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ABSTRACT: Marburg virus (MARV) and Ebola virus (EBOV) are members of the family
Filoviridae (“filoviruses”) and cause severe hemorrhagic fever with human case fatality rates of up to
90%. Filovirus infection requires fusion of the host cell and virus membranes, a process that is
mediated by the envelope glycoprotein (GP). GP contains two subunits, the surface subunit
(GP1), which is responsible for cell attachment, and the transmembrane subunit (GP2), which
catalyzes membrane fusion. The GP2 ectodomain contains two heptad repeat regions, N-terminal
and C-terminal (NHR and CHR, respectively), that adopt a six-helix bundle during the fusion
process. The refolding of this six-helix bundle provides the thermodynamic driving force to
overcome barriers associated with membrane fusion. Here we report the crystal structure of the
MARV GP2 core domain in its postfusion (six-helix bundle) conformation at 1.9 A resolution. The
MARV GP2 core domain backbone conformation is virtually identical to that of EBOV GP2
(reported previously), and consists of a central NHR core trimeric coiled coil packed against
peripheral CHR a-helices and an intervening loop and helix—turn—helix segments. We previously
reported that the stability of the MARV GP2 postfusion structure is highly pH-dependent, with
increasing stability at lower pH [Harrison, J. S., Koellhoffer, J. K., Chandran, K., and Lai, J. R.
(2012) Biochemistry S1, 2515—2525]. We hypothesized that this pH-dependent stability provides a
mechanism for conformational control such that the postfusion six-helix bundle is promoted in the
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environments of appropriately mature endosomes. In this report, a structural rationale for this pH-dependent stability is
described and involves a high-density array of core and surface acidic side chains at the midsection of the structure, termed the
“anion stripe”. In addition, many surface-exposed salt bridges likely contribute to the stabilization of the postfusion structure at
low pH. These results provide structural insights into the mechanism of MARV GP2-mediated membrane fusion.

Marburg virus (MARV) and Ebola virus (EBOV)
constitute the family Filoviridae of enveloped, negative-
stranded RNA viruses (“filoviruses”) that cause severe
hemorrhagic fever in humans and non-human primates.' >
Although filovirus infections are rare, in recent years there has
been an increasing frequency of outbreaks of the most
pathogenic species (Zaire EBOV and Sudan EBOV), and
incidences of novel species.* Filovirus infection is associated
with high human case fatality rates (50—90% in larger
outbreaks), and there are currently no Food and Drug
Administration-approved therapies in the United States. For
these reasons, filoviruses are classified as high-priority
(Category A) biodefense pathogens by the National Institute
of Allergy and Infectious Diseases and the Centers for Disease
Control and Prevention.

As with other enveloped viruses, infection by MARV and
EBOV requires fusion of the viral and host cell membranes, a
process that is facilitated by the envelope glycoprotein GP.°
Fusion of two lipid bilayers is an overall energetically favorable
process, but there is a high kinetic barrier associated with
bringing the negatively charged lipid surfaces into proximity
and introducing deformations into the membranes that are
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required for lipid mixing.® In the structurally defined “class 1”
viral fusion proteins, this barrier is overcome by energy released
from the folding of a highly stable six-helix bundle by the
ectodomain of the glycoprotein.®™ In its prefusion form,
filovirus GP is present on the viral surface as a trimeric spike
consisting of three copies of the GP1—GP2 heterodimer. GP1
is the larger surface subunit, and GP2 is the smaller
transmembrane subunit.”'® Viral entry is initiated by binding
of GP1 to cell surface receptors or lectins (e.g,, TIM-1 and DC-
SIGN).H_13 In EBOV entry, which has been well characterized,
the virus is then taken up into the endosome where host
cysteine proteases cathepsin B and cathepsin L (CatB and
CatL, resépectively) remove all but a 17 kDa fragment of
GPI.14 ' It is thought that host factors interact with the
remaining GP1 fragment to initiate the fusion reaction. Recent
work has implicated the endosomal cholesterol transporter
Niemann Pick C1 (NPC1) as one receptor,'”'* although other
host factors may be required. A conformational change in GP2

Received: July 20, 2012
Revised: ~ August 30, 2012
Published: August 30, 2012

dx.doi.org/10.1021/bi300976m | Biochemistry 2012, 51, 7665—7675


pubs.acs.org/biochemistry

Biochemistry

then results in insertion of the hydrophobic fusion peptide into
the host cell membrane, resulting in the “extended” or
“prehairpin” intermediate. Next, two heptad repeat regions
(N-terminal, NHR, and C-terminal, CHR) of the GP2
ectodomain fold into the six-helix bundle, which draws the
host cell and virus membranes into proximity and promotes
their coalescence.® It is presumed that the molecular events
leading to MARV entry are similar; however, biological studies
indicate that there may be some differences.'®

Two crystal structures were reported in the late 1990s for the
EBOV GP2 core domain six-helix bundle [Protein Data Bank
(PDB) entry 1EBO, from Weissenhorn et al,*® and PDB entry
2EBO, from Malashkevich et al.*']. The EBOV GP2 segments
of the two structures were in agreement and revealed that the
core domain consists of a long, central triple-stranded core
NHR a-helical trimer with the CHR a-helices and intervening
loop and helix—turn—helix segments packed in an antiparallel
configuration about the periphery. Here we report the crystal
structure of the MARV GP2 core domain fused to a trimeric
GCN#4 variant at 1.9 A resolution. The backbone conformation
of the MARV GP2 core domain is essentially identical to that of
EBOV GP2.

