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Bacillus anthracis is surrounded by a polypeptide capsule composed of poly-gamma-D-glutamic acid
(�DPGA). In a previous study, we reported that a monoclonal antibody (MAb F26G3) reactive with the
capsular polypeptide is protective in a murine model of pulmonary anthrax. The present study examined a
library of six MAbs generated from mice immunized with �DPGA. Evaluation of MAb binding to the capsule
by a capsular “quellung” type reaction showed a striking diversity in capsular effects. Most MAbs produced a
rim type reaction that was characterized by a sharp increase followed directly by a decrease in refractive index
at the capsular edge. Some MAbs produced a second capsular reaction well beneath the capsular edge,
suggesting complexity in capsular architecture. Binding of MAbs to soluble �DPGA was assessed by a
fluorescence perturbation assay in which a change in the MAb intrinsic fluorescence produced by ligand
binding was used as a reporter for antigen-antibody interaction. The MAbs differed considerably in the
complexity of the binding curves. MAbs producing rim type capsule reactions typically produced the more
complex binding isotherms. Finally, the protective activity of the MAbs was compared in a murine model of
pulmonary anthrax. One MAb was markedly less protective than the remaining five MAbs. Characteristics of
the more protective MAbs included a relatively high affinity, an immunoglobulin G3 isotype, and a complex
binding isotherm in the fluorescence perturbation assay. Given the relatively monotonous structure of �DPGA,
the results demonstrate a striking diversity in the antigen binding behavior of �DPGA antibodies.

Bacillus anthracis is surrounded by a polypeptide capsule
composed of poly-gamma-D-glutamic acid (�DPGA). �DPGA
is covalently linked to the peptidoglycan cell wall in a process
that is mediated by CapD (3). The capsule biosynthetic operon
capBCAD is found on the plasmid pXO2 (24, 38). Strains that
lack pXO2 or have a specific deletion of capBCAD are highly
attenuated in murine models of anthrax (7, 16, 41), indicating
a key role for capsule formation in virulence. In a mouse model
of pulmonary anthrax, encapsulation was shown to be essential
for dissemination from the lungs and for persistence and sur-
vival of the bacterium in vivo (7). Given the key role of encap-
sulation in virulence, several recent studies have identified the
capsule as a potential target for vaccine development (4, 17, 31,
34, 39). �DPGA is poorly immunogenic and behaves as a
thymus-independent type 2 antigen (40). As a consequence,
success in generation of an antibody response to �DPGA has
been dependent on conjugation of either native �DPGA (4, 17,
31) or small glutamic acid polymers (34, 39) to immunogenic
protein carriers.

Despite the potential importance of targeting �DPGA for
antibody production, little is known regarding the immuno-

chemistry of �DPGA-antibody interactions. The existing data-
base is derived largely from a series of reports from Goodman
and colleagues (11, 12, 18, 28, 32). These studies examined the
interaction between polyclonal antibodies raised in rabbits and
either native �DPGA or synthetic polypeptides. One of the
findings of these early studies was indirect evidence that
�DPGA may possess two distinct epitopes (12, 18).

We recently reported the use of a CD40 agonist monoclonal
antibody (MAb) to substitute for T-cell help in generation of
an antibody response to �DPGA in mice (19). This approach
to immunization led to the production of several �DPGA
MAbs. Passive immunization using one antibody, MAb F26G3,
showed a high level of protection in a murine model of pul-
monary anthrax. This finding provided conceptual support for
targeting �DPGA for vaccine development.

Active immunization with �DPGA may lead to production
of antibodies against one or more epitopes on the polypeptide.
Previous studies of MAbs directed against glucuronoxyloman-
nan (GXM), the major capsular polysaccharide of Cryptococ-
cus neoformans, found that capsular MAbs could be protective,
nonprotective, or enhancing depending on the MAb epitope
specificity, subclass, or dose (6, 25, 26, 33, 36). The goal of our
study was to examine several immunochemical properties of a
family of six �DPGA MAbs and to compare such immuno-
chemical activities with the abilities of the antibodies to pro-
vide protection in a murine model of anthrax. The results
showed considerable differences between the antibodies in
their immunochemical activities and revealed a previously un-
described complexity in the architecture of the B. anthracis
capsule. Most of the antibodies showed varying levels of pro-
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tection, but there was one MAb that was poorly protective and
exhibited immunochemical properties that were distinct from
the protective antibodies.

