single alanine mutants in this region produced
similar deficiencies in fusion activity. When, in a control experiment,
the entire FL was deleted from GP2 (NHR-TM construct), the re-
sidual fusion activity was less than 20% of the full-length WT GP2
fusion activity. These results prove that the FL is needed for
observing appreciable fusion in this system and that each of the four
interacting residues of the MPER is critical to support this activity.

A B

FE

D

C

Fig. 5. Functional consequences of EBOV FL-MPER/TM domain interaction site mutations. (A–D) Förster resonance energy transfer (FRET) showing the
binding of Alexa 488-labeled FL to Alexa 546-labeled MPER/TM domain and their single site mutants in DPC micelles at pH 5.5. (A) Molecular models of the FL
and MPER/TM domain, with sites where respective labels were attached. (B) Representative dynamic range of FRET experiment upon EBOV MPER/TM titration
to EBOV FL. (C) Effect of various single site mutations in the MPER/TM domain upon titration of MPER/TM domain to the FL. (D) Effect of various single site
mutations in the FL upon titration of the MPER/TM domain to the FL. In C and D, the data for binding with the mutated residues are shown in red, and the WT
data are reproduced in blue as references in each plot. (E) Lipid mixing fusion assay with reconstituted proteoliposomes containing WT and several mutant
full-length GP2 proteins. Most are single-site mutations, but the 4A construct contains four consecutive alanine mutations on the MPER region residues
Trp645 to Trp648. The NHRTM construct, which was used as a control, comprises the GP2 sequence starting with the NHR region: i.e., lacking the entire FL.
(F) Entry of WT and mutant virus-like particles (VLPs) into HEK 293AD cells. The critical FL-interactive residue Trp645 in the MPER region promotes cell entry at
various concentrations compared with an alanine in this position.
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To confirm that the MPER region and its interaction with the FL
is also important for virus entry into cells, we prepared virus-like
particles (VLPs) expressing GP1/GP2 on their surface with the
W645A mutation built into the GP2 protein. W645A VLPs exhibited
a cell entry efficiency of only about 40% of WT VLPs (Fig. 5F). This
result demonstrates that theMPER helix is critical for virus entry into
cells and, in combination with the presented domain interaction
studies, that the critical function of MPER is to directly interact with
the FL of EBOV GP2. We also attempted to perform the same ex-
periment with the single MPER mutant W648A. In contrast to
W645A, this mutant either did not express well or did not traffic
correctly to the cell surface in VLP-producing cells so that we could
not obtain VLPs with sufficient copy numbers of GP1/GP2 on their
surface (SI Appendix, Fig. S11). Similarly, a previous study showed
that the W518A mutation in the FL did not express well on the
surface of VLPs (29). Therefore, membrane-interfacial tryptophans
of EBOV GP2 seem to be important not only for fusion, but also
for the biogenesis of the viral particles.

Discussion
Class 1 viral fusion glycoproteins, including those of influenza
virus, HIV, and EBOV, are characterized by similar domain
structures consisting of N-terminal or near N-terminal fusion
domains, NHR and CHR regions, followed by MPER and TM
domain regions (30–32). Depending on the particular virus,
these domains are connected by shorter or longer loop regions.
In the resting state on the viral surface, the NHR regions typi-
cally form a three-helix bundle, but the CHR regions are em-
bedded elsewhere in the structures of these proteins. Upon
activation, the fusion domains are exposed to the lipid bilayer of
the target membrane, and the CHR regions fold back onto the
NHR trimers to form six-helix bundle structures (Fig. 6 B–D).
Whether or not the NHR trimers temporarily dissociate in the
course of these transitions is currently debated (33). Recent
evidence suggests that, at least in the case of HIV gp41, con-