It has been well established that the conformation and/or
structural stability of the envelope glycoproteins from many
viruses that enter through the endocytic pathway changes upon
exposure to acidic pH. A classic example is that of the influenza
A virus glycoprotein, HA, where acidic pH destabilizes the
interactions between HA1 (the surface subunit) and HA2 (the
transmembrane subunit) and promotes projection of the HA2
fusion peptide into the host cell membrane.”* This destabiliza-
tion decreases the energetic barrier between the prefusion and
postfusion conformations, facilitating formation of the post-
fusion HA2 conformation.”*® Another example is the
alphavirus Semliki Forest Virus (SFV), which enters cells
through a low-pH-induced conformational change in its
envelope glycoproteins E1 and E2 (these glycoproteins belong
to the “class II” category that contain a high f-sheet content).
Upon exposure to acidic pH, protonation of histidine residues
in the E1—-E2 core is thought to cause dissociation of E1 and
E2 and lead to the E2 postfusion conformation.**** This type
of pH-mediated entry occurs in other class II viruses as well,
including many alphaviruses and flaviviruses.”**”

Portions of filovirus GP also exhibit pH-dependent structural
effects. The fusion loop of EBOV GP has membrane lytic
activity but only at acidic pH.*® Recent work in our lab has
demonstrated that the postfusion conformations of EBOV and
MARV GP are stabilized at acidic pH.>>*° Synthetic proteins
that mimic the postfusion a-helical bundle of EBOV GP2 were
more stable to thermal denaturation at acidic pH.*> Mutational
analysis suggested that interactions among acidic residues (e.g,
ES64, D621, D624, and D629) are important for this pH-
dependent stability.”® We noted a similar phenomemon for the
postfusion structure of MARV GP2.*° On the basis of the
MARV GP2 crystal structure reported here, and site-directed
mutagenesis data, we propose that an “anion stripe” across the
midsection of the postfusion structure involving the core NHR
residue ES80 and peripheral residues E579 and E614 accounts
for this pH-dependent stability. In the context of viral entry,
these pH-dependent effects presumably function as a method
of conformational control such that the postfusion conforma-
tion is most favored under conditions of the appropriate cellular
compartment. Together, these results suggest that a combina-
tion of acidic pH-dependent structural changes in GP and the
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presence of endosomal resident proteins (cysteine proteases
and NPC1) are required for triggering filovirus membrane
fusion.

B MATERIALS AND METHODS

Protein Expression and Purification. Synthetic DNA
fragments encoding “pII-MarVy;” and “pII-MarVoop” (see
Results) were obtained from a commercial supplier (Genewiz,
South Plainfield, NJ). The genes were cloned into pET22b
vectors (Novagen, Madison, WI) using Ndel and Xhol
restriction sites, resulting in expression plasmids pJFK1 and
pJFK2, respectively. Similar methods were used for expression,
purification, and refolding of both constructs. pJFK1 or pJFK2
was introduced into chemically competent Escherichia coli BL21
DE3 cells (Invitrogen, Carlsbad, CA) by heat shock at 42 °C.
These cells were grown in LB broth at 37 °C to an ODgy, of
~0.6, at which point protein expression was induced by the
addition of 1 mM isopropyl p-p-1-thiogalactopyranoside
(IPTG). The culture was incubated at 37 °C while being
shaken at 220 rpm for an additional 14—18 h. The cells were
harvested by centrifugation and lysed by being stirred in 6 M
guanidine hydrochloride (GdnHCI) for 2 h at room temper-
ature. The cell debris was removed by ultracentrifugation, and
the supernatant was incubated with Ni-NTA resin (Qiagen,
Valencia, CA) for 1 h at room temperature. The resin was
washed with 10 column volumes of 6 M GdnHCl in phosphate-
buffered saline (PBS) containing S0 mM imidazole. The
proteins pII-MarVy; and plI-MarVop were eluted with 6 M
GdnHCI in PBS containing 250 mM imidazole. A second
purification step was performed on the eluted protein, by
reverse phase high-performance liquid chromatography (RP-
HPLC) on a Vydac (Hesperia, CA) C18 column (10 uM, 250
mm X 21.2 mm) with water/trifluoroacetic acid and acetonitrile
mobile phases. The collected pure protein fractions were
combined and lyophilized and then redissolved in 5—10 mL of
6 M GdnHCI in PBS. The proteins were refolded by stepwise
dialysis first into 100 mM glycine (pH 3.5) with 2 mM tris(2-
carboxyethyl)phosphine (TCEP) for ~6 h, followed by dialysis
into 10 mM sodium acetate (pH 5.3, ~14 h). Expression and
purification of MarVGP2-S were conducted as previously
described.*

Circular Dichroism (CD) Spectroscopy. Measurements
were performed on a Jasco J-815 spectrometer with a 1 cm
quartz cuvette for the thermal denaturation experiments and a
0.1 cm quartz cuvette for the chemical denaturation experi-
ments. Protein concentrations for CD ranged from 0.5 to 1.5
uM, as determined by the absorbance at 280 nm. Full-
wavelength scans were obtained with a 1 nm step size anda 2 s
averaging time. The signal was converted to mean molar
ellipticity (0) using the equation € (in deg cm® dmol™') =
(millidegrees X mean residue weight)/(path length in
millimeters X protein concentration in milligrams per milli-
liter), where the mean residue weight is the molecular weight
divided by the number of backbone amides.

Thermal and chemical denaturation was monitored at 222
nm (0,,). For thermal denaturation, protein samples were
added to the appropriate buffer [either 10 mM sodium acetate
(pH 5.3) or 20 mM sodium phosphate (pH 7.0)] in a 1 cm
path length quartz cuvette and equilibrated for 1 min before
measurements were taken at 15 °C. The sample was stirred
constantly as the temperature was increased, and data points
were collected every 3—5 °C after equilibration for ~2 min at
each temperature. 6,,, was plotted as a function of temperature
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and converted to fraction unfolded (Fyyg) using the equation
Fune = (0222 — Ounr)/ (Oror — Oune), where Oy and Oroy are
the CD signals for the unfolded and folded states, respectively.
The Fyng versus temperature data were fit to a standard four-
parameter logistic equation using Graphpad Prism (GraphPad
Software, La Jolla, CA); the melting temperature (T)) was
obtained from the infection point of this curve. Unmanipulated
data (6,,, vs temperature) are shown in Figures 2 and 7.
Chemical denaturation was performed by dilution of the
protein samples into analysis buffers containing various
GdnHCI concentrations. The solution was mixed in a 1.5 mL
plastic Eppendorf tube, allowed to equilibrate for 1 min after
the protein had been added, and transferred to a 0.1 cm quartz
cuvette, and then 6,,, was measured. The data were plotted as a
function of GdnHCI concentration and converted to Fyyg as
above.

