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Introduction

Francisella tularensis, the Gram-negative facultative intra-
cellular bacterium that causes tularaemia, has been classi-
fied by the Centers for Disease Control and Prevention as
a category A priority pathogen, a likely bioterrorism

Summary

We have previously described two types of protective B-cell epitopes in
the O-antigen (OAg) of the Gram-negative bacterium Francisella tularen-
sis: repeating internal epitopes targeted by the vast majority of anti-OAg
monoclonal antibodies (mAbs), and a non-overlapping epitope at the
non-reducing end targeted by the previously unique IgG2a mAb FBI11.
We have now generated and characterized three mAbs specific for the
non-reducing end of F. tularensis OAg, partially encoded by the same var-
iable region germline genes, indicating that they target the same epitope.
Like FB11, the new mAbs, Ab63 (IgG3), N213 (IgG3) and N62 (IgG2b),
had higher antigen-binding bivalent avidity than internally binding anti-
OAg mAbs, and an oligosaccharide containing a single OAg repeat was
sufficient for optimal inhibition of their antigen-binding. The X-ray crys-
tal structure of N62 Fab showed that the antigen-binding site is lined
mainly by aromatic amino acids that form a small cavity, which can
accommodate no more than one and a third sugar residues, indicating
that N62 binds mainly to the terminal Qui4NFm residue at the nonreduc-
ing end of OAg. In efficacy studies with mice infected intranasally with
the highly virulent F. tularensis strain SchuS4, N62, N213 and Ab63 pro-
longed survival and reduced blood bacterial burden. These results yield
insights into how antibodies to non-reducing ends of microbial polysac-
charides can contribute to immune protection despite the smaller size of
their target epitopes compared with antibodies to internal polysaccharide
regions.

Keywords: bacteria/bacterial immunity; endotoxin/lipopolysaccharide; epi-
topes; immunoglobulins; vaccines.

agent." * As few as 10 bacteria can cause respiratory tular-
aemia, the most severe form of the disease, with up to
30% mortality if untreated.> Even when treated with
antibiotics, respiratory tularaemia is still associated with
considerable morbidity and up to 2% mortality.> ® An
attenuated type B live vaccine strain (LVS) partially pro-

Abbreviations: (0ag);, Qui4NFm-GalNAcAN-GalNAcAN-QuiNAg; C, core oligosaccharide = Hex,HexNAcKdo; CDR, comple-
mentarity-determining region; CFU, colony-forming units; FR, framework region; GalNAcAN, 2-acetamido-2-deoxy-p-galacturo-
namide; i.n., intranasal(ly); i.p., intraperitoneal(ly); LPS, lipopolysaccharide; LVS, live vaccine strain; mAb, monoclonal antibody;
OAgC, OAg-core; OAg, O-antigen (O-polysaccharide); Qui4NFm, 4,6-dideoxy-4-formamido-p-glucose; QuiNAc, 2-acetamido-
2,6-dideoxy-D-glucose; V region, variable region
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tects against the highly virulent type A F. tularensis in
humans but is not currently licensed because of safety
concerns.*>” Identification of protective F. tularensis anti-
gens and epitopes will facilitate the development of
potentially safer, subunit vaccines for tularaemia.

Lipopolysaccharide (LPS), the main component of the
F. tularensis outer membrane, which is identical between
type A and type B F. tularensis strains,” '* is a main protec-
tive antigen in mice and circumstantially in humans.'> > It
is comprised of lipid A, a core oligosaccharide (C, mainly
Hex,HexNAcKdo) and an O-polysaccharide [O-antigen
(OAg)].>'*2>** The OAg consists of variable numbers of
the tetrasaccharide repeat [2)-f-p-4,6- dideoxy-4-formami-
do-p-glucose(1—4)-a-p-2-acetamido-2  -deoxy-p-galactu-
ronamide(1—4)-a-p-2-acetamido-2-deoxy-D-galacturona-
mide(1—3)-f-p-2-acetamido-2, 6-dideoxy-p-glucose(1— ]
[abbreviated as Qui4NFm-Gal NAcAN-GalNAcAN-QuiN-
Ac or (oag);], with Qui4NFm at the non-reducing
end.¥ > Francisella tularensis capsular polysaccharide also
consists of OAg.*>**

We have previously reported that anti-F. tularensis LPS
mouse monoclonal antibodies (mAbs) can confer survival
to BALB/c mice infected intranasally (i.n.) with an other-
wise lethal dose of LVS, with the IgG2a isotype, the
mouse analogue of human IgG1,”> being more effective
than mouse IgGl and IgG3.*® Subsequently, we found
that the anti-LPS mAbs target OAg, and characterized
the mouse IgG2a anti-OAg mAbs FBI1 and ADb52,%7
showing that both prolong survival of, and reduce blood
bacterial burden in, BALB/c mice infected in. with the
highly virulent F. tularensis type A strain SchuS4.>®

We also showed that FB11 targets a terminal OAg epi-
tope as exemplified by its even binding to both long and
short chains of the LPS ladder on Western blots, whereas
Ab52 targets an internal repeating OAg epitope as exem-
plified by the decrease in its binding intensity with
decreasing LPS chain length.”” Using F. tularensis oligo-
saccharides of defined OAg-repeat length as molecular
rulers in competition ELISA, the epitope targeted by
FB11 was shown to span one tetrasaccharide repeat,
whereas the epitope targeted by Ab52 was shown to span
two tetrasaccharide repeats.”® The X-ray crystal structure
of Ab52 Fab and computational studies revealed that the
antigen-binding site of Ab52 has the shape of a large
groove with a central pocket that accommodates a
V-shaped epitope consisting of six sugar residues.”” The
FB11 mAb, reported to have been obtained from BALB/c
mice immunized with LVS or with F. tularensis LPS in
complete Freund’s adjuvant, using ‘different immuniza-
tion schemes’,”® is a commercially sold hybridoma anti-
body whose X-ray crystal structure is unavailable.
Furthermore, the anti-F. tularensis LPS mAbs reported by
our group®®” and others,” > all showed the Western
blot binding pattern of Ab52, not FB11, suggesting that
they target internal repeating OAg epitopes and that the
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repeating internal epitopes of F. tularensis OAg are much
more immunogenic than the non-reducing OAg termi-
nus. This is expected based on the higher multivalent
binding between internal repeating OAg epitopes and B-
cell receptor molecules during in vivo antigen stimulation
of a B-cell, which was illustrated by the essentially
irreversible multivalent binding between anti-immuno-
globulin-captured Ab52 and OAgC (Kp = 4-4 x 107" m)
in surface plasmon resonance analysis.”’ In contrast, the
monovalent interaction between anti-immunoglobulin-
captured FB11 and OAgC successfully measured the affin-
ity of FB11 (Kp = 4-0 x 1077 m).”’

As the antigen-binding affinity (i.e. the binding
strength of a single binding site) of the intact Ab52 anti-
body could not be measured, the bivalent avidity of Ab52
and FB11 soluble antibodies for LPS was measured, which
showed FB11 to have a 72-fold lower Kp (higher bivalent
avidity) than Ab52, the most avid of three IgG2a inter-
nally binding anti-OAg mAbs.”” This is presumably
because greater complementarity can be achieved by
head-on binding to a terminal epitope than by sideways
binding to an internal epitope of a linear carbohydrate
chain.

