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ABSTRACT: Francisella tularensis (Ft), the Gram-negative facultative intra-
cellular bacterium that causes tularemia, is considered a biothreat because of its
high infectivity and the high mortality rate of respiratory disease. The Ft
lipopolysaccharide (Ft LPS) is thought to be a main protective antigen in mice
and humans, and we have previously demonstrated the protective effect of the Ft
LPS-specific monoclonal antibody Ab52 in a mouse model of respiratory
tularemia. Immunochemical characterization has shown that the epitope
recognized by Ab52 is contained within two internal repeat units of the O-
polysaccharide [O-antigen (OAg)] of Ft LPS. To further localize the Ab52
epitope and understand the molecular interactions between the antibody and the
saccharide, we determined the X-ray crystal structure of the Fab fragment of Ab52
and derived an antibody−antigen complex using molecular docking. The docked
complex, refined through energy minimization, reveals an antigen binding site in
the shape of a large canyon with a central pocket that accommodates a V-shaped
epitope consisting of six sugar residues, α-D-GalpNAcAN(1→4)-α-D-GalpNAcAN(1→3)-β-D-QuipNAc(1→2)-β-D-Quip4NFm-
(1→4)-α-D-GalpNAcAN(1→4)-α-D-GalpNAcAN. These results inform the development of vaccines and immunotherapeutic/
immunoprophylactic antibodies against Ft by suggesting a desired topology for binding of the antibody to internal epitopes of Ft
LPS. This is the first report of an X-ray crystal structure of a monoclonal antibody that targets a protective Ft B cell epitope.

Francisella tularensis (Ft), the Gram-negative intracellular
bacterium that causes tularemia, is a category A potential
bioterrorism agent, specifically the highly virulent type A
subspecies.1−5 Although tularemia is normally treated with
antibiotics, respiratory tularemia, the most severe form of the
disease, is still associated with considerable morbidity and up to
2% mortality in treated patients.1,3−6 This and the threat of
engineered antibiotic-resistant Ft variants for bioterrorism make
the development of vaccines and immunotherapies for
tularemia a priority. An Ft type B live vaccine strain (LVS) is
partially protective against Ft in humans but is not currently
licensed because of safety concerns.6,7 A subunit vaccine based
on protective Ft epitopes would be an alternative.
Ft lipopolysaccharide (Ft LPS), the main component of the

bacterial outer membrane,8−13 is a major protective antigen in
mice10,14−22 and guinea pigs,20 and circumstantially in
humans.23 It is comprised of lipid A, a core oligosaccharide,
and an O-polysaccharide [O-antigen (OAg)] consisting of
variable numbers of tetrasaccharide repeats (Figure 1).8−12,24

We have previously reported that anti-Ft LPS mouse
monoclonal antibodies (mAbs) of the IgG2a isotype, the
mouse analogue of human IgG1,25 can confer survival to
BALB/c mice infected intranasally with an otherwise lethal
dose of LVS.17,26 We further characterized the Ab52 IgG2a
mAb and showed it to be specific for a repeating internal
epitope of Ft OAg spanning two tetrasaccharide OAg repeats.26

Ab52 has the highest avidity for Ft LPS among three anti-LPS
IgG2a mAbs that bind to repeating internal OAg epitopes.27 In

vivo efficacy studies showed Ab52 prolongs survival of BALB/c
mice infected intranasally with the highly virulent type A strain
SchuS4 in addition to conferring survival on mice infected
intranasally with LVS.26

To further localize the Ab52 epitope within the two-repeat
span of Ft OAg and understand the binding specificity and basis
for recognition between the antibody and the saccharide, we
determined the X-ray crystal structure of the Fab fragment of
Ab52 and derived an antibody−antigen complex using
molecular docking. The docked complex shows a V-shaped
epitope encompassing six of the eight sugar residues, with the
central disaccharide, at the point of the V, buried in a pocket
deep inside the center of the floor of a large canyon-shaped
Ab52 binding site. Analysis of the antigen binding site shows
that other possible modes of binding of the Ft OAg are not
compatible with the antibody topology.

■ EXPERIMENTAL PROCEDURES
Deduced Amino Acid Sequence Determination. The

amino acid sequences of the heavy (H) and light (L) chain
variable (V) regions of Ab52 were deduced from the nucleotide
sequences following reverse transcription−polymerase chain
reaction (RT−PCR) amplification of the respective mRNAs
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from cultured Ab52 hybridoma cells as previously described.28

For the H chain, three PCRs were performed, using reverse
primer CH1-γ-LS and forward primer VH1, VH2, or VH3. For
the L chain, two PCRs were performed, using reverse primer
CL-κ-LS, and forward primer VL1 or VL2. PCR products were
visualized by agarose gel electrophoresis, and the V primer
yielding the best cDNA amplification (for each VH and VL)
was considered the closest match to the actual hybridoma-
derived V region gene sequence. These primers were VH2
(GAG GTG CAG CTT CTC GAG TCT GGG GCT GAG
CTT GTG AGG CTT GG, spanning the first 15 VH codons)
and VL1 (GAG CTC GTG ATG ACA CAG ACT CCA TCC
TCC CTG CCT G, which spans the first 12 VL codons). The
selected PCR products were gel purified and cloned into
plasmid vector pCR 2.1-TOPO (Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions, and plasmids
containing PCR products were subjected to nucleotide
sequencing at the Dana-Farber/Harvard Cancer Center DNA
Resource Core (Boston, MA) using the T7 primer.
Homology to immunoglobulin (Ig) germline genes was

assessed by IgBlast (http://www.ncbi.nlm.nih.gov/igblast/),
and the nucleotide sequences imposed by the forward primers
were replaced with those of the homologous germline genes
[VH-J558.f (97.1% identical nucleotides) and Vκ-8−24 (99.0%
identical nucleotides)]. Conversion to amino acid sequences
was achieved with EMBOSS Transeq (http://www.ebi.ac.uk/
Tools/emboss/transeq/index.html), and the positions of
complementarity-determining regions (CDRs) were deter-
mined as suggested by North et al.29