nected NHR and CHR constructs “melt” into the lipid bilayer as
monomeric amphipathic helices (34, 35). Whether such a temporary
dissociation of the NHR and CHR domains also occurs for EBOV
GP2 in the presence of lipids is currently not known. However,
structures of the EBOV FL have been determined at pH 7 and pH
5.5, and residues supporting a structural transition from an ex-
tended to a more compact “fist”-like loop have been identified (18).
The pH trigger cannot be localized to a single or even a few isolated
residues on the FL but seems to be distributed over many residues
(36). Models, such as those depicted in Fig. 6 B–D, put the fusion
domains in close contact with the TM and MPER domains, and
there is some biophysical evidence for an interaction between these
domains in the literature for a few class 1 fusion proteins (21, 28, 37,
38). However, structural evidence for this interaction has not yet
been presented for any of these fusion proteins. In fact, there are
almost no TM domain structures of viral fusion proteins that have
been solved to date. Exceptions are the TM domains of influenza
hemagglutinin (HA) and HIV gp41, whose structures have been
solved in the organic solvent hexafluoroisopropanol (39, 40) and in
DMPC/DHPC bicelles for the case of the HIV gp41 (41). The
secondary structure, oligomerization, and orientation of the HA
TM domain were also determined in lipid bilayers (42). As a first
step toward solving this problem for EBOV GP2, we developed an
expression and purification system that allowed us to obtain large
quantities of a construct that comprised the MPER and TM domain
regions of EBOVGP2. The construct behaved well in DPCmicelles
and DMPC/DHPC lipid bicelles so that a structure could be solved
by NMR and its disposition in the membrane could be determined
by PRE and EPR experiments.
The structure of the EBOV MPER/TM domain consists of a

helix-turn-helix motif, and the short MPER helix lies in the mem-
brane interface, well-embedded in the lipid headgroup region. Two
critical tryptophans, Trp645 and Trp648, which are part of this helix,
seem to be responsible for this location. This structure is different
from a model of the HIV MPER/TM domain that was proposed to
be a straight helix for the MPER/TM domain transition region and
to have a kink in the TM region based on partial NMR structures
obtained in organic solvent of fragments of the entire sequence (40).
Other authors found the HIV TM domain (without the MPER
domain) to be a well-ordered trimer in DMPC/DHPC bicelles (41).
Although the structural ensemble presented in Fig. 1F shows a
well-defined turn between the two helices, we acknowledge that the
definition of this turn depends to some extent on the stringency of
the experimental distance and angle information applied to the
structure calculation. Despite the relatively limited number of ex-
perimental NMR restraints in the turn region, we feel that the
models are good representations of the structures. Importantly, our
DEER experiments confirmed that the MPER and TM helices are
roughly perpendicular to one another and that the angle between
them is approximately preserved between the structures in mi-
celles, bicelles, and bilayers in nanodiscs. Moreover, the refined
structure that was obtained with the EPR restraints in lipid bilayers
(Fig. 3D) did not indicate major contradictions between the micelle
and bilayer structures. The main conclusion of all of these results
combined from multiple magnetic resonance techniques is that the
MPER domain is helical and well-positioned in the membrane
interface to interact with the EBOV FL.
Trp645 and Trp648 and the intervening residues Thr646 and

Gly647 of the MPER region were also critical for interaction with
the EBOV FL, based on our chemical shift perturbation data
(Fig. 4). Beyond more indirect evidence for an interaction of the
HIV gp41 fusion peptide with its TM domain (28), this study offers
direct structural evidence for a fusion domain–MPER/TM domain
interaction in EBOV GP2, i.e., an interaction that may occur in
many other or all class I viral fusion proteins. Interestingly, the
EBOV FL also features a tryptophan, Trp518, which is central to its
interaction with the MPER/TM domain. The predominant in-
teraction region of the FL is characterized by a distorted helical turn
comprised of the sequence Tyr517-Trp-Thr-Thr-Gln-Asp521 (Fig.
4). Interestingly, we found earlier that full-length GP1/GP2 with
the W518A mutation could not be expressed well to form VLPs

Pre-hairpin Helix-bundle Post-fusion 

FL 

NHR 

CHR 
MPER 

TM 

A

B C D

Fig. 6. Structural model of the proposed FL-MPER/TM domain interaction.
(A) Proposed structural model of the two membrane-interacting domains of
EBOV GP2 in a bilayer, with the most significant residues contributing to the
binding interface highlighted in green. (B–D) Standard model of the three
major steps thought to be involved in the membrane fusion process of type
1 viral fusion glycoproteins including EBOV GP2. (B) Extended prehairpin
structure of GP2, with the N-terminal and C-terminal heptad repeats (NHR and
CHR) labeled in addition to the FL and MPER/TM inserted into the target and
viral membrane, respectively. (C) Six-helix bundle structure of GP2 and formation
of a lipid-connected hemifusion intermediate. (D) Completed membrane fusion
pore, with postfusion six-helix bundle structures of GP2 with the interacting FL
and MPER/TM domains as determined in this work.
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(29). It thus appears that this residue of the FL is also critical for
proper folding of the FL in the full-length protein. We found the
same folding problem with the W648A MPER region mutation in
the current work. The interacting surfaces of the two protein do-
mains fit together approximately as shown in the model of Fig. 6A.
Although this model (and similar models built using the docking
programs ZDOCK and HADDOCK) is useful to conceptually vi-
sualize the interaction, this is not an atomic structural model. The
model is based on bringing the residues with significant chemical
shift perturbations into close contact and does not rely on an actual
structure determination of the complex. It is possible that both
structures shift upon interaction and that the fluid-ordered structure
of the lipid bilayer might influence details of the interaction.
Despite these caveats, we are confident that the interaction