In an attempt to obtain additional terminally binding
anti-OAg mAbs and study their antigen-binding charac-
teristics, we generated hybridomas from BALB/c mice
immunized with short LPS chains, capsule-enriched, or
outer membrane-enriched F. tularensis preparations. We
report here the binding characteristics and in vivo efficacy
of one IgG2b and two IgG3 mAbs specific for the non-
reducing end of F. tularensis OAg and the X-ray crystal
structure of the IgG2b mAb.

Materials and methods

Bacterial strains and hybridoma antibodies

Francisella tularensis holarctica strain LVS was obtained
from Dr J. Petersen (Centers for Disease Control and Pre-
vention, Fort Collins, CO). Francisella tularensis strain
SchuS4 was obtained from BEI Resources, Manassas, VA.
Escherichia coli strain TG1 was purchased from Stratagene
(La Jolla, CA). Wbtlg o1y (WDtI), an OAg-deficient LVS
mutant,”® was obtained from Dr T. Inzana of Virginia
Polytechnic Institute and State University, Blacksburg,
VA. All strains were propagated and heat-inactivated as
previously described.*®

Protein G-purified mouse IgG2a mAb FB11, specific for
E. tularensis OAg,” and mouse IgG2a mAb GTX40330,
specific for E. coli J5 LPS, were purchased from GeneTex®
Inc. (Irvine, CA). Generation of anti-F. tularensis OAg
mAbs Ab2 (IgG3)*® and Ab52*7 was previously reported.
Mouse hybridoma cell line CO17-1A, producing an IgG2a
mAb specific for the human tumour-associated antigen
37,38

EpCam,”””® was obtained from Dr D. Herlyn of the Wistar
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Institute (Philadelphia, PA). Mouse hybridoma cell line
TIB-114, producing an IgG3 mAb against sheep red blood
cells, was obtained from ATCC (Manassas, VA).

The Ab63 mAb was generated in the current study by i.n.
immunization of a 5-week-old BALB/c] mouse (Jackson
Laboratory, Bar Harbor, ME) with the sublethal dose of
2 x 10° colony-forming units (CFU) of LVS followed
17 days later by an intraperitoneal (i.p.) booster immuni-
zation with a mixture of LVS components containing short
F. tularensis LPS chains (under a protocol approved by the
Boston University Medical Center Institutional Animal
Care and Use Committee). The mixture had been prepared
by electrophoresis of an LVS lysate in a preparative 4-15%
gradient SDS—polyacrylamide gel (BioRad, Hercules, CA),
excision of the lower end components (7000-20 000
molecular weight range), and extraction by electroelution
and dialysis against PBS to remove SDS with a D-tube™
Dialyzer (3500 molecular weight cutoff, Novagen, Madison,
WI). Three days after the booster immunization, the spleen
cells were harvested and used for fusion with Sp2/0-Agl4
mouse myeloma cells® as previously described.”® Ab63 was
determined to be an IgG3(x) Ab by ELISA using the Mouse
MonoAb ID Kit (HRP) from Zymed Laboratories (South
San Francisco, CA).

Monoclonal antibodies N62 and N213 were also
generated in the current study by intradermal immuniza-
tion of a 24-week-old (N62) or a 13-week-old (N213)
BALB/cJ] mouse on day 0 with 2 x 107 or 2 x 10° CFU of
LVS, i.p. booster immunization on day 56 or 66 with an
outer membrane- or capsule-enriched LVS preparation, for
N62 or N213, respectively, followed 3-75 days later by
fusion of splenocytes with Sp2/0-Agl4 myeloma cells, as
previously described.*® The LVS membrane preparation
had been obtained by ultracentrifugation (200 000 g for
2 hr) of the supernatant of an LVS vortexate. The LVS cap-
sule preparation had been obtained by high-salt extraction,
as described by Hood.** N62 and N213 were determined to
be IgG2b(x) and I1gG3(k), respectively, by IsoStrip (Mouse
Monoclonal Antibody Isotyping Kit, Roche Diagnostics,
Indianapolis, IN).

Purification of mAbs

Hybridoma cells were cultured in Iscove’s modified Dul-
becco’s medium (GIBCO, Grand Island, NY) supplemented
with 50 pg/ml gentamicin (IMDMg) supplemented with
10% fetal bovine serum, and grown to mass culture in IM-
DMg supplemented with 2% fetal bovine serum in 10-cm
OPTILUX™ Petri dishes (Becton Dickinson Labware,
Franklin Lakes, NJ) or in a CELLine classic 1000 two-com-
partment bioreactor (Wilson Wolf Manufacturing, New
Brighton, MN) at 37° in a humidified environment of 5%
C0O,/95% air. The mAbs were separately purified from cul-
ture supernatants on PIERCE® Protein G (IgGl, IgG2a,
IgG2b) Plus or Protein A (IgG3) Plus Agarose (Thermo
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Scientific, Rockford, IL) according to the manufacturer’s
instructions (modified to use 0-1 M sodium acetate pH 5-0
for elution of IgG3), and their purity and specificity were
verified by SDS-PAGE and Western blot analysis on SchuS4,
respectively.

Immunoassays and Biacore analysis

Direct and isotype-specific competition ELISA, Western
blot analysis, and surface plasmon resonance (Biacore) anal-
ysis to determine equilibrium dissociation constants (Kp)
were performed as previously described.”” Bacterial micro-
agglutination was performed as previously described,”’”
except for using less concentrated bacterial suspensions.
Competition ELISA with purified F. tularensis LPS oligosac-
charides™ was also performed as previously described.*®
EIA/RIA plates were coated with 0-0625 ug/ml F. tularensis
LPS when FB11 or Ab52 was used as reporter, with
0-15625 ug/ml F. tularensis LPS when N213 or N62 was
used as reporter, or with 0-25 pg/ml F. tularensis LPS when
Ab63 was used as reporter. The binding of a fixed concentra-
tion of reporter mAb (0-125 pug/ml for FB11, 5 pug/ml for
Ab52, 1-2 pg/ml for N62, 0-158 pg/ml for N213 and 10 ug/
ml for Ab63), in the presence of 10-fold serial dilutions of
competitor oligosaccharides was determined using a sec-
ondary antibody specific for the isotype of the respective
reporter mAb. Horseradish peroxidase-conjugated heavy-
chain isotype-specific anti-mouse secondary antibodies
(from SouthernBiotech, Birmingham, AL) were used for all
ELISAs. For isotype-specific competition ELISA, EIA/RIA
plates were coated as described above. The binding of a fixed
concentration of reporter mAb (0-125 ug/ml for FBII,
5 pg/ml for Ab52, 1-2 ug/ml for N62 and 10 pg/ml for
Ab63), in the presence of threefold serial dilutions of com-
petitor mAb (starting at 500 or 800 ug/ml) were determined
using secondary antibody specific for the isotype of the
respective reporter mAb. The presence/binding of competi-
tor mAbs to LPS were verified in a duplicate plate with sec-
ondary antibody specific for the isotype of the respective
competitor mADb. Per cent inhibition was calculated (after
subtracting the blank from all values) using the following
formula: [(OD without competitor — OD with competi-
tor)/(OD without competitor)] x 100; where OD is optical
density. For Western blots, alkaline phosphatase-conjugated
anti-mouse IgG (H + L) (Promega, Madison, WI) was used
as secondary antibody, and the assay was developed with
Western Blue stabilized substrate for alkaline phosphatase
(Promega).

