Chapter 4
Antibody Recognition of Immunodominant
Vaccinia Virus Envelope Proteins

Dirk M. Zajonc

Abstract Vaccinia Virus (VACV) is an enveloped double stranded DNA virus and
the active ingredient of the smallpox vaccine. The systematic administration of this
vaccine led to the eradication of circulating smallpox (variola virus, VARV) from
the human population. As a tribute to its success, global immunization was ended in
the late 1970s. The efficacy of the vaccine is attributed to a robust production of
protective antibodies against several envelope proteins of VACYV, which cross-
protect against infection with pathogenic VARV. Since global vaccination was
ended, most children and young adults do not possess immunity against smallpox.
This is a concern, since smallpox is considered a potential bioweapon. Although the
smallpox vaccine is considered the gold standard of all vaccines and the targeted
antigens have been widely studied, the epitopes that are targeted by the protective
antibodies and their mechanism of binding had been, until recently, poorly charac-
terized. Understanding the precise interaction between the antibodies and their epi-
topes will be helpful in the design of better vaccines against other diseases. In this
review we will discuss the structural basis of recognition of the immunodominant
VACYV antigens A27, A33, D8, and L1 by protective antibodies and discuss potential
implications regarding their protective capacity.
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Abbreviations

VACV Vaccinia virus
VARV variola virus
MPXV  monkeypox virus

ECTV ectromelia virus

MAD monoclonal antibody

MV intracellular mature virus

EEV extracellular enveloped virus

GAG glycosaminoglycan

HS heparan sulfate

CS chondroitin sulfate

GIcA glucuronic acid

GalNAc N-acetyl galactosamine

HC heavy chain

LC light chain

CDR complementarity determining region
H hydrogen (bond)

vdW van der Waals

BSA buried surface area

sc shape correlation

Fab fragment of antigen binding

Kp equilibrium binding constant

EFC entry fusion complex

SAM single alanine scanning mutagenesis

4.1 Vaccinia Virus

VACYV is a 190 kbp double-stranded DNA virus that encodes more than 200 ORFs.
Together with cowpox (CPXV), monkeypox (MPXV), smallpox (VARV) and ectro-
melia (ECTV), among others, VACV belongs to the genus of orthopox viruses.
VACYV exists as two different infectious particles, the intracellular mature virus
(IMV) and the extracellular enveloped virus (EEV). The IMV expresses and utilizes
the adhesion molecules A27, D8, and H3, to bind to cell surface molecular like
glycosaminoglycans (GAGs), heparan sulfate (A27 and H3), chondroitin sulfate
(D8) (Lin et al. 2000; Hsiao et al. 1998, 1999; Matho et al. 2014). The IMV also
expresses A26, which binds to laminin (Chiu et al. 2007). The entry fusion complex
of the IMV allows VACYV to fuse with the host membrane and ultimately to infect
the host cell. Twelve proteins that are conserved across the poxvirus family are
required for this process (Ojeda et al. 2006b; Townsley et al. 2005b; Senkevich et al.
2004; Brown et al. 2006; Izmailyan et al. 2006; Ojeda et al. 2006a; Senkevich and
Moss 2005; Nichols et al. 2008; Senkevich et al. 2005; Bisht et al. 2008b;
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Satheshkumar and Moss 2009; Townsley et al. 2005a). Following viral replication
within the host cell, newly synthesized VACV particles exit the cell as EEV parti-
cles. In addition to IMV, these particles also have a second host cell-derived lipid
bilayer that contains specific EEV envelope proteins, including A33. A33 is an
adhesion molecule that binds a receptor of unknown identity and is required for
long-range dissemination within the host (Roper et al. 1998; Wolffe et al. 1998,
2001).

Inoculation with VACV elicits neutralizing antibodies against major envelope
proteins, including A27, A33, BS5, D8, H3, and L1, conferring protection against
smallpox (Davies et al. 2005; Davies et al. 2007; Lawrence et al. 2007; Benhnia
et al. 2008; Putz et al. 2006). Maximal protection is obtained with vaccines combin-
ing membrane proteins from both IMV and EEV. Although the vaccine efficacy has
never been precisely measured in controlled experiments, neutralizing antibodies
are found up to 30 years after standard immunization. Smallpox was the first disease
that had been eradicated through global vaccination efforts, resulting in a termina-
tion of the wide-spread vaccination of the general human population (Henderson
2011). Yet, the precise interaction between the antibodies and their epitopes
remained poorly understood, until recently.

In this review will focus on the interaction between several murine antibodies
and the VACV antigens: A27, A33, D8 and L1, the only antigens for which struc-
tural data of the antibody-antigen complex has been obtained to date (Fig. 4.1).