MATERIALS AND METHODS

B. anthracis strains and isolation of �DPGA. B. anthracis Pasteur is a strain
maintained by the Nevada State Health Laboratory (Reno, NV). The strain was
originally obtained from the Centers for Disease Control and Prevention (At-
lanta, GA). B. anthracis Ames is a strain maintained at the University of New
Mexico Health Sciences Center and was originally obtained from the U.S. Army
Medical Research Institute of Infectious Diseases (USAMRIID, Frederick,
MD). Bacillus licheniformis strain 9945 was obtained from the American Type
Culture Collection (Manassas, VA).

Polyglutamic acid (PGA) was isolated from a culture of B. licheniformis that
was grown for 60 h on a gyratory shaker (250 rpm) at 37°C on medium E that
contained 2 mM MnCl2 · 4 H2O to stimulate maximal production of PGA in the
D isoform (20, 37). PGA was isolated from the medium as described previously
(19). Briefly, sodium acetate crystals and glacial acetic acid were added to final
concentrations of 10% (wt/vol) and 1% (vol/vol), respectively, and the PGA was
precipitated two times with 2 volumes of ethanol. Amino acid analysis showed
the presence of only glutamic acid. A phenol-sulfuric acid test for carbohydrate
(8) was negative. An acid hydrolysate showed a specific optical rotation of �25.2°,
indicating that approximately 84% of the glutamic acid was the D isomer.

�DPGA was also isolated from a broth culture of B. anthracis Pasteur. A
dialysate of brain heart infusion broth (Difco, Detroit, MI) containing 0.8%
NaHCO3 (125 ml) was inoculated with mucoid colonies selected from plates of
nutrient agar (Difco) containing 0.8% NaHCO3. The broth culture was incu-
bated for 72 h on a gyratory shaker (175 rpm) at 37°C in 15% CO2. Formalde-
hyde was added to a final concentration of 4% and incubated for 72 h at 37°C.
Nonviability of the culture was confirmed by plating on 5% sheep blood agar
(Difco). �DPGA was isolated from the broth as described above for PGA from
B. licheniformis with the exception that precipitation was done with 1 volume of
ethanol to limit the product to the high-molecular-weight fraction of �DPGA
(19). Low-molecular-weight �DPGA was isolated by the addition of a second
volume of ethanol to the supernatant fluid of culture medium containing 1
volume of ethanol. The �DPGA preparations isolated from B. anthracis Pasteur
contained �2% protein and �0.5% nucleic acid. Polypeptides of 3, 4, 5, 7, 10,
and 25 amino acids of �DPGA were synthesized by the Nevada Proteomics
Center (University of Nevada, Reno) from 9-fluorenylmethoxy carbonyl–D-glu-
tamic acid (O-t-butyl) (Bachem, Peninsula Laboratories, San Carlos, CA) using
9-fluorenylmethoxy carbonyl chemistry. The peptides were purified to approxi-
mately 95% using a C8 YMC column on a Thermo Separations (San Jose, CA)
P4000 preparative liquid chromatograph.

Formalin-killed B. anthracis Pasteur cells for evaluation of capsular “quellung”
type reactions were obtained from the inactivated cultures prepared as described
above for isolation of �DPGA. Cells of B. anthracis Ames were harvested from
solid medium and killed with formalin before use. The cells were washed with
sterile phosphate-buffered saline (PBS) to remove the formalin and stored at 4°C
as a sterile suspension. One experiment used bacteria that were treated with
dimethyl sulfoxide (DMSO) in an effort to remove capsular material. The DMSO
treatment was done as described previously for treatment of C. neoformans yeast
cells (10).

MAb production. Most immunizations leading to production of MAbs were
done with �DPGA that had been isolated from B. licheniformis. In one instance,
�DPGA from B. anthracis Ames (USAMRIID collection) was used for immu-
nization. In this case, the �DPGA was isolated from whole cells of B. anthracis
and was purified as described previously (4). BALB/c mice were immunized by
intraperitoneal injection of 0.5 �g of �DPGA in combination with 400 �g of
MAb FGK115, an agonist rat immunoglobulin G2a (IgG2a) anti-mouse CD40
(15). Mice were given an intravenous booster immunization with 0.5 or 1.0 �g
�DPGA 25 days after the primary immunization, and spleens were collected 4
days later for production of hybridomas. Hybridomas were produced by fusion
with the X63-Ag8.653 cell line using standard techniques. Production of �DPGA
antibodies by hybridomas was evaluated by an enzyme-linked immunosorbent
assay in which �DPGA was used in the solid phase as described previously (19).
Hybridoma cell lines were cloned by limiting dilution. MAb-secreting cell lines
were grown in tissue culture in an Integra CL 1000 culture flask (Integra Bio-
sciences, East Dundee, IL), and MAbs were isolated by affinity chromatography
on protein A (Pierce, Rockford, IL). An irrelevant IgG3 MAb (MAb M600)
reactive with the GXM of C. neoformans serotypes A and D was used as an
isotype control. Fab fragments were produced from MAbs F24F2 and F26G3 by

