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13F6-1-2 is a murine monoclonal antibody that recognizes the heavily
glycosylated mucin-like domain of the Ebola virus virion-attached glyco-
protein (GP) and protects animals against lethal viral challenge. Here we
present the crystal structure, at 2.0 A, of 13F6-1-2 in complex with its Ebola
virus GP peptide epitope. The GP peptide binds in an extended confor-
mation, anchored primarily by interactions with the heavy chain. Two GP
residues, GIn P406 and Arg P409, make extensive side-chain hydrogen bond
and electrostatic interactions with the antibody and are likely critical for
recognition and affinity. The 13F6-1-2 antibody utilizes a rare VA, light
chain. The three light-chain complementarity-determining regions do not
adopt canonical conformations and represent new classes of structures
distinct from Vk and other VN light chains. In addition, although VN, had
been thought to confer specificity, all light-chain contacts are mediated
through germ-line-encoded residues. This structure of an antibody that
protects against the Ebola virus now provides a framework for humaniza-
tion and development of a postexposure immunotherapeutic.
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Introduction

The Ebola virus causes a severe hemorrhagic fever
usually involving uncontrolled viral replication,
multiple organ failure, and death 6-9 days after
onset of symptoms.' The 13 known outbreaks
between 1976 and 2004 have resulted in 50-90%
fatality” with the highest lethality associated with
the Zaire subtype of the virus.**

An interesting feature of the Ebola virus genome is
its ability to encode separate glycoproteins, which
share 295 amino acids of N-terminal sequence, but
have unique C-termini, which lead to different
patterns of disulfide bonding and different struc-
tures. The primary gene product is a small, dimeric
glycoprotein called secreted glycoprotein (sGP, 364
amino acids), which is shed abundantly from
infected cells. The secondary gene product is a
larger glycoprotein called GP (676 amino acids),’
which is proteolytically cleaved into two subunits
(GP1 and GP2) connected by a disulfide linkage.

*Corresponding author. E-mail address: erica@scripps.edu.
Present address: M. K. Hart, DynPort Vaccine Company
(DVC) LLC, a CSC Company, 64 Thomas Johnson Drive,

Frederick, MD 21702, USA.

Abbreviations used: CDR, complementarity-determining
region; mAb, monoclonal antibody; GP, glycoprotein; sGP,
secreted glycoprotein; IgG, immunoglobulin G; Vy, variable
heavy chain; Vi, variable light chain; TCR, T-cell receptors;
PBS, phosphate-buffered saline; BSA, bovine serum albumin;

TBS, Tris-buffered saline.

Three GP1-GP2 units form a trimeric, transmem-
brane envelope spike, which is the sole protein
expressed on the surface of the Ebola virus and is
involved in receptor binding, tropism, and viral
er1try.6‘*9

It will be desirable to have well-characterized,
effective immunotherapeutics against the Ebola
virus available in case of exposure, outbreak, or
release of the virus. Several monoclonal antibodies
(mAbs) have demonstrated protection against the
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Ebola virus in rodent modelslo_u, one mAD failed to

protect in a macaque model.”® It is as yet unclear
whether a different mAb or a cocktail of mAbs
might offer better protection. One challenge to the
development of such immunotherapeutics is that it
appears difficult to elicit an effective antibody
response in natural infection: many survivors have
little to no IgG." A second challenge is that of these
antibodies that are elicited, whether by natural
infection or by vaccination, the majority appear to
preferentially react with sGP or cross-react between
sGP and GP.'""'*!'*!° These antibodies may be
absorbed by the much more abundant shed sGP
and, thus, it may be difficult to achieve concentra-
tions required for viral neutralization.

A murine IgG2a termed 13F6-1-2 has been iden-
tified which is specific for viral surface GP, does not
cross-react to shed sGP, and is protective against
challenge with the highly pathogenic Zaire subtype of
the Ebola virus.'* All mice (10/10) survive challenge
with 300 times the lethal dose of Ebola virus when
100 pg of 13F6 1-2 is administered one day after
challenge > The epitope has previously been mapped
to nine residues (EQHHRRTDN, amino acids 405—
413) within the Ebola Zaire GP mucin-like domain.'?
These residues are contained within a heavﬂy glyco-
sylated mucin-like region unique to GP which has
been linked to GP-induced cytotoxicity.'®

Interestingly, 13F6-1-2 contains a rare VN, light
chain that is observed in only 0.5% of antibody
sequences and is barely detectable in normal mouse
serum.'” Y V), first described in 1987, is con-
served among mice, humans, and other mammals, 20
and displays at least three features unique from VN1
and V2. The amino acid sequence is only ~30-33%
homologous to other known VN and/or Vk light
chains. The last codon of the VA, gene is a TAA stop
codon that must be disrupted by JA\2 to create a
functional codon (Fig. 1). As a result of this V-]
junction, four extra residues extend the complemen-
tarity-determining region (CDR) L3. Previous stu-
dies suggest that this unusual light chain confers
antigen specificity to the antibodies that contain it.>

Characterization of the mode of recognition of
GP by the protective 13F6-1-2 mAb and successful
humanization of its sequence are necessary steps
towards development of this antibody as an immun-
otherapeutic against the Ebola virus. Here we
present the crystal structure of a complex between
the Fab fragment of 13F6-1-2 and its GP epitope at
2.0 A resolution. This work provides the first avail-
able structure of an antibody directed against the
Ebola virus and illustrates unusual structural fea-
tures of a VA, -containing antibody that shed light on
its immunological relevance.