does take place via the highlighted residues on both the FL and
MPER/TM domain sides. This notion is corroborated by our in-
teraction and functional studies using mutations in the critical
regions of both interaction partners. Replacements of MPER resi-
dues Gly647 and Trp648 with alanines were more severe in inhib-
iting association with the FL than replacements of the MPER
region residues Trp645 and Thr646 (Fig. 5C). The reason for this
behavior may be that Gly647 and Trp648 in the MPER structure
are better exposed to interact with the FL than the other two res-
idues. On the FL side, replacements of all residues in the identified
interaction region had quite significant effects on binding to the
MPER/TM domain. Some of these mutations led to different
shapes of the FRET-based binding curves, which we do not com-
pletely understand and did not attempt to further analyze. The main
point is that mutations of all of the critical residues identified
by NMR in the FL altered binding to the MPER/TM domain. The
functional fusion data of Fig. 5 E and F further confirm that dis-
ruption of the FL-MPER/TM domain interaction by multiple alanine
mutations on theMPER side compromised fusion of reconstituted
GP2 proteoliposomes with protein-free liposomes and virus entry
in a cell-based VLP entry assay.
It is interesting that the FL apparently does not interact with the

TM portion of the MPER/TM domain. This is consistent with the
shallow location of the FL in the membrane that we determined
previously (29). On the other hand, it has been shown that the TM
domain of influenza HA is critical for late steps in fusion because
HA constructs with short TM domains were arrested at a hemifusion
stage (43), even though the influenza HA fusion peptide also resides
in an interfacial location in the membrane (44, 45). The fusion
peptide of HIV gp41 is also interfacially located (46). These struc-
tural and functional results are not contradictory. It is likely that the
fusion domains first locate in the membrane interface to interact
with the MPER regions of their own proteins and penetrate the
membrane more deeply only in a later step: i.e., when the bilayers
get distorted and form a hemifusion intermediate. It could well be
that they would interact with the TM domain deep in the mem-
brane during such late fusion transitions. Such a mechanism has
been proposed for the fusion peptide of parainfluenza virus 5 (38).
Several critical aromatic residues (Tyr517 and Trp518 on the FL
and Trp645 and Trp648 on the MPER domain) are likely im-
portant for the initial location of these domains in the membrane
interface. GXXXG/A sequence motifs may become important for
later protein–protein interactions deeper in the membrane. Such
motifs are well known to promote helix–helix interactions in mem-
branes (47). The EBOV GP2 has a conserved GXXGXXXA
(residues 657 to 664) motif in its TM domain, which may interact
with the GXXXG motif in residues 524 to 528 or the GPXXXG
motif in residues 536 to 541 of the FL. Previous studies, in which
these motifs in the TM domains of other viruses were changed by
mutation, have demonstrated their importance in membrane fusion
(48–50). Alternatively, such motifs have also been shown to bind
cholesterol (51), which is important for fusion of some enveloped
viruses and SNARE-mediated intracellular membrane fusion (52).
In summary, we found that the structure of the EBOV MPER/

TM domain is independent of pH and consists of a membrane
interfacial-membrane spanning helix-turn-helix motif. We also pro-
vide physical evidence for the interaction of the MPER helix with

the FL in the membrane interface and show that this interaction is
important for fusion and cell entry of EBOV. Crucial tryptophans
and a tyrosine in the MPER and FL domains localize both domains
to the membrane interface where they mediate their mutual inter-
action and membrane fusion.

Methods
Design and Cloning of the MPER/TM Domain and GP2 Constructs. To express the
EBOVMPER/TMdomain and full-lengthGP2, fusionproteinswere designedwith
the Trp leader protein in front of a thrombin cleavage site and the MPER/TM or
GP2 sequence. The two palmitylation sites C670 and C672 in theMPER/TMdomain
weremutated to alanines to avoid the formation of nonnative disulfides. Previous
studies have shown that this modification does not result in loss of the virus’s
capability to enter host cells (53, 54). TheEbolaMPER/TMorGP2geneswere cloned
into the pET-24a vector containing the Trp leader protein, which was a kind gift
from K. J. Glover, Lehigh University, Bethlehem, PA. The vector contains a kana-
mycin resistance site and an N-terminal His-tag for purification by Ni affinity
chromatography. Details of the cloning are described in SI Appendix, SI Methods.