X-ray Diffraction Data Collection and Crystallo-
graphic Refinement. Both pIl-MarV;; and plI-MarV
constructs were screened for crystallization using MCSG
screening kits (Microlytic, Burlington, MA) in 96-well sitting
drop trays. Prior to crystallization, the proteins were
concentrated to ~2.9 mg/mL in 10 mM sodium acetate (pH
5.3). Crystals for the pII-MarVy; construct exhibiting the best
diffraction were grown in 0.17 M sodium acetate, 0.085 M Tris-
HCl, 25.5% PEG3350, and 15% glycerol (pH 8.5). Crystals
with overall dimensions of 0.15 mm X 0.15 mm X 0.15 mm
were mounted in cryo-loops directly from the crystallization
droplet and flash-cooled in liquid nitrogen. Diffraction data
were collected on a Quantum 315 CCD detector (Area
Detector Systems Corp., Poway, CA) with 1.075 A wavelength
radiation on beamline X29A (National Synchrotron Light
Source, Brookhaven National Laboratory, Upton, NY).
Intensities were integrated using HKL2000 and reduced to
amplitudes using SCALEPACK2MTZ (Table 1).>"*

The structure of pII-MarVy; was determined by molecular
replacement with PHASER.>* The EBOV GP2 postfusion
structure (PDB entry 2EBO) truncated to polyserine was used
as a search model. Model building and refinement were
performed with COOT and REFMAC.*** The quality of the
final structure was verified with composite omit maps.
Stereochemistry was checked with MOLPROBITY.*® LSQKAB
and SSM algorithms were used for structural superposi-
tions.*>*®  Structural figures were prepared using PyMOL
(Schrddinger, LLC, New York, NY).

Limited Proteolysis. Proteases were obtained from Sigma-
Aldrich (St. Louis, MO), and stock solutions were prepared as
indicated in Table 2. In vitro proteolysis was performed by
incubating the protein samples with each protease at either 0.1
or 0.01 mg/mL and at 37 °C for 20 min or 2 h. Reactions were
quenched by the addition of 0.1 mg/mL protease inhibitor
(Roche Applied Sciences, Indianapolis, IN) and placement of
the samples on ice. Purification of the proteolysis products was
performed immediately on a Sephadex S75 column (GE,
Piscataway, NJ) in 10 mM sodium acetate (pH $5.3) with 250
mM sodium chloride at 4 °C. Protein samples were loaded at
concentrations of 90—150 uM, and elution was monitored by
absorbance at 280 nm. Fractions containing purified protease-
stable fragments were combined and concentrated.

Mass Spectrometry Analysis. Mass spectrometry analysis
of the intact and protease-stable fragments of MarVGP2-S, plI-
MarVyg, and pII-MarVop was performed on an LTQ linear ion
trap mass spectrometer interfaced with a Rapid Separation LC
3000 system (Thermo Scientific, San Jose, CA).
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Table 1. Data Collection and Refinement Statistics for the
pII-MarVy; Crystal Structure

PDB entry 4G2K
Data Collection
wavelength (A) 1.075
space group P2,2,2
unit cell dimensions a=5257A
b=14753 A
c=4220A
a=p=y=90°
resolution range (A) 1.9-20.0
no. of observed reflections 260604
no. of unique reflections 26888
completeness (%)* 99.6 (94.3)
Rym 0.071 (0.583)
1/ol 11.5 (2.9)
Roperge (D)”
Structure Refinement
R (%)° 0.197
Riee (%)° 0.248
no. of protein non-hydrogen atoms 2421
no. of water molecules 249
average B factor (A?) 35.0
rmsd from ideal value
bonds (A) 0.011
angles (deg) 1.28
torsion angles (deg) 17.1

“Values in parentheses indicate statistics for the high-resolution bin
(1.95-1.9 A). meerge = XML (hkD) — (I(RKD))I/ X3 I(I(RkD)), where
I is the intensity measurement for reflection j and (I) is the mean
intensity over j reflections. “Ruys (Reee) = LMNF (AR — IF(hKD)II/ Y|
F,(hkl)l, where F, and F, are observed and calculated structure factors,
respectively. No ¢ cutoff was applied; 5% of the reflections were
excluded from refinement and used to calculate Rg,..

Table 2. Proteases and Conditions for Limited Proteolysis

protease Sigma-Aldrich catalog no. buffer
a-chymotrypsin C3142 1 mM HC], 2 mM CaCl,
trypsin T8003 1 mM HC], 2 mM CaCl,
elastase E0127 200 mM Tris-HCl
papain PS5306 H,O
proteinase K P2308 4 mM CaCl,

For MS/MS sequencing, the protein samples were reduced
with 10 mM TCEP and alkylated with 55 mM iodoacetamide,
both in 25 mM ammonium bicarbonate (pH 8.0). The samples
were then digested overnight at 37 °C in a 50 mM ammonium
bicarbonate solution (pH 8.0) using L-1-tosylamido-2-phenyl-
ethyl chloromethyl ketone (TPCK)-modified trypsin immobi-
lized on beads (Thermo Scientific, San Jose, CA). The resulting
tryptic peptides were desalted using C18 Zip Tip with a 0.6 uL
microbed volume (Millipore, Billerica, MA) and diluted with a
2% acetonitrile/2% trifluoroacetic acid mixture to 45 uL for
mass spectrometry analysis.