Results and Discussion

13F6-1-2 contains a rare V), light chain

Sequencing of 13F6-1-2 revealed the usage of a
rare A, light-chain gene. The nucleotide sequence

of the 13F6-1-2 VX, light chain is 99.3% homologous
to the previously reported BALB/c VA, germ line
(GenBank accession number M34597 or IGLV3 in
IMGT nomenclature; Fig. 1a). Interestingly, there is
only a single somatic mutation contained within all
three CDRs. Indeed, VN -bearing light chains in
general have very little somatic mutation. Only two
other VA -bearing antibodies have been well
described. One is termed F28C4 (GenBank accession
number X76752), contains just two somatic muta-
tions in the CDR L3 region (Flg la), and is directed
against myelin basic protein.”” The second is termed
MW1 (GenBank accession number M34598), con-
tains no somatic mutations, and is directed against
a poly- Gln sequence relevant for Huntington’s
disease.”

The 13F6-1-2 heavy chain belongs to the 7183
family, clone 19 (Fig. 1b), and shares 88% sequence
identity with the V283 germ line. Of the 12 mis-
matches, 5 reside in the CDRs (Fig. 1b).

13F6-1-2 Fab structure

The crystallographic asymmetric unit contains one
Fab 13F6-1-2:GP peptide complex. The polypeptides
of the light and heavy chains are well defined by
electron density except for five side chains (Glu H1,
GIn L2, Arg L27, GIn L27A, and Asp L60), which
have been truncated to alanine. Analysis of confor-
mations by Ramachandran plot shows >99% of
residues residing in favourable regions and no non-
glycyl residues in disallowed regions. Note that in
most Fab structures, residue 51 of the light chain
exists in a 2 turn in a rare region of the Ramachan-
dran plot.** In the structure presented here, how-
ever, CDR L2 is noncanonical and residue 51 adopts
a different, favoured conformation.

The VA, light chain and heavy chain of 13F6-1-2
form the expected overall V-type, nine-stranded -
sandwich immunoglobulin fold (Fig. 2) and the light
chain is, not surprisingly, similar to a recently
determined V\,-bearing variable domain (MW1).23
To our knowledge, this is the only other VA,
antibody structure for which a structure is available.
While the overall V\, fold of these structures is
similar to the V-type immunoglobulin fold, there are
a few unusual differences. In MW1 and 13F6-1-2, a
one-residue deletion (typically, deletion of a proline
or threonine) exists in the A—A’ strand, which results
in a smaller kink and dlsruptlon of typical A-G
strand hydrogen bonding (Fig. 2b).”> In V\,, the C"’
p-strand twists towards the outer D p-strand to
form a pseudo-p-barrel, but the C'" p-strand of VA
does not make any hydrogen bond interactions with
strand D, as would occur in the immunoglobulin
fold in T-cell receptors (TCRs).

The elbow angle between the variable and
constant Fab domains in 13F6-1-2 is 149°. This is
consistent with other VN light chains, which typi-
cally exhibit a bimodal distribution of elbow angles
with values between 117° and 225°%° At the
variable light chain/ heavy chain (V1,/Vy) interface
of 13F6-1-2, ~1025 A? surface area is buried on V|
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Fig.1. Nucleotide and translated amino acid sequences for variable regions. (a) The light-chain variable region of 13F6-
1-2 compared with the BALB/c VN, germ line (GenBank accession number M34597), and the V\, light chains F28C4
(GenBank accession number X76752) and MW1 (GenBank accession number M34598). 13F6-1-2 contains two mutations
from the V\, germ line: a Ser to Arg mutation at residue 27 in CDR L1 and a Lys to Arg mutation in framework residue 45.
(b) The heavy-chain variable region of 13F6-1-2 compared with the germ line V1283 and F28C4. The amino acids are
labeled according to the Kabat numbering scheme and hypervariable loops are highlighted in colour.

and ~985 A? on Vy. Interestingly, this is within the
smaller range of light chain/heavy chain interfaces
described for antibodies. The typical buried surface
area ranges between 1068 and 1750 A%.*® A small
Vu/Vy interface has been correlated with the ability
to use domain rearrangements in the induced fit of
the antibody to the antigen,” although it is unclear

whether an induced conformational change occurs
in 13F6-1-2 upon peptide binding.

13F6-1-2 hypervariable loops

Complementarity-determining regions of anti-
bodies are typically restricted to certain conforma-
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Fig. 2. Overall structure of 13F6-1-2. (a) C* trace of the 13F6-1-2 Fab fragment complexed to the P404-P414 Ebola virus
GP peptide. The structure is shown with bound GP peptide coloured in green, and the light and heavy chains in dark grey
and light blue, respectively. CDRs L1, L2, L3, H1, H2, and H3 are coloured red, purple, pink, yellow, cyan, and blue,
respectively. (b) Ribbon diagram of the 13F6-1-2 VA light-chain variable domain. p-Strands are labeled A, B, C, C’,C”", D,

E, F, and G. This and subsequent figures were generated using MacPyMo

tions, depending on the length of insertion in the
CDR. An analysis of 79 different hypervariable
regions revealed that each can be assigned to at least
one of 18 different canonical structures.** None of
the CDRs of 13F6-1-2 are affected by crystal contacts.
The heavy-chain CDRs H1 and H2 belong to
canonical classes 1 and 3, respectively. CDR H3
contains 15 amino acids. Residues H92-H96 and
H100e-H104 form an antiparallel R-sheet, and a
type I p-turn exists between Tyr H97 and Ser H100
(i+1: ¢=-60.4°, $=—36.5° i+2: @=-55° (=
—28.5°). By contrast, analysis of the light-chain VA,
CDR loops of 13F6-1-2 and MW1 reveals a new class
of hypervariable loop structures.