Preparation of Ab52 Fab for Crystallization. Ab52 Fab
was prepared for crystallization from purified IgG2a using the
Pierce Fab Preparation Kit (Thermo, Rockford, IL). For
crystallization trials, the Fab was concentrated to 33 mg/mL, as
determined by absorbance at 280 nm, using a YM-10 Centricon
Centrifugal Filter Device (Millipore, Bedford, MA).

Crystal Structure Determination. Crystals of Ab52 Fab
were grown in hanging drops in Linbro plates by mixing 1 μL
of Fab [33 mg/mL in 20 mM Tris buffer (pH 7.5), 150 mM
NaCl, and 0.02% NaN3] with 1 μL of reservoir solution [0.1 M
Tris buffer (pH 7.5) and 24% (w/v) PEG 8000] and
equilibrating over 0.5 mL of reservoir solution in a sealed
well at 17 °C. Crystals grew within a few days. Prior to being
frozen in a nitrogen stream at −180 °C, the crystal was soaked
in reservoir solution with 20% (v/v) glycerol added as a
cryoprotectant. Diffraction data were collected on an RAXIS-IV
imaging plate detector mounted on a Rigaku RU-300 rotating
anode generator. Data indexing, integration, and merging were
performed with DENZO and SCALEPACK.30 The crystal
belongs to space group P21, with the following unit cell
dimensions: a = 35.953 Å, b = 131.491 Å, c = 86.805 Å, and β =
96.872°.
The structure was determined using molecular replacement

as implemented in the AutoMR function of Phenix,31 using as
search models the L chain of anti-ApcT transporter antibody
7F11 [Protein Data Bank (PDB) entry 3GI832] and the H
chain of anti-OspB-CT bactericidal Fab-H6831 (PDB entry
1RJL33) less the coordinates for the third H chain
complementarity-determining region (CDRH3) loop. Inspec-
tion of initial maps showed interpretable electron density fitting
two Fab molecules in the asymmetric unit. The Ab52 sequence
determined above was introduced into the structure using
Phenix AutoBuild. Iterative cycles of manual rebuilding and
refinement were then undertaken with Coot34 and Phenix until
all interpretable electron density was modeled. For the first 15
residues of the H chain and the first 12 residues of the L chain,
the sequence was modified to the germline sequence, which fit
the electron density better than the PCR primer sequences
used for sequencing. It was noted that in many antibody
structures, an N-terminal Gln or Glu residue is observed in a
cyclized form as pyroglutamic acid.35 However, refinement of
the Ab52 H chain N-terminal Gln as pyroglutamate resulted in

Figure 1. Tetrasaccharide repeat of Ft OAg, consisting of the indicated sugars 2)-β-D-Quip4NFm(1→4)-α-D-GalpNAcAN(1→4)-α-D-
GalpNAcAN(1→3)-β-D-QuipNAc(1→, designated ABCD. Two repeats are shown, with the sugars in the second repeat distinguished by a
prime. Arrows indicate additional repeats on either side of the octasaccharide.
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higher R factors. Therefore, the final model contains glutamine
as the first H chain residue.
For crystal soaking experiments, a purified fraction of a 2-

OAg repeat Ft oligosaccharide (84% pure as estimated from
mass spectrometry data, with contaminating three-, four-, and
five-repeat oligosaccharides as well as a core-attached single-
repeat oligosaccharide), obtained from Q. Wang, C. Costello,
and J. Zaia,24,26 was dissolved in the crystal mother liquor to a
concentration of approximately 0.5 mM. A crystal of Ab52 Fab
was then soaked in this solution for 2 h, and X-ray data were
collected. The structure was determined by difference Fourier
using the unliganded coordinates as a starting model; however,
no electron density for the ligand was observed. Soaking for
longer periods in the same solution destroyed the crystal
diffraction.
Molecular Docking. For docking, removal of solvent

atoms, addition of hydrogens, hydrogen bond network
optimization, and assignment of charges to the crystal structure
coordinates were conducted using the Protein Preparation
Wizard as implemented in Maestro.36 Four grids for docking
were then calculated with Glide37−40 using default values. For
Ab52 dockings, the centers of the grids were located at a point
in the putative antigen binding site close to the side chain of H
chain Glu50, where a Tris molecule was located in electron
density maps, or at a point close to the side chains of L chain
His91, covering the other side of the antigen binding site cleft.
Grids were also calculated for each Fab present in the
asymmetric unit of the crystal structure after superposition of
the two Fabs, bringing the total to four grids.
Starting coordinates of the repeat unit of Ft OAg8 or sugar