4.2 IMYV Antigen A27

A27 is one of the three GAG adhesion molecules (A27, D8, and H3) and binds to
heparan sulfate. A27 is a homo-trimeric protein that is attached to the viral mem-
brane by binding to the transmembrane protein A17 through its C-terminal leucine
zipper domain (residues 80—101). The GAG binding site is located at the N-terminus
of the mature protein (residues 21-30) (Wang et al. 2014; Howard et al. 2008). The
central region of A27 consists of a coiled coil domain (residues 43—84), which is
used to interact with the membrane fusion suppressor protein, A26, through inter-
molecular disulfide bond formation (Cys71, Cys72). The crystal structure of an
N-terminal fragment of A27, containing the heparan sulfate binding site and coiled
coil domain (residues 21-84), has recently been determined, however only the cen-
tral fragment (residues 47-84) is ordered, suggesting flexibility of the N-terminal
GAG binding domain (Chang et al. 2013). The A27 structure illustrates the com-
plexity and antiparallel nature of the A27 homo-trimer, yet structural information
about the N-terminal and C-terminal extremities is missing.
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Fig. 4.1 Overview of A27m|m_"nf353
VACYV antigen-antibody
(Fab) complexes. The
antigens are colored in
grey, the Fab light (L)
chain in orange and the
Fab heavy (H) chain in
green. Variable (V) and
constant (C) antibody
domains are indicated
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4.2.1 AntiA27 MAbs

To understand the function of anti-A27 antibodies, especially their protective capac-
ity and their interaction with A27, several murine monoclonal antibodies (MAbs)
have been generated and further separated into four distinct specificity groups
(Kaever et al. 2016). Three groups (I, III and IV) bind to linear peptides, while
group II only binds to VACV lysate and recombinant A27, suggesting it recognized
a conformational and discontinuous epitope. Only group I antibodies neutralized
MYV in a complement-dependent manner and protected against VACV challenge,
while a group IT mAb protected partially, but did not neutralize (Kaever et al. 2016).
The epitope for group I mAbs was mapped to a region adjacent to the GAG binding
site and suggested that group I mAbs could potentially interfere with cellular adhe-
sion of A27, while the group IV antibodies bound to the remote C-terminal extrem-
ity of A27 and were not neutralizing (Kaever et al. 2016). For details on antibody
composition and structure see (Sundberg and Mariuzza 2002; Kumagai and Tsumoto
2001).

4.2.2 Crystal Structure of the A27 ,opize31-40 -1G6 Complex

The crystal structure of the neutralizing group I MAb, 1G6, bound to the A27 pep-
tide “KREAIVKADE” illustrating that both light and heavy chains of the antibody
are equally important in binding the peptide (Table 4.1 and Fig. 4.2). The peptide is
bound in a crevice formed between the complementarity determining region (CDR)
L1 loop and the H2 loop and was supported mainly by the underlying H3 loop. The
H chain buried 385 A2 on the peptide, while the L chain buried 366 A2 1G6 formed
polar contacts (hydrogen bonds and salt bridges) with seven amino acids of the A27
peptide, with five residues of the L chain interacting with four amino acids of the
antigen (Arg32, Glu33, Ala34, and Asp39), while five residues of the H chain inter-
acted with four amino acids (Lys37, Ala38, Asp39, Glu40) of the antigen (Table 4.1,
Fig. 4.2). L1 appears to form the majority of polar interactions with A27, while the
H chain uses H2 and H3 to bind the antigen. H1 is the only CDR that does not con-
tact the peptide.

The structural data corroborated the alanine scanning mutagenesis, which identi-
fied several important side chain interactions of the peptide antigen with the anti-
body. A27 residues Glu33, Ile35, Val36, Lys37, and Asp39 were sensitive to alanine
substitution. Peptide residues Glu33 and Asp39 formed a hydrogen (H) bond with
L1 residues Ser32 and Tyr37, respectively, while Asp39 also forms a salt bridge
with H2 residue Lys55. Peptide residues Lys37 formed a salt bridge with both H2
residues Asp59 and Asp61, while Glu40 forms salt bridge with H3 residue Arg104
and an H bond with Tyr106. Disruption of any of these contacts led to loss of bind-
ing, suggesting that these interactions were equally important for binding (Kaever
et al. 2016). I35 and V36 are hydrophobic amino acids and their side chains do not
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Fig. 4.2 Antibody binding to A27 peptides. The molecular surfaces of the antigen binding sites
illustrate intimate binding to A27 peptides. Several contact residues of the Fab are labeled in ital-
ics, while peptide residues are numbered according to amino acid position in the A27 protein.
Heavy chain in green and light chain in orange. Peptide as grey sticks. CDR loops in italics

engage in polar interactions, however Ile33 packed against H2 residue Tyr63, while
Val36 packs against L1 residues His31 and Tyr37. These hydrophobic interactions
appear to be critical to the overall stability of the complex (Fig. 4.2).

4.2.3 Crystal Structure of the A27 ,.pi4e101-110 ~-8E3 Complex

The group IV MAb 8E3 bound to the A27 peptide DVQTGRRPYE surprisingly
with a higher contribution of the L chain than the H chain. However, in contrast to
the MADb 1G6, 8E3 forms the binding side perpendicular to the H/L chain interface,
while 1G6 bound the peptide in a crevice formed between the H and L chain. As a
result, 8E3 binds the N-terminal residues exclusively with the L chain and the
C-terminal residues exclusively with the H chain, while for 1G6 certain residues can
interact with both antibody chains simultaneously (Fig. 4.2). The H chain of 8E3
interacted less broadly with the antigen and buried 355 A2, while the L chain buried
480 A2 on the peptide (Table 4.1).