CDR L1

The CDR VN L1 region normally falls into four
different canonical conformations,?42°-31 with the
region typically containing 9 to 11 residues and a
hydrophobic residue at center that packs into the
antibody framework (Fig. 3a).?* In canonical con-
formation 4, residues 26 to 30 form an irregular
helix. Six canonical conformations have been identi-
fied for the CDR Vk L1 region that typically contains
between 6 and 13 residues®* (Fig. 3b). In all six
canonical conformations, residues 26 to 29 adopt an
extended conformation and residues 29 to 32 adopt
a short link or hairpin loop. Almost all human germ

1.25

line and expressed Vk light chains have canonical
structures 2, 3, 4, or 6.32 The VN, CDR L1 is 12 resi-
dues long and does not contain the standard helix
or any other defined secondary-structure element
(Fig. 3c). Interestingly, there is also no hydrophobic
residue that packs into the framework in V\,, as the
side chain of the equivalent residue (Ser29) points
away from the framework.

CDR L2

The CDR L2 for standard VA and Vk light chains
always contains seven residues and occurs in only
one known conformation, with a three-residue
v-hairpin loop linking the C’ and C” B-strands
(Fig. 3d).?* In order to maintain the y-hairpin loop,
the residue at position 51 (usually a Val but also
sometimes a Ser) typically lies in a rare conformation
in the Ramachandran plot, with torsion angles of ¢ =
+67°, L[J:—4O°.24 However, in V\,-bearing antibo-
dies, four additional residues are inserted into
the CDR L2 loop, for a total of 11 residues to form
a type I p-turn (Fig. 3e). As a consequence, this
insertion allows the formation of a longer B-sheet
between p-strands C’ and C” and allows the inner C”
p-strand to twist towards the outer B-strand D. The
VA« CDRL2 does not have a valine at position 51, but
rather a lysine residue that resides in a favourable
region of ¢— space and forms a hydrogen bond
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Fig. 3. Analysis of light-chain CDRs. Comparison of Fab 13F6-1-2 and (a) VA L1, (b) V& L1, (d) VN/Vk L2, (f) VN L3,
and (g) Vk L3 CDR canonical conformations. The initial difference o5-weighted F,—F. electron density map (green),
contoured at 20, superimposed onto the refined (c) L1, (e) L2, and (h) L3 13F6-1-2 CDR structures. Example structures of
CDR canonical conformations are taken from the following antibody structures (PDB accession codes in parentheses):
CDR L1 VX canonical conformation 1 (2FB4), 2 (7FAB), 3 (IMFA), 4 (8FAB), MW1 peptide (20TU); CDR L1 Vk canonical
conformation 1 (2FBJ), 2 (1VFA), 3 (1HIL), 4 (1FLR), 5 (1GGI), 6 (1FIG), MW1 peptide (20TU); CDR L2 V\/k canonical
conformation 1 (2FB4), MW1 peptide (20TU); CDR L3 VN canonical conformation 1A (1GIG), 1B (7FAB), 1C (1IMFA),
2 (2FB4), 3 (1Q1]), 4 (2B0S), MW1 peptide (20TU), MW1 unbound (2GSG); CDR L3 Vk canonical conformation 1 (1HIL),
2 (2FB]), 3 (1BQL), 4 (1DFB), 5 (1BAF), 6 (1IEAP), MW1 peptide (20TU), MW1 unbound (2GSG). CDR L1 and L2 of MW1
in the unbound state (PDB code 2GSG) are not shown in (a), (b), and (d) for figure clarity, as these CDRs are similar in
conformation to those observed in the MW1 peptide-bound structure.
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between its carbonyl oxygen and the amide nitrogen
of Gly54.

CDR L3

The typical CDR L3 of a V\ antibody adopts one of
two main conformations (Fig. 3f).?* Canonical
conformation 1 is a six-residue hairpin, with two
residues at the top of the loop forming the tight turn.
The high-resolution structures available for canoni-
cal conformation 1 show three minor forms (A, B,
and C), where the orientation of the peptide bond
differs between residues 93 and 94. A hydrogen bond
exists between the main-chain oxygen of residue 95
and the amide nitrogen of residue 92. Canonical
conformation 2 consists of eight residues in the loop,
with four residues forming the turn. More recently,
two additional conformations (named as canonical
conformations 3 and 4 in this article) have been
identified for L3 in the structures of the N\ light
chain containing neutralizing anti-HIV-1 antibodies
447-52D and 2219,%*** which have 9- and 10-residue
L3 loops, respectively. For Vi antibodies, CDR L3
usually belongs to one of six canonical conforma-
tions (Fig. 3g). Canonical conformations 1, 3, 4, 5, and
6 do not form a p-sheet as typically seen in VA CDR
L3, but instead form a loop (Fig. 3g), with confor-
mation 1 being the most commonly observed.**
Canonical conformation 2 forms a regular hairpin
and residue 94 adopts a cis-proline conformation. By
contrast, VA light chains have a 10-residue CDR L3,
which allows the loop to form a longer B-sheet. In
13F6-1-2, a type IV p-turn is found at the top of the
loop (Fig. 3h).