Nucleotide and deduced amino acid sequence determination

Variable region nucleotide sequences of mAbs were
obtained from RT-PCR products as previously described
for the Ab52 mAb.*’ Homology to immunoglobulin
germline genes was determined by IgBlast (http://
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mAb binding to the non-reducing end of F. tularensis OAg

www.ncbi.nlm.nih.gov/igblast/), and conversion to amino
acid sequences was done by EmBoss TranseQ (http://
www.ebi.ac.uk/Tools/st/emboss_transeq/).

Fab X-ray crystal structure determination

N62 Fab was prepared from purified IgG using the Pierce®
Fab Preparation Kit (Thermo, Rockford, IL). For crystalliza-
tion trials, the Fab was dialysed and concentrated/diafiltered
in a YM-10 Centricon Centrifugal Filter Device (Millipore,
Bedford, MA) into 20 mm Tris—HCI pH 7-5, 150 mMm NaCl,
0-02% NaNG3, to 12 mg/ml as determined by absorbance at
280 nm. A sparse matrix screen was carried out using the
reagents in the Index HT kit (Hampton Research, Aliso Viejo,
CA) in a 96-well Corning Crystal EX microplate in sitting drops.

Initial screening resulted in clusters of crystals. These were
optimized through microseeding in hanging drops by mix-
ing 0-5 pl of Fab with 0-5 ul of reservoir solution [0-1 M bis-
tris (pH 6-5), 0-2 M ammonium acetate, 25% weight/
volume PEG 3350] on a siliconized coverslip, which was
inverted over a well containing 0-5 ml of reservoir solution
and sealed. After overnight equilibration at 17°, the drop
was streak-seeded using a cat whisker that had been dipped
into a seed stock mixture made by crushing a crystal cluster
in 50 ul of reservoir solution. Before freezing in a nitrogen
stream, the crystal used for diffraction studies was cryopro-
tected by soaking for 20 seconds in 10 ul of 4 : 1 reservoir
solution and 85% volume/volume glycerol.

For ligand-soaking trials, crystals were transferred to a
drop containing reservoir solution supplemented with
0-1 M N-acetylgalactosamine or purified oligosaccharide
(0ag),C (3 uM estimated concentration; higher concentra-
tions cracked the crystals) or (oag); (13 um estimated con-
centration)”> for 10-60 min before soaking in the
cryoprotectant solution. Diffraction data were collected on a
RAXIS-IV imaging plate detector mounted on a Rigaku RU-
300 rotating anode generator. Data indexing, integration
and merging were carried out using the programs DENZO
and Scarepack.*’ The space group was determined to be
either P2,2,2; or P2;2,2 (the alignment of the crystal during
data collection prevented the determination of the third
screw axis). To solve the N62 Fab structure, molecular
replacement was employed as implemented in the AuToMR
function in Puenix*? using as search models the heavy (H)
chain of the mouse anti-lysozyme Fab HyHEL-10 (IgG2a)43
and the « light (L) chain of the mouse anti-gp41 Fab NC-41
(PDB code 30Z9; R.L. Stanfield, D.A. Calarese, S. Jiang, and
L.A. Wilson, unpublished data). Each search model was
divided into variable and constant domains for a total of
four search models. In addition, the CDR3 loops of the vari-
able domains were removed. In the first search, the variable
domains of N62 Fab were placed, aided by the presence of
pseudotranslational symmetry in the crystal. The constant
domains were placed without accounting for the pseudo-
translation. At this point, the space group was determined to be

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389

P2,2,2,. The molecular replacement solution was rebuilt with
AvutoBunp in PHENIX, with the starting model not included in
the building of the output structure so as to reduce phase bias.

Iterative cycles of manual rebuilding and refinement
were performed using Coot** and Puenix. For refinement
of the final structure, individual atomic displacement
parameters (ADPs) were refined using non-crystallo-
graphic symmetry (NCS) restraints and translation/
libration/screw (TLS) parameters as determined by the
programs in PHENIX.REFINE. The ligand-soaked crystals were
solved using Difference Fourier in PHENIX with the unli-
ganded model as a starting structure.

In vivo efficacy studies

All animal procedures were approved by the Boston Univer-
sity Institutional Animal Care and Use Committee. BALB/cJ
female mice were obtained from Jackson Laboratories (Bar
Harbor, Maine) at 7-8 weeks of age, and inoculated i.n.
with F. tularensis SchuS4 under ketamine/xylazine anaes-
thesia as previously described.”® For i.n. inoculation of mice,
bacteria were serially diluted in PBS to the intended CFU/ml
based on ODgq of the starting stock, and administered in
10 ul followed by 10 ul of PBS as described previously.**
The actual CFU inoculated per mouse was determined ret-
rospectively after each experiment by plating serial dilutions
of the bacterial preparation used for inoculation on choco-
late agar plates. Two hours after SchuS4 inoculation, mice
were injected i.p. with mAb or PBS (Vehicle). Survival was
monitored every 12 hr. Kaplan-Meier survival curves were
plotted using GrapH-PAD Prism 5-0 (GraphPad Software, San
Diego, CA) and the log-rank test was used to compare groups.

For determination of blood bacterial burden, blood was
collected from the submandibular vein into a BD Micro-
tainer® tube with Lithium Heparin additive (BD, Franklin
Lakes, NJ) 3 days after bacterial inoculation. Undiluted
blood and a fivefold serial dilution of the blood were
plated on chocolate agar, and the plates were incubated at
35° for 2 days for CFU enumeration. Per cent CFU reduc-
tion compared with PBS was calculated from the median
CFU obtained from the plate with > 30 CFU or the undi-
luted-blood plate if both plates had < 30 CFU. The P-value
was determined using the two-tailed Mann—Whitney U-test.
P values of < 0-05 were considered statistically significant
for both the log rank test and the two-tailed Mann—Whitney
U-test.

Results

ELISA and Western blot analysis demonstrate the
specificity of the new mAbs for both long and short
F. tularensis OAg chains

In an attempt to obtain mAbs to non-immunodominant
LPS epitopes, we infected BALB/c mice intradermally with
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a sublethal dose of LVS and boosted them i.p. either with
a mixture of F. tularensis antigens enriched for short LPS
chains or with enriched LVS outer membrane or capsule
preparations, before using their splenocytes for generation
of hybridomas. From a total of 26 hybridomas reactive
with F. tularensis LPS in ELISA and with the F. tularensis
LPS ladder in Western blot analysis, three showed the
FB11 even-banding LPS ladder pattern and the rest
showed the Ab52 pattern of decreasing band intensity
with decreasing LPS chain length. One of the three FB11-
like mAbs, Ab63 [IgG3(k)], was obtained with the former
immunization protocol, and the other two FBI11-like
mAbs, N213 [IgG3(x)] and N62 [(IgG2b(k)], were
obtained from different mice using the latter immuniza-
tion protocol.