The antibody 8E3 formed polar contacts with seven amino acids of the antigen.
Six residues of the L chain interacted with five amino acids of the peptide (GIn103,
Thr104, Argl106, Arg107, and Tyr109), while four residues of the H chain interacted
with two amino acids (Pro108 and Glul10) of the peptide (Table 4.1, Fig. 4.2).
While the L chain appeared to make more contacts with the peptide overall, alanine
scanning of the peptide suggested that the N-terminal half of the peptide was not
forming specific interactions with the antibody. H bond interactions with A27 resi-
dues GIn103 and Gly105 are formed with backbone oxygen groups, indicating that
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they are independent of the amino acid sequence. Gly105 to alanine substitution
likely induced a steric clash with the antibody surface. As a result the amino acids
that were forming specific interactions with the antibody were located within the
C-terminal half and include Arg107, Tyr109 and possibly Glu110. Pro108 to alanine
exchange likely also induces a steric clash with 8E3. Argl07 and Tyrl109 are
involved in both a salt bridge and H bond with L2 residue Glu50, which therefore
seems to be a major hot spot for binding the antigen, while Glu110 of the peptide
formed a H bond with H2 residues Ser54 and H3 residue Argl01, which appeared
to be less crucial for binding based on the alanine scanning data (Kaever et al. 2016).

A27 is one of the immunodominant antigens of VACV and antibodies targeting
A27 have been extensively studied (Meyer et al. 1994; Rodriguez and Esteban
1987; Rodriguez et al. 1985). Especially group I antibodies had been previously
identified and the epitope mapped to the heparan binding domain (Meyer et al.
1994). Therefore, the group I epitope appears to constitute a major binding site for
eliciting protective antibodies such as 1G6.

4.3 EEV Antigen A33

A33 is expressed on the EEV membrane as a 23 kDa, homodimeric type II trans-
membrane protein that undergoes both O- and N-glycosylation (Isaacs et al. 1992;
Roper et al. 1996; Payne 1992). A33 controls the incorporation of A36 into the EEV
particle and subsequently the production of actin tails. Therefore, A33 plays an
important role in effective cell-to-cell spread within the host (Roper et al. 1998;
Wolffe et al. 1998, 2001). A33 is also required for proper trafficking of the VACV
antigen B5 to the EEV-specific membrane and proper formation of infectious EEV
(Wolffe et al. 2001; Chan and Ward 2010). A33 contains a membrane-proximal
cysteine on the A33 ectodomain that forms an intermolecular disulfide bridge.
However, this cysteine is not required for the production of infectious extracellular
virus (Chan et al. 2010). The crystal structure of the ectodomain of A33 revealed an
unusual C-type lectin-fold domain, similar in overall architecture to several NK cell
ligands (Su et al. 2010).

4.3.1 Anti A33 MAbs

Recent characterization of a panel of anti A33 antibodies using a peptide ELISA
indicated that all the anti-A33 MAbs obtained by immunizing mice with live VACV
bound only to recombinant A33 but not to any linear peptide, in contrast to most
antibodies targeting A27 (Matho et al. 2015). Interestingly, the three antibodies:
A2C7, A27D7, and A20G2, which had been characterized in more detail, bound to
A33 with different stoichiometries. A single A27D7 Fab bound to one A33 dimer,
while A2C7 and A20G2 each bound with one Fab to one A33 subunit (2 Fab’s per
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A33 dimer) (Matho et al. 2015). While all three MAbs were neutralizing in vitro,
protected against intranasal VACV challenge in vivo, A27D7 also protected mice
against ectromelia challenge, identifying A27D7 as a potent cross-species orthopox
virus neutralizing antibody (Matho et al. 2015).

4.3.2 Crystal Structure of the A33-A2C7 Complex

The A33/A2C7 complex shows two Fab molecules symmetrically bound to the A33
dimer (Fig. 4.1). Each A2C7- Fab molecule elicits, therefore, identical contacts with
a discontinuous and conformational epitope at the membrane-distal extremity of
each A33 subunit (Fig. 4.3). The A33 monomer is bound in a deep cavity formed by
both L and H chain, with L1 and H2 forming the rim of a binding cup. The L chain
buried 365 A2 on A33, while the H chain buried a total of 334 A2 between A33, lead-
ing to a total BSA of 699 A? between Fab and A33, which corresponds to only
around 5% of total protein surfaces. The size of the binding interface is comparable
to the peptide binding anti A27 MAbs but considerably smaller than the typical
range found in antibody-protein antigen complexes (1400—-1700 A2 BSA), (Davies
et al. 1990). Despite recognizing a rather small epitope, A2C7 used sixteen residues
(eight from each L and H chain) to interact with eleven A33 residues. Similar to the
peptide-specific anti A27 MAbs, both L and H chain of A2C7 appeared to be equally
important in antigen binding.