A new class of CDR canonical conformations

It has been proposed that the VA, light chain of
antibodies does not undergo significant affinity matu-
ration via somatic mutation.?’ Indeed, although very
few VA light chains have been identified and
sequenced, those that have been described do not
vary significantly in sequence from germ line. For
example, mAb 13F6-1-2 contains only one somatic
mutation (which lies in CDR L1), MW1 contains
zero mutations, and mAb F28C4 contains only two
somatic mutations (which lie in CDR L3). In
addition, the lengths of the hypervariable loops in
the VA light chains are conserved. The VN, germ
line, mAb 13F6-1-2, MW1, and F28C4 all have CDRs
L1, L2, and L3 of 12, 11, and 13 residues in length,
respectively; no other antibody has been described
with light-chain CDRs longer than those of VA\,-
bearing light chains. It appears that the hypervari-
able loop conformations observed in the 13F6-1-2
and MW1 V), structures may represent new L1, L2,
and L3 canonical classes for VX, light chains.

Analysis of the CDRs of 13F6-1-2 and bound and
unbound MWT1 clearly reveals that the L1 and L2
regions of these V\, antibodies are quite similar to
each other, fairly rigid, and not subject to antigen-
induced conformational changes (Fig. 3). Similarly,
although new noncanonical conformations have

been described for CDR L3,>*%* fewer deviations
have been noted for CDR L1 and CDR L2 of other
VX and Vk antibodies. In fact, for CDR L2, all non-
VA antibody structures determined to date adopt
only one conformation®* regardless of the type of
light chain. Although CDRs L1 and L2 appear rigid,
L3 is more flexible and the conformations of CDR L3
differ among 13F6-1-2 and the peptide-bound and
unbound structures of MW1 (Fig. 3f and g). This is
rather interesting as the 13F6-1-2 and MW1 CDR L3s
are identical in sequence. Hence, a single CDR
sequence can adopt multiple conformations.

13F6-1-2 Fab—peptide interactions

The 11-residue peptide used for cocrystallization
(VEQHHRRTDND) corresponds to a region of the
mucin-like domain of the Ebola Zaire GP. Residues
P404-P414 (based on the numbering in Ebola Zaire
GP) are unambiguously located in strong electron
density (Fig. 4a). The average B value for the peptide
residues is 26 A?, suggesting that these residues are
well defined and ordered. Surface plasmon reso-
nance experiments were performed on the intact
Ebola virus and show that IgG 13F6-1-2 has
kon=7.00x10* M ! s! and k.z=2.87x10"° s},
with a calculated affinity (K4) of 41 nM (Fig. 5a).
The synthetic VEQHHRRTDND peptide used in
cocrystallization competes for binding with IgG
13F6-1-2 and the full-length GP [50% inhibitory
concentration (ICsp) of ~3.5 pM] (Fig. 5c). The
competition is not as strong as expected, suggesting
that additional contacts with the native GP protein
may be made by 13F6-1-2, or that the conformation
of the linear epitope may be stabilized in the context
of the intact GP molecule.

Antibody—peptide interactions

Nine of the 11 peptide residues (residues P404—
P412) are in contact with the antibody paratope. Asn
P413 and Asp P414 turn away from the antibody
and form two crystal contact hydrogen bonds to
symmetry-related Fab residues Asn L164 and Leu
H170, respectively. The epitope mapping results
(data not shown) agree with our structural model
and confirm that the epitope residues 413 and 414
are not important for binding 13F6-1-2.

In total, five hydrogen bonds are formed between
the V\, light chain and the GP peptide (Fig. 4b and
). The amino group of Val P404 and the amide
nitrogen of His P407 make main-chain hydrogen
bonds to the carbonyl oxygen of Ala 1.27 and the O
of Asp L92, respectively. The side chain of Gln P406
is anchored by three VN, main-chain hydrogen
bonds to the main-chain nitrogen and oxygen of Thr
L32 and the carbonyl oxygen of Gly L91.