use of the Pierce ImmunoPure Fab kit (Pierce) according to the manufacturer’s
directions. Contaminating Fc fragments and intact IgG were removed by affinity
chromatography on protein A (Pierce), and the Fab fragments were further
purified by molecular sieve chromatography on Superdex 200 (GE Healthcare,
Piscataway, NJ).

Sequencing and analysis of variable regions. First-strand cDNA was prepared
from total mRNA isolated from murine hybridoma cells using reverse transcrip-
tase primed with an Ig 3� constant region degenerative primer (Mouse Ig-Primer
set; Novagen, San Diego, CA). The cDNA was amplified by PCR using a series
of Ig 5� degenerative leader primers (Novagen). PCR products were ligated into
the pGem-T vector (Promega, Madison, WI), cloned, and sequenced at the
Nevada Genomics Center via the dideoxynucleotide chain termination method.
At least two independent clones were sequenced for each chain. The nucleotide
sequences of heavy and light chain variable regions were analyzed using searches
of the IMGT/LIGM-DB comprehensive database of Ig and T-cell receptor nu-
cleotide sequences with IMGT/V-QUEST and IMGT/JunctionAnalysis tools.
Variable regions were assigned to gene families based on molecular subgroup
designations compiled by IMGT (http://imgt.cines.fr).

Immunochemical assays. Capsular “quellung” type reactions were evaluated
by differential interference contrast (DIC) microscopy using a Nikon Eclipse
E800 microscope fitted with a Nikon confocal microscope C1 system and DIC
optics. Precipitin formation by soluble �DPGA and the various MAbs was as-
sessed by double immunodiffusion in agar (30).

The interactions between MAbs and �-glutamyl peptides were quantified by
monitoring the perturbation of tryptophan fluorescence that typically accompa-
nies antibody binding. All titrations were performed on a Spex 111 spectroflu-
orometer using photon counting. Binding was measured by adding small aliquots
of synthesized or native �DPGA dissolved in PBS to a solution of each MAb (25
�g/ml) in PBS. The fluorescence intensity was measured using 284-nm excitation
and 341-nm emission wavelengths and right angle geometry. The �-glutamyl
peptides have no interfering fluorescence in this part of the spectrum; therefore,
changes arise from antibody alone. Fluorescence data were corrected for exci-
tation intensity. Five successive 10-s integration periods were averaged for each
data point. The fluorescence yield was constant over this time period. The
background fluorescence from a buffer blank was subtracted from all measure-
ments, after which the fluorescence values of all solutions were corrected for
dilution.

Plots of �F (fluorescence) versus �DPGA concentration were constructed.
The apparent Kd in molar units was determined from the plots as the �DPGA
concentration at one-half �Fmax that was estimated by computer-aided fit to a
hyperbolic binding isotherm (SigmaPlot; Systat Software Inc., Richmond, CA).

To remove some of the ambiguities of single wavelength determinations, select
interactions were monitored using fluorescence emission spectroscopy. Excita-
tion was at 288 nm and emission was collected from 300 to 400 nm. This primarily
measures changes in the tryptophan environment. Total fluorescence emission
was estimated by integrating the spectrum. Spectral shifts were detected by
Gaussian fits to the spectra or by difference spectra (subtracting the spectrum of
MAb in the absence of antigen from the spectra of MAb in the presence of
antigen).