Nanospray liquid chromatography and mass spectrometry
were performed on an LTQ linear ion trap mass spectrometer
interfaced with a Rapid Separation LC 3000 system (Thermo
Scientific); 40 pL of sample was loaded onto an Acclaim
PepMap C18 Nanotrap column (5 mm, 100 A, 100 mm inside
diameter X 2 cm) in 2% acetonitrile with 0.1% trifluoroacetic
acid at a flow rate of 8 yL/min. After 15 min, the trap column
was switched in line with the Acclaim PepMap RSLC C18
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553 563 573
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EBOV GP2 H GLI CGLROLANET TOALOLFLRA
MARVGP2-S : MHHHHHHENL YFQGN-==== —cecemmemeee cmmmmmmmee mmmmmm e NLV SRLRRLANQT AKSLELLLRV
pII-MarV,. : MHHHHHHENL YFQGNMKQIE DKIEEILSKI YHIENEIARI KKLIG--NLV SRLRRLANQT AKSLELLLRV
pII-MarV,, : MHHHHHHENL YFQGNMKQIE DKIEEILSKI YHIENEIARI KKLIGEANLV SRLRRLANQT AKSLELLLRV
a d a d a d a d a d a d a d a d
| l \
554 564 574
583 593 603 613 623 631
| | [ | | |
a d a d a
EBOV GP2 ¢ TTELRTFSIL NRKAIDFLLO RWGGTCHILG PDCCIEPHDW TENITDKIDQ IIHDFV
MARVGP2-S : TTEERTFSLI NRHAIDFLLT RWGGTCKVLG PDCSIGIEDL SRNISEQIDQ IKKDEQK
pII-MarV, : TTEERTFSLI NRHAIDFLLT RWGGTCKVLG PDCSIGIEDL SRNISEQIDQ IKKDEQK
pII-MarV,, : TTEERTFSLI NRHAIDFLLT RWGGTCKVLG PDCSIGIEDL SRNISEQIDQ IKKDEQK
a d a d a
| \ \ | | |
584 594 604 614 624 632

Figure 1. Protein design. The sequences of the EBOV GP2 ectodomain and the three constructs described here (MarVGP-S, pII-MarV, and plI-
MarVyop) are shown. Residues in EBOV GP2 that differ from those in MARV are colored gray. Segments corresponding to secondary structural
elements for the previously reported EBOV GP2 structures, and for the pII-MarVy; structure, are depicted as cylinders. The colors of the cylinders
match the structural elements depicted in Figure 2A for pII-MarVy. The amino acid numbering for EBOV and MARV GP2 differs by one; the
EBOV numbering is shown above the sequences, and the MARV numbering is shown below. The a and d positions are indicated for the NHR
(including the stutter at position TS66, asterisk) and the GCN4 plI segment. In pII-MarVi;, the GCN4 plI heptad repeat flows contiguously to the
N-terminal end of the NHR (a/d pattern shown below the alignment); in pII-MarVc (which differs by a two-residue insertion), the periodicity of
the heptad repeat is disrupted between the GCN4 plI segment and the N-terminal end of the stutter (a/d pattern shown above the alignment).

nanocolumn (2 pm, 100 A, 75 um inside diameter X 25 cm).
The peptides were separated and eluted into the mass
spectrometer using an acetonitrile gradient of ~1% B/min
(mobile phase A = 2% acetonitrile with 0.1% formic acid;
mobile phase B = 80% acetonitrile with 0.1% formic acid) at a
flow rate of 300 mL/min.

The 10 most intense ions with charge states from +2 to +4
were selected for fragmentation (MS/MS). MS/MS was
performed using an isolation width of m/z 2, a normalized
collision energy of 35%, an activation time of 30 ms, a minimal
signal intensity of 10000 counts, and the dynamic exclusion
option enabled. Once an ion was selected twice for MS/MS
within 15 s, it was excluded from being selected again for a
duration of 60 s. The MS/MS data were submitted for Sequest
search against the protein sequence through Proteome
Discoverer 1.2 (Thermo Scientific) with the following search
parameters: static modification Carbamidomethylation (C),
dynamic modifications Deamidation (N, Q) and Oxidation
(M), precursor mass tolerance of 2 Da, fragment mass tolerance
of 0.6 Da, and minimal peak count of 10.

B RESULTS

Protein Design. We previously characterized a protein
consisting of residues 553—633 from the MARV GP2 core
domain containing two Cys — Ser mutations at positions 557
and 610 (MarVGP2-S).*° This protein adopts a stable, trimeric
a-helical bundle, similar to the corresponding segment from
EBOV GP2. While we were able to perform basic biophysical
characterization of MarVGP2-S, it had limited solubility (<0.5
mg/mL) and expression yields were suboptimal (~0.1 mg/L of
culture). To improve these properties, we prepared two
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MarVGP2-S variants containing N-terminal fusions to a
trimeric coiled coil (“GCN4 pII”). The natural GCN4 sequence
forms a dimeric coiled coil and contains the canonical heptad
repeat pattern denoted abcdefg, with predominantly hydro-
phobic residues (Leu and Val) occupying the a and d positions.
A variant of GCN4 (“pII”) that contains isoleucine at all a and
d positions forms a stable trimeric a-helical bundle.’’
Weissenhorn et al. produced a chimeric protein consisting of
the EBOV GP2 core domain with a fusion to GCN4 plII
[EBOV plIGP2(552—650), PDB entry 1EBO] at the N-
terminus to promote solubility and crystallization.** The GCN4
pll segment has been appended to trimeric envelope
glycoproteins from other viruses to enhance stability in those
systems as well.**~*

The crystal structure of EBOV pIIGP2(552—650) revealed
that the registry of the heptad repeats from GCN4 plI was out
of frame with the heptad repeats of EBOV GP2.*° The cause of
this misalignment is a “stutter” in the periodicity of the EBOV
GP2 postfusion conformation, near the N-terminal region of
the protein at TS65. a-Helices that participate in coiled coils
typically contain a heptad repeat pattern displaying a 3-4-3-4
periodicity of hydrophobic residues (abcdefg abcdefg), where
positions a and d are hydrophobic. The stutter causes an
interruption of this periodicity resulting in an atypical 3-4-4-3
hydrophobic pattern (abcdefg defgabc). As a consequence, there
is a slight distortion of the EBOV GP2 a-helices in the stutter
region, and the registry of the heptad repeat is altered at the N-
terminal segment of the NHR. Sequence alignment of the
EBOV and MARV GP2 suggests that this stutter also exists in
MARV GP2 (at T566 of MARV). Similar stutters are found in
the analogous portion of the structurally related arenavirus GP2

dx.doi.org/10.1021/bi300976m | Biochemistry 2012, 51, 7665—7675
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postfusion conformation, the flexible segment of the influenza
HA2 coiled coil, and others.>>** We designed two chimeric
constructs of MARV GP2 fused to GCN4 plI, one in which the
periodicity of the GCN4 pll segments aligns with the predicted
stutter (“In Frame”, pII-MarVy;) and one analogous to EBOV
pIIGP2(552—650) of Weissenhorn et al. that does not account
for the stutter (“Out of Frame”, plI-MarVop) (Figure 1). All
constructs contained an N-terminal hexahistidine tag followed
by the tobacco etch virus (TEV) protease substrate sequence
(~ENLYFQG~).