monosaccharides were built using the tools in Maestro. Methyl
groups were added to positions where the full-length Ft OAg
chain would be extended to mimic the missing glycosidic bonds
rather than leaving these positions as free hydroxyl groups. A
mixed Monte Carlo torsion/low-mode sampling conforma-
tional search then was performed in Macromodel41 using a
modified OPLS-2005 force field. Redundant conformations
were eliminated using a 1.0 Å all-atom root-mean-square

deviation (rmsd) cutoff, and the extended sampling option was
used. Each of the resulting starting conformations was then
docked into the calculated grids using Glide and the OPLS-
2005 force field. For the Glide runs, default parameters in
Standard Precision mode were used except that 50000 poses
were kept for the initial phase of docking, the scoring window
was increased to 200, the expanded sampling mode was used,
the best 1000 poses were kept for energy minimization, the
maximal number of minimization steps was set to 500, and up
to 10 poses were selected for postdocking minimization and
output. After docking, the poses from the two Fabs centered on
the same point were combined and clustered with XCluster
using all atoms in the rmsd calculation. The clustering level was
set at a value such that the threshold distance was ∼2.0 Å.

Model of the Complex of Ft OAg with Ab52. A
calculated version of the Ft OAg was modeled using Maestro.
Carbohydrates are flexible molecules but have favored values of
their glycosidic bond torsion angles that make a good starting
point for modeling purposes.42 First, a conformational map for
each glycosidic bond in the Ft OAg was created to determine
the most favored values of glycosidic bonds φ (defined as the
H1−C1−Ox−Cx torsion angle) and ψ (defined as the C1−
Ox−Cx−Hx torsion angle) for the Ft OAg. Multiple starting
models were used for each glycosidic bond, as this allows for
better sampling of the effects of the sugar side chains on the
glycosidic bond under consideration. In this case, the
tetrasaccharide models used in the docking calculations were
used as starting models for the conformational maps. Only the
middle glycosidic bond of each tetrasaccharide was tested to
allow long-range interactions from distal saccharides to be
considered. The φ and ψ angles of these middle glycosidic
bonds were then set to values between 0° and 360° in 20°
increments and minimized in an OPLS-2005 force field using
Macromodel. The map was then made by plotting the lowest-
energy value obtained from the set of starting OAg models for
each point sampled in torsion space. The global lowest-energy
torsions from the maps were used as starting conformations to
build out the entire Ft OAg. Eight OAg repeat units were then

Figure 2. V region deduced amino acid sequence and crystal structure of Ab52 Fab. (A) Deduced amino acid sequences for Ab52 VH and VL. The
CDRs, as defined by North et al.,29 are colored red. The residue numbers at the ends of the CDRs are indicated. There are five residues in CDRL1
following residue 30 that are labeled as residues 30A−30E, following Kabat numbering as modified by Al-Lazikani et al.63 Residues with an asterisk
below them are implicated in antigen recognition by the docking studies. (B) Wall-eyed stereo diagram of the molecular surface of Ab52 Fab
showing a side view of the antigen binding site. The surface-contributing areas from the CDRs are colored red (CDRH1), orange (CDRH2), yellow
(CDRH3), green (CDRL1), blue (CDRL2), and purple (CDRL3). Residue H-Q1 is also colored cyan.
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minimized in an OPLS-2005 force field in Macromodel to
generate the final structure. This model was used to generate
the docked conformation of the two-repeat Ft OAg with Ab52
by aligning the docked pose from Glide with the A ring from
the Ft OAg structure generated in Macromodel. The seven
other sugars were adjusted by torsion to remove poor contacts
with the protein. The resulting docked sugar−antibody
complex was then minimized in Macromodel in an OPLS-
2005 force field to remove any remaining bad contacts. During
the calculation, antibody residues within 5 Å of the docked Ft
OAg were allowed to move freely, the next shell of residues
within 5 Å was restrained with a force constant of 200, and all
other atoms were frozen.

■ RESULTS
Crystallographic Analysis of Ab52. To define the target

epitope of Ab52, we determined the crystal structure of the Fab
fragment of Ab52, using the deduced VH and VL region amino
acid sequences shown in Figure 2A. Ab52 diffraction data were
collected to a resolution of 2.1 Å. The crystal structure was
determined using molecular replacement and then refined to
good geometry and agreement with the diffraction data (Table
1). There are two outliers on the Ramachandran plot,

suggesting disfavored backbone conformations. These are the
two L chain Ala51 residues. This position is the third residue of
the second L chain CDR loop (CDRL2), which is typically in a
turn conformation in antibody structures, and the electron
density maps show clear density for the backbone atoms.
The final crystallographic model contains two Fab molecules

comprising L chain residues 1−211 and H chain residues 1−
127 and 134−213, four glycerols, three Tris molecules, and 820
water molecules. There was no interpretable density for H
chain residues 128−133; however, because these are in the
constant (C) domain located far from the antigen binding site,
the missing residues are unlikely to affect further calculations.
The two Fab molecules that comprise the asymmetric unit
show slight structural differences resulting from a 5° difference
in the elbow angle formed between the V and C domains of the
two chains. The angles were 133° and 138°, calculated using
RBOW.43 This variation is likely due to crystal packing and