Expression and Purification of the MPER/TM Domain, GP2, and FL Domain. The
expression and purification of the EBOV MPER/TM domain and the entire
GP2 subunit were carried out using a method described previously for caveolin
TM domains (55) with some modifications that are described in SI Appendix, SI
Methods. The FL of EBOV was prepared as previously described (18).

Bicelle and Nanodisc Sample Preparation. The bicelle and nanodisc samples
containing EBOV constructswere prepared by the following protocol. For EBOV
MPER/TM incorporation into bicelles or nanodisc, DMPC liposomes were pre-
pared in 20 mM Na phosphate, 100 mM NaCl, pH 7.4, buffer by extrusion
through 100-nm polycarbonate filters. Then, 20 mM Na phosphate, 100 mM
NaCl, pH 7.4, buffer containing 1% n-octyl-β-D-glucopyranoside (β-OG) was
added to the extruded liposomes to a final concentration of 0.125% β-OG and
then incubated at room temperature for at least 1 h. Then, EBOV MPER/TM in
DPC was added to give an estimated protein:lipid ratio of 1:200 and incubated
for at least 1 h before dialysis. Extensive dialysis against 20 mM Na phosphate,
100 mM NaCl, pH 7.4, buffer was performed to remove all detergent and to
incorporate EBOV MPER/TM into the liposomes. After formation of the pro-
teoliposomes, samples were concentrated, and buffers were exchanged to the
desired final buffers. Appropriate amounts of DHPC or scaffolding proteins
were added to form bicelles or nanodiscs, respectively. Even if proteoliposome
solutions were somewhat turbid because of the high concentration of lipids,
they became fully transparent when DHPC or scaffolding proteins were added.
The longer EBOV constructs were prepared in the same manner.

NMR Experiments and Structure Calculation. All NMR spectra of the MPER/TM
domain were acquired at 30 °C on Bruker Avance III 600- or 800-MHz spec-
trometers, except for the experiments in bicelles and full-length GP2, which
were recorded at 45 °C. Pulse programs from the Bruker Topspin suite were
used to obtain heteronuclear 2D and 3D spectra and to measure T1 and T2
relaxation times. HSQC, HNCA, HNCOCA, HNCO, HNCACO, and HNCACB
spectra were recorded to obtain backbone information. For side-chain assign-
ments, HCCONH- and HCCH-total correlated spectroscopy (TOCSY) experiments
were performed. 15N-edited NOESY and 13C-edited NOESY were performed
with 120-ms mixing times to obtain NOE-based distance information. An aro-
matic 13C-edited NOESY experiment was also performed with 80-ms mixing time
to obtain additional distance restraints. All NMR data were processed using
NMRPipe and SPARKY (56, 57). Dihedral angle restraints were calculated using
TALOS+, and CYANA was used to obtain initial structures (58, 59). Two hundred
structures were next calculated using CNS (60), and the final 20 lowest energy
structures were chosen to represent the overall structure of the MPER/TM do-
main. PROCHECK-NMR (61) was used to validate the structural ensemble, and
MOLMOL (62) and PYMOL (63) were used to visualize the structures.

Spin-Label EPR Spectroscopy. Site-directed nitroxide-labeled samples of
MPER/TM for EPR spectroscopy were prepared by introducing single cysteine
mutations in the MPER/TM domain as described previously (64). All samples
were treated with DTT before they were reacted with the methane-
thiosulfonate spin-label (MTSL) overnight at room temperature. All buffers
were degassed before use, and DTT was removed on a PD-10 column before
the MTSL coupling reaction. Excess of MTSL was removed on a PD-10 column
when MTSL coupling reaction was complete. The spin-labeled proteins were
incorporated into POPC:POPG (85:15) liposomes at a protein:lipid molar ratio
of 1:400 by combining appropriate amounts of each component in 20 mM
Tris, 100 mM NaCl, 1% n-octyl-β-D-glucopyranoside, pH 8, followed by
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extensive dialysis against 20 mM Na phosphate, 100 mM NaCl buffer, pH 7.0.
Continuous-wave power saturation EPR measurements were performed on
a Bruker X-band EMX EPR spectrometer. Power saturation curves were
obtained from the peak-to-peak amplitudes of the central (M = 0) lines of
the first derivative EPR spectra under three conditions: equilibrated with O2,
equilibrated with N2, and equilibrated with N2 in the presence of 20 mM
Ni-ethylenediamine-N,N′-diacetic acid (NiEDDA). The depths of the spin labels
in the lipid bilayer were derived from the depth parameter Φ = ln{[P1/2(O2) −
P1/2(N2)]/[P1/2(NiEDDA) − P1/2(N2)]} (65).