Shape correlation (Sc) measures the geometric surface complementarity of
protein-protein interfaces and reflects their specificity (Lawrence and Colman
1993). Both heavy and light chains appeared to bind with high specificity to the
antigen (Sc = 0.67 and 068, respectively). For antigen-antibody interfaces, Sc val-
ues of 0.64—0.68 (Jones and Thornton 1996) have been reported, illustrating that the
A2C7/A33 interaction is very specific. This interface is held together by an exten-
sive network of hydrogen bonds and salt bridges involving every CDR loop (Matho
et al. 2015). GIn173 is a major contact residue of the A2C7 epitope, as it reaches
into the base of the A2C7 binding cup and intersects with of almost every CDR loop
(Fig. 4.3). It forms multiple hydrogen bonds via its backbone and side chain (H1,
H2, H3, and L3). Replacing GIn173 with arginine led to a complete loss of A2C7
binding. Since the Gln173Arg substitution is found in ECTV the binding data sug-
gested that A2C7 would be unable to protect against ectromelia challenge and no
protection was indeed found using an ectromelia challenge model (Matho et al.
2015). A33 residue Asp170 is located on a flexible loop and is contacted by both H
and L chain. It forms a salt bridge with L2 residue Lys55 and a hydrogen bond with
L1 residue Tyr32. However, the Asp170Ala mutation did not affect the binding
affinity of A2C7-MADb, suggesting it is not a critical binding residue (Matho et al.
2015).
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A2C7-A33 monomer

Fig. 4.3 A33-antibody interfaces. Fab A2C7 and A20G2 bind the A33 monomer in a crevice
formed between L (orange) and H (green) chain, while A27D7 binds the A33 dimer. Heavy chain
in green and light chain in orange. A33 in grey. CDR loops in italics

4.3.3 Crystal Structure of the A33-A20G2 Complex

A20G?2 also bound with 1 Fab molecule to one A33 monomer (two Fab’s per A33
dimer, Fig. 4.1). A20G?2 targets a similar epitope compared to A2C7. Sixteen resi-
dues of each A33 subunit were in contact with sixteen residues of the A20G2 Fab
(Table 4.1). Compared to the binging cup formed by A2C7, A20G2 is open ended at
both ends, explaining the larger binding surface. Both H and L chain grasp the tip of
each A33 subunit similar to a tweezer, and each chain buried roughly 430 A2 on
A33. The Sc value is 0.68 and 0.69 for both antibody/antigen binding interfaces
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(Table 4.1). Despite numerous amino acid differences in the CDRs, A20G2
approaches the antigen with an overall similar topology compared to A2C7, with
the exception of CDRs L2 and H3. This is reflected in an overall change in binding
angle (Fig. 4.1). L1 plays a major role in A33 binding for both A2C7 and A20G2, as
it clamps onto one side of each A33 subunit (A33 residues Phe119, Asp155, Gly156,
Asnl57, Asp170, and Ser172, while Ser154 and Asn157 were exclusive to A20G2)
(Fig. 4.3). L3 sits at the base of the binding site, and H1 and H2 target a similar
epitope at the top edges of A33. In both complexes, GIn173 is inserted deep into the
center of the binding site. Similar to A2C7, the GIn173Arg mutation also fully abro-
gated A20G2 binding, explaining the inability of this MAb to protect against ectro-
melia challenge (Matho et al. 2015). In addition, the Asp170Ala mutation did not
have any impact on binding of A20G2 to A33, similar to A2C7. The A33 mutation
Leul18Arg that is located on both epitopes fully impaired A2C7 binding, while not
affecting binding of A20G2. This was likely due to a clash with L3 of A2C7, which
approached A33 from a different angle. In conclusion, A2C7 and A20G2 target
similar but not identical epitopes mostly due to sequence differences within H3 and
L3 (Matho et al. 2015).

4.3.4 Crystal Structure of the A33-A27D7 Complex

A27D7 is unique in its binding to A33. A single A27D7-Fab bound at the A33 dimer
interface, with the L and H chains contacted both A33 subunits (Figs. 4.1 and 4.3).
The binding interfaces for both L and H chains were considerably larger compared
to A2C7 and A20G2 (LC = 525.3 A%, HC = 630.2 A?) for a total of 1155.5 A
(A27D7-A33 dimer). Sc values of 0.71 and 0.74 were very high and indicate a
highly specific binding interaction (Table 4.1) (Matho et al. 2015).

Eighteen residues of the H chain contacted sixteen A33 residues, while fifteen
residues of the L chain contacted twelve A33 residues (Matho et al. 2015). CDR H1
interacted only with one A33 subunit, while CDR H2 interacted only with the other
A33 subunit of the dimer. Among the many hydrogen bonds and salt bridges formed
between A27D7 and A33, a few residues that appeared to make important contacts
were targeted for alanine scanning mutagenesis. Lys161 formed a salt bridge with
HI residue Asp31. Aspl15 is a central residue of the H2 interface, as it formed six
potential hydrogen bonds with H2 residues Gly53, Gly54, Gly55, and Thr56.
Surprisingly, the Lys161Ala mutation did not impair A27D7 binding, while the
Aspl15Ala mutation only slightly affected A33 binding. CDR H3 is centrally posi-
tioned in the A33 dimer groove, and contacted residues of both A33 subunits. H3
formed three distinct hydrogen bonds between Ala97, Ser98 and Lys177 of A33.
The third hydrogen bond is formed between A33 residue Tyr116 and H3 residue
Tyr99 (Matho et al. 2015).