Both pII-MarVy; and pII-MarVop were expressed in E. coli,
purified from the insoluble fraction, and refolded by stepwise
dialysis. As anticipated, both proteins had enhanced properties
in terms of solubility (~3 mg/mL) and expression yields (>1
mg/L of culture) relative to those of MarVGP2-S.

Characterization of pll-MarV;; and pll-MarVyeg. Circu-
lar dichroism indicates that both pII-MarVyz and pII-MarVgo
are a-helical, with double minima at 208 and 222 nm, in both
10 mM sodium acetate (pH 5.3) and 20 mM sodium
phosphate (pH 7.0) (Figure 2A). The relative intensities of
the 208 and 222 nm peaks varied with pH for both proteins,
indicating that there are differences in the quaternary packing of
the a-helical segments under different buffering conditions. We
previously reported similar pH-dependent effects in MarVGP2-
S.3° Furthermore, we found that the thermal stability of pll-
MarVy; and plI-MarVop was dependent on pH, with higher
stability at lower pH values (Figure 2B,C), consistent with
behavior previously observed with MarVGP2-S. At pH 5.3, plI-
MarV/; could not be completely unfolded [melting temperature
(Tyy) estimated to be ~98 °C based on the partial denaturation
curve]. However, at pH 7.0, the Ty was 55.7 = 0.9 °C (Figure
2B). Similar pH effects were observed in pII-MarVo (Figure
2C): the Ty at pH 7.0 was 47.6 = 0.5 °C; at pH 5.3, the
denaturation curve was right-shifted but the denaturation
profile was biphasic. One possible interpretation of this biphasic
denaturation profile is that the break in the heptad repeat
registry between the GCN4 plI segment and the MARV GP2
segment caused by the hydrophobic stutter results in
noncooperative unfolding of these two distinct segments in
pII-MarV . This noncooperative behavior is observed under
conditions where both elements are stable (lower pH) but is
masked at higher pH where the MARV GP2 segment is less
stable. This biphasic behavior was not observed in pII-MarV/,
presumably because there is no break in the heptad repeat
registry between the N-terminal segment of MARV GP2 and
GCN4 pll. Therefore, pII-MarVy; unfolds cooperatively.
Chemical denaturation at pH 5.3 and 7.0 confirmed the pH-
dependent stability of plI-MarVyz and pIl-MarVoor (see the
Supporting Information).

Crystal Structure of pll-MarV;. The crystals of pll-
MarV;, exhibited diffraction consistent with space group P2,2,2
with three independent pII-MarV; chains (i.e., a noncrystallo-
graphic trimer in the asymmetric unit). The structure was
determined at 1.9 A resolution (Table 1 and Figure 3) using the
EBOV GP2 postfusion structure (PDB entry 2EBO) as the
molecular replacement search model. To mitigate model bias
from the highly homologous EBOV GP2 structure, PDB entry
2EBO was truncated to polyserine prior to molecular
replacement. The initial electron density map for pII-MarVy
clearly showed the positions of the omitted side chains and the
N-terminal GCN4 plI fusion partner. The backbone con-
formation of the core MARV GP2 segment (residues 550—
631) is virtually identical to the EBOV GP2 postfusion
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Figure 2. Analysis of pIl-MarVy; and pll-MarVoor by CD. (A)
Wavelength scans of both proteins in 10 mM sodium acetate (pH 5.3)
and 10 mM sodium phosphate (pH 7.0). (B and C) Thermal
denaturation of pII-MarVy; (B) and pII-MarVyop (C) at pH 5.3 and
7.0.

structure with backbone Ca rmsd values of 0.68 A when
compared to PDB entry 1EBO (residues 57—129) and 1.13 A
when compared to PDB entry 2EBO (residues $58—630)
(Figure 3B). The NHR forms an elongated central trimeric
coiled coil, with the polypeptide reversing direction at R597
and leading to the loop and helix—turn—helix motifs that
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 pll-MarVie
PDB ID 1EBO
PDB ID 2EBO

CHR

Figure 3. Structural features of the pII-MarVy; crystal structure. (A) Overall depiction of the fold, with secondary structural elements colored
according to the cylinders in Figure 1. The chloride ion bound by N587 is shown as a green sphere and depicted with electron density in panel C.
(B) Overlay of pII-MarVy with the two reported EBOV GP2 structures (PDB entry 1EBO, from Weissehorn et al,?® and PDB entry 2EBO, from
Malashkevich et al.>"). The structural alignment was performed with the MARV/EBOV GP2 segments only. (C and D) View down the NHR trimer
axis and electron density for regions near the chloride-binding site (C) and the ES80 residue oriented toward the core (D).

precede the CHR. An intrachain disulfide bond between C602
and C609 stabilizes the helix—turn—helix motif, analogous to
the disulfide bond between C601 and C608 in EBOV GP2. The
MARV GP2 CHR a-helices are approximately three full turns
in length (beginning at S617 and ending at E631) and are
packed about the periphery of the NHR core trimer, distal to
the turn. As predicted, the heptad repeat stutter position
(T566) points toward the core, and therefore, the periodicity of
the GCN4 plI segment is maintained with the N-terminal NHR
segment, consistent with design. An overlay of pII-MarV; and
EBOV pIIGP2(552—650) demonstrates that the GCN4 pll
trimer is in alignment with the core NHR trimer in pII-MarV
but is distorted in EBOV pIIGP2(552—650) (Figure 3B). A
chloride ion is bound in the pII-MarVyz core NHR trimer at
N587, analogous to the anion-binding pocket observed in both
EBOV GP2 structures (Figure 3C).