For DEER experiments, ∼15 μL of sample with 15% deuterated glycerol
were loaded into quartz capillary tubes with an inner diameter of 1.1 mm
and outer diameter of 1.6 mm (Vitrocom). Samples were frozen in liquid
nitrogen and loaded into a Bruker E580 spectrometer with an EN5107D2
resonator. DEER data were collected at Q-band and 80 K using a dead-time
free four-pulse sequence with 16-step phase cycling (66). Pump and observe
pulses were separated by 75MHz. DeerAnalysis2015 was used for the removal of
background functions from initial V(t)/V(0) data, and Tikhonov regularization
was used to extract distance distributions from the resulting F(t)/F(0) form factors
(67). Error ranges shown are within 15% root-mean-square deviation of the best
fit. The distances obtained from DEER experiments were compared with pre-
dicted distance distributions. The three lowest energy structures were selected
from the family of structures generated from structure calculation using XPLOR-
NIH and the implicit membrane potential. For each structure, the programMMM
was then used to generate predicted distances for each of the spin label pairs
used in the DEER experiments (68). In this program, we used a rotamer library for
the R1 side chains that was based on the use of a density functional theory (69).

Structure Calculation Within the Implicit Membrane Model. The NMR structure
of the MPER/TM domains was recalculated using XPLOR-NIH, but with an imple-
mentation of the EPR-derived membrane depth information as additional struc-
tural restraints (70, 71). The initial folding and refinement were undertaken using
only NMR restraints and an implicit membrane potential (eefx) with scripts pro-
vided by Charles Schwieters, NIH, Bethesda. Briefly, the extended structure of the
MPER/TM domain was generated, and NOE and dihedral angle restraints were
initiated. Then, calculations in the implicit membrane with a hydrophobic thick-
ness of 27 Å andwith 5∼ 6 Å for the lipid headgroups on both sides of a standard
POPC bilayer were initiated. The first minimization was performed in an effective
vacuum, and the protein was translated to the membrane center. After an
annealing cyclewas performed, the annealed structurewas subjected to Cartesian
minimization. The lowest energy structure generated was subjected to a further
refinement cycle, which was similar to that applied to the extended structure
described above. After refinement, the lowest energy structure was loaded into
the programMMM (68), and the site-scan feature was used to compute rotamers
for the MTSL in positions 643, 644, 666, and 670 using theWarsh rotamer library.
Next, another annealing step was performed on the obtained structure. In this
step, the segment comprising residues 645 to 676 was treated as a single rigid
body based on PRE data, and the backbone atoms, beta carbons, and the proxi-
mal sulfur atomwere grouped together for residues 643 and 644. This resulted in
a fixed spin label conformation for residues 666 and 670 while residues 643 and
644 were effectively free with regard to rotations of the χ2–χ5 angles.

Förster Resonance Energy Transfer Experiments. For FRET experiments, a single
cysteinemutationwas introduced in position 643 ofWT and variousmutant EBOV
MPER/TM domains. We figured that Asn643, which is right before theMPER helix,
would not affect its structure and interaction, yet would be in close enough
proximity to the FL interaction site to sense the interaction by FRET. Expression and
purification of the mutant MPER/TM domains and EBOV FLs were performed as
described in SI Appendix, SI Methods, and all buffers were degassed before use.
Protein samples in DPC were treated with a 20-fold molar excess of DTT for 2 h at
room temperature and passed over a PD-10 column, and labels were attached per
the manufacturer’s (Life Technologies) instruction. Alexa 546 C5 maleimide was
conjugated to the MPER/TM domain using cysteine chemistry, and Alexa
488 succinimidyl ester was conjugated to the single lysine 510 of the FL using
primary amine chemistry because the two cysteines of the sequence are required
for functional disulfide bond formation within the FL (18). The amine labeling of
the FL was done before the N-terminal His-tag was cleaved with factor X (18),
which ensured that any label on the N-terminal amine was removed by factor X

cleavage and that a single label was present on Lys510. To measure FRET, 0.1 μM
FL-Alexa 488 in DPC was placed in a quartz cuvette of a Jobin–Yvon Fluorolog
3 spectrometer, and increasing amounts MPER/TM-Alexa 546 in DPC were titrated
to this solution. The emission spectra were recorded from 500 to 600 nm at each
titration point with the excitation wavelength set at 488 nm. Excitation and
emission slit widths were set to 1 nm. Spectra without FL-Alexa 488were collected
and used to subtract background.