suggests some flexibility in the Fab. However, the V domains
(H chain amino acids 1−114 and L chain amino acids 1−108)
overlay well with an rmsd of 0.60 Å calculated using α-carbons,
suggesting little effect of crystal packing on the antigen binding
site.
Although glycerol is often found in the binding sites of

carbohydrate binding proteins, none of the four bound glycerol
molecules are in the antigen binding sites of either of two Fab
molecules in the asymmetric unit. One glycerol molecule binds
to the H chain constant domain where it interacts with H-Q156
and H-V159. Three other glycerol molecules are located in the
variable domains underneath the antigen binding sites. One of
these glycerols is in a pocket formed by residues H-Q39, H-
G44, H-L45, L-Q38, L-F87, and L-G99. The other two are in a
site common to both Fab molecules, a pocket formed by L-
Q37, L-K39, L-K45, L-L47, L-P59, L-R61, L-F62, L-E81, and L-
D82.
One Tris molecule is found in the antigen binding site of

each Fab molecule in the asymmetric unit, where they similarly
interact with H-W33, H-H35, and H-E50, making hydrogen
bonds to these side chains. The third Tris molecule is bound on
the outside portion of the CDRL1 and CDRL2 loops where it
interacts with residues L-K30F, L-N31, L-F50, L-A51, L-S52,
and L-G66.
Ab52 has a canyon-type antigen binding site,44 with open

ends and steep sides, which can accommodate a large antigen
like the repeating unit of the Ft OAg (Figure 2B). One wall of
the canyon is formed by CDRH1 and CDRH2 as well as the N-
terminal Gln residue; the other wall is formed by residues in
CDRL1 and CDRL2, and the floor of the canyon is formed by
residues from CDRH3 and CDRL3 (Figure 2B). The binding
site has several charged residues in the walls of the canyon; in
addition to the aforementioned H-E50, there are H-H35, H-
R94, and L-E55. A fifth charged residue, L-H91, is located in
the floor of the canyon. The remaining residues of the binding
site are primarily hydrophobic on the floor of the canyon, with
polar residues predominating on the walls of the canyon.
All of the CDR loops, with the exception of CDRH3, fall into

conformational clusters.29 CDRL1, CDRL2, CDRL3, CDRH1,
and CDRH2 are in conformations L1-16-1, L2-8-1, L3-9-cis7-1,
H1-13-1, and H2-10-1, respectively. The CDRH3 loop is only
six residues long, comprising the sequence 93VRGFAY98, which
precludes categorizing the loop by its anchor region. A search
on Abysis (http://www.bioinf.org.uk/abysis/index.html) re-
vealed eight antibody structures with six-residue CDRH3
loops (Table 2), and superimposition of these loops (Figure
3) suggests CDRH3 loops of this size may fold similarly in the
cases found to date. However, there appear to be no consensus
sequence signatures for the loop, other than the length, despite
the good fit of the loops to one another. Analysis of the
backbone conformations of the superimposed CDRH3 loops
reveals the structural similarities between the loops. The first
two residues of the loop are invariably in a β-sheet
conformation. Most of the third residues are in the left-handed
helix or glycine region of the Ramachandran plot making the
turn, with the exception of the less well fit loops from Table 2,
which are either β-sheet (PDB entries 2DDQ and 3GGW) or
α-helical (PDB entries 1NSN and 1EMT) conformations. The
fourth and fifth residues of the loop adopt α-helical
conformations, with five amino acid exceptions from PDB
entries 1NSN, 2DTG, 1EMT, and 2R4R. The last residue is in
a β-sheet conformation, with one exception (PDB entry
1NSN). Therefore, with the exception of PDB entry 1NSN,

Table 1. X-ray Crystal Data Collection and Refinement
Statisticsa

Data Collection
no. of reflections 46183 (4572)
data cutoff I ≤ −3σ
I/σ(I) 13.8 (3.9)
completeness (%) 99.4 (99.4)
redundancy 3.0 (2.7)
Rmerge 0.075 (0.337)

Refinement
Rwork 0.186
Rfree 0.220
no. of atoms 7348
average B factor

protein 20.7
waters 26.8
Tris/glycerol molecules 26.4

aThe resolution limits overall were 15−2.1 Å; the numbers in
parentheses are the values for the highest-resolution shell (2.17−2.1
Å).
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the secondary structural elements among all six-residue
CDRH3 loops determined to date share a common fold.
Interestingly, the F22-4 antibody, which has a six-residue
CDRH3 that contains a cis-proline, also recognizes an OAg
(from Shigella f lexneri serotype 2a), although it is branched,
unlike the linear Ft OAg recognized by Ab52.
Molecular Docking and Modeling of the Antibody−