We previously performed site-directed mutagenesis on the
MARV GP2 core domain in an attempt to identify residues in
the MARV GP2 core that contributed to pH-dependent
stability.>® On the basis of homology to EBOV GP2, we
predicted that MARV GP2 E580, which occupies a d position,
would point toward the core. However, mutation of this residue
to its neutral analogue (Gln) had no impact on pH-dependent
stability. The structure of pII-MarV}; demonstrates that in fact
this side chain is oriented toward the core of the NHR trimer
(Figure 3D). Polar residues at core a or d positions are
common in coiled coils and specify both a-helix orientation and
registry because there is a strong driving force for pairing the
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polar residues from opposing a-helices in the context of a
hydrophobic core.**”* Furthermore, anionic residues at these
positions, and peripheral e and g positions, can mediate pH-
dependent behavior or heterooligomerization.**™* While the
three ES80 side chains from associated NHR chains point
toward the core, the polar residues do not appear to be
stabilized by adjacent cationic residues or counterions. Electron
density in this region is well-defined and supports the modeled
side chain orientation (i.e., toward the core). It is therefore
likely the E580 side chain carboxylic acid has an elevated pK,
value because deprotonation of these residues in the context of
the hydrophobic core would be energetically unfavorable. In
fact, Glu residues at core a and d positions or at peripheral e
and g positions in other coiled-coil systems typically have
elevated pK, values.*”*°

Although an ES80Q_single mutant was not dramatically
altered in terms of pH-dependent stability, a double mutant
containing Glu — GIln mutations at position 580 and the
adjacent ES79 residue had enhanced stability at pH 7.0 relative
to that of WT.** The pII-MarVy; crystal structure reveals that
ES79 side chain O8 atoms are approximately S A from the side
chain O6 atom of E614 in the loop of the adjacent monomer
(Figure 4A). As a consequence of distinct local environments in
the asymmetric unit, there were some nonequivalent
interactions within the trimer; the interatomic distances
between proximal oxygen atoms on ES79 and E614 were 4.3,
44, or 52 A in the three different GP2 monomers. The
proximity of ES79 and E614 results in considerable negative
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Figure 4. Anion stripe and shielding arginine residues. (A) Side chains
of ES79, ES80, and E614 shown in a space-filling representation. (B)
View of side chains that comprise the anion stripe down the NHR
trimer axis. (C) Stabilizing interactions with RS81, RS7S, and R618
(colored blue).

electrostatic surface potential near the midsection of the
molecule (Figure 5). Together, ES79, ES80, and E614 form an
anion stripe that runs across the center of the postfusion

Figure S. Calculated electrostatic surface potential. To generate the
surface electrostatic map of MARV GP2, the PBEQ-Solver server was
used with the generic presets (refs 62—64). A solvent accessible
surface representation of MARV GP2 is shown with an electrostatic
potential map (+5 kcal/mol of ¢ in blue to —5 kcal/mol of ¢ in red).
The surface of MARV GP2 is highly charged, and the anionic stripe
forms an electronegative pocket in the center of the protein. The
surface-exposed residues that make up the anionic stripe, ES79 and
E614, are labeled.
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structure (Figure 4B). We propose that the concerted
interactions among carboxylic acid or carboxylate atoms
(depending upon protonation state) in this anion stripe
contribute to the pH-dependent stability. At higher pHs, the
three side chains (E579, ES80, and E614) are deprotonated,
which destabilizes the core structure because of repulsion
between juxtaposed negatively charged atoms. This destabiliza-
tion may involve specific residue—residue interactions (for
example, the three ES80 side chains pointed toward the NHR
core) or global effects that result from a high density of anionic
residues at the center of the postfusion structure. The
mechanism for pH-dependent destabilization at higher pHs
likely requires concerted action of residues in the anion stripe
because individual mutation of ES79 or ES80 to neutral
analogues had little effect on pH-dependent stability.*® Other
side chains may be involved in this mechanism, such as D615,
which is near the anion stripe but does not appear to interact
directly with any other acidic residues.

In addition, several salt bridges may stabilize the postfusion
structure (Figure 6). In all three GP2 monomers, there is

Figure 6. Salt bridges that may stabilize the postfusion conformation.
For interactions involving residues from two separate monomers, the
residues that are located on a different monomer are indicated with a
prime symbol. Two conformations were observed for the side chain of
HS89.

potential for interaction between K628 Ne in the CHR and
ES71 O6 in the NHR, though the electron density was not
well-defined past Cy for K628. In one of the three monomers
(chain A), the side chains of R618 and E622 are oriented
toward one another. In the other two monomers (chains B and
C), crystal contacts from adjacent subunits or poorly defined
electron density of the E622 side chain obscure this interaction,
but electrostatic interactions between these two side chains are
nonetheless possible in solution. In all three monomers, the
terminal N atom of R575 (NHR) is <3.5 A from E614 O8
(loop region). The side chain of RS81 is near that of D615 in
all three monomers. Together, R575, R581, and R618 form two

dx.doi.org/10.1021/bi300976m | Biochemistry 2012, 51, 7665—7675
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Figure 7. Limited proteolysis. Representative results for limited proteolysis of MarVGP2-S after 2 h at two protease concentrations, 0.1 (A) and 0.01
mg/mL (B): lane 1, no protease; lane 2, a-chymotrypsin; lane 3, trypsin; lane 4, elastase; lane S, papain; lane 6, proteinase K. Complete information
for proteolysis conditions can be found in Materials and Methods and Table 2. Results from similar experiments with pII-MarVy; and pII-MarVp
are found in the Supporting Information, along with mass spectrometry analysis of the protease-stable fragments. (B) Thermal denaturation at pH
5.3 and 7.0 for the FPLC-purified a-chymotrypsin-stable fragment of MarVGP2-S.

layers of basic residues on the exterior of the structure that
sandwiches the anion stripe (R581 above and R$75 and R618
below) (Figure 4C). This configuration may serve to stabilize
the high density of negative charge that could result from
deprotonation of all side chains in the anion stripe. There are
several additional potential salt bridges involving residues near
the reverse turn. D608 could potentially participate in
electrostatic interactions with R588 of the same monomer
and HS89 of the adjacent monomer. Similarly, a cluster of ionic
residues is formed by R588, HS589, and D592 within a single
monomer near the end of the CHR segment.

Limited Proteolysis. To further define the stable core of
MARV GP2, we subjected MarVGP2-S, pII-MarVyg, and pll-
MarVop to proteolysis by a panel of common proteases: a-
chymotrypsin, trypsin, elastase, papain, and proteinase K (Table
2, Figure 7A,B, and Supporting Information). Reactions were
performed at two different protease concentrations (0.1 or 0.01
mg/mL), and reactions were quenched at 20 min or 2 h. These
trials yielded stable fragments in all three proteins, most
apparent upon cleavage with a-chymotrypsin. For all three
proteins, the proteolysis with a-chymotrypsin was repeated on
a large scale, and the a-chymotrypsin-stable fragment was
isolated by fast performance liquid chromatography (FPLC)
and characterized by mass spectrometry. For MarVGP2-S, the
fragment had a molecular mass difference of —1474 Da relative
to the unproteolyzed protein, which is consistent with removal
of the first 11 residues comprising the hexahistidine tag and the
first four residues of the engineered TEV cleavage site
(removed portion had an MHHHHHHENLY~ sequence).
Peptide fragmentation mass spectrometry confirmed the
sequence of the protease-stable fragment (see the Supporting
Information). Similarly, results of mass spectrometry analysis of
the protease-stable fragments of pII-MarVy; and pII-MarVyog
were consistent with the conclusion that the analogous
hexahistidine/TEV cleavage site was removed from those
proteins as well.

It is of potential concern that the hexahistidine tag
contributes to the pH-dependent stability observed in the
MARV and EBOV GP2 ectodomain proteins. Generally,
hexahistidine tags do not affect structural analysis, but
cautionary exceptions have been noted.>’ We performed
thermal denaturation of the a-chymotrypsin-stable fragment
of MarVGP2-S to address these concerns, because this
fragment lacks the histidine tag. We found similar pH-
dependent stability (Figure 6C), demonstrating that the
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histidine tag plays no role in this phenomenon and that it is
an intrinsic property of the native protein.

B DISCUSSION

Overall, the structure of the MARV GP2 core domain suggests
that interactions among ionic side chains mediate the pH-
dependent stability of the postfusion conformation. On the
basis of previous mutagenesis data, we propose that the anion
stripe consisting of ES79, ES80, and E614 plays a critical role.
The pH-dependent behavior may not be attributable to any
single side chain—side chain interaction but rather the
concerted action of the entire ensemble of acidic residues.
Folding of the six-helix bundle would be most favorable under
conditions where repulsive interactions between side chains in
the stripe are minimized; this would be most likely at low pH
when all three glutamic acid side chains are protonated. In our
previous work, we reported that 500 mM NaCl stabilizes the
six-helix bundle at pH 7.0 and 5.3, but that the pH-dependent
stability was nonetheless observed.** Because the anion stripe
includes residues that are surface-exposed, as well as ES80,
which is oriented toward the core, it seems reasonable that
charge screening might have some effect on stability but would
not completely abrogate the pH-dependent effects. The anion
stripe does not appear to be present in EBOV GP2, as positions
580 and 614 are occupied by residues Leu and His, respectively
(Figure 1). Previously, we described the pH-dependent stability
of desi§ned proteins that mimic the EBOV GP2 six-helix
bundle.”” In this case, pH-dependent stability appears to be
mediated by surface-exposed interactions among acidic side
chains (ES64, D621, D624, and D629).

In MARV GP2, the proximity of several acidic and basic side
chains suggests that a constellation of salt bridges provides
further stabilization of the postfusion conformation under
conditions where Glu and Asp side chains are present as
carboxylate species. In general, surface-exposed salt bridges are
thought to provide only minor contributions to overall stability
in a-helical proteins.”> For example, in the designed
heterodimeric coiled coil known as “Acid-pl—Base-pl”, all e
and g positions of the two-component a-helices are occupied
by either Asp (Acid-pl) or Lys (Base-pl).** The Acid-pl—
Base-p1 heterodimer is preferred over either the Acid-pl1—Acid-
pl or Base-pl—Base-pl homodimer not because of energetic
contributions from salt bridges from opposing a-helices in the
heterodimer but rather because each of the homodimers is
disfavored relative to the heterodimer due to repulsion.*® At
extreme pH (low pH for Acid-p1 and high pH for Base-p1), the
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homodimers are more thermostable than the heterodimer at
neutral pH. However, in the context of MARV GP2, it seems
plausible that the side chains of R$75, R581, and R618, which
form layers of cationic charges above and below the anion
stripe, contribute to the overall stability by shielding the high
density of anionic charges if the side chains of E579, ES80, and
E614 are deprotonated. This shielding effect may explain why
the six-helix bundle forms at neutral pH or higher (the crystals
here were grown at pH 8.5), even though it is much less stable
than at lower pH. In lower-pH environments, this “shielding” of
the anion stripe is less important presumably because the side
chains of ES79, ES80, and E614 are protonated.

In solution, CD experiments suggest that there are some
differences in structure at pH 7.0 and 5.3 because the ratio of
208 and 222 nm peaks differs under these conditions. However,
the crystals of pII-MarV7; were obtained at pH 8.5, and the core
domain backbone conformation is identical to that of EBOV
GP2 crystallized at pH 7.5 (PBD entry 1EBO) and pH 4.6
(PDB entry 2EBO). It is possible that inclusion of the GCN4
pII segment induces a single conformer in the crystalline state,
regardless of pH, because pII-MarV;; and EBOV pIIGP2(552—
650) (the protein crystallized in PDB entry 1EBO) contain this
segment and were crystallized at a higher pH. Because CD is
inherently low resolution, it is not possible to determine if the
signature represents a homogeneous conformational state or an
ensemble of two or more states. However, in the context of the
prefusion spike (in the presence of GP1), the EBOV GP2 NHR
adopts a distinct but a-helical conformation.*

It is interesting to note that EBOV pIIGP2(552—650) was
reported to have high thermostability (Ty; > 90 °C) at pH
8.0.° However, we recently reported that smaller designed
proteins that mimic the EBOV GP2 a-helical bundle exhibit
pH-dependent stability with lower stability at neutral pH.*’
Therefore, in EBOV GP2, the length of the construct may have
an effect on pH sensitivity because pIIGP2(552—650)
encompasses more of the ectodomain than our designed
proteins and also includes the GCN4 plI fusion. It is possible
that the EBOV GP2 postfusion structure is less sensitive to pH
than is the MARV GP2 postfusion structure because both plI-
MarVGP2 g0 and pII-MarVGP2; were much less stable at pH
7.0 than EBOV pIIGP2(552—650) at pH 8.0. Whether these
differences reflect variations in the mechanisms of EBOV and
MARY entry remains to be determined.

The mechanism of pH-dependent stability for the MARV
and EBOV GP2 contrasts with those of influenza HA and SFV
El and E2. In influenza HA and SFV El and E2, exposure to
acidic pH disrupts or destabilizes the prefusion conformation,
which presumably decreases the barrier to the lowest-energy
postfusion conformation.”* > Therefore, acidic pH plays a
direct role in early fusion events by inducing structural changes
in the glycoprotein. In MARV and EBOV GP2, acidic pH
stabilizes (and therefore favors the formation of) the postfusion
conformation.””* Low pH is likely required for early steps in
the fusion pathway, because CatL, CatB, and other endosomal
proteases are most active at pH ~S. These proteolysis steps are
necessary but not sufficient for viral entry; exposure to low pH
appears to have little direct effect on the GP prefusion
conformation.>® The direct role of acidic pH on GP appears to
be in later steps of membrane fusion: activation of the fusion
loop and promotion of the six-helix bundle.>*~°

The heptad repeat stutter at TS66 is reminiscent of other
stutters found in the postfusion structures of the class I viral
envelope glycoproteins of EBOV GP2, lymphocytic choriome-
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ningitis virus (LCMV) GP2, influenza virus HA2, and severe
acute respiratory syndrome corona virus (SARS-CoV) §2.43%
It is notable that stutters are a common architectural feature
among glycoproteins from these phylogenetically distinct
viruses. Furthermore, stutters are also present in a-helical
segments of some class III envelope glycoproteins that contain
mixed a/f structure (e.§., Epstein-Barr virus gB and vesicular
stomatitis virus G).**>>¢ In long coiled-coil proteins, heptad
repeat stutters are located at regular intervals.’”*® It is believed
that the translation shift in the superhelical twist (a slight
unwinding) that results from the stutter stabilizes the overall
fibril by preventing effects from overtwisting.>”*° However, it is
unlikely the stutters are required for this reason in the context
of virus envelope glycoproteins, because the a-helical bundles
are relatively short and have a larger superhelical radius because
they are trimeric. In EBOV GP2 and influenza HA2, the
stutters occur in regions that adopt very different structures in
the prefusion and fusion-active forms. For example, the NHR
segment of EBOV GP2 is interrupted into three shorter a-
helices in the prefusion structure, with a major kink at the
stutter position (T565).°>*' The stutter in influenza HA2
occurs in the central stalk in a segment that adopts a loop
conformation at neutral pH but a trimeric coiled coil at low
pH.>>* Therefore, one potential role of the stutter is to
provide flexibility in segments that act as a conformational
switch during membrane fusion.

The sequence of MARV GP2 is 60% identical with that of
EBOV GP2, and the overall structures are virtually identical,
suggesting that filoviruses share a conserved mechanism for
viral entry. Furthermore, the filovirus GP2 postfusion structures
display a striking similarity to other fusion proteins, such as
those from the evolutionarily distinct retrovirus and arenavirus
families. For example, the sequence of the fusion protein from
Moloney murine leukemia virus (MoMLV), a retrovirus, is
<25% identical with that of filovirus GP, yet their structures
display marked similarity, especially in the loop and helix—
turn—helix regions. MoMLV TM is comprised of a 33-residue
trimeric coiled-coil core that aligns extremely well with the
filovirus GP2 a-helical core.”" The available structure appears
to be truncated within the coiled-coil region; however, it is
predicted that the MoMLYV protein core contains additional C-
terminal helical residues that pack to form a trimer of hairpins,
such as is seen in MARV and EBOV GP2.>>**%° Comparisons
between filovirus GP2 and LCMV GP2 can also be drawn.*
LCMYV belongs to the arenavirus family and is known to cause
severe aseptic meningitis in humans. The sequence of LCMV
GP2 is <20% identical with that of filovirus GP2; again,
however, the overall architectures of the fusion proteins have
distinct similarities, with short CHR regions packing back into
the grooves of the NHR core trimer to form a trimer of
hairpins.*”*"** Much like MARV GP2, the postfusion state of
LCMV GP2 is also stabilized by a number of salt bridges. It is
interesting to note that in both cases the NHR core is
elongated, with that of LCMV making 13 turns and that of
MARV/EBOV making 10 turns, while the CHR regions are
comparatively short, spanning only three or four turns.”**"*
Additionally, LCMV GP2 contains a similar loop and helix—
turn—helix segments preceding the CHRs that are seen in
MARYV, EBOV, and MoMLV. The conservation of the
glycoprotein transmembrane domain postfusion structure
across these distinct viral families indicates that this
configuration plays a crucial role in viral entry.

dx.doi.org/10.1021/bi300976m | Biochemistry 2012, 51, 7665—7675



Biochemistry

B ASSOCIATED CONTENT

© Supporting Information

Guanidine HCI denaturation of pII-MarVy; and pII-MarVop,
limited proteolysis of pII-MarVy; and pII-MarVop, and mass
spectrometry analysis of fragments from limited proteolysis.
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