Fusion Assay of GP2 Proteoliposomes by Lipid Mixing.WTandmutant full-length
GP2 proteins were reconstituted into unlabeled POPC:POPG (85:15) liposomes at a
protein:lipid ratio of 1:100 by detergent dialysis. Briefly, unlabeled liposomes were
prepared in 10 mM Hepes/Mes/Tris, 100 mM NaCl, pH 7.4 (HMA) buffer by ex-
trusion through 100-nm polycarbonate filters. Then, 20 mM Tris, 100 mMNaCl, pH
8.0, buffer containing 1% n-octyl-β-D-glucopyranoside (β-OG) was added to the
extruded liposomes to a final concentration of 0.125% β-OG and then incubated
at room temperature for at least 1 h. Then, GP2 in DPC was added to give an
estimated protein:lipid ratio of 1:100 (based on absorbance at 280 nm; typically
around 20 μL of GP2 was added to an ∼0.5-mL lipid/detergent solution) and in-
cubated for at least 1 h before dialysis. Extensive dialysis against HMA buffer was
performed to remove all detergent and to incorporate GP2 into the liposomes.
Bicinchoninic acid (BCA) and phosphate assays were performed to confirm that the
actual protein:lipid ratios of all constructs were ∼1:100: i.e., close to the input ratio.

Lipid mixing fusion assays were performed using a SpectraMaxM5 plate
reader as described previously with slight modification (18). Liposomes composed
of POPC:POPG (85:15) with 1.5 mol% rhodamine(Rh)-1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and N-(7-nitro-2-1,3-benzoxadiazol-4-yl) [NBD]-
DOPE each were prepared by extrusion of appropriately mixed lipid dispersions
in HMA buffer (10 mM Hepes, 10 mM Mes, 10 mM Na acetate, and 100 mM
NaCl, pH 7.4) through 100-nm-pore-size polycarbonate filters. Tomeasure fusion,
fluorescent liposomes and unlabeled proteoliposomes were mixed at a ratio of
1:9 in HMA buffer. Relief of NBD-Rh FRET (i.e., an increase in NBD fluorescence)
was recorded at room temperature as a function of time with mixing between
each reading. Excitation and emission wavelengths were set at 460 nm and
538 nm, respectively. Percent lipid mixing (fusion) was determined as the fraction
of themaximal FRET relief observed after addition of 2% Triton X-100 at the end
of each reaction. All mutant lipid mixing data were normalized to the extent of
lipid mixing observed with the WT protein.

Virus-Like Particle Production and Entry Assay. The production of EBOVVLPs and
the assay to measure their entry into cells were performed as described previously
(72). In brief, HEK293T/17 cells were cotransfected with plasmids encoding for
VP40, β-lactamase-VP40, mCherry-VP40, and WT, W645A, or W648A GP with a
C-terminal V5 tag using the polyethylenimine method. The ratio of respective
plasmids was 1:2.25:2.25:1.5. After 48 h of incubation at 37 °C, the cell mediumwas
collected and cleared of cellular debris by centrifugation, and the cleared media
supernatant containing VLPs was ultracentrifuged through a 20% sucrose cushion.
The VLP pellets were resuspended in HM buffer (20 mM Hepes, 20 mM Mes,
130 mM NaCl, pH7.4) overnight and subsequently repelleted. The final VLP pellets
were resuspended in 10% sucrose-HM buffer, aliquotted, and stored at −80 °C. All
VLPs were analyzed by Western blotting for the presence of GP and VP40, and
total protein concentrations were determined by BCA assay. To measure cell entry,
VLPs were spinfected onto 293AD cells (250×g) for 1 h at 4 °C and then allowed to
enter for 3 h at 37 °C in a 5%CO2 incubator. The fluorescent CCF2-AM β-lactamase
substrate was then fed to the cells for 1 h at room temperature in the dark. Cells
were thenwashed and incubated overnight in the dark at room temperature. Cells
were fixed and analyzed by flow cytometry on a FACSCalibur flow cytometer. The
degree of the shift in fluorescence from green to blue was used to measure entry
(73). All data were analyzed using FlowJo software.
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