Antigen Complex. Attempts to soak a 2-OAg repeat Ft
oligosaccharide into Ab52 Fab crystals were unsuccessful;
therefore, mapping of specific interactions between Ab52 and
the Ft OAg was pursued using molecular docking techniques.
For docking calculations, two grids were made because a single
grid in Glide37−40 would not encompass the entire antigen
binding site. The first grid was centered on the ordered Tris
molecule found in the putative antigen binding site, because it
is possible that the Tris molecule, having multiple hydroxyl
groups, acts as a mimic of one of the Ft OAg sugars. There
were no solvent molecules other than waters observed in the
antigen binding site to further guide positioning of the grids;

therefore, the second grid was positioned to encompass the
remainder of the putative antigen binding site.
The repeat unit of the Ft OAg is four sugar residues long,

and previous data indicated that Ab52 binds to an internal site
that spans two OAg repeats.26 Therefore, a strategy was
employed in the docking calculations that would allow
sampling of the length of the OAg by modeling the four
possible tetrasaccharides available to the antibody on the OAg.
These models consisted of sugars ABCD, BCDA′, CDA′B′, and
DA′B′C′ (Figure 1). After docking, the top scoring clusters were
analyzed to eliminate poses where the ends of the
tetrasaccharide were buried, because these structures cannot
be extended into the full-length OAg. Thus, a single, top-
scoring cluster of structures for each docked tetrasaccharide was
obtained (Table 3). The Glide scores for the docked

tetrasaccharides were in the range of −7.7 to −8.5, considered
very good using standard precision mode for ligands binding to
proteins with binding sites of comparable depth (http://www.
schrodinger.com/kb/639).
The four docked tetrasaccharide structures in Table 3 were

analyzed to select the best prediction of the OAg−antibody
complex. In an ideal docking case, the tetrasaccharides should
overlay with one another to form a single, continuous Ft OAg
model, sliding one saccharide down or up the chain with each
model. For example, comparison of the best ABCD and BCDA′
docked structures ideally would show exact overlay of rings B−
D. Therefore, each of the best scoring structures from the
docking was inspected to see if there was significant overlap
between that pose and all the output docking structures from
tetrasaccharides that were translocated one sugar residue
toward both the reducing and nonreducing ends of the putative
Ft OAg. The only structure in which extension in both
directions was found was the CDA′B′ docked structure, which
showed significant overlap with the BCDA′ and DA′B′C′
docked structures, with rmsd values of 3.3 and 2.3 Å,
respectively, calculated using all atoms from the three common
sugars from each structure set (Figure 4). The overlay is very
good near the centers of the structures and more variable
toward the ends. Because the end sugars in the models are not
bound to the next sugar in the putative Ft OAg chain, they may
have more conformational flexibility in their glycosidic bonds
and may access conformations forbidden to the same sugars in
the full-length Ft OAg. Therefore, the end sugars may be in

Table 2. Comparison of Structural Similarity between Ab52
and Published Antibody Structures with CDRH3 Loops of
Six Residues

antibody antigen specificity PDB entry sequence rmsda

Ab52 Ft OAg 3UJT VRGFAY 0.10
N10 staphylococcal nuclease 1NSN56 TRGNGD 1.59
VRQ14 prion protein 1TQB57 TRGTDY 0.28
LA2 outer surface protein A 1FJ158 ARGLDS 0.73
83-14 insulin receptor 2DTG59 AREWAY 0.75
no name fullerene 1EMT60 ATSSAY 1.58
no name β2 adrenoceptor 2R4R61 VRGFGY 0.83
R310 (R)-4-hydroxy-2-nonenal

histidine
2DDQ62 APYGGY 1.19

F22-4 S. f lexneri OAg 3GGW52 FLPMDY 0.97
aThe rmsd was calculated using backbone atoms from the CDRH3
loop residues when fit to CDRH3 of the Ab52 structure. For Ab52, the
rmsd value was the fit between the two Fab H chains present in the
structure. In cases where more than one structure was determined for
an antibody, the structure with the best resolution and refinement
statistics was aligned. In cases where more than one antibody chain
was present in the structure, including Ab52, the first H chain was used
in the calculation.

Figure 3. Overlay of six-residue CDRH3 loops. The CDRH3 loops
from the structures listed in Table 2 are shown as α-carbon traces. The
loops were superimposed onto the H chain of the Ab52 Fab structure
using Iterative Magic Fit in Deepview. The loops are colored blue and
light blue for Ab52, red for Ab N10, orange for Ab VRQ14, yellow for
Ab LA2, green for Ab 83-14, cyan for the anti-fullerene Ab, purple for
the anti-β2 adrenoceptor Ab, magenta for Ab R310, and gray for Ab
F22-4.

Table 3. Glide Results of Dockings with Tetra- and
Monosaccharides to Ab52

saccharide Glide scorea

ABCD −8.0
BCDA′ −8.5
CDA′B′ −7.7
DA′B′C′ −7.9
1,2-O-Me-β-Qui4NFm −5.8
1,2-O-Me-β-Qui −5.2
1,2-O-Me-β-Glc4NFm −5.3

aThe Glide score is equal to 0.05 × vdW + 0.15 × Coul + Lipo +
HBond + Metal + Rewards + RotatableBonds + Site (vdW, van der
Waals energy; Coul, Coulomb energy; Lipo, lipophilic term; Hbond,
H-bonding term; Metal, metal binding term; Rewards, rewards and
penalties; RotatableBonds, penalty for freezing rotatable bonds; Site,
polar interactions in the active site). Detailed descriptions of these
parameters are given in ref 37. The units are kilocalories per mole.
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spurious conformations in the docking that create contacts with
the protein that are not biologically relevant but contribute
favorably to the docking score. The presence of biologically
irrelevant conformations may also explain why the BCDA′ and
DA′B′C′ structures did not score at the top of the docking
output, because these spurious conformations will score higher
in the docking algorithm.
The tetrasaccharides dock in conformations that show good