The A27D7 light chain does not elicit any salt bridge with A33, and its interac-
tion with the antigen is mostly driven by van der Waals contacts. In particular L2
and L3 each interact specifically with only one of the A33 subunits (Fig. 4.3). L1 is
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relatively short compared to group II MAbs A20G2 and A2C7 (12 vs. 16 residues).
A single L1 residue, Tyr32, formed one hydrogen bond with Aspl150 and also
accounted for all vdW contacts with a single A33 subunit. L2 interacts solely with
the other A33 subunit, forming a total of two hydrogen bonds and 30 vdW contacts.
CDR L3 (Ser92 and Leu94) formed an extensive hydrogen bond network with A33
residues GInl73, Glul74, Vall75 and Argl76. However, A27D7 bound the A33
mutant Gln173Arg still with high affinity, suggesting that the many contacts formed
between A27D7 and A33 could compensate for the various single amino acid sub-
stitutions on A33, in contrast to the antibodies A2C7 and A20G2, which both failed
to bind the GIn173Ala mutant (Matho et al. 2015). Since A27D7 binding appeared
resistant to single alanine-scanning mutagenesis, A33 residues that were bound by
the antibody on both A33 subunits were targeted by mutagenesis, since these muta-
tions would disrupt interactions on both A33 monomers. Tyr116, Asp150, and
Val175 form contacts with the Fab in both A33 subunits, and among those, Tyr116
was chosen for mutagenesis. The Tyr116Ala mutation led to a significant decrease
in binding affinity, however, still retained sub nanomolar affinity (Matho et al.
2015). Even double mutants that had significantly reduced binding affinity com-
pared to wildtype still bound with low nanomolar affinity, suggesting that a large
number of energetically favorable interactions still remained intact and enabled the
specific binding interaction. Based on the binding data, A33 mutants were created
that mimicked the epitope of the orthopox strains such as cowpox Brighton
(CPXV-Br), MPXYV, and ECTV. The A33 variant GIn117Lys/Leul 18Ser both mim-
icked the epitope of CPXV and MPXYV, while the A33 variant GInl17Lys/
Leul18Ser/GIn173Arg was specific for ECTV. Both antibodies A2C7 and A20G2
failed to bind to the ECTV variant, while A20G2 still bound with a ~9-fold lower
affinity to the CPXV/MPXYV variant. As expected however, A27D7 was able to bind
both A33 variants with high affinity and as predicted from the binding data was able
to protect mice against ectromelia challenge, suggesting that this antibody is a
potent cross-species orthopox virus neutralizing antibody (Matho et al. 2015).

4.4 IMYV Antigen D8

D8 is a 32 kDa type 1 membrane protein of the IMV that binds to cell surface chon-
droitin sulfate (CS) but not to HS (Hsiao et al. 1999). The large N-terminal domain
of D8 shares significant homology to human carbonic anhydrases and adopts a typi-
cal CAH fold. This N-terminal domain is characterized by a centrally located posi-
tively charged crevice that is lined by several lysine, histidine and arginine residues,
suitable for the binding of CS. Using a combination of site directed mutagenesis and
antibody cross-blocking, the positively charged crevice was identified as the GAG
binding site (Matho et al. 2014; Matho et al. 2012). The last thirty residues of the
ectodomain were disordered in the crystal structure and contain an extracellular
membrane-proximal cysteine that is used for disulfide-linked dimerization.
Recombinant full-length D8 forms a hexamer in solution, in which 3
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disulfide-linked dimers non-covalently associate, while the N-terminal GAG bind-
ing domain only forms monomers (Matho et al. 2014, 2012). Using a glycan micro-
array, CS-E [(GIcA-4S,6S-GalNAc)n] was identified as the preferred molecular
species of chondroitin sulfate that is bound by D8 (Matho et al. 2014). While the
biological significance of hexamerization is not clear, it was suggested that it would
increase binding affinity to CS for viral adhesion the host cell (Matho et al. 2014).

4.4.1 Anti D8 Antibodies

Recently a panel of murine monoclonal anti D8 antibodies were characterized and
further separated into four different specificity groups, based on their cross-blocking
ability (Sela-Culang et al. 2014). The grouping suggested that D8 provided a large
surface area that was targeted differently by these antibodies. Peptide ELISA further
suggested that group II antibodies targeted a linear epitope called peptide 58 (resi-
dues 91-110), while groups I, IIT and IV targeted a conformational epitope (Sela-
Culang et al. 2014). Using EM, the binding sites for group I, II, and III were
identified, while a crystal structure was obtained for the group IV antibody LAS
bound to D8. Since only the group IV antibody fully blocked binding of D8 to CS-E
(Matho et al. 2014), this antibody will be discussed in more detail.