Murine model of pulmonary anthrax. Spores were prepared from B. anthracis
Ames as described previously (19, 21). BALB/c mice were treated via the intra-
peritoneal route with �DPGA MAbs, an irrelevant control MAb (MAb M600) or
PBS. Eighteen hours later, the mice were anesthetized with avertin, and a 50-�l
inoculum containing approximately 104 spores (approximately 10 50% lethal
doses) was inoculated into the lungs via the intratracheal route. Mice were
observed twice daily to monitor survival or clinical symptoms. MAb treatment
was given to 8 mice per group with the exception of the highest MAb dose (4,000
�g), where there were 5 mice per treatment group. Control groups (12 mice in
experiment 1 and 16 mice in experiment 2) were given PBS instead of MAbs for
each experiment. All treatment experiments were done two times under identical
conditions, with the exception that mice were treated with 4,000 �g MAb for only
the first experiment. Survival was evaluated by use of Kaplan-Meier curves.
Dose-response curves were generated by plotting the log MAb concentration
versus percent survival. Curves were evaluated by use of a sigmoidal dose-
response equation, and results are reported as (i) the dose of MAb that produced
50% survival (ED50) and (ii) the slope of the curve at the ED50 (Hill slope).
Confidence intervals for the ED50 and Hill slopes were calculated by the asymp-
totic method. Results of the replicate passive immunization experiments were
combined for calculation of the ED50 and Hill slope. Survival curves and sig-
moidal dose-response curves were evaluated with the assistance of Prism 4 for
Windows (GraphPad Software, Inc., San Diego, CA).
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RESULTS

Six �DPGA MAbs were produced from 4 mice immunized
with �DPGA in combination with the CD40 agonist MAb. The
MAbs are identified in Table 1. Also shown in Table 1 are the
molecular features of the MAbs based on analysis of variable
region sequences.

An initial experiment evaluated the capsular quellung type
reaction that was produced by each MAb. Cells of formalin-
killed B. anthracis (Ames strain) were incubated with each

MAb at concentrations of 25, 75, or 200 �g/ml, and capsule
reactions were assessed by DIC microscopy. The results (Fig. 1)
showed that different MAbs produced strikingly different re-
actions. MAb 21Bl produced a capsule reaction that was very
similar to the “puffy” reaction observed on binding of some
MAbs with the capsule of C. neoformans (22). Four MAbs,
F24F2, F24G7, F26G3, and F30D1, produced a dual-capsule
reaction where there was a distinct reaction at a layer that was
well beneath the capsule surface in the region of the cell wall

FIG. 1. Capsule reactions produced by binding of MAbs to B. anthracis Ames. Each MAb was incubated with B. anthracis at the indicated
concentration, and the capsule reaction was assessed by DIC microscopy. Arrows identify an inner capsule reaction detected by MAbs F24F2,
F24G7, F26G3, and F30D1. Bottom row: controls where B. anthracis was incubated with an irrelevant IgG3 MAb (MAb M600; 200 �g/ml) or no
antibody (Ab).

TABLE 1. Characteristics of six MAbs produced by immunization with �DPGA in combination with CD40 agonist MAb

MAb Immunizing PGA IgG
subclass

VH IMGT
subgroup

VH
family JH

D size
(no. of residues)

VL IMGT
subgroup

VL
family JL

No. of Trp
residuesa

Accession no. forb:

Heavy
chain

Light
chain

21Bl B. licheniformis IgG1 IGHV10S2*02 Vh10 3 5 IGKV1-135*01 �1 1 6 EF030733 EF030739
F24F2 B. licheniformis IgG3 IGHV10S2*02 Vh10 2 7 IGKV1-135*01 �1 4 5 EF030730 EF030736
F24G7 B. licheniformis IgG3 IGHV2S4*01 VhQ52 3 7 IGKV1-117*01 �1 1 6 EF030734 EF030740
F26G3 B. licheniformis IgG3 IGHV10S2*02 Vh10 4 7 IGKV1-135*01 �1 2 6 EF030731 EF030737
F26G4 B. licheniformis IgG3 IGHV5S18*01 Vh7183 2 7 IGKV1-135*01 �1 1 5 EF030735 EF030741
F30D1 B. anthracis IgG3 IGHV10S2*02 Vh10 3 3 IGKV6-15*01 �19/28 5 4 EF030732 EF030738

a Number of tryptophan residues in MAb binding region.
b Accession numbers are from the GenBank database.
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and a second rim type reaction at the capsule perimeter. How-
ever, MAbs F24G7 and F30D1 differed from MAbs F24F2 and
F26G3 in producing a punctate rim at 75 �g/ml. MAb F24F2
produced the dual reaction when used at a concentration of 75
�g/ml but produced a reaction that had features of both the
rim and puffy patterns when used at a concentration of 200
�g/ml. The ability to produce a rim or puffy pattern was not a
function of antibody concentration. Dilution of the puffy pat-
tern MAb resulted in production of a more weakly staining
pattern of the puffy type; dilution of rim pattern MAbs pro-
duced a punctate type of pattern at the capsule edge. Finally,
MAb F26G4 produced a capsule reaction that was consistently
smaller than was observed with the remaining MAbs and ap-
peared only in the vicinity of the cell wall. The size of the
F26G4 capsule reaction was dependent on the MAb concen-
tration; a narrow reaction was found at 25 and 75 �g/ml, and
the reaction was larger at 200 �g/ml.