glycosidic bond values (Table 4), with the exception of the A′B′
glycosidic bonds, which have torsion energies more than 5
kcal/mol higher than the global minimum. It should be noted
that unfavored glycosidic angles are observed in crystal
structures found in the GlycoMaps41 database, which is
organized by sugar and linkage. For example, the 1→4
glycosidic linkage in maltose has unfavorable geometry in
5.3% or 96 of 1822 structures in the Protein Data Bank
(http://www.pdb.org). As there are no examples of the present
sugars in the GlycoMaps database, no direct comparison can be
made with similar glycosidic bonds in crystal structures. In our
model, the unfavorable glycosidic bond conformation appears
to be an artifact of the Glide scoring function. The torsion angle
of the bond is unfavorable (φ = 58°, and ψ = 21°) because the
C4 hydrogen of the B′ ring eclipses C1 of the A′ ring. However,
this rotamer allows the B′ ring to pack against the D ring, giving
this pose fewer solvent-exposed atoms, and thus a better Glide
score even at the expense of good geometry. There is a very
similar pose in the docking output (rmsd of 1.5 Å calculated

with all atoms) that does not score as well (Glide score = −6.9)
but has favorable glycosidic bond angles (φ = 47°, and ψ =
13°), lending credence to this idea.
Docking with monosaccharides from Ft OAg was undertaken

to determine whether they would converge to binding sites
similar to those observed for the tetrasaccharides. Docking of
the A ring monosaccharide from Ft OAg converged to a similar
binding pocket as the A′ ring in the tetrasaccharide dockings
(rmsd of 3.4 Å calculated using all atoms). This pocket, deep in
the floor of the antibody canyon, is formed by the CDRL2,
CDRL3, and CDRH3 loops, specifically residues L-Y49, L-F50,
L-H91, and H-F96. Docking with the B, C, and D sugars also
converged to the same pocket as A; however, these poses were
incompatible with the tetrasaccharide structure. Docking of a
quinovose sugar lacking the 4-N-formyl modification resulted in
an altered pose and reduced the estimated binding energy,
suggesting that this group is critical for recognition of the A
sugar. Interestingly, a glucose analogue of the A sugar (1,2-O-
Me-β-Glc4NFm), which has a hydroxyl group on the 6-carbon
of the sugar, docked in a pose identical to that of the A sugar
and with a similar energy score despite the extra OH group.
To evaluate whether the binding mode determined by

docking of tetrasaccharides to Ab52 would be compatible with
longer OAg fragments that are present on the surface of Ft, a
two-repeat model of Ft OAg complexed with Ab52 Fab was
created by overlay of the C, D, and A′ sugars of the docked
CDA′B′ tetrasaccharide structure and the model of the Ft OAg

Figure 4. Wall-eyed stereo diagram showing tetrasaccharides docked to Ab52 Fab. Shown are the docked poses from Glide of tetrasaccharides
BCDA′ (aqua), CDA′B′ (magenta), and DA′B′C′ (yellow). The antibody is rendered as a gray molecular surface, oriented looking down into the
antigen binding site with the H chain on top. The remainder of the Ft OAg chain would extend in both directions at the positions indicated by the
arrows.

Table 4. Glycosidic Bond Angles (φ, ψ) of Docked Ft OAg Tetrasaccharides and the Final Octasaccharide Model

glycosidic bond ideal BCDA′ CDA′B′ DA′B′C′ ABCDA′B′C′D′

Qui4NFm(A)−GalNAcAN(B) 20°,−40° 31°,−7°
GalNAcAN(B)−GalNAcAN(C) −40°, 0° −42°, −23° −46°, 0°
GalNAcAN(C)−QuiNAc(D) −40°, 0° −53°, −41° −66°,−65° −40°,−42°
QuiNAc(D)−Qui4NFm(A′) 60°, 40° 55°, 12° 50°,−5° 48°, 7° 50°, 28°
Qui4NFm(A′)−GalNAcAN(B′) 20°,−40° 58°, 21° 55°, 30° 27°,−42°
GalNAcAN(B′)−GalNAcAN(C′) −40°, 0° −41°,−8° −42°,−4°
GalNAcAN(C′)−QuiNAc(D′) −40°, 0° −32°,−25°
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calculated from the conformational search (Figure 5). In the
calculated model, each repeat unit is in a linear conformation,
∼18 Å in length. However, the β1→2 connection between the
D and A′ rings makes a kink in the sugar chain such that two
repeats form a V shape with the A ring at the point of the V and
the arms make a 109° angle (Figure 5A). After superimposition
of the calculated model of Ft OAg onto the C, D, and A′ sugars
of the docked tetrasaccharides and energy minimization, a two-
repeat unit model of Ft OAg in the Ab52 antigen binding site
was generated. The glycosidic bonds of the sugars in this final
docked model of the Ft OAg−antibody complex were in
favorable conformations (Table 4) with no bad contacts.
Analysis of the docked Ft OAg structure in the antigen binding
site shows that the epitope being recognized by Ab52 spans two
repeat units, with the majority of the interaction coming from
the central D and A′ sugars (Figure 5B and Table 5). Starting

from the nonreducing end of the OAg chain, the B ring docks
between Gln1 of the H chain (H-Q1) and Ser56 of the L chain
(L-S56), making hydrogen bonds to the side chains through the
O3 and N-acetyl carbonyl carbon group (Figure 5B). The C
sugar interacts more extensively with the antibody in the model,
making a hydrogen bond to the side chain of L-E55 through its
6-amide group and another to the side chain of H-R94 through
its N-acetyl group.
The D and A′ sugars make the most extensive interactions