4.4.2 Crystal Structure of the D8-LA5 Complex

LAS is an IgG2a isotype (Meng et al. 2011), and its Fab bound recombinant D8 with
high affinity (KD =0.18 nM, Table 4.1). The binding interface between D8 and LA5
was very large, with a total buried surface area of 2434 A2. The H chain dominated
the binding footprint, with a total of 1872 A2 buried surface, which is in contrast to
the 562 A2 covered by the L chain (Table 4.1). Since the shape complementarity was
not very high, water molecules were found especially between D8 and the L chain
of LAS to increase the binding specificity (Matho et al. 2012). The LA5 D8 epitope
was formed by twenty-three residues covering the entire sequence of D8 (GIn3,
Leu5, Thr39, Gly40, Lys41, Argd4, Lys108, Asnl45, Ile174, Asnl75, His176,
Ser177, Ser204, Leu205, Ile215, Glu217, Tyr219, Arg220, Asn221, Tyr223, Lys224,
plus N218 and N226 if including water-mediated contacts), with seven residues
sharing contacts with at least two CDR’s of LAS (Thr39, Lys41, Asn145, Asnl75,
His176, Glu217 and Arg220). Interestingly, the D8 epitope residues Arg44, Lys48
and Arg220 were also involved in CS-E binding, since replacement with alanine
either reduced (Arg220Ala) or fully abrogated (Arg44 Ala/Arg220Alaand Lys48Ala/
Arg220Ala) D8 binding to CS-E. Together with the CS-E microarray data, this
demonstrated that LAS5 binding overlapped with the binding site for CS-E and that
several D8 contact for both CS-E and LA5 were shared. Eighteen residues of LAS
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contacted the antigen DS, from five of the six CDRs of LA5. While the L chain only
formed one polar interaction (H-bond) and 15 vdW contacts, the H chain bound
through an intricate network of polar interactions (16 hydrogen bonds and 11 salt
bridges), with an additional 115 vdW interactions contributing to the vast majority
of the Fab-Ag interactions (Table 4.1). CDR H2 and H3 seemed to contribute
equally in terms of the number of interactions with D8, while H1 contributes the
least to the binding interface, with only three H-bonds and 43 vdW interactions.

4.4.3 Possible Function of LAS

Most noticeable, LA5 bound with CDR H1, H2, and H3 directly above the GAG
binding crevice of D8. Previous CS-E docking experiments placed the carboxylate
of glucuronic acid (GlcA) pointing down into the binding crevice, while the 4" and
6’ sulfates of the N-acetyl galactosamine (GalNAc) were mostly placed at the top of
the binding crevice, where its negative charge would be neutralized by the various
electrostatic interactions with the positively-charged groove lining residues of D8
(Fig. 4.4). The residues that when replaced with alanine impacted D8 binding to
CS-E (Lys41, Arg44 and Arg220), all formed salt-bridges in the D8-CS-E model,
corroborating their importance in CS-E binding (Matho et al. 2014). Based on the
combined structural and biochemical data Lys48 and Lys98 likely form the entrance
portal to the crevice, while Arg220 and Lys41 form the exit portal. In the computa-
tional model, CS-E binding extended beyond these portals and the CS-E ends sat
flat above the surface of DS, forming less specific polar contacts. However, the exact
length of the CS-E molecule that interacts with D8 had not been experimentally
determined (Fig. 4.4). Computational docking further suggested the exit portal to
form multiple contacts with the sulfates of CS-E, especially both 4" and 6’ sulfates
bound to Arg220, while at the exit portal, only a single salt-bridge was formed with
GIcA, while the 6" sulfate sat deep inside the crevice. Obviously structural data is
necessary to really determine the precise interactions between D8 and
CS-E. However, the current model suggested that the exit portal of the D8 crevice is
structurally optimized for the binding of CS-E, while the exit portal is structurally
slightly more promiscuous in its binding specificity (Fig. 4.4). Strikingly in the
LAS-D8 structure, a triad of negatively charged residues of CDR H2 (Asp53, Glu56
and Glu58) bound inside the positively charge crevice of D8 (Fig. 4.4), likely mim-
icking the negatively charged 4'-, and 6’ sulfate groups. Strategies of true receptor-
mimicry have been found especially in antibodies targeting the sialic acid binding
site of influenza hemagglutinin, where an aspartate residue of the antibody is in an
identical position compared to the carboxylate of sialic acid (Lee et al. 2014).

In conclusion, the binding site of LAS on D8 overlapped directly with the pre-
dicted binding site of CS-E and would likely outcompete CS-E binding to D8
through its high, sub-nanomolar binding affinity or block initial binding to CS-E. As
a result, LAS5 likely prevents D8 binding to CS on host cells, thus leading to a
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Fig. 4.4 LAS binding to D8 and D8/CS-E model. The Fab of LAS5 binds with the three CDRs of
the H chain (H1, H2, and H3 in green) directly above the CS-E binding crevice (red line) of D8
(grey surface). Computational model of a CS-E dodecamer (cyan sticks) binding to D8 (grey car-
toon). D8 residues in italics, LAS residues in regular font

reduced infectivity through the D8/CS axis. This is exemplified by a reduced VACV
virulence in BALB/c mice using D8 deletion strains (Rodriguez et al. 1992).
However, loss of D8 activity, can be compensated for by VACV binding to HS
through the adhesion molecules A27 and H3, since D8-negative virus replicates
efficiently in cultured cells (Niles and Seto 1988).
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4.5 IMYV Antigen L1

L1 is a 250-amino-acid myristoylated protein with a C-terminal transmembrane
domain that spans residues 186204 (Franke et al. 1990; Su et al. 2005). L1 forms
a bundle of a-helices that pack against a pair of two-stranded f-sheets (Su et al.
2005). L1 associates with the virus-encoded multiprotein entry-fusion complex
(EFC) and plays an essential role in viral entry (Bisht et al. 2008a). It is an immuno-
dominant neutralizing antibody target in mice, though it is a less common target in
humans (Benhnia et al. 2008). A VACV L1 mutant had been described that escaped
neutralization by the antibody 2D5 and where residue Asp35 had been replaced
with asparagine (Ichihashi and Oie 1996). Interestingly, the residue Asp35 in ques-
tion, is located at the tip of L1, where various loops connect the f-strands and
a-helices, and a common target of neutralizing antibody responses (Kaever et al.
2014; Su et al. 2005, 2007). However, not all MAbs that target Asp35 can bind the
Asp35Asn escape mutant (Kaever et al. 2014; Su et al. 2007).