Results in Fig. 1 suggested that MAb F26G4 produced a
capsule reaction only at the inner region of the capsule,
whereas MAb 21Bl produced a capsule reaction that did not
recognize the inner layer. To verify that this was indeed the
case, bacilli were first incubated with MAb F26G4 to allow for
binding to the inner layer and then incubated with MAb 21Bl

to allow for formation of a capsule reaction with the outer
layer. The experiment was done with bacilli of both the Ames
and Pasteur strains to determine whether the two capsular
layers were unique to the Ames strain. The results (Fig. 2)
showed that incubation with either MAb alone produced the
reaction expected on the basis of Fig. 1. Sequential addition of
the antibodies produced a demonstrable capsule reaction with
the inner layer and a puffy pattern in the outer layer with MAbs
F26G4 and 21Bl. Similar results were obtained with both the
Ames and Pasteur strains.

Our previous studies of MAbs reactive with the capsular
polysaccharide of C. neoformans found that production of the
rim pattern required a bivalent antibody. The ability to pro-
duce a rim was lost if the MAb was cleaved to a Fab. Cleavage
of MAb F26G3 to Fab fragments similarly produced a loss in
the ability of the MAb to produce the rim pattern (Fig. 3). The
Fab retained the ability to produce a capsule reaction when
viewed by DIC microscopy; however, the capsule reaction was
less refractile and appeared as spindle-like extensions that
radiated outward from the cell wall. A similar result was pro-
duced by Fab fragments of MAb F24F2 (not shown). Fab
fragments of an irrelevant MAb that is reactive with the C.
neoformans capsule produced no capsule reaction.

FIG. 2. MAb F26G4 produces a capsule reaction only with an inner capsular layer, whereas MAb 21Bl produces a capsule reaction with only
the outer capsular layer. Sequential addition of MAbs produces a reaction with both layers. Top row: left, DIC image in the absence of antibody;
center, capsule reaction produced by MAb F26G4 alone (100 �g/ml); right, capsule reaction produced by MAb 21Bl alone (100 �g/ml). Bottom
rows: images of three cells incubated with MAb F26G4 followed by MAb 21Bl (100 �g/ml each).

FIG. 3. Capsule reaction produced by Fab of MAb F26G3. Left panel, intact MAb F26G3, 100 �g/ml; center panels, Fab fragments of MAb
F26G3 at the indicated concentrations; right panel, irrelevant Fab of MAb 471, a MAb that is reactive with the capsular polysaccharide of C.
neoformans, 1 mg/ml.
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The polysaccharide capsule of C. neoformans consists of two
distinct layers; an outer layer that is soluble in DMSO and an
inner layer that is not removed by treatment with DMSO (10).
Treatment of formalin-fixed B. anthracis cells in a similar man-
ner with DMSO showed no apparent effect on the capsule or
its interaction with any of the six capsular MAbs (data not
shown).

Our earlier studies of the interaction between MAb F26G3
and �DPGA by double immunodiffusion found that the MAb
produced precipitin bands with high- and low-molecular-
weight fractions of �DPGA (19). A similar evaluation of the six
MAbs showed that MAbs F24F2, F26G3, and F26G4 produced
strong precipitin bands with both the high- and low-molecular-
weight fractions (Fig. 4). MAb 21Bl produced a strong band
with the high-molecular-weight fraction and a barely discern-
ible band with the low-molecular-weight fraction. MAb F24G7
produced bands of reduced intensity when compared with
other MAbs. MAb F30D1 produced no precipitin bands. MAb
F30D1 precipitated within and around the antibody well, sug-
gesting autoaggregation; a lesser amount of precipitated anti-
body was also observed within and around the well containing
MAb F24G7.