Fourteen hydrogen bonds are formed between the
heavy chain and the GP epitope peptide (Fig. 4b and
c). The carbonyl oxygen of His P407 makes a
hydrogen bond with the Tyr H100D O", and the
amide nitrogen of Arg P409 forms a 3.0-A hydrogen-
bond interaction with the carbonyl oxygen of His
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Fig. 4. Antigen-binding site. (a) Electron density for the P404-P414 GP peptide bound to 13F6-1-2. The initial
difference o A-weighted F,—F. electron density map (green), contoured at 30, superimposed onto the refined P404-P414
peptide and the molecular surface of 13F6-1-2. (b) Stick representation of the antigen-binding site in which peptide
residues are coloured yellow, light-chain residues are blue, and heavy-chain residues are green. (c) 2-D schematic of the
interactions between the peptide and Fab 13F6-1-2. Peptide residues are illustrated in black and labeled in red. (d)
Comparison of general peptide-binding orientations in VA/Vk antibodies and Va/p TCRs that bind peptides in a
diagonal orientation. For all figures, the light and heavy chain and the TCR Va and V& chains are coloured purple, green,
red, and cyan, respectively. The light and heavy chains of all antibodies or /3 chains were superimposed. However, for
clarity, only the peptide is shown (PDB code 1CU4, red; 1T]G, brown; 1F58, blue; 1ACY, green; INAK, yellow; 1SM3,
magenta; 1GGI, cyan; 1CEN, orange; and 1CEl1, black). In the middle panel, the poly-Gln peptide bound to MW1 (PDB
code 20TU) and GP peptide bound to 13F6-1-2 are shown in red and yellow, respectively.
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Fig. 5. Binding analysis of 13F6-1-2 to the GP peptide epitope. (a) 13F6-1-2 kinetic surface plasmon binding response to
Ebola virus (Zaire-1995 strain). Five concentrations were injected at 30 nL./min and the ko, and kg rates were calculated
based on 1:1 Langmuir binding. (b) SPOTs membrane-binding analysis of the 13F6-1-2 epitope. Peptides containing
complete 20 amino acid replacement mutations to 13F6-1-2 peptide epitope residues Gln P406, His P407, His P408, Arg
P409, and Arg P410 were synthesized onto a cellulose membrane. The membrane was incubated with IgG 13F6-1-2 and
bound 13F6-1-2 was detected with an anti-mouse p-galactosidase-conjugated secondary antibody. (c) Competition ELISA
of 13F6-1-2 and mutant epitope peptides. Microplates were coated with GP (transmembrane deletion) and incubated with
IgG 13F6-1-2 and either the peptide epitope mimic or a mutant (GIn406Ala or Arg409Ala) epitope peptide. Bound 13F6-1-
2 was detected by incubating with horse anti-mouse horseradish peroxidase secondary antibody. (d) Nondenaturing
Western blot analysis of Asn413Asp and Ser415Ala GP mutants. WT GPAmucinAtm (wild-type GP with deletions of the
mucin and transmembrane domains), WT GPAtm, Asn413Asp GPAtm, and Ser415Ala GPAtm were probed for binding
with IgG 13F6-1-2 antibody. WT GPAmucinAtm and WT GPAtm were used as the negative and positive controls,

respectively.
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tion potential for either of these sites (R. Gupta, E.
Jung, and S. Bruna, unpublished results). In the
crystal structure, the Thr P411 side chain is directed
into a complementary-shaped site on the antibody
paratope, and the restricted cavity of the antibody
would prevent an O-glycosylated Thr P411 from
properly binding 13F6-1-2. Asn P413 lies just
outside of the antigen-binding site and its side
chain is pointed out into the solvent channel, so
13F6-1-2 could theoretically accommodate an oligo-
saccharide at this position. However, GP containing
either of two point mutations that remove the N-X-S
glycosylation motif (Asn413Asp and Ser415Ala)
retains 13F6-1-2 binding (Fig. 5d), suggesting that
these residues or a glycan at this site is not involved
in 13F6-1-2 binding. The crystal structure of 13F6-1-
2 in complex with this extended, nonglycosylated
region of the mucin-like domain suggests that there
may be other similarly nonglycosylated stretches
of extended structure on the surface of Ebola GP
accessible to neutralizing antibodjies.

Role of the V), light and heavy chains in antigen
binding

Most antibodies utilize residues in both the heavy
and light chains for antigen binding and recognition.
Our structural and functional data show that the
V\-bearing 13F6-1-2 likely exploits both the heavy
and light chains for recognition, but primarily the
heavy chain for tight binding.

Only four peptide side chains interact with anti-
body residues: Gln P406 contacts the light chain,
while Arg P409, Thr P411, and Asp P412 contact the
heavy chain. Of these, GIn P406 and Arg P409
form the most extensive interactions with antibody
(Fig. 4b and c), and SPOTs membrane analysis and
competition ELISAs of peptide mutants reveal that
these two residues are important for binding. A
complete amino acid replacement series muta-
genesis of the 13F6-1-2 epitope by SPOTs analysis
shows that positions P407, P408, and P410 can
tolerate substitutions to any amino acid, but Arg
P409 needs to be strictly conserved. Position P406
can only tolerate an alanine substitution (Fig. 5b) by
SPOTs binding; although a peptide containing a
GIn406Ala mutation cannot compete with wild-type
GP for 13F6-1-2 binding (Fig. 5c).

GIn P406, the third residue in the epitope, makes
three contacts with the light chain. Arg P409, the
sixth residue in the epitope, makes five contacts
with the heavy chain (Fig. 4c). Interestingly, in
another V\,-bearing antibody, F28C4, NMR experi-
ments have determined that the third and sixth
positions of the epitope (Gln 3 and Pro 6) are also
important for recognition.”” Similarly, in the MW1-
peptide complex, Gln 4 is found in the third position
of the epitope and makes substantial contact with
the antibody. Hence, all V\,-bearing antibodies
studied require a glutamine residue at the third
position of the epitope for recognition. This is not
surprising, as all known VN\,-bearing antibodies
contain very few somatic mutations and primarily

utilize germ-line-encoded residues to mediate anti-
gen binding (Fig. 1), and binding of this glutamine
in particular.