4.5.1 Anti L1 Antibodies

Murine anti L1 MAbs had been previously characterized by several labs and identi-
fied at least three different specificity groups (Aldaz-Carroll et al. 2005; Ichihashi
and Oie 1996; Kaever et al. 2014; Su et al. 2007; Wolffe et al. 1995). In one study,
the three antibody groups had been characterized side by side (Kaever et al. 2014).
While the majority of antibodies obtained in this study belonged to group I, which
targeted a conformational and discontinuous epitope containing the above men-
tioned Asp35, group II and III MAbs recognized a unique epitope. The group II
MAD 8CS8 bound a conformational epitope that is separate from the group I MAbs
but otherwise unknown, while the group III MAb 39D4 targeted a linear epitope
(residues 121-140) that overlapped with a previously identified epitope of L1 (resi-
dues 118-128) (Aldaz-Carroll et al. 2005). The group I MAbs neutralized IMV in
vitro and in vivo in the absence of complement. The group I MAb 8C8 failed to
neutralize MV, likely because its epitope was not well exposed on the virion (Kaever
et al. 2014). The group III MAb 39D4 only neutralized less than 20% and neutral-
ization efficacy could not be increased by the addition of complement, which this
antibody can fix. In addition, both group II and III MAbs bound recombinant L1
with greatly reduced binding affinity compared to a the group I MAb M12B9
(Kp = 17 and 32 nM vs. 0.091) (Kaever et al. 2014). The two group I antibodies
7D11 and M12B9 that were produced by different labs had both been characterized
structurally and, surprisingly, recognize a highly conserved epitope centered around
Asp35 of L1 and have very similar H chain sequences (Kaever et al. 2014; Su et al.
2007).
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L1-M12B9

Fig. 4.5 MI12B9 and 7D11 binding to the L1 antigen. Antibodies 7D11 and M12B9 bind to
VACV-L1 with highly similar binding chemistries, predominantly using the H chain (green). Light
chain in orange, VACV-LI in grey. CDR loops and Fab residues in italics. VACV-L1 residues in
regular font

4.5.2 Crystal Structure of the L1-7D11 Complex

L1 was the first VACV antigen for which a crystal structure in complex with a Fab
was obtained (Su et al. 2007). The antibody 7D11 is a group I antibody and the
crystal structure revealed a very H chain centric footprint on top of the L1 molecule
(Fig. 4.1). 7D11 binds to four long loops that connect the bundle of helices at the tip
of L1, presumably away from the viral membrane. The H chain buried a total of
1340 A2, while the L chain participated little in overall binding and buried 225 A2
on L1. Shape complementarity is 0.65 for the H chain and 0.26 for the L chain, cor-
relating with an H chain centric footprint. L1 residues Asn27, GIn31, Thr32, Lys33,
Asp35, Ser58, AlaS9, Asp60, Ala61, Asp62, and Lys125 are bound by the M12B9
heavy chain using vdW interactions, while L1 residues Lys33, Asp35, Ala59, Asp60
also form eight hydrogen bonds and two salt bridges with CDR1-3 residues of the
H chain (Table 4.1, Fig. 4.5). Interestingly 7D11 binds to the VCV escape mutant
Asp35Asn (Su et al. 2007), which is also found in ECTV. However, whether 7D11
protects against ectromelia challenge is currently unknown.

4.5.3 Crystal Structure of the LI-M12B9 Complex

MI12B9 also belongs to the group I antibodies and not surprisingly has a highly
similar H chain sequence compare to 7D11, while the L chain is very different
(Table 4.1). VACV-L1 residues Glu25, Asn27, Ala28, Ser29, GIn31, Thr32, Lys33,
Asp35, Ser58, Ala59, Asp60, Ala61, Asp62, Lys125, Lys127, and Ser153 are bound
directly by the M12B9 heavy chain (Fig. 4.5) (Kaever et al. 2014). The heavy chain
forms a total of eleven H-bonds, five salt bridges, and ninety-nine van der Waals
(vdW) interactions. The H chain buried 1366 A2 surface between VACV-L1 and has
a shape complementarity of 0.70, while the LC buried a total 219 A2 with a shape
complementarity of 0.62. In total, the M12B9 light chain formed one potential salt
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bridge and one hydrogen bond involving L chain residue Asp98 (CDR L3), Asn34
(CDR L1) and VACV-LI residue Lys33 and GIn31, respectively, while in the 7D11/
L1 structure, there were no interactions between the light chain and VACV-LI
within 4 A distance (Su et al. 2007). Surprisingly, however, the escape mutant
Asp35Asn was resistant to neutralization by any group I MAbs characterized in this
particular study, suggesting an inability of these MAbs to bind to Asn35 instead of
Asp35 (Kaever et al. 2014). While binding of M12B9 to the recombinant VACV-L1
containing the Aps35Asn was not tested, no binding of M12B9 to the VACV-L1
mutant Asp35Ala was observed, demonstrating the importance of Asp35 for group
I MAD binding. Since ECTV contains the Asp35Asn variation, and M12B9 did not
protect against ECTV challenge it could be speculated that M12B9 does not bind
the Asp35Asn variant found in the ECTV L1 ortholog (EVMO072). However, that
would contrast 7D11 binding, which was not affected by the same mutation.