Results shown in Fig. 1 and 2 suggested that the various
MAbs were quite distinct in the manner of their interaction
with the �DPGA capsule. One means to assess MAb interac-
tion with capsular antigens is the fluorescence perturbation
assay. In this assay, different antibodies display an intrinsic
fluorescence that is dependent on the number of tryptophan
residues and the environment for the residues. If there are
tryptophan residues near the antigen-binding site, binding of
antigen can cause a change in the intrinsic fluorescence and
thus serve as a reporter for antigen binding by the MAb. This
approach to measurement of the association of ligand and
receptor has the advantage of simultaneously reporting
changes at multiple sites on the MAb. We have used this assay
to study the interaction of cryptococcal MAbs with capsular
GXM (29).

An experiment was done to assess the effect of antigen
concentration on the intrinsic fluorescence of each MAb. In
this experiment, synthetic polypeptides of 3, 4, 5, 7, 10, or 25
amino acids or native high-molecular-weight �DPGA from B.
anthracis Pasteur were used over a concentration range of 0.18

to 80 �M. In the case of native �DPGA, the molar concentra-
tion was estimated assuming a repeating unit of 5 amino acids.
Results are shown in Fig. 5 for the 5-mer, 10-mer, 25-mer, and
native �DPGA. All MAbs showed a hyperbolic decrease in
fluorescence (quenching) upon addition of increasing amounts
of the 5-mer to each antibody. This hyperbolic relationship
between ligand concentration and fluorescence suggests a sim-
ple, two-state binding to independent, noninteracting, binding
sites. MAb 21Bl showed a similar hyperbolic curve with the
10-mer, 25-mer, and native �DPGA. A fit of the data from
binding of the 5-mer peptide to a hyperbolic curve allowed for
an estimation of the relative affinity of each antibody where the
apparent Kd was calculated as the concentration of the peptide
that produced half maximal quenching. The results are shown
as Kd and are summarized in Table 2.

In contrast to results obtained by use of the 5- and 10-mer
polypeptides, the addition of native �DPGA to MAbs F24F2,
F24G7, F26G3, and F26G4 produced a biphasic curve where
there was an initial increase in quenching upon addition of
small amounts of peptide; however, with intermediate amounts
of �DPGA, the level of quenching decreased from maximal
levels and sometimes showed a gradual increase in quenching
as large amounts of �DPGA were added (Fig. 5). This biphasic
curve was also observed with the 25-mer in the case of MAb
F26G3. Finally, MAb F30D1 produced different titration pat-
terns with the 10-mer, the 25-mer and native �DPGA. In the
case of the 10-mer, a hyperbolic enhancement of fluorescence
was observed. A biphasic curve was observed upon addition of
the 25-mer to MAb F30D1, in which there was an enhance-
ment of fluorescence upon addition of the lowest amount of
peptide that was followed by quenching from such maximal
levels upon addition of increasing amounts of polypeptide. A
triphasic curve was found upon addition of increasing amounts
of native �DPGA to MAb F30D1, where there was an initial
enhancement of fluorescence followed by quenching and even-
tual enhancement.

To analyze the data further, the fluorescence was plotted as
1/�F versus 1/[L] and as �F versus �F/[L]. These linear equa-
tions revealed that in all cases presented in Fig. 5, binding
consisted of a high-affinity phase and a low-affinity phase—
even in the cases of apparent hyperbolic binding (data not
shown).

One binding isotherm was examined in more detail. Binding
of the 3-mer by MAb F26G3 was followed by emission spec-
troscopy (300 to 400 nm, excitation at 288 nm). The 3-mer was
chosen for the more detailed study because it is the smallest of
the ligands reported here. This has at least four advantages:
the 3-mer (i) has the smallest potential conformational reper-
toire, (ii) is likely to have the lowest energy barrier between
conformers, (iii) is the most likely to behave as a univalent
antigen, and (iv) has the greatest difference in the standard
state free energy of binding (see Fig. 7 below). These factors
suggest that the 3-mer binding isotherm will be the least com-
plicated and most likely to reveal differences between antibod-
ies. The change in total oscillator strength was approximated
by Gaussian fits to the emission spectrum and by integration of
the emission spectrum. In both cases, area decreased hyper-
bolically with antigen concentration (data not shown). There-
fore, the changes observed in the single wavelength data (Fig.
5) represent a decrease in quantum efficiency. At the antibody

FIG. 4. Double immunodiffusion showing precipitation of B. an-
thracis �DPGA by six MAbs. Left, low-molecular-weight fraction of
�DPGA (L, center well); right, high-molecular-weight fraction of
�DPGA (H, center well). Abbreviations: Bl, 21Bl; G3, F26G3; G7,
F24G7; G4, F26G4; D1, F30D1; F2, F24F2.
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FIG. 5. Changes in MAb fluorescence (excitation wavelength, 284 nm; emission wavelength, 341 nm) upon addition of increasing amounts of
synthetic (5, 10, or 25 residues) or native �DPGA: �F 	 (F � Fo)/(Fsat � Fo), where Fo is the initial fluorescence intensity, Fsat is the fluorescence
intensity at saturation, and F is the fluorescence intensity at the indicated isopeptide concentration.