Although the light chain plays a role in recogni-
tion, it is not thought to play a major role in tight
binding. In 13F6-1-2, the heavy chain forms 73% of
the buried surface area (Table 1). The heavy chain
also forms one electrostatic interaction and 13
hydrogen bonds to binding, while the light chain
forms only five hydrogen bonds. The electrostatic
salt bridge between heavy-chain Asp H33 and Arg
P409 likely dictates tight binding, as typical hydro-
gen bonds only provide 0.5-1.5 kcal/mol of binding
energy.’® A simple calculation using Coulomb’s law,
by approximating a positive and negative point
charge moving from infinity or an unbound state
to 2.9 A, shows that this salt bridge may contribute
a binding energy of up to 28.6 kcal/mol (dielectric
constant=4). This binding energy is more than
sufficient to account for the observed 41 nanomo-
lar affinity of 13F6-1-2 for GP.

Ebola virus vaccine development and
prophylactic treatment

Although development of a vaccine against the
Ebola virus is a high priority, prophylactic vaccina-
tion against a rare pathogen may not be economic-
ally feasible for much of the population.
Development of immunotherapeutics would pro-
vide an immediate, valuable treatment option in
the event of viral exposure or release. However,
there are several challenges to the development of
efficacious antibody-based therapies for Ebola virus
GP. Many survivors of Ebola virus infection disEIaA‘y
no or low titers of neutralizing antibody,” *
perhaps because the disease course outcompetes
the speed with which the immune system can
generate virus-specific IgG. In addition, the
virion-attached GP is heavily glycosylated and
much of its surface may be masked from immune
surveillance. Plus, those antibodies that are in
survivor sera appear to preferentially recognize
the sGP rather than the virion-attached GP'°
even though these two proteins share the first 295
amino acids. This suggests that certain antibody
epitopes may be better exposed on sGP, or that
sGP competes for antibody binding as it out-
numbers the virion-attached GP by approximately
fivefold. Development of efficacious antibodies
specific for virion-attached GP would allow more
efficient immunotherapeutic targeting of virions
and infected cells.

The 13F6-1-2 epitope may be a good target for
vaccine and immunotherapeutic design, as it is
immunodominant in a murine model and provides
protection against viral challenge.'? In addition, the
peptide epitope belonging to residues P404-P412 is
bound in an extended conformation and does not
adopt any secondary structure (i.e., p-turns, helices,
B-sheets) or posttranslational modifications that
would be difficult to achieve in synthetic or recom-
binant systems.
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When murine antibodies can be successfully
humanized, they can provide clinical benefit.*' For-
tunately, BLAST searches of 13F6-1-2 reveal that the
human VN subgroup VIII light chain shares sig-
nificant framework sequence identity with the rare
VA, light chain (~80%), with only 13 amino acid
differences (Fig. 6a). In addition, the unusual lengths
of the CDR L1 and L2 regions are similar between
13F6-1-2 and the human V\ (VIII) germ line. Hence,
human VN (VIII) could be used as a template for
humanization of 13F6-1-2. Our 13F6-1-2 crystal
structure will provide an excellent model to under-
stand which interactions between the framework
and the CDRs must be conserved to maintain
antigen-binding affinity. From the 13 framework
residues that differ between human VA (VIII) and
13F6-1-2, only three of these residues appear to
stabilize the CDRs. Tyr L36, Asp L70, and Ser H105
hydrogen-bond to key residues in the L3, L1, and L2
CDRs, respectively (Fig. 6b) and may need to be
maintained in any humanized molecule in order to
conserve the stabilizing framework-CDR interac-
tions necessary for peptide binding. We are currently
evaluating the humanization potential of 13F6-1-2 as
a postexposure therapeutic against the Ebola virus.
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CDR L2

IGLVSAL
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Conclusions

In summary, we have determined the sequence
and the structure of the anti-Ebola virus Fab 13F6-1-
2 in complex with its GP epitope to 2.0 A resolution.
13F6-1-2 utilizes a rare VA, light chain, which
displays several unusual structural features. In
comparison with one other available structure of a
V\-bearing light chain, we propose a separate class
of canonical hypervariable loops for VA, antibodies,
distinct in structure from those of other VN and Vk
light chains. The Ebola GP peptide epitope is
bound in a diagonal orientation, in which the first
four peptide residues are bound by the light
chain and the last five are anchored by the heavy
chain. Light-chain contacts with the peptide are
mediated only through germ-line-encoded resi-
dues, yet are critical for antigen recognition. The
crystal structure of the 13F6-1-2-GP peptide com-
plex thus adds to our knowledge of antibody-
antigen recognition and provides a template for
development of vaccines against the Ebola virus
and for humanization of the mAb as a postexpo-
sure therapeutic.
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Fig. 6. Similarity of 13F6-1-2 VA, and human germ line VX subtype VIII light chains. (a) Sequence alignment of the
13F6-1-2 VA, light chain with human germ line VN subtype VIII light chain (GenBank accession number L29806). (b)
Three framework residues of 13F6-1-2 interact with the CDRs and may need to be maintained in humanization. Asp L70
hydrogen bonds to Thr L23 in CDR L1, Ser H105 hydrogen bonds to Glu 149 of CDR L2, and Tyr L36 interacts with Tyr

196 from CDR L3.
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Materials and Methods

Fab 13F6-1-2 production, purification, and sequencing

BALB/c mice were vaccinated and boosted with
packaged Venezuelan equine encephalitis virus replicons
encoding the GP from the Mayinga 1solate of Ebola virus
Zaire 1976, as previously described.'” Spleen cells were
harvested 3 days after the final injection and fused to
P3X63Ag8.653 myeloma cells. Hybridoma screening was
performed by ELISA and large-scale production of the
antibody was carried out in Integra Celline flasks in
serum-free medium. mAbs were purified from the super-
natants on Protein G affinity columns and dialyzed in
phosphate-buffered saline (PBS). The 13F6-1-2 Fab frag-
ments were prepared by 1% v/v papain digestion at 37 °C
for 1 h. Fab, Fc fragments, and undigested IgG2a were
separated by Protein A chromatography. Fab collected in
the Protein A flow-through was further purified by size
exclusion on a Superdex 200 10/300 GL column equili-
brated with 10 mM Tris-HCl (pH 7.5) and 150 mM NaClL
Sequencing of the variable regions was carried out as
described in U.S. Patent 6,875,433.