All three new mAbs bound to F. tularensis SchuS4 but
not to E. coli strain TGl in ELISA (Fig. la), indicating
their specificity for F. tularensis. Conversely, the anti-
E. coli LPS mAb GTX40330 bound to E. coli TG1 but not
to F. tularensis SchuS4 (Fig. la), confirming the presence
of E. coli LPS on the plates and validating the specificity
of the assay. The three new mAbs also agglutinated F. tu-
larensis SchuS4 and LVS, but not the OAg-deficient LVS
mutant Wbtl (Fig. 1b), demonstrating their specificity for
the OAg part of LPS. Furthermore, the new mAbs showed

the same LPS ladder pattern as the terminally binding
anti-F. tularensis OAg mAb FB11 on both SchuS4 lysate
and purified F. tularensis LPS Western blots (Fig. 2). This
ladder pattern is marked by relatively even intensity high
molecular weight and low molecular weight bands, in
contrast to the decreasing intensity of lower molecular
weight bands displayed by internally binding anti-F. tu-
larensis OAg mAbs, like Ab52 and Ab2 (Fig. 2). Although
all three new mAbs have the same Western blot binding
pattern, their binding potency varies, with Ab63 showing
weaker binding than the other IgG3 mAb, N213, even at
10-fold higher concentration (Fig. 2). The previously
characterized terminally binding anti-OAg mAb FBI1
(IgG2a) appears to be at least 100-fold more potent than
Ab63, however, this may be due at least in part to proba-
ble differences in the concentration of antibodies to dif-
ferent mouse immunoglobulin isotypes in the secondary
antibody used to develop the Western blot (Fig. 2).

The antigen-binding affinities/bivalent avidities of the
new mAbs are lower than that of FB11 but higher
than those of internally binding anti-OAg mAbs

To assess whether the stronger Western blot reactivity of
FB11 compared with the reactivity of the new mAbs

@ Ftschus4 E. coli TG1 ()
41 19G3 Strain mADb (isotype) Titer
o ) O Ab63 AbB3 (G3) 32
i * N213 N213 (G3) 64
SchuS4  N62 (G2b) 32
1 1 FB11 (G2a) () 32
0 +I—l—lrl—l—l—l—l—l=H:E—| Ab52 (G2a) ¢ 16
M IgG2b Ab63 (G3) 32
£ o : o N62 N213 (G3) 64
S LVS N62 (G2b) 32
% N | FB11 (G2a) 32
8 Ab52 (G2a) 16
o W
Ab63 (G3) -
M N213 (G3 *Q*a*o’g’o"
lgG2a @3 0¢0+0+0+0+°+°+ -
4 - FBI1(T) Wbt N62 (G2b) 0+0+0*0+.+0+0*0 -
2 . - Ab52 (]) FB11 (G2a) o*p‘o"ﬁ*.*o (-} -
-o- GTX40330
14 Abs2 G2a) (Y OOOE) _
0

10°10°10%10°102107" 10°10" 10210°10°10*10°102107' 10°10" 10?
mAb concentration (pug/ml)

Figure 1. The three new monoclonal antibodies (mAbs) bind to Francisella tularensis SchuS4 or live vaccine strain (LVS), but not to Escherichia
coli TG1 or the O-antigen (OAg) -deficient LVS mutant Wbtl. (a) ELISA on heat-killed F. tularensis SchuS4 or E. coli TG1. The previously
described terminally binding (T) and internally binding (I) anti-OAg mAbs, FB11 and Ab52, respectively, were included for reference. The anti-

E. coli lipopolysaccharide (LPS) mAb GTX40330 was included as specificity control. The same isotype-specific secondary antibody was used for

ELISAs of mAbs of the same isotype (indicated). (b) Microagglutination. Twofold serial dilutions of the indicated mAbs, from a starting concen-

tration of 256 ug/ml in the first (left-most) well, were tested for ability to agglutinate the indicated F. tularensis strains. The titre was defined as

the last dilution that showed agglutination.
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Figure 2. Ab63, N213 and N62, like FB11, bind strongly to both
long and short lipopolysaccharide (LPS) chains on Western blots.
Two hundred microlitres of SchuS4 lysate (equivalent to 0-05
ODggo of original bacterial culture) or Francisella tularensis LPS
(20 ug) was electrophoresed in a preparative 4-15% polyacrylamide
gel (8-6 cm wide by 6-8 cm long) under denaturing conditions.
The positions of molecular weight markers are indicated. Strips
were probed with the indicated monoclonal antibodies (mAbs) at
the indicated pug/ml concentrations and AP-conjugated anti-mouse
IgG (H + L) was used as secondary antibody. The terminally bind-
ing anti-OAg mAb FBI1 (IgG2a), and the internally binding
anti-OAg mAbs Ab52 (IgG2a) and Ab2 (IgG3) were included for
comparison.

reflects a higher affinity for antigen, we sought to deter-
mine the affinity of the new mAbs for F. tularensis OAgC
by Biacore analysis, measuring the binding of graded con-
centrations of soluble OAgC to anti-immunoglobulin-
captured mAb. As shown in Fig. 3(a), the Kp of N213
and N62 were 1-37 x 107° M and 522 x 107° m, respec-
tively. Hence, the affinity of FBIl for OAgC
(4-01 x 1077 m)* is indeed 3-4-fold and 13-0-fold higher
than those of N213 and N62, respectively. The Ab63 Kp,
for this monovalent interaction with OAgC could not be
determined at the OAgC concentrations used (up to
20 um). Therefore, we determined the bivalent avidity of
Ab63 by measuring the binding of graded concentrations
of soluble mAb to chip-bound F. tularensis LPS, as was
previously done to compare the binding potencies of
internally binding anti-OAg mAbs with the binding
potency of the terminally binding anti-OAg mAb FB11.”
The bivalent avidity of Ab63 was found to be
7-50 x 107'° M (Fig. 3b), 4-8-fold higher than that of
Ab52 (3:6 x 1077 M), the most avid of three IgG2a

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389

internal OAg-binding mAbs, and 15-fold lower than the
bivalent avidity of FBI11 (5-0 x 1071w,