VOL. 75, 2007 B. ANTHRACIS CAPSULAR MAbs 157



concentration used, the affinity of the interaction kept both
ligand and receptor concentrations limiting for much of the
titration. For example, half saturation of the antibody occurred
at a molar ratio of 1 bound 3-mer to 1 free 3-mer. The spectra
also revealed a complicated shift of 
max in emission intensity.
A blue shift commenced as antibody exceeded half saturation.
This was followed by a red shift that commenced at saturation,
as judged by total fluorescence intensity (data not shown).
Therefore, binding at the second of the two MAb binding sites

induces interactions between remote parts of the antibody.
The spectral changes provide support for complicated changes
in single-wavelength titrations and the broken double-recipro-
cal plots (see above paragraph).

Analysis of the titration curves for the entire range of syn-
thetic polypeptides (3-mer to 25-mer) showed that the MAbs
differed considerably in the extent of maximal perturbation
and in the effect of polypeptide size on the extent of quenching
(Fig. 6). Maximal quenching was observed with a pentapeptide

FIG. 6. Effect of polypeptide length on the maximal level of fluorescence perturbation. Increasing amounts of each polypeptide were added to
each MAb as shown in Fig. 5. Each titration curve was then inspected to determine the maximal level of quenching. Results are reported as the
maximum quenching observed for each titration as a function of polypeptide length.

TABLE 2. Immunochemical and protective activities of �DPGA MAbs

MAb

Result for:

Capsule reaction
Double

immunodiffusion
with �DPGAa

Fluorescence
perturbation Protective activity

Outer layer (concn ��g/ml�) Inner layer
(75 �g/ml)

High
mol wt

Low
mol wt Kd (�M) Maximum

�F (%)
ED50 (�g)
(95% CIc)

Hill slope
(95% CI)200 75 25

21Bl Puffy Puffy Negative None Strong Trace 19 24 3,500 (1,100–11,000) 1.1 (�0.01–2.1)
F24F2 Mixed Rim Punctate Yes Strong Strong 0.50 39 480 (250–660) 1.3 (0.8–1.8)
F24G7 Rim Punctate Punctate Yes Reduced Reduced 0.36 13 1,100 (840–1,500) 1.8 (0.9–2.6)
F26G3 Rim Rim Punctate Yes Strong Strong 0.37 23 590 (490–700) 2.1 (1.4–2.8)
F26G4 None None None Yes Strong Strong 0.51 32 460 (280–760) 1.7 (0.4–3.0)
F30D1 Rim Punctate Punctate Yes No pptb No ppt 0.51 26 1,200 (650–2,300) 0.9 (0.4–1.5)

a Immunodiffusion was done with �DPGA from B. anthracis.
b The absence of a precipitate (ppt) with MAb F30D1 is most likely due to an artifact, i.e., autoaggregation.
c CI, confidence interval.
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with all MAbs except MAb 21Bl; reduced quenching was ob-
served with peptides that were larger or smaller than 5 amino
acids. In contrast, MAb 21Bl produced a gradual increase in
quenching with increased peptide size up to 10 amino acids.
Finally, MAb F30D1 showed enhanced fluorescence with pep-
tides of 10 or 25 amino acids.

Data shown in Fig. 5 were further analyzed for MAbs 21Bl
and F26G3. In this analysis, the binding energies for synthetic
peptides of increasing degrees of polymerization were calcu-
lated from the apparent dissociation constant of the high-
affinity component of the binding isotherm. Our expectation
was that the binding energy would increase with increased
antigen size as the antigen occupies more of the binding site.
However, as the size of the antigen increases beyond the size of
the binding site, the binding energy would become insensitive
to antigen size. This is illustrated in Fig. 7 (upper panel). Note,
in particular, the remarkable qualitative differences between
the two antibodies in the effect of the degree of polymerization
on the apparent binding energy. However, in both cases, a

polymer of approximately 10 residues appears to fill the anti-
body-binding site.