Fab 13F6-1-2 peptide structure determination

Crystallization

An 11-residue peptide (VEQHHRRTDND) containing
residues P404-P414 of the variable mucin-like C-terminus
of GP1 was synthesized by the Center for Protein Sciences
at The Scripps Research Institute. Fab 13F6-1-2 was
concentrated to 15 mg/mL and preincubated with a
fivefold molar excess of peptide (>95% purity) on ice for
30 min prior to crystallization by hanging-drop vapour
diffusion at 22 °C. Crystals sufficient for data collection
appeared directly from the sparse matrix screens over-
night from Emerald Biosystems Wizard III condition 32
[16% (w/v) PEG 8000, 0.04 M potassium phosphate, and
20% (v/v) glycerol].

Data collection

In preparation for data collection at 100 K, crystals of the
Fab 13F6-1-2-GP peptide complex were gently soaked 1
min in 20% (w/v) PEG 8000, 0.04 M potassium phosphate,
and 25% (v/v) glycerol prior to flash cooling in liquid
nitrogen. Data were measured at Beamline 8.2.2,
Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley, CA) using an ADSC Q315 CCD
detector. The data were mdexed integrated, and scaled
with d*TREK (version 9.4).** Data collection statistics are
presented in Table 2.

Structure determination and refinement

The structure of Fab 13F6-1-2—peptide complex was
determined by molecular replacement using a murine
IgG2a Fab fragment [Protein Data Bank (PDB) code 1YEC]
as the 1n1t1a1 search model. The program CNS SOLVE
(version 1.1)**** was used during all stages of structure
determination and refinement. Data between 15 and 4 A
resolution were included in the cross rotation and
translation functions in which a clear, unique solution
was identified. Coordinates corresponding to this mole-
cular replacement solution were subsequently subjected to
a round of rigid body and torsion angle simulated
annealing using all data, with no o cutoffs. The Ry

Table 2. Data collection and refinement statistics

Diffraction statistics
Space group P2,2,2, .
a=682 A, b=703 A,

c=142.1 A, a=p=y=90°

No. of observed reflections 188,364
No. of unique reﬂectlons 46,873
Resolution range A) 46.3-2.0
Roym (%) 8.4 (52.323b
Redundancy 4.0 (3.5)
Completeness (%) 99.7 (99.7)
Average I/o(I) 6.8 (1.7)
Refinement statistics
No. of total atoms 3659
No. of peptide atoms 98
No. of water molecules 233
Resolution range (A) 46.3-2.0
cryst (/0) 20.3
Riree (%)° 24.5
Overall B-factor (A?) 24.3
Chain H 20.9
Chain L 27.0
Peptide 26.0
Water 29.0
rmsd .
Bonds (A) 0.015
Angles (°) 1.3
Dihedrals (°) 11.2
Impropers (°) 1.1
Cross-validated coordinate error
Luzatti (A) 0.28

® Reym=2 | I(k)—<I> |/ Y. I(k), where I(k) and <I> represent
the diffraction intensity values of the individual measurements
and the corresponding mean values, respectively. The summation
is over all unique measurements.

P Values given in parentheses refer to reflections in the outer
resolution shell: 2.07-2.00 A.

Rcrystz(thl || Fo | —k | Fc ” )/(thl | Fo | )r where Fo and Fc
are the observed and calculated structure factors, respectively. For
Rfeer the sum is extended over a subset of reflections (5%)
excluded from all stages of refinement.

and Rgee prior to the first round of manual rebuilding
were 38.7% and 41.6%, respectlvely The interactive
computer graphics program Xfit* was used to rebuild
the initial model to the correct Fab 13F6-1-2 sequence and
alternated with rounds of torsion angle simulated anneal-
ing starting at 5000 K**® using all data with no o cutoffs
and bulk solvent correction. The progress of the refine-
ment was monitored by reductions in Reryst and Reree-
Difference Fourier maps calculated after changing the
model to the correct sequence of Fab 13F6-1-2 revealed
strong unambiguous positive electron density corre-
sponding to the P404-P414 peptide. Water molecules
were included into the model during the later rounds of
refinement based on the presence of positive 30 peaks in
the os-weighted F,—F, difference electron density maps
and at least one hydrogen bond to a protein, peptide, or
solvent atom. After the addition of water molecules and
the peptide, alternating rounds of crystallographic con-
jugate-gradient minimization refinement and model
rebulldmg were performed. The fmal model was refined
in Phenix**° with TLS refinement.”” Refinement statistics
are reported in Table 2

Structural super1mpos1t10ns were performed using
the FATCAT{ pairwise alignment server.”' Shape comple-
mentarity index and buried surface area were calculated

I http: //fatcat. burnham.org/fatcat/
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using the program Sc>” in the CCP4 suite and CNS-
SOLVE,* respectively.