Nucleotide sequencing reveals that all three new
mAbs target the same epitope

To determine the amino acid sequence similarity, if any,
among the three new mAbs, the nucleotide sequences of
the expressed H and L chain variable (V) region genes that
encode each mAb were determined, and the germline
IGHV, IGHD, IGH]J and IGKV, IGK]J genes to which each
has maximum identity were found. Despite originating
from different mice, the Ab63, N213 and N62 variable
regions are encoded by the same IGHV, IGH]J and IGKV
germline genes (95-100% nucleotide identity, Table 1).
Ab63 and N62 also share the IGK] gene, and the different
IGKJ gene of N213 has only two conservative amino acid
differences (Gly — Ala and Ile — Leu, Fig. 4). N213 and
N62 also share the same D gene and differ only by a single
amino acid in CDR3 of the H chain (HCDR3). And
although no D gene could be identified by the IGBLasT pro-
gram for Ab63 (Table 1), the HCDR3 sequences of Ab63
and N213 differ by a single amino acid, whereas those of
N213 and N62 differ by two amino acids (Fig. 4). In con-
trast, none of the germline genes (except IGH], which is
J3*01 for all the mAbs) are shared with those encoding the
V regions of internally binding anti-OAg mAbs Ab52 and
Ab2 (Table 1). The shared germline genes among Ab63,
N213 and N62 indicate that the three new mAbs target the
same epitope, and the number of somatic mutations (lower
identity to the germline genes) correlates directly with the
affinities/bivalent avidities of the three mAbs (Fig. 4,
Table 1, and Fig. 3). The higher affinity mAbs, N213 and
N62, share the H-FR2 and H-CDR2 somatic mutations
Lys44Arg and Tyr58Phe, respectively, suggesting that
these two mutations may be important for the higher
affinity.

Ab63 and N62 cross-compete with FB11 but not with
internally binding anti-OAg mAbs for binding to
F. tularensis LPS

To ascertain that the new mAbs, like FB11, bind to the
non-reducing end of F. tularensis OAg, the ability of two
of the new mAbs, Ab63 and N62, to compete with FB11
or with internally binding anti-OAg mAb Ab52 for
F. tularensis LPS-binding was determined in cross-block-
ing isotype-specific competition ELISA. As shown in
Fig. 5(a) top row, Ab63 and FBI11 cross-competed for
binding to LPS, but neither mAb cross-competed for
LPS-binding with the internally binding anti-OAg mAbs
Ab52 or Ab2. Similarly, N62 cross-competed with FB11,
but not with Ab52, for LPS-binding (Fig. 5b, top row)
although, as expected, the inhibitory potencies of the
two mAbs, especially of Ab63, were weaker than the
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inhibitory potency of FB11 (compare Fig. 5a and 5b, top
left and middle panels). Conversely, the internally bind-
ing Ab2 but not Ab63 or N62 inhibited the binding of
Ab52 to F. tularensis LPS (Fig. 5, right panels). The pres-
ence/binding of all competitors was confirmed in dupli-
cate assays, using secondary antibodies specific for the
respective competitors (Fig. 5a and 5b, bottom panels).

nal company graphs in (b) were relabelled for
visibility.

Ab63, N213 and N62, like FB11, target an epitope
contained within one OAg tetrasaccharide repeat

We had previously shown, using competition ELISA
with oligosaccharides of graded numbers of OAg repeat
units, that an OAgC oligosaccharide with two OAg
repeat units is much better than an OAgC oligosaccha-
ride with a single OAg repeat unit at inhibiting the

Table 1. Nucleotide identity of anti-Francisella tularensis O-antigen monoclonal antibodies to the most homologous germline genes

Germline gene (% nucleotide identity or number of contiguous nucleotide matches)

mAb IGHV IGHD IGHJ IGKV IGKJ

Ab63 3-8%02 (99-6) - 3%01 (100-0) 4-80*01 (100-0) 2*%01 (100-0)
N213 3-8%02 (95-0) 2-14%01 (9) 3%01 (97-8) 4-80*01 (97-1) 5%01 (100-0)
N62 3-8%02 (97-7) 2-14%01 (6) 3*01 (100-0) 4-80*01 (99-2) 201 (100-0)
Ab52 1S130*01 (98-8) . 3%01 (100-0) 8-24*01 (99-6) 4*01 (100-0)
Ab2 9-2-1*01 (100-0) 4-1%02 (5) 3*%01 (100-0) 8-24*01 (100-0) 4*01 (100-0)

'No D gene was identified by the I6Brast program (http://www.ncbi.nlm.nih.gov/igblast/) using the minimum requirement of five contiguous nu-

cleotides.
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Figure 4. Variable region amino acid sequences indicate that Ab63, N213 and N62 target the same epitope and show a direct correlation between
the number of somatic mutations and affinity. The amino acid sequences were deduced from the nucleotide sequences of the expressed heavy
(H) and light (L) chains for each monoclonal antibody (mAb). Identities to the indicated germline genes are represented by dashes. The IGHD2-
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numbering as modified by Al-Lazikani et al.®

no amino acid at position 96 of the L chain in the three mAbs.

binding of Ab52 to OAgC, whereas the two oligosaccha-
rides are equally potent at inhibiting the binding of
FB11 to OAgC.”® To test whether the new mAbs behave
like FB11 in this assay and to define the maximum size
of the targeted epitope, we tested the efficacy of three
purified oligosaccharides containing core oligosaccharide
(C), or one or two OAg repeats attached to core oligo-
saccharide [(o0ag),C or (oag)ZC]23 at inhibiting the bind-
ing of Ab63, N213 or N62 to F. tularensis LPS in
competition ELISA. As shown in Fig. 6, core alone (C)
was ineffective at inhibiting the binding of the three
mAbs, but both OAg-containing oligosaccharides showed
inhibition, confirming the specificity of Ab63, N213 and
N62 for OAg. The binding of N213, like that of FBII,
was equally inhibited by (oag),C and (oag),C, indicating
that the epitope targeted by the two mAbs is contained
within one OAg tetrasaccharide repeat. Although only
(oag);C, which was available in higher concentration
than (oag),C, reached 50% inhibition of Ab63 or N62
binding, the concentration required for 25% inhibition
was similar for the two oligosaccharides, indicating that
(oag),C is not a more potent inhibitor than (oag),C.
Hence, the Ab63, N213 and N62 oligosaccharide inhibi-
tion profile resembles that of FB11 but differs from that
of Ab52, where a 46-fold higher concentration of
(oag),C than of (oag),C is required for 50% inhibition
(Fig. 6).

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389

The residues that line the binding site in the N62 Fab crystal structure are also indicated. There is

The X-ray crystal structure of N62 Fab reveals an
antigen-binding site lined by aromatic and basic
amino acids that form a small cavity, which can
accommodate one and a third sugar residues

To further localize the epitope targeted by the three in-
house-generated terminally binding anti-OAg mAbs, the
Fab of one of them, N62, was crystallized. The initial
crystals of N62 Fab, obtained from sparse matrix screen-
ing, grew as clusters. Seeding was therefore used to gener-
ate large, single crystals, which grew as rectangular prisms
and diffracted X-rays to 2-6-A resolution. From analysis
of the diffraction data and the molecular replacement
solution (Table 2), the space group was determined to be
P2,2,2; with unit cell dimensions a = 68-874 A,
b =87-076 A, c=153589 A, o« =f =7y =9000° with
two Fab molecules in the asymmetric unit.