Normalizing the binding energy to the antigen size provides
some information regarding the topography of the MAb bind-
ing sites (Fig. 7, lower panel). In a simple example, one might
expect binding per degree of polymerization to be constant
until the antigen size exceeded the size of the binding site; at
this point, energy per residue would decrease. However, for
both MAbs 21Bl and F26G3, binding energy per residue de-
creased (lower panel) while the total binding energy is in-
creased (upper panel, MAb 21Bl). This indicates a variety of
subsites on the antibody. The highest-affinity subsite can ac-
commodate only a small number of residues. Although addi-
tional residues interact with MAb, they are relegated to sub-
sites with suboptimal complementarity.

A final experiment compared the abilities of the six MAbs to
protect mice in a murine model of pulmonary anthrax. Rep-
resentative Kaplan-Meier survival curves for mice that were
untreated (PBS) or treated via the intraperitoneal route with
250 or 2,000 �g of MAb F24F2 or F24G7 are illustrated in Fig.
8A. Mice that were untreated followed a rapidly lethal course
with death typically occurring after 3 days. Mice treated with
2,000 �g of either MAb showed 100% survival. Mice treated
with 250 �g MAb followed an intermediate curve in which
death was slightly delayed for some mice, and several mice
survived the challenge.

A detailed dose-response evaluation of protection afforded
by each MAb is shown in Fig. 8B, where the data are plotted
as percent survival versus MAb dose. Results are shown for
two independent experiments. Results of the two experiments
were combined to calculate an ED50 for each MAb as well as
the Hill slope for each titration curve. The results of these
calculations are reported in Table 2. The three MAbs showing
the highest levels of protection were F24F2, F26G3, and
F26G4. MAb 21Bl provided little protection; MAbs F24G7
and F30D1 were intermediate in protection. The Hill slopes
for the titrations did not differ appreciably from one another.
Finally, a similar titration (8 mice per group) was done with an
irrelevant IgG3 MAb that is reactive with the C. neoformans
capsular polysaccharide (MAb M600). No protection was ob-
served at any dose (data not shown).

DISCUSSION

Antibodies to capsular polysaccharides of a broad spectrum
of bacteria and the encapsulated yeast C. neoformans are pro-
tective. B. anthracis is unique among the encapsulated patho-
gens because the capsule is composed of a polyisopeptide
rather than a polysaccharide. Interactions between antibodies
and capsular polysaccharides have received extensive study.
The primary objective of our study was to evaluate several
immunochemical parameters of the interactions between anti-
bodies and the capsular polypeptide of B. anthracis. Capsular
polysaccharides and the polypeptide capsule of B. anthracis are
T-independent antigens. Our study took advantage of a library
of six �DPGA MAbs that was generated in response to immu-
nization with �DPGA from B. licheniformis (19) or B. anthracis
(this study) in combination with a CD40 agonist antibody as a
means for bypassing the need for T-cell support.

The ability of antibody to render a microbial capsule visible

FIG. 7. Apparent free energy of binding as a function of �DPGA
peptide size. The free energy of binding was obtained from the appar-
ent Kd of the high-affinity phase of the binding isotherms (Fig. 5).
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by light microscopy has been known since Neufeld’s studies of
the pneumococcal capsule (27). The ability of antibody to the
B. anthracis polypeptide capsule to produce a similar capsule
reaction was reported by Bodon and Tomcsik (2). We recently
reported that MAbs reactive with the capsular polysaccharide
of C. neoformans can produce two distinct capsule reactions
when viewed by DIC microscopy, depending on the epitope
specificity of the antibody or the serotype of the capsular poly-
saccharide (23). One capsule reaction, termed “puffy,” is char-

acterized by an initial increase in the refractive index at the
capsular edge, followed by a gradient of change throughout the
capsule. The second reaction, termed “rim,” is characterized
by an abrupt increase, followed directly by a rapid decrease in
the refractive index at the capsular edge. The ability to produce
a rim pattern is dependent on cross-linking of the capsular
matrix by antibody. Notably, rim pattern antibodies are pro-
tective in a murine model of cryptococcosis, and puffy pattern
antibodies are not protective (22).

FIG. 8. Passive immunization in a murine model of pulmonary anthrax. Mice were treated via the intraperitoneal route with