4.5.4 7DI11 Versus M12B9 Comparison

Both L1-7D11 and L1-M12B9 complex structures bound a highly conserved epit-
ope on LI, correlating well with the high sequence similarity of the H chains
(Kaever et al. 2014). The overall H chain sequence identity was 83% and differ-
ences are found in the framework residues and CDR H3, while HI and H2 are very
conserved (only 1 amino acid difference). As a result, the structures superimposed
well with a low root mean square deviation of 1.00 A. The only gross structural dif-
ferences are within the H3 loop (only 30% conserved sequence) (Kaever et al.
2014). While M12B9 formed a hydrogen bond between CDR H3 residue GIn101
and Asn27, 7D11 formed a salt-bridge between CDR H3 residue Asp102 and L1
residue Lys33. Since the Ans27Ala mutant retained full binding to M12B9, this
contact did not appear important for M12B9 binding, while on the other hand the
additional salt bridge (adjacent to Asp35 of L1), formed by 7D11 could compensate
for Asp35Asn mutation to retain binding (Fig. 4.5). Both MAbs, however, share the
majority of polar interactions that are formed by CDRs H1 and H2, while CDR H3
adopted a similar orientation in both complexes but almost exclusively contacted L1
through non-directed vdW interactions (Kaever et al. 2014).

4.6 Concluding Remarks

Antibody responses against VACV had been structurally characterized for the anti-
gens A27, A33, D8 and L1. Antibodies were either obtained by immunizing mice
with VACV with or without following boost with recombinant protein or by immu-
nizing mice only with recombinant protein. Immunizing mice with VACV resem-
bles closely the natural antibody response following infection. During that response
the obtained antibodies exhibit certain features that appear to be driven by the nature
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of the antigen. The majority of studied antibodies appeared to target a conforma-
tional and discontinuous, rather than a liner peptide, with the exception of A27. For
A27 only few antibodies had been obtained that require folded A27 protein for bind-
ing. A27 is a rather small protein and contains a-helical segments and disordered
domains (Chang et al. 2013). Except for the antiparallel trimerization that creates a
composite binding surface for antibodies, the A27 structure itself is linear and it
might very well be that several of the linear peptides recapitulate the tertiary struc-
ture found in the A27 protein. Both L and H chain contributed equally to the bind-
ing, a feature that has been described for antibodies binding small molecule, peptides
and haptens (Kumagai and Tsumoto 2001).

For A33, two groups of antibodies have been characterized. Those that bind with
one Fab to one A33 monomer, essentially having identical epitopes on each A33
monomer, and those antibodies that recognize a composite and unique binding sur-
face in the A33 dimer, to which only a single Fab can bind. The latter binding mode
is characterized by a larger binding foot print (buried surface area), which also
appears to be more resistant to single alanine scanning mutagenesis (SAM). SAM
has been a technique to identify epitope residues but depending on the antibody, will
only identify hot spot residues and not residues that are not crucial for antibody
binding. Since the A33 dimer presented a rather small surface area and unique pro-
tein shape, most antibodies that target A33 cross-blocked each other and, hence,
antibody cross-blocking is not a powerful tool for epitope identification for small
protein antigens. For A33, both L and H chain contribute equally to the binding and
employ a “tweezer-like” binding mode, essentially grabbing onto A33 from both
sides. This was largely due to longer CDR loops (specially CDR L1) that formed a
central cavity in the antibody paratope (the antibody surface that binds the epitope
of the antigen).

D8 is unique in that it presented a large surface for antibodies to bind. Not sur-
prisingly the most antibody specificity groups are found for anti D8 MAbs. While
some MADs target the CS-E receptor binding site on D8, more or less mimicking
the negatively charged ligand with an array of aspartate and glutamate residues,
other MAbs bind to different D8 surfaces. The study of anti D8 antibodies revealed
that there is no preferred or immunogenic site on D8. Antibodies are found targeting
any accessible site on D8 and all anti D8 antibodies bound the N-terminal GAG
binding domain. No antibody has been identified to date that binds to the C-terminal
stalk region that is necessary for oligomerization. This suggests that the C-terminal
domain is not accessible in VACV and a weak target for antibody responses.
Interestingly, antibodies that target D8 rely excessively on the H chain in recogniz-
ing the antigen, with little contribution from the L chain. This is surprising given the
fact, that the antibody LAS5 has the largest binding footprint of all anti VACV anti-
bodies for which structural information has been acquired. Similarly, anti-L1 MAbs
bind their antigen predominantly with the H chain, at the tip of the molecule, where
L1 itself forms 4 different loops that are contacted by the antibodies. Since L1 is
part of the EFC, neutralizing anti-L.1 MAbs do not require the presence of comple-
ment for efficient neutralization, while MAbs recognizing A27, A33, and DS all
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require the presence of complement for neutralization, which increases both viral
coating with complement and is required for opsonization.
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