After several cycles of refinement and manual rebuild-
ing, the final model was constructed, including building
in all residues of the CDR3 loops omitted during the
molecular replacement search as well as altering the
sequence of the H chain constant domain from the IgG2a
isotype (of the molecular replacement search model) to
the IgG2b isotype of N62. The model contains two Fab
molecules comprising residues L1-211 and H2-212. Resi-
dues L148-157, H127-133, and H156-162 from one of the
Fabs were not modelled because of poor electron density.
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Figure 5. Ab63 or N62 and the terminally binding (T) anti-O-antigen (OAg) monoclonal antibody (mAb) FB11 cross-inhibit each other’s bind-
ing to Francisella tularensis lipopolysaccharide (LPS), but no competition is observed between N62 and internally binding (I) anti-OAg mAbs.
The internally binding anti-OAg mAbs Ab52 and Ab2 were included as specificity controls. (a,b upper panels) Competition. Horesradish peroxi-
dase (HRP) -conjugated secondary antibody specific for the isotype of the reporter was used. (a,b lower panels) Verification that competitors are

present and bind to F. tularensis LPS. HRP-conjugated secondary antibodies specific for the immunoglobulin isotypes of the competitors (indi-

cated) were used. One of two experiments, with similar results, is shown.

Two N-terminal residues, one from an L chain and one
from an H chain, were modelled as pyroglutamic acid,
and H-Cys79 was modelled as cysteine sulphinic acid as
indicated by the electron density. These modified residues
are not located in the antigen-binding site and are unli-
kely to be essential for antigen-binding. The model also
contained 31 water molecules and one acetate ion near
L-Lys208 and H-Glul22 in the constant domains. The
final structure has good geometry and agreement with the
observed diffraction data in Table 2.

The CDR loops, with the exception of CDRH3, fall into
conformational clusters found in other antibody struc-
tures.*> The clusters are L1-10-1, 1.2-8-1, 13-8-2, H1-13-7
and H2-9-1 for the CDRL1, CDRL2, CDRL3, CDRH1 and
CDRH2 loops, respectively. The CDRH3 loop is short
(seven residues) and does not fall into any cluster. The six
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CDRs form a relatively flat surface with a central cavity, the
presumed antigen-binding site, which is 8 A wide, 10 A
long and 9 A deep (Fig. 7a). All the CDRs except L2 con-
tribute to the central cavity, formed by residues L1-Tyr32,
L1-His34, L3-His89, L3-Trp91, H1-Tyr33, H1-Asn35, H2-
Tyr50, H3-Tyr95, H3-Arg96 and H3-Phe97 (Fig. 7b). The
significance, if any, of the H-FR2 somatic mutation
Lys44Arg, found in both of the higher affinity mAbs N213
and N62, is not apparent from the N62 crystal structure.
However, the H-CDR2 somatic mutation Tyr58Phe in the
two mAbs may positively fine-tune the antigen-binding
cavity, because H-Phe58 is located in the VH-VL interface
of the N62 crystal structure.

Analysis of the N62 Fab crystal packing showed that
the site is not blocked and ligand-soaking experiments
were conducted in an attempt to solve the structure of an

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389
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Figure 6. The epitope targeted by Ab63, N213 and N62 is contained within one O-antigen (OAg) tetrasaccharide repeat. Purified Francisella
tularensis lipopolysaccharide (LPS) oligosaccharides were used to compete with the binding of Ab63, N213, N62, FB11 or Ab52 to F. tularensis

LPS coated on ELISA plates. Bars denote standard deviation of the mean from two or three experiments. —, 50% inhibition was not reached at

the highest available competitor concentrations.

antibody—antigen complex. Two species of purified, sin-
gle-repeat F. tularensis OAg, one with the core and one
without, were used. Neither one resulted in successful
complex formation after soaking. N-acetylgalactosamine
was also tried, because it is an analogue of the GalNAcAN
sugar that comprises two of the four sugars of the OAg
repeat unit, but also failed to soak in.

In the absence of a mAb-OAg co-crystal structure, the
feasibility of the N62 binding site accommodating the
non-reducing end of F. tularensis OAg was tested by
manual docking of a two-repeat (eight-sugar) model of
F. tularensis OAg, obtained by docking a computational
model in the binding site of the anti-F. rularensis OAg
internally binding mAb Ab52%° (Fig. 7c). As shown in
Fig. 7(d), the Qui4NFm (A) sugar at the non-reducing
end can be fully accommodated in the central cavity, and
the second sugar in the chain, GaNAcAN (B), can inter-
act with the rim of the cavity. Due to the linear nature of
the OAg, it is unlikely that any other sugars in the OAg

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389

chain are able to contribute to the binding. The snug fit
of the OAg model in the N62 binding site (Fig. 7d) sup-
ports its placement, although an OAg conformation
rotated 180° along the y-axis — albeit somewhat less well
fitting — cannot be excluded.

The three new mAbs prolong survival in a mouse
model of respiratory tularaemia

Ab63, N213 and N62 were tested for ability to prolong
survival and/or reduce blood bacterial burden if adminis-
tered to BALB/c mice after i.n. infection with F. tularensis
SchuS4. Although all mice died, all three mAbs signifi-
cantly prolonged survival at a dose of 200 ug, and N213
and N62 also significantly prolonged survival at a dose of
50 ug, with N62-treated mice surviving longest, an aver-
age of 36 hr longer compared with PBS (P = 0-0080) and
12 hr longer compared with N213 (P = 0-0326) (Fig. 8a).
When blood SchuS4 burden was measured at 3 days post
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Table 2. X-ray crystal diffraction data collection and refinement sta-
tistics

Item Value

Data collection

Number of reflections 28 828 (2785)!

Data cutoff 1< 30
Vo (l) 20-1 (4-4)
Per cent completeness 98-8 (98-0)
Redundancy 3.6 (3-5)
Rierge 0-052 (0-262)
Refinement
Ruyork 0-222
Reree 0-268
Number of atoms 6255
Deviations from
Ideal values
Bond lengths (A) 0-002
Bond angles (°) 0-67
Ramachandran plot
Favoured 97%
Allowed 3%
Outliers 0-0%

"The resolution limits overall were 15-2-60 A; the number in paren-
theses is the value for the highest resolution shell (2:69-2-60 A).

infection and 50 ug mAb treatment, all three mAbs
showed significantly reduced levels, similar to the termi-
nally binding anti-OAg mAb FB11 and the internally
binding anti-OAg mAbs Ab52 and Ab2 (Fig. 8b). By
comparison, the isotype-control mAbs CO17-1A (IgG2a)
or TIB-114 (IgG3) had no effect on blood bacterial
burden (Fig. 8b).

Discussion

We generated three mAbs specific for the non-reducing
end of F. tularensis OAg, as demonstrated by their bind-
ing to F. tularensis SchuS4 but not to E. coli TGl in
ELISA, their agglutination of F. tularensis SchuS4 and
LVS but not of the OAg-deficient LVS mutant Wbtl, their
even reactivity with both long and short LPS chains on
Western blots, and their ability to cross-compete for LPS-
binding with the anti-F. tularensis OAg terminally bind-
ing mAb FB11 but not with internally binding mAbs.
Furthermore, an oligosaccharide containing a single F. tu-
larensis OAg tetrasaccharide repeat unit was sufficient for
optimal inhibition of the binding of the new mAbs to
LPS, as has been shown for FB11 previously’” and in the
current study.