with the antibody. The D sugar is bound between the walls of

the canyon, making key hydrophobic interactions. The
hydrophobic face of the sugar ring is interacting with the side
chain of H-A97. The methyl group of the N-acetyl group is
interacting with the side chain of L-Y49. The C6 methyl group
of the sugar is bound in a side pocket formed by the carbon
atoms of the H-R94 side chain, H-G95, and H-S32.
The A′ sugar is anchored by interactions between the N-

formyl group and a small pocket on the antibody formed by the
side chains of L-Y49, L-F50, L-H91, and H-F96, where it makes
a hydrogen bond to the L-H91 side chain. The only other
functional groups on the Ft OAg similar to the N-formyl group
are N-acetyl, whose methyl group would be too large to fit in
this pocket and would have to adopt an unfavorable cis
conformation, and the amide group of the B sugar, which would
place the sugar ring in conflict with several protein residues.
Therefore, this pocket appears to be specific for the N-formyl
group of the A′ sugar. The 6-carbon of the A′ sugar binds in a
subsite formed by L-H91, H-F96, and L-Y32.
The last two sugars to contact the antibody in the model are

B′ and C′. The B′ sugar interacts with H-S31, H-S32, and H-
W33 through its N-acetyl group. The C′ sugar makes a
hydrogen bond through its amide group to the side chain of H-
W33. There is also a potential for the amide group to make a
hydrogen bond to the side chain of H-H52, but this requires
the His side chain to be unprotonated, which was not the case
during the docking calculations. Thus, the model shows six
sugars comprising the sequence α-D-GalpNAcAN(1→4)-α-D-
GalpNAcAN(1→3)-β-D-QuipNAc(1→2)-β-D-Quip4NFm(1→
4)-α-D-GalpNAcAN(1→4)-α-D-GalpNAcAN (BCDA′B′C′) in-
teracting with the antibody using primarily residues from each
of the six CDR loops (Figure 2A), as would be expected for an
antibody−antigen complex.

Figure 5. Docked model of Ft OAg bound to Ab52. (A) Calculated model of the Ft OAg built as outlined in Experimental Procedures. The sugar
rings are colored by type, with orange carbons for Qui4NFm residues (A), green carbons for GalNAcAN residues (B and C), and cyan carbons for
QuiNAc residues (D). Two repeat units (eight sugars) are shown. (B) Wall-eyed stereo diagram of the interactions between the Ft OAg and the
antibody in the final docked model of the Ft OAg−antibody complex. The Ft OAg sugars are colored as in the top panel, and the carbons for protein
atoms are colored gray.

Table 5. Summary of Saccharide Contacts from the Docked
Structures to Ab52

property A B C D A′ B′ C′ D′

total no. of contacts 0 6 7 17 19 7 4 1
no. of hydrogen bonds 0 3 2 0 1 0 1 0
buried surface area (Å2) 0 21 12 70 96 26 7 0
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■ DISCUSSION

The final docked model of the Ft OAg−antibody complex
shows the Ft OAg fitting into a canyon-type44 antigen binding
site on the antibody, where there are contacts to the antibody
by six central sugar residues [α-D-GalpNAcAN(1→4)-α-D-
GalpNAcAN(1→3)-β-D-QuipNAc(1→2)-β-D-Quip4NFm-
(1→4 ) -α -D -Ga lpNAcAN(1→4 ) -α -D -Ga lpNAcAN
(BCDA′B′C′)]. Previous studies had predicted that carbohy-
drate−antibody complexes would consist of no more than
seven saccharides,45 because of the size limit of a VH−VL pair,
and this model conforms to that prediction. Additionally, it was
predicted that antibodies recognizing reducing or nonreducing
end sites on saccharide chains would have cave or crater-type
combining sites, whereas internal sites would be bound by
canyon or valley-type combining sites.46 Consistent with this
idea, the antigen binding site of Ab52 Fab is a canyon-type site,
with open ends and steep walls.
The interactions between the antibody and the Ft OAg were

determined using molecular docking techniques. Soaking of
Fab crystals with a two-repeat OAg oligosaccharide was
unsuccessful in producing a structure of the Ab−OAg complex,
possibly because of a lack of antigen binding site accessibility in
the crystal. The crystal contacts do not affect the ligand binding
site directly, however, so are unlikely to affect further
calculations. In the absence of crystal structure information
about the complex, a good prediction of the binding of an
antigen to an antibody can be made using molecular docking
approaches as implemented in programs such as Glide.47 A
recent benchmark study showed the robustness of Glide,
testing its ability to reproduce the crystal structure of 11
antibody−carbohydrate complexes.47 This study included a
variety of antigen binding site structures (six crater, three
canyon, and two valley) and carbohydrates varying in length
from two to four saccharides. Glide was able to reproduce the
crystal structure in all but one case, with an average rmsd for all
cases of 1.43 Å between the docked structure and the crystal
structure, with most values being <1 Å. These results were
obtained in the absence of explicit waters, so the lack of water
molecules in the calculation did not adversely affect the results.
The ability of Glide to accurately predict carbohydrate−
antibody interactions was thus demonstrated.
The model shows that the antibody makes contacts with six

sugars, BCDA′B′C′, spanning two repeat units of Ft OAg. The
D and A′ sugars are buried the most in the docked complexes.
The Ft OAg in both the calculated model and the final docked
model of the Ft OAg−antibody complex shows that the A
sugars protrude from the linear axis of the polysaccharide chain
(Figure 5). Taken together, it is not surprising that the D and A
sugars are targeted by the immune system, because they
represent an exposed surface unique to Ft OAg.
There is a wealth of immunochemical data available for