Analysis of peptide and mutant peptide binding

Surface plasmon resonance binding analysis

The binding analysis was performed using a CM-5
sensor chip on a BIAcore3000 at room temperature at the
USAMRIID Biosafety Level 4 laboratory (Frederick, MD).
A total of 6500 response units of sucrose-gradient-purified
Ebola virus (Zaire 1995 strain) were immobilized using
amide coupling chemistry to flow cell 1. Bovine serum
albumin (BSA) was immobilized by amide coupling in
flow cell 2 and both flow cells were washed with NaOH to
stabilize the surface. IgG 13F6-1-2 was diluted to 0, 10, 25,
50, 100, and 500 nM. Each concentration was injected at
30 uL/min twice over flow cell 1 followed by flow cell 2 as
a reference and data from flow cell 2 was subtracted out.
The surface was regenerated with 10 mM glycine at pH
2.0. The final response unit was monitored for any buildup
or degradation of the surface. A mass transfer test was
used by injecting 100 nM 13F6-1-2 at three different flow
rates (5, 15, and 75 pL/min). The k., and k¢ values were
calculated based on a 1:1 Langmuir binding curve.

SPOTs membrane peptide array

Peptides containing complete 20 amino acid replace-
ment mutations to 13F6-1-2 epitope residues GIn P406, His
P407, His P408, Arg P409, and Arg P410 (peptide
sequences: QVEXHHRRTDNDST, QVEQxHRRTDNDST,
QVEQHxRRTDNDST, QVEQHHXRTDNDST, and
QVEQHHRXTDNDST) were custom synthesized onto a
cellulose membrane by Sigma-Genosys and used accord-
ing to the manufacturer’s instruction. The membrane-
immobilized peptides were rehydrated with 1x Tris-
buffered saline (TBS, pH 8.0) and incubated at room
temperature overnight with T-TBS blocking buffer [TBS,
0.05% (v/v) Tween 20, 5% (w/v) sucrose, and 10% (v/v)
Genosys concentrated blocking buffer]. The membranes
were washed three times with T-TBS before incubation
with 20 mL of IgG 13F6-1-2 at a concentration of 5 pg/mL
for 3 h at room temperature. Unbound antibody was
removed by three washes of T-TBS and bound 13F6-1-2
was detected using an anti-mouse P-galactosidase-con-
jugated secondary antibody. After 2 h incubation at room
temperature, the membranes were washed twice with
T-TBS and twice with PBS. The bound antibody was
visualized using a signal development solution (potas-
sium ferricyanide, 5-bromo-4-chloro-3-indoyl-p-bD-galac-
topyranoside, magnesium chloride in PBS).

Competition ELISAs

Peptides containing alanine point mutations were
synthesized by AnaSpec (peptide sequences: VEAHHRR-
TDND and VEQHHARTDND). Corning Costar 96-well
microplates were immobilized with recombinant, soluble
full-length Ebola virus GPAtm (lacking the trans-
membrane domain) (0.05 mL, 10 pg/mL) overnight at
4 °C. Microplates were blocked with 0.1 mL of 3% (w/v)
BSA for 1 h at 22 °C. Twenty-five microliters each of IgG
13F6-1-2 antibody [1.5 pg/mL final concentration in PBS
with 1% (w/v) BSA] and peptide epitope mimic or mutant
peptide epitope (0 to 50 pM final concentration in PBS
with 1% (w/v) BSA was added to the microplates and
incubated for 2 h at 22 °C. After the plates were washed

with PBS with 0.05% (w/v) Tween 20, bound IgG 13F6-1-2
was detected by incubation with horse anti-mouse horse-
radish-peroxidase-conjugated secondary antibody
(0.05 mL, 1:2500 dilution) for 1 h at 22 °C. Each well was
then washed 10 times with PBS containing 0.05% (w/v)
Tween 20. The product was developed using the Pierce
TMB substrate kit according to the manufacturer’s
protocol. Colour development was read immediately in
a Molecular Devices VersaMax microplate reader at
450 nm.

Analysis of the Asn413 glycan sequon

Asn413Asp and Ser415Ala GP mutations were gener-
ated using the QuikChange II site-directed mutagenesis
kit (Stratagene), according to the manufacturer’s protocol.
Wild-type (WT) GPAtm, WT GPAmucinAtm, Asn413Asp
GPAtm, and Ser415Ala GPAtm DNA were transiently
transfected into HEK293T cells using FuGene6 in six-
well culture plates. Supernatants were harvested 4 days
posttransfection. Twelve microliters of supernatant was
loaded in each lane and analyzed by nondenaturing
Western blot using mouse 13F6-1-2 monoclonal primary
antibody (2 pg/mL), followed by goat anti-mouse IgG
peroxidase-conjugated secondary antibody (1:1000 dilu-
tion). The signal was visualized using Sigma FAST
BCIP/NBT.

Nucleotide and protein accession codes

Nucleotide and protein sequences for IgG2a 13F6-1-2
light and heavy chains were published in U.S. Patent
6,875,433 and are accessible through the U.S. Patent and
Trademark Office Web site§.

Protein Data Bank accession code

The coordinates and structure factors for the Fab 13F6-1-
2-peptide complex have been deposited in the Research
Collaboratory for Structural Bioinformatics Protein Data
Bankll with PDB accession code 2QHR.%
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