The three new mAbs, Ab63, N213 and N62, were
derived from different BALB/c mice immunized with
antigen preparations enriched for short F. tularensis LPS
chains, F. tularensis outer membrane, or F. tularensis
capsule. Ab63, N213 and N62 represent 11-5% of all
anti-F. tularensis OAg mAbs obtained from these
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immunizations, confirming the relatively low immunoge-
nicity of the OAg non-reducing end compared with
repeating internal OAg epitopes.”” Remarkably, although
the three mAbs were derived from three different mice,
they are partially encoded by the same germline IGHV,
IGHJ and IGKV genes, indicating that all three mAbs tar-
get the same epitope, and suggesting that their germline
genes represent the main, if not only, combination that
can yield terminally binding anti-F. tularensis OAg anti-
bodies in BALB/c mice.

The three new mAbs are distinguished by somatic
mutations, the number of which correlates directly with
the antigen-binding affinity/avidity, exemplifying the mat-
uration of the antibody response.”> Although N213,
which has the highest affinity of the new mAbs, is still
3-4-fold less potent than FBI11, all three new mAbs have
higher affinities/bivalent avidities than previously charac-
terized anti-F. tularensis OAg internally binding mAbs.””
Previous immunochemical and computational model-
building studies had suggested that antibodies that target
the non-reducing end of linear carbohydrate chains have
cavity-type antigen-binding sites, which bind head-on to
antigen, providing all-around complementarity, compared
with antibodies that target repeating internal regions of
linear carbohydrate chains that generally have groove-type
sites, which bind sideways to antigen, providing only par-
tial complementarity.***® The results of the current study
are consistent with these predictions and with the higher
affinity of the anti-(0—6) dextran terminally binding
mAb W3129 — 59 x 107° M — compared with the affini-
ties of 20 anti-(#—6) dextran internally binding mAbs,
which range from 7-1 x 107> M to 1-3 x 107> m.****°
The affinity of the anti-dextran terminally binding mAb
W3129 is within a 15-fold range of the affinities of the
anti-F. tularensis OAg terminally binding mAbs N62,
N213 and FB11” - 52 x 10°°M, 14 x 10°M and
40 x 1077 m,”” respectively, and of the 63 x 107" m
affinity of the anti-Vibrio cholerae OAg terminally binding
mAb $-20-4.%

The observed lower affinity of the internal binders
compared with the terminally binding mAbs suggests that
the expected positive enthalpic advantage of interacting
with more of the sugar chain is outweighed by other
energetic considerations. One such consideration is the
loss of conformational entropy upon binding as a conse-
quence of constraining flexible glycosidic bonds in the
antigen-binding site. Constraining more glycosidic bonds
would be expected to carry a larger entropic penalty.
However, studies estimating the penalty, performed with
tethered antigens that are restrained to the bound state
conformation in solution, have resulted only in modest
gains in affinity.”>> Therefore, other factors, such as sol-
vent reorganization, may have a larger effect on protein—
carbohydrate binding than conformational restraint.
Hence, the increased affinity of the terminally binding

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389
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(©

Figure 7. The antigen-binding site of N62 is a cavity lined with aromatic and basic residues, which contacts mainly the terminal saccharide at
the non-reducing end of the O-antigen (OAg) chain. (a) Space-filling model of the molecular surface of N62 VH and VL (head-on view, X-ray
crystal structure), showing the central cavity, the presumed antigen-binding site. The surface-contributing areas from the complementarity-deter-
mining regions (CDRs) are coloured and indicated as H1, H2, H3, and L1, L2, L3 for HCDRI-3 and LCDRI1-3, respectively. Non-CDR surface
areas are coloured grey for VH and purple for VL. (b) Ribbon diagram of the N62 binding site in the same orientation as in (a). The amino
acids lining the binding site are indicated and are coloured with grey carbons and ribbons for VH and purple for VL. (c) Stick diagram of the
previously generated two-repeat model of F. tularensis OAg, obtained by docking a computational model in the binding site of the anti-F. tular-
ensis OAg internally binding mAb Ab52.%° The four sugars in each of the first (non-reducing end) and second OAg repeat are colour-coded by
sugar type and indicated as A, B, C, D, and A’, B, C’, D’, respectively. The distance between the O5 oxygens of the A and A® sugars, and between
the O1 oxygen of A and the C1 carbon of D, and the angle between the two repeats are indicated. (d) Cut-away side view (partial) of the N62
V regions, represented as ribbon diagram and wire-mesh molecular surface, with a manually docked model of F. tularensis OAg represented as a
van der Waal’s surface, which is colour-coded and in the same orientation as in (c). The orientation is rotated clockwise approximately 90° about
the horizontal axis from panels (a) and (b).

mAbs could be attributed to the complete sequestration
of the epitope from solvent, whereas the internal binders
would have much of the epitope and antibody still
exposed to solvent.

The Fab X-ray crystal structure of N62 showed that the
antigen-binding site is a cavity, 8 A wide, 10 A long and
9 A deep, lined by 10 amino acid residues, eight of which
are aromatic, including two histidines (which are both
aromatic and basic). These 10 binding site residues are
invariant in all three mAbs, suggesting that the binding
sites of N213 and Ab63 have the same topologies as the
N62 binding site.

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389

Binding sites similar to that of N62 have been found in
two other antibodies. The X-ray crystal structure of the
Fab of the anti-OAg terminally binding mAb S-20-4 com-
plexed with a terminal disaccharide from the Vibrio
cholera Ogawa serotype, also shows the expected cavity-
type binding site.’' The cavity of S-20-4 is somewhat
smaller than that of N62 — 10 A wide but only about 6 A
deep — and primarily binds the terminal sugar, 4-amino-
4,6-dideoxy-p-mannose, which has a methyl group O-
linked at the two position.”" In the crystal structure, the
methyl group is buried in the cavity surrounded by aro-
matic residues (H-H99, L-Y34, L-W93, L-W98) and one
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Figure 8. Ab63, N213 and N62 prolong survival of SchuS4-infected BALB/c mice and reduce blood bacterial burden in a mouse model of respi-

ratory tularaemia. (a) Survival. Mice (four or five per group) were inoculated with 24 colony-forming units (CFU) of SchuS4 intranasally (i.n.;
in one experiment) or 36 CFU of SchuS4 i.n. (in a separate experiment), and injected intraperitoneally (i.p.) with the indicated monoclonal anti-
body (mAb) dose or with PBS 2 hr post infection. P values for mAb-treated groups compared with PBS-treated groups are indicated. (b) Blood
bacterial burden. Mice were inoculated i.n. with 164 CFU of SchuS4 (left panel) or 109 CFU of SchuS4 (right panel), 2 hr post infection they
were injected i.p. with 50 ug of the indicated mAbs or with PBS, then 3 days later they were bled and killed for blood CFU determination.
Per cent CFU reduction compared with PBS was calculated from the median CFU numbers and the P-value was determined using the two-tailed

Mann-Whitney U-test. The specificity of mAbs for terminal (T) or internal (I) O-antigen (OAg) epitope and their isotype are indicated.

alanine (H-A102), whereas the rest of the sugar is still
partly solvent-exposed despite some contacts to the anti-
body; there are no contacts between the antibody and the
penultimate sugar in the chain.”

A site even more similar to that of N62 can be seen in
the X-ray crystal structures of complexes of Fab or single-
chain Fv Sel55-4 and the repeat unit of the OAg from
Salmonella serogroup B.>** In contrast to the linear
F. tularensis OAg, the Salmonella OAg has a branched
repeat unit, with the structure [—3)-0-p-Gal(1—2)[a-D-
Abe(1—3)]a-p-Man(1—4)-0-L-Rha(1—], where Rha is
rhamnose and Abe is abequose. Sel55-4 binds to the
internal part of the OAg, however, in the crystal struc-
tures, the branching Abe non-reducing sugar and a con-
served water molecule are located in a pocket (cavity)
approximately 8 A wide and 7 A deep, which is formed
by residues L-His32, L-Trp91, L-Trp96, H-Trp33, H-
His35, H-Ala50, H-Phe58, H-Gly96, H-His97, H-Gly98
and H-Tyr99. The residues of the cavity primarily interact
with the Abe, but also form interactions with the sugars
of the main chain of the OAg, where L-Trp96 is
hydrogen-bonded to the galactose sugar and H-His97 is
hydrogen-bonded to the mannose sugar. The affinity of

Sel55-4 for its ligand (5 x 107° to 77 x 107° m) > is
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very similar to the affinity of N62 for F. tularensis OAg
(52 x 107° m).

Since the Sel55-4 antigen-binding cavity is similar in
size to the one observed for N62 with multiple aromatic
residues (8 out of 11 compared with 8 out of 10 for
N62), it is reasonable to assume that the antigen-binding
site in N62 serves a similar function to that in Sel55-
4 — to bind a single saccharide and optionally make sur-
face contacts with the other sugars in the OAg chain.
Because the F. tularensis OAg is linear, the only sugar
capable of binding to the antibody pocket in this fashion
is the terminal QuiNFm residue at the non-reducing end.
The antibody could potentially contact the next sugar in
the chain — GalNACAN, but cannot completely surround
it. This is consistent with the specificity of N62 for the
non-reducing end of F. tularensis OAg.

Indeed, manual docking into the N62 X-ray crystal
binding site of a model of F. tularensis OAg, obtained by
docking a computational model in the binding site of the
anti-F. tularensis OAg internally binding mAb Ab52,%
showed that the Qui4NFm sugar at the non-reducing end
could be almost completely buried, whereas part of the
next sugar, GalNacAN, could make contacts with the rim
of the cavity. The burial of Qui4NFm in the binding
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cavity would be facilitated by interactions with the lining
aromatic and polar amino acid residues, as has been
observed in numerous protein—carbohydrate com-
plexes.’® >® Many sugars have a hydrophobic face and a
hydrophilic face as a consequence of chiral centres in the
rigid pyranose ring, positioning CH groups on one face
of the ring while OH and other polar groups reside on
the opposite face of the sugar. Hence, binding of sugars
face-to-face with aromatic residues allows for favourable
CH-7 interactions.”®*® In the Qui4NFm terminal sugar
of F. tularensis OAg, the hydrophobic face is formed by
the CH groups of carbons 1, 3 and 5. In the N62 anti-
gen-binding site, residue L-W91 is ideally positioned for
this type of interaction. The other aromatic residues
could also participate in aromatic-carbohydrate interac-
tions if they undergo an antigen-induced change in con-
formation. These residues could also create favourable
interactions with the C6 methyl group of Qui4NFm. The
polar residues lining the cavity, L-H34, L-H89, H-N35
and H-R96, could interact favourably with the polar
groups of the Qui4NFm sugar — 02, O3 and the 4-N-for-
myl group. Hence, the observed binding site of N62 is
well suited to accommodate all the functional groups
present on the terminal sugar. Therefore, the X-ray crystal
structure of N62 and the immunochemical data suggest
that the epitope recognized by N62, (and by extension)
N213 and Ab63 consists of the two sugars at the non-
reducing end of the OAg — Qui4NFm(1—4)-u-p-GalN-
AcAN, with the primary contribution to the binding from
the terminal saccharide.

The very high proportion of aromatic amino acids
including histidine among presumed or known antigen-
contacting residues in the binding cavities of N62, S-20-
4 and Sel55-4, is noteworthy. In general, the representa-
tion of aromatic residues among presumed®® or known®
contact residues in antibody binding sites is higher than
that in an average protein loop — 25-30% versus 10%,
respectively — due to an increase in Tyr and Trp (but
not Phe or His).””®® However, the percentage of aro-
matic contact residues (Tyr, Trp, Phe and His), calcu-
lated using the data of Collis et al.,”® does not differ
between carbohydrate-binding and non-carbohydrate-
binding antibodies, probably because the vast majority of
anti-carbohydrate antibodies are directed against internal
epitopes, which are much more immunogenic than ter-
minal epitopes.””*>®! In contrast, the percentages of aro-
matic contact residues in N62, S-20-4 and Sel55-4 are
80, 80 and 73, respectively (current study and’*>%).
His is especially over-represented in these three antibod-
ies (20-27% compared with 2:7% in other antibodies).”
This envelopment of the terminal sugar by aromatic resi-
dues, with His making polar interactions, may account
for the higher affinity of antibodies to the non-reducing
end, despite their smaller target epitope compared with
antibodies to internal regions of carbohydrates.

© 2013 John Wiley & Sons Ltd, Immunology, 140, 374-389

All three new mAbs, like FB11 and the anti-F. tularensis
OAg internally binding mAbs,*® prolonged survival and
reduced blood bacterial burden in a mouse model of respi-
ratory tularaemia with the virulent F. tularensis type A
strain SchuS4. Although the lowest affinity mAb, Ab63
(I1gG3), was least efficacious in these in vivo efficacy stud-
ies, prolonging survival when administered at 200 ug but
not at 50 ug, the highest affinity mAb, N213 (IgG3) was
not more efficacious than N62 (IgG2b). This is probably
because the isotypes of the mAbs, as mouse antibodies of
the IgG2a isotype, have been associated by our group®
and others® with highest in vivo efficacy, whereas the
IgG3 anti-OAg mAb Ab2 has been associated with the
lowest in vivo efficacy compared with IgG2a and IgGl
mAbs of the same specificity.”® Since the IgG2a and IgG2b
isotypes have been shown to be equally potent at mediat-
ing effector functions,®>** N62 may have more affect in
the mouse model of respiratory tularaemia than N213,
despite the higher antigen-binding affinity of N213.
Hence, the contribution of antibodies to non-reducing
ends of microbial polysaccharides to immune protection
probably depends both on a relatively high affinity for
antigen due to the aromatic envelopment of the terminal
sugar and on the antibody isotype.
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