Ab52,26,27 and the calculated model is consistent with these
observations. Ab52 was found to bind to a ladder of Ft LPS on
a Western blot but to bind poorly to the shortest fragments on
the blot, unlike the Ft OAg nonreducing end-binding mAb
FB11.27 Competition assays with Ft LPS oligosaccharides with
a defined OAg repeat length showed that the Ab52 epitope
spans two repeat units, as suggested by the higher potency of
the [ABCD]2 core compared to that of the [ABCD] core at
competing with Ft OAg for Ab52 binding, and the equal
potency of the [ABCD]2 core and the [ABCD]3 core.26

According to the final docked model of the Ft OAg−antibody

complex, [ABCD]2 would make all the potential interactions
with the antibody. [ABCD], on the other hand, would occupy
only half of the combining site formed by sugars B−D or by
sugars A′−C′ in the model and thus would be predicted to have
a lower affinity than [ABCD]2. The model also indicates the
epitope to be six sugars rather than eight and excludes the
sugars at each end of the epitope. These sugars were not
observed to make contacts with the antibody in the models.
The docking calculations predict that the Ft OAg binds with

a V-shaped epitope buried in a pocket deep in the floor of the
canyon-shaped antigen binding site. During the docking
calculations, the boundaries used to define the antigen site
covered the entire binding site, including the floor and walls of
the canyon. Thus, the tetrasaccharides were allowed to sample a
large number of potential conformations, but the “point down”
conformation of the V-shaped Ft OAg was the one that scored
the best. Inspection of the antigen binding site in the Ab52
crystal structure shows that other orientations can be ruled out
because they are incompatible with the size and shape of the
canyon. For example, the repeating nature of the OAg requires
that the carbohydrate chain binds in an orientation parallel to
the canyon, so that it extends out through the open ends of the
binding site. This requirement is satisfied by the orientation of
the epitope in the antigen binding site in the docked model.
At least 13 crystal structures of antibody fragment−OAg

complexes from three bacterial sources have been published to
date. The structure of Se155-4, an antibody active against the
Salmonella serogroup B OAg, has been determined by both X-
ray crystallography and NMR complexed to tri-, hexa-, and
dodecasaccharides.48−51 The repeating unit in Salmonella is the
branched tetrasaccharide {→3)α-D-Galp(1→2)[α-D-Abep(1→
3)]-α-D-Manp(1→4)-α-L-Rhap(1→} (A[D]BC), where Abe is
the sugar abequose. The second bacterial source is S. f lexneri
serotype 2a, where the structure of antibody F22-4 has been
determined in a complex with a peptide mimic and penta- and
decasaccharides.52,53 The repeating unit is a branched
pentasaccharide {→2)-α-L-Rhap(1→2)-α-L-Rhap(1→3)[α-D-
Glcp(1→4)]-α-L-Rhap(1→3)-β-D-GlcpNAc(1→} (AB[E]CD).
Lastly, SYA/J6, active against the linear S. f lexneri Y OAg that
has a four-sugar repeating unit of sequence →2)-α-L-Rhap(1→
2)-α-L-Rhap(1→3)-α-L-Rhap(1→3)-β-D-GlcpNAc(1→
(ABCD), has been crystallized complexed to a peptide mimic
and tri- and pentasaccharide ligands.54,55 The Ab52 model
complex can be compared to the complex of the antibody SYA/
J6−pentasaccharide complex, because they both recognize a
linear tetrasaccharide OAg. The binding sites of the two
antibodies are very different in sequence and structure, because
of the longer CDRH3 loop in SYA/J6, but share a canyon
topology. Furthermore, the sugar binding modes are somewhat
similar. Each is bound in a V-like conformation, where the
point of the V (the A sugar of Ft OAg or the C ring of S.
f lexneri Y OAg) sits deep in the antigen binding site on the
floor of the canyon, and the arms of the V interact with the
sides of the canyon. It will be interesting to ascertain, as more
structures of linear OAg−antibody complexes become available,
whether this mode of binding is commonly used in recognition
of linear OAgs.
In summary, we determined the crystal structure of the Fab

of Ab52, an antibody targeting an internal epitope of Ft OAg
that has demonstrated potential as a protective epitope against
challenge with Ft. From the crystal structure and molecular
docking methods, the Ab52 epitope was deduced to consist of a
V-shaped hexasaccharide spanning two OAg tetrasaccharide
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repeats, with the D and A′ sugars, at the point of the V, buried
in a deep central pocket inside a large canyon-shaped Ab52
binding site. These studies inform the development of vaccines
and immunotherapeutic/immunoprophylactic antibodies
against Ft by suggesting a desired binding topology for binding
of the antibody to internal epitopes of Ft LPS. Furthermore, the
basis for recognition between the OAg saccharide and a known
protective antibody determined here will allow the evaluation of
the quality of human antibodies generated in response to new
Ft vaccines in future clinical trials.
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