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Introduction

Ebola virus is a member of the family Filoviridae of negative-
stranded, enveloped viruses (“filoviruses”) that cause severe
hemorrhagic fever.[1, 2] The Zaire species (EBOV) and two others
(Sudan and Bundibugyo) have been associated with large out-
breaks that have up to 90 % human case fatality rates.[3, 4] De-
spite the increasing re-emergence of EBOV and outbreaks of
new species,[5, 6] there are currently no treatments or vaccines
approved for use in humans in the United States. As with
other enveloped viruses, EBOV entry into host cells requires
fusion of the viral and host cell membranes, a process that is
mediated by the envelope glycoprotein (GP).[7–9] In its native
(“prefusion”) form, GP contains three copies each of the two
subunits, GP1 (the surface subunit) and GP2 (the transmem-
brane subunit) (Figure 1).[10, 11] GP1, the larger of the two sub-
units (130 kDa), is responsible for cell attachment. It also con-
tains a heavily glycoslyated mucin-like domain (muc) that proj-
ects from its surface and may play a role in immune evasion.[11]

GP2 is much smaller (24 kDa) and contains two heptad repeat
regions (N-terminal and C-terminal, NHR and CHR, respectively)
that form a highly stable six-helix bundle in the postfusion
conformation. Folding of the six-helix bundle during viral entry
provides the driving force for fusion between the viral and
host cell membranes. In the prefusion conformation, GP1 is
closely associated with GP2, and the two are tethered together
through a disulfide bond. GP2 is anchored to the viral mem-

brane by its transmembrane domain.[10, 11] Upon viral attach-
ment and uptake, priming and triggering events in endosomal
compartments release constraints on prefusion GP, resulting in
deployment of the fusion machinery.[12]

A key step in the entry process is the proteolytic cleavage of
GP by host cysteine proteases present in the endosome. Zaire
EBOV appears to be dependent on the cysteine proteases cath-
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epsin B and cathepsin L (Cat B and Cat L) for entry;[12–14] howev-
er, other filoviruses vary in their dependence on these two pro-
teases.[15] The proteolytic cleavage event removes most of GP1,
leaving only a small 17 kDa fragment, and is necessary, but not
sufficient, to trigger viral membrane fusion.[16] GP cleavage
appears to play at least two roles in entry. First, cleavage is
thought to unmask a binding site for the endosomal cholester-
ol transporter Niemann-Pick C1 (NPC1), which was recently
shown to be a critical intracellular receptor for filovirus
entry.[17–19] Second, proteolytic cleavage may prime GP2 for
conformational change by removing constraints imposed by
GP1.[12, 13, 20] In analogy to other enveloped viruses, the next
step of EBOV entry involves a dramatic conformational change
in the proteolytically cleaved GP, leading to projection of the
GP2 N-terminal fusion loop into the host cell membrane. GP2
is then thought to collapse into the stable postfusion six-helix
bundle, supplying the energy needed to overcome barriers
associated with membrane fusion[7, 8] (Figure 1). Despite recent
progress, many questions remain regarding EBOV viral entry.
Structural changes in GP associated with endosomal proteolyt-
ic cleavage are incompletely defined, and our understanding
of these changes derives from in vitro experiments; no probes
are currently available to detect cleaved forms of GP generated
within the endosomes of intact cells.

Monoclonal antibodies are essential reagents for under-
standing viral membrane fusion and identifying epitopes for
immunotherapy or vaccine development. In the well-studied
systems of HIV-1 and influenza, conformation- or strain-specific
antibodies targeting the viral envelope glycoproteins have
been used to discern which conformations are most relevant
to membrane fusion and how such conformations could be

mimicked by designed immunogens.[21–27] Furthermore, anti-
bodies that have high specificity for epitopes or conformation-
al intermediates critical to the viral membrane fusion pathway
typically have high neutralization potency and, therefore, im-
munotherapeutic promise. B-cell repertoires from HIV-1 or in-
fluenza survivors, isolated by phage display or other methods,
have been a fruitful source of neutralizing antibodies for these
purposes.[28–31] However, there are limited natural sources of
human EBOV antibodies targeting fusion-relevant forms of GP
because survivors typically have low antibody titers, and most
antibodies that arise from natural infection react preferentially
with a soluble form of GP (sGP) that is secreted by the virus
but is not relevant to membrane fusion.[32–34] At present, only
two neutralizing antibodies targeting GP have been structural-
ly characterized.[35–37] Other antibodies that target various epi-
topes of GP have been reported, but none of these harbors
a human framework.

Here we describe the isolation of new GP-targeting antibod-
ies from synthetic antibody repertoires. Synthetic antibody
technology is a powerful approach toward the identification
and characterization of monoclonal antibodies. Structural and
bioinformatic analysis of existing antibody–antigen structures
provides insight into which residues have optimal physico-
chemical characteristics for molecular recognition. In the most
extreme case, antibody libraries in which positions in the com-
plementarity-determining regions (CDRs) vary between only
two residues—Tyr and Ser—are sufficient to support specific
and high affinity antigen interactions against some targets.[38, 39]

The in vitro nature of the selection process, and the fact that
synthetic repertoires are predicated on principles of protein
recognition rather than immune response, permits identifica-

Figure 1. Schematic of the EBOV glycoprotein, GP, throughout its proposed structural transitions during entry into host cells. EBOV GP contains three copies
each of a 130 kDa surface subunit, GP1 (blue), and a 24 kDa transmembrane subunit, GP2 (purple). GP1 contains a heavily glycosylated carboxy-terminal
mucin-like domain (represented by pink spheres, “mucin”). GP2 contains a distinct hydrophobic patch at the N terminus (the fusion peptide) and N-terminal
and C-terminal heptad repeat regions (NHRs and CHRs, respectively). After the virus is taken up into the endocytic pathway, endosomal cysteine proteases
cathepsins B and L (Cat B and Cat L) cleave and remove the glycan cap and mucin-like domains of GP1. In response to an unknown trigger, the cleaved GP
next undergoes a large conformational change, resulting in the formation of a stable six-helix bundle. Formation of this six-helix bundle is thought to provide
the energy required for fusion of the viral and host cell membranes. Here, GP is depicted in its prefusion trimer (PDB ID: 3CSY[10]) both before and after ca-
thepsin cleavage and in its postfusion six-helix bundle (GP2Post-Fusion ; PDB ID: 1EBO[54]). The antigens used for the selection (GPUNCL and GPCL) are soluble forms
(i.e. lacking the transmembrane domain) of GP prior to and following proteolysis (respectively). The model for GPCL was generated by modifying the PDB file
for GPUNCL (PBD ID: 3CSY) to reflect the residues that are removed during cathepsin cleavage.[43]
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tion of antibody fragments against targets that have resisted
traditional antibody isolation methods. Furthermore, the strin-
gency of the selections can be highly controlled, and it is
therefore possible to identify antibodies with unique or en-
hanced specificity profiles (e.g. , see refs. [40]–[42]).

Results and Discussion

Identification of synthetic antibodies that recognize distinct
forms of GP

We sought to identify antibody fragments with orthogonal
binding and neutralization specificities for the prefusion and
proteolytically cleaved intermediate forms of EBOV GP. We em-
ployed a synthetic antigen binding fragment (Fab) library, as
such libraries have demonstrated utility against nonimmuno-
genic targets. “Library F” contains binomial Tyr/Ser randomiza-
tion in nonstructural positions of CDR-H1 and CDR-H2, and ad-
ditional variation at CDR-L3 and CDR-H3 that encodes the nine
residues Tyr/Ser/Gly/Ala/Phe/Trp/His/Pro/Val in a 5:4:4: 2:1:1:1:
1:1 ratio (Figure 2 A). This amino acid distribution mimics the
observed distribution in natural CDR segments.[38] Antibodies
against over 100 diverse antigens with high affinities and spe-
cificities have been identified using Library F (Sidhu, unpublish-
ed and [57]). Full details for Library F synthesis and characteri-

zation will be published elsewhere; the diversity was 3 � 1010

unique members.
Previous work has demonstrated that the soluble form of

EBOV GP lacking the transmembrane region and the mucin-
like domain serves as a structural mimic for the prefusion form
(GPUNCL).

[12, 19] In addition, treatment of GPUNCL with thermolysin
mimics proteolysis by Cat L and Cat B (GPCL).

[14, 16, 43] We there-
fore used soluble GPUNCL and GPCL ectodomains as surrogates
for the membrane-bound prefusion and proteolytic intermedi-
ate forms, respectively, in phage display selections to isolate
Fabs from Library F. After four or five rounds of selection
against GPUNCL or GPCL, respectively, clones displaying at least
tenfold preference for GPUNCL or GPCL over a negative control
protein were tested for selectivity between the two forms of
GP. We identified two Fab-phage clones with unique recogni-
tion properties on-phage; surprisingly, both were isolated from
selection against the GPCL ectodomain. These two clones ex-
hibited the best specificity for GPUNCL or GPCL out of a panel of
12 selected clones that were characterized extensively. FabCL

bound preferentially to GPCL, and FabUNCL bound preferentially
to GPUNCL. Both clones displayed moderate levels of cross-reac-
tivity for the different forms of GP, but nonetheless had distinct
preferences (Figure 2 B and 2 C). Interestingly, both clones con-
tain long CDR-H3 loops with a distribution of aromatic (Trp/
Tyr/Phe) and flexible (Gly/Ser) residues. In addition, FabUNCL

contains several Pro residues in the CDR-H3 segment (Fig-

Figure 2. A) Amino acid sequences for Library F, FabCL, and FabUNCL. Invariant residues in Library F are highlighted in grey. Oligos of varying length were used
during library construction in the LCDR3 (3–7 X residues) and HCDR3 (1–17 X residues) regions. X encodes nine residues, Tyr/Ser/Gly/Ala/Phe/Trp/His/Pro/Val,
in a 5:4:4:2:1:1:1:1:1 ratio. B and C) ELISA binding profiles for B) FabCL and C) FabUNCL against GPUNCL and GPCL. BSA was included as a negative control protein.
The half-maximal binding titers (EC50) were as follows: B) 1.7 nm for FabCL against GPCL and 13 nm against GPUNCL ; C) 75 nm for FabUNCL against GPUNCL.
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ure 2 A). The length of the CDR-H3 regions suggests that this
segment constitutes a major element of the structural para-
tope for both Fabs.

Binding and neutralization profiles

FabCL and FabUNCL proteins were expressed periplasmically in
E. coli and purified. Binding profiles toward GPCL, GPUNCL, and
BSA were assessed by ELISA (Figure 2 B and 2 C). FabCL demon-
strated preferential binding to GPCL, with a half-maximal bind-
ing titer (EC50) of 1.7 nm, but also exhibited cross-reactivity
with GPUNCL (EC50 of 13 nm). No binding to BSA was observed.
FabUNCL was specific for GPUNCL, with an EC50 of 75 nm and only
low levels of binding to GPCL. FabUNCL showed no appreciable
binding to BSA.

We used a vesicular stomatitis virus particle bearing EBOV
GP in place of the native envelope glycoprotein (VSV-GP pseu-
dotype) to determine whether these two antibodies had neu-
tralization activity for GP-mediated viral entry. As with the puri-
fied ectodomain, the VSV-GP construct (VSV-GPUNCL) lacks the
mucin-like domain. Furthermore, the viral genome encodes
the enhanced green fluorescent protein (eGFP), allowing quan-
tification of infection by fluorescence microscopy. VSV-GP parti-
cles can be treated with thermolysin in situ to mimic the
cleaved form, VSV-GPCL,

[14, 16, 20] allowing antibody neutralization
potential to be tested against viruses displaying both forms of
GP. For these experiments, the IgG1 versions of both FabCL and
FabUNCL (IgGCL and IgGUNCL) were produced in HEK293T cells and
purified. IgGCL had enhanced stability relative to FabCL and was
therefore used for the neutralization studies. FabUNCL and Ig-
GUNCL behaved equally well ; therefore, FabUNCL was used due to
the higher yield. Vero cells were used as the infection host.

As shown in Figure 3 A, IgGCL neutralized VSV-GPCL in a dose-
dependent manner with an IC50 of 87 nm. At the highest IgGCL

concentrations tested (670 nm), the maximum neutralization
observed was approximately 75 %. Previous studies by Shed-
lock et al. identified a monkey antibody, JP3K11, that bound to
and neutralized Cat l-cleaved GP, suggesting that epitopes on
GPCL could be targeted by antibodies.[44] Our results with IgGCL

confirm that epitopes on GPCL can be targeted for virus neu-
tralization. However, unlike JP3K11, which did not discriminate
between viruses containing uncleaved and cleaved GP, IgGCL

showed no appreciable neutralization activity toward VSV-
GPUNCL at the highest antibody concentration tested (Fig-
ure 3 C). These results indicate that the neutralization epitope
for IgGCL is not exposed prior to endosomal uptake. Further-
more, the specific neutralization activity of IgGCL toward the
cleaved form of the glycoprotein matches the preferential
binding of FabCL for GPCL as observed by ELISA.

FabUNCL specifically neutralized VSV-GPUNCL with an IC50 of
1 mm, and up to approximately 80 % neutralization at the high-
est Fab concentration (3.2 mm) (Figure 3 B). No neutralization of
the VSV-GPCL particle was observed, even at the highest FabUNCL

concentration tested. Therefore, IgGCL and FabUNCL have orthog-
onal neutralization profiles for the cleaved and prefusion forms
of GP, respectively.

Competition ELISAs demonstrate that FabCL and FabUNCL

bind novel epitopes

We next explored if the two synthetic antibodies bound to
known structural epitopes on the prefusion or proteolytically
cleaved forms of GP. Although the neutralization profiles of the
two Fabs were specific, the moderate cross-reactivity of FabCL

and FabUNCL for the different forms of GP (Figure 2 B) suggested
that there might be some overlap in their structural epitopes.
We therefore performed competition ELISAs to dissect recogni-
tion profiles. FabCL was biotinylated (bFabCL), and binding to
immobilized GPCL (detected with a streptavidin/horseradish
peroxidase conjugate) was quantified in the presence of four
nonbiotinylated competitors : FabCL (positive control), FabUNCL,
KZ52 IgG (an antibody isolated from an EBOV human survivor
library[45]), and the soluble isolated form of the 248-residue lu-
minal domain C of NPC1 (Loop C). Recently, it has been estab-
lished that Loop C binds specifically and directly to GPCL.

[19] Fur-
thermore, Loop C is able to inhibit the infection of VSV-GPCL.

[19]

These results indicated that Loop C acts as an essential deter-
minant for the recognition of NPC1 by cleaved GP within en-

Figure 3. Neutralization profiles of FabUNCL and FabCL for infection of Vero
cells. A) IgGCL versus VSV-GPCL. IgGCL inhibits VSV-GPCL in a dose-dependent
manner, with an IC50 of 87 nm. B) FabUNCL versus VSV-GPUNCL. FabUNCL inhibits
VSV-GPUNCL with an IC50 of 1 mm. C) Neutralization profiles of IgGCL and
FabUNCL against VSV-GPUNCL and VSV-GPCL at high antibody concentrations.
Neutralization profiles of the two antibodies are completely orthogonal and
match the recognition specificities determined by ELISA.
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dosomes. We included Loop C in the competition ELISA to see
if Loop C would inhibit bFabCL binding since one potential
mechanism for inhibition of VSV-GPCL entry would be direct
competition for NPC1. We found that binding of FabCL was not
reduced in the presence of Loop C, even at concentrations
near 1 mm. Therefore, the FabCL binding epitope is distinct
from that of Loop C. Additionally, neither FabUNCL nor KZ52 IgG
reduced the binding of bFabCL, indicating that FabCL binds
a structural epitope distinct from those bound by FabUNCL and
KZ52. As expected, FabCL (nonbiotinylated) reduced the bind-
ing of bFabCL in a concentration-dependent manner with an
IC50 of 90 nm (Figure 4 A).

Similar experiments were performed with bFabUNCL against
GPUNCL, although Loop C was not included in this competition
because Loop C does not bind GPUNCL.

[19] GPUNCL is heavily gly-
cosylated within the mucin-like domain and glycan cap,
though all constructs investigated here were performed with
GP lacking the mucin-like domain. A “hotspot” for neutraliza-
tion was recently described: the structural epitopes for KZ52
and 16F6, a murine antibody isolated from vaccinated mice,

were found to bind similar regions at the base of the chalice in
the prefusion forms of GP from the Zaire and Sudan species,
respectively.[36, 37] We therefore sought to determine if FabUNCL

bound Zaire GPUNCL at a similar location as did KZ52. Again, as
expected, FabUNCL (nonbiotinylated) was able to compete with
bFabUNCL, with an IC50 of 200 nm. However, neither KZ52 IgG
nor FabCL were able to reduce binding of bFabUNCL, indicating
that neither KZ52 nor FabCL have overlapping structural epi-
topes with FabUNCL.

pH-dependent recognition properties of FabUNCL and FabCL

Following initial cell surface-binding events, EBOV is taken up
into the endosome via macropinocytosis, where GP proteolytic
cleavage and GP-mediated viral membrane fusion occurs.[46, 47]

It is believed that antibodies targeting prefusion GP (e.g. , KZ52
and 16F6) function by stabilizing the prefusion conformation
and preventing transformations (conformational or other) that
are required for membrane fusion.[37] It therefore follows that
such neutralizing antibodies must retain binding activity under
the acidic conditions of the endosome for a long enough
period of time to sequester GP. Presumably, neutralizing anti-
bodies targeting other viruses that enter through the endo-
some and prevent membrane fusion must also have the ca-
pacity to function under endosomal conditions. For example, it
has been reported that an antibody that targets the envelope
protein of West Nile Virus (E16) is colocalized to the endosomal
compartments along with the virus during entry.[48] Therefore,
the likely mechanism of E16 action is to inhibit acid-dependent
fusion-associated conformational changes. Endosomal pH is
thought to be required for GP-mediated entry for several rea-
sons. First, most endosomal cysteine proteases have optimal
activity at pH~5, and their activity is critical for generation of
the proteolytic intermediate.[13] Second, pH-dependent confor-
mational transitions result in activation of the GP2 fusion
loop.[14b] Third, folding of the GP2 six-helix bundle that pro-
vides the driving force for membrane fusion is more stable
under acidic conditions.[49, 50]

Treatment of VSV-GPUNCL with thermolysin primes GP for
fusion by mimicking endosomal proteolytic cleavage; there-
fore, VSV-GPCL can bypass the requirement for cathepsin cleav-
age within endosomes.[14] However, the entry of VSV-GPCL as
well as VSV-GPUNCL likely occurs in the endosome and not at
the cell surface.[16–19, 46] We therefore explored the recognition
profiles of FabCL and FabUNCL at pH 4.5 (the pH of the late endo-
some/lysosome) to gain insight into the stability of the Fab–GP
complexes under conditions that mimic those found in the en-
docytic pathway (Figure 5). It was recently reported that the
binding of KZ52 to Zaire EBOV GPCL was not affected at endo-
somal pH, suggesting that KZ52 remains bound to GP in the
endosome.[16] These data thus support an endosomal mode of
action for KZ52.[16] We found that FabCL retained affinity for
GPCL at pH 4.5 (EC50 = 10 nm). Interestingly, under these condi-
tions, the specificity of FabCL for GPCL over GPUNCL was markedly
attenuated relative to pH 7.5 (at pH 4.5, EC50 for GPCL was less
than twofold lower than GPUNCL). One possible explanation for
this result is that GPUNCL undergoes a subtle conformational

Figure 4. Competition ELISAs. A) Biotinylated FabCL (bFabCL) versus four un-
biotinylated competitors: FabCL, FabUNCL, KZ52, and the luminal domain C of
the endosomal cholesterol transporter NPC1 (Loop C).[19] FabCL competes
with bFabCL ; data were fit to a four-parameter logistic equation, yielding an
IC50 of 90 nm. None of the other proteins reduced the binding of bFabCL and
therefore, the data were not fit to an equation in these cases. B) Biotinylated
FabUNCL (bFabUNCL) versus three unbiotinylated competitors: FabUNCL, FabCL,
and KZ52 IgG. Neither FabCL nor KZ52 IgG had an effect on bFabUNCL binding.
FabUNCL competed with bFabUNCL with an IC50 of 200 nm.
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change upon exposure to low pH, which can be detected by
an increase in FabCL binding. However, we cannot rule out the
possibility that pH-induced structural effects on the FabCL CDR
segments are responsible for this pH-dependent recognition
profile. pH-dependent conformational changes have been re-
ported in full-length IgGs and Fab fragments, but these gener-
ally occur in conditions below pH 3.5.[51, 52] Therefore, we be-
lieve it is less likely that Fab conformational changes are re-
sponsible for the change in recognition profiles observed here
(pH 4.5). In contrast to FabCL, FabUNCL retained its selectivity for
GPUNCL over GPCL at pH 4.5, but had a lower overall affinity for
GPUNCL (EC50 = 340 nm). Again, these results raise the possibility
that there are some conformational differences in GPUNCL at
neutral versus endosomal pH that are detected upon binding
of FabUNCL. Neither FabCL nor FabUNCL had any appreciable affini-
ty for BSA under these conditions.

Conclusions

We describe the isolation and characterization of two synthetic
antibodies (FabCL/IgGCL and FabUNCL) that have distinct recogni-
tion and neutralization properties for mimics of the prefusion
and proteolytically cleaved forms of EBOV GP. Several antibod-
ies have been described against the prefusion form of GP, but
the two that have been characterized structurally (KZ52 and
16F6) bind to a localized position at the base of the GP
trimer.[36, 37] We found that FabUNCL likely binds a novel epitope

on GPUNCL, as it does not compete for binding with KZ52 IgG.
Additionally, FabCL/IgGCL binds a novel epitope on GPCL. While
some cross-reactivity for GPCL and GPUNCL was observed for
FabCL binding, IgGCL had a very distinct specificity for the neu-
tralization of VSV-GPCL. Interestingly, although the ability of
FabCL to bind GPCL was retained at low pH, its ability to distin-
guish GPCL from GPUNCL was diminished relative to pH 7.5.
Therefore, the likely mechanism of specificity for neutralization
of GPCL involves preferential binding at pH 7.5, prior to VSV-
GPCL uptake. These results confirm that epitopes on GPCL are
available for neutralization, although such epitopes may be ex-
posed only within the endosome. Additionally, the differences
in binding of FabCL and FabUNCL to GPUNCL at low pH raises the
possibility that GPUNCL undergoes a subtle conformational
change upon exposure to low pH, perhaps facilitating proteo-
lytic cleavage.

A growing body of work has demonstrated the utility of syn-
thetic antibody and fragment repertoires for identification of
antibodies for therapeutic or research purposes.[38, 40–42, 53] Here,
we have expanded the scope to include targeting of suspected
structural intermediates in viral entry into host cells. In the
specific case of EBOV, these results provide access to novel
reagents for the dissection of the viral entry and membrane
fusion pathways. Furthermore, this work suggests that future
immunotherapeutic development could center around novel
epitopes on GPUNCL and GPCL.

Experimental Section

Antibody selection on phage: GPUNCL and GPCL ectodomains were
expressed and processed as described previously.[16] Biopanning,
direct phage ELISAs, and single-point competitive phage ELISAs
were performed as described previously.[39] Briefly, in sorting for
GPCL specific Fabs, phage pools representing a phage-displayed
synthetic antibody library (Library F) were cycled through five
rounds of binding selection with GPCL immobilized on 96-well Max-
isorp immunoplates (Fisher Scientific, Nepean, ON, Canada) as the
capture target. Stringency was increased in the panning process
by 1) preincubation of the phage pool in immunoplates coated
with GPUNCL (5 mg mL�1) for 1 h at room temperature before the
phage pool was transferred to GPCL-immobilized immunoplates for
rounds 2–5, and 2) decreasing the antigen concentration used for
coating the immunoplates from 5 mg mL�1 for rounds 2 and 3 to
2 mg mL�1 for rounds 4 and 5. The same strategy was also applied
for the selection against GPUNCL, except that only four rounds of
selection were performed. After selection, 96 clones each from
rounds 4 and 5 of the GPCL selection and 96 clones from round 4
of the GPUNCL selection were grown overnight in 96-well deep well
plates with 2YT broth supplemented with carbenicillin and
M13K07. The culture supernatants were used directly in phage
ELISAs to identify binding clones specifically targeting GPCL over
GPUNCL or vice versa. Clones exhibiting phage ELISA signals at least
tenfold higher than those of the control (BSA) and at least twofold
higher than those of the other form of GP were subjected to DNA
sequence analysis.

Fab protein expression: The phage display vectors were convert-
ed to Fab protein expression vectors by insertion of a stop codon
and a His6 tag upstream of the P3 gene fusion. Fab proteins were
expressed periplasmically in E. coli BL21(DE3) (Invitrogen) by

Figure 5. Fab binding to GPUNCL and GPCL at pH 4.5. BSA was included as
a control. The half-maximal binding titers were: A) 10 nm for FabCL against
GPCL and 18 nm against GPUNCL ; B) 340 nm for FabUNCL against GPUNCL.
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growth in low-phosphate media at 30 8C for 18–22 h. The cells
were harvested by centrifugation and lysed by using the “Bug
Buster” reagent according to the manufacturer’s instructions (No-
vagen, Madison, WI). The lysate was subjected to centrifugation,
and the supernatant was applied to a nickel column (Ni-NTA resin,
Qiagen, Valencia, CA). The column was washed twice, first with
20 mm imidazole and then with 50 mm imidazole. The protein was
eluted with 500 mm imidazole. The eluent was dialyzed into phos-
phate-buffered saline (PBS), pH 7.4 and applied to a protein A affin-
ity column (beads from Pierce Thermo Scientific, Rockford, IL) to
remove unpaired heavy or light chains. The beads were washed
with PBS, pH 8.0 (2–4 column volumes), and the Fab proteins were
eluted with 100 mm glycine, pH 2.0. The eluted Fab proteins were
immediately neutralized to ~pH 7.4 using 1 m Tris, pH 8.0. Fractions
containing the Fab proteins were dialyzed overnight into PBS,
pH 7.4 and were used directly in binding or neutralization assays,
or flash-frozen and stored at �80 8C for later use. The Fab protein
concentration was determined by measuring the absorbance at
280 nm.

IgG protein expression: DNA for the variable domains were sub-
cloned into pMAZ-IgL and pMAZ-IgH vectors for expression of full-
length IgG1 molecules.[55] Vectors for the heavy chain and light
chain were transfected into HEK293F cells using the Freestyle Max
transfection reagent (Invitrogen), according to the manufacturer’s
instructions. Cell cultures were incubated at 37 8C for 5–7 days
post-transfection. After incubation, the cultures were centrifuged,
and the supernatant was applied to a protein A affinity column
(Pierce, Thermo Scientific, Rockford, IL). The eluent was dialyzed
into PBS, pH 7.4 overnight, and the IgG protein was concentrated
and used directly in neutralization assays.

Binding ELISAs: Target proteins were directly immobilized on 96-
well Maxisorp plates (Corning Incorporated, Corning, NY; GPUNCL =
0.4 mg per well ; GPCL = 0.25 mg per well) by incubation in NaHCO3,
pH 8.0 at room temperature for 1 h. Phosphate-buffered saline
(PBS, pH 7.4) containing 3 % BSA was used to block the wells after
target immobilization (incubation for 45 min at room temperature).
The Fabs were diluted into PBS containing 0.05 % (v/v) Tween20
(PBS-T), pH 7.4, applied to the wells, and incubated at room tem-
perature for 1 h. The plates were washed with PBS-T and incubated
for 45 min with horseradish peroxidase/anti-His6 antibody conju-
gate (1:3000 dilution in PBS-T). The wells were washed with PBS-T,
developed with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate, and
quenched with 1.0 m H2SO4. The absorbance at 450 nm was deter-
mined. The data were fit to a standard four-parameter logistic
equation by using GraphPad Prism (GraphPad Software, La Jolla,
CA). The half-maximal binding (EC50) values were obtained from
the inflection point of the curve.

Similar experiments were conducted at pH 4.5. In these experi-
ments, the pH of the PBS-T buffer used for dilution of the Fabs
was pH 4.5. The rest of the ELISA was conducted as described
above.

Virus neutralization assay: For the virus neutralization assay, we
used a vesicular stomatitis virus that is pseudotyped to display
EBOV GP on its surface in place of its native glycoprotein (VSV-GP).
The viral genome encodes the enhanced green fluorescent protein
(eGFP); therefore, infection can be scored by counting fluorescent
cells after infection. VSV-GP was made in 293T cells as has been
described previously.[14, 56] Briefly, the virus-containing supernatants
were harvested and concentrated by pelleting through a 10 % su-
crose cushion. Virus stocks were titered by infecting Vero (African
green monkey kidney) cells with serial dilutions and counting GFP-

positive cells by fluorescence microscopy. Typical titers for VSV-GP
were 109 infectious units (IU) per mL. Aliquots were stored at
�80 8C in 10 % sucrose. VSV-GP was used to infect Vero cells at ap-
proximate multiplicities of infection (MOIs) of 0.1 to 1.0 in Dulbec-
co’s modified Eagle medium (DMEM) containing 5 % fetal bovine
serum, such that 20–200 cells were infected per well. VSV-GP was
either used directly in neutralization experiments (VSV-GPUNCL) or
pre-treated with thermolysin in situ, resulting in pseudotyped virus
displaying GPCL (VSV-GPCL). To generate VSV-GPCL, VSV-GP was treat-
ed with thermolysin (200 mg mL�1, Sigma) in NT buffer (10 mm

Tris·Cl, 135 mm NaCl) at pH 7.5 for 1 h at 37 8C. The reactions were
neutralized with phosphoramidon (1 mm, Peptide International,
Louisville, KY) and incubated on ice for at least 15 min before use.
Vero cell monolayers (~7.5e4 cells per well in a 48-well plate) were
exposed to pseudotyped virus that had been preincubated with di-
lutions of FabUNCL or IgGCL. Infection was scored by manually count-
ing eGFP-positive cells under a fluorescence microscope at 14–18 h
postinfection.

Competition ELISAs: FabUNCL and FabCL proteins were biotinylated
(bFabUNCL and bFabCL, respectively) using a NHS-PEG4-biotin label-
ing kit (Thermo Scientific, Rockford, IL) according to the manufac-
turer’s instructions. GPUNCL or GPCL were immobilized on 96-well
Maxisorp plates (Corning Incorporated, Corning, NY) at concentra-
tions of 0.4 mg per well or 0.25 mg per well, respectively. For FabUNCL

competition ELISAs, bFabUNCL was diluted to 6 mg mL�1 in PBS-T
buffer in the absence and presence of varying amounts of three
unbiotinylated competitors : FabUNCL, FabCL, and KZ52 IgG. For FabCL

competition ELISAs, bFabCL was diluted to 6 mg mL�1 in PBS-T
buffer in the absence and presence of varying amounts of four un-
biotinylated competitors: FabCL, FabUNCL, KZ52 IgG, and Loop C.[19]

Mixtures of bFabUNCL or bFabCL �competitors were applied to the
wells and incubated at room temperature for 1 h. The plates were
washed with PBS-T, then horseradish peroxidase/strepavidin conju-
gate (1:1000 dilution in PBS-T buffer) was added, and the plates
were incubated for 45 min. The plates were then washed with PBS-
T, developed with TMB substrate, and quenched with 1.0 m H2SO4.
Absorbance at 450 nm was measured. For the dose–response
curves, the data was fit to a standard four-parameter logistic equa-
tion using GraphPad Prism (GraphPad Software, La Jolla, CA). Half-
maximal binding (EC50) values were obtained from the inflection
point of the curve.
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A tale of two antibodies : Ebola virus
(EBOV) causes severe hemorrhagic fever
associated with high mortality rates.
Here we report the identification of two
synthetic antibody fragments that have
orthogonal binding and neutralization
profiles against two prefusion forms of
the EBOV glycoprotein. These antibod-
ies provide new tools for dissecting in-
termediates of viral membrane fusion
and entry. (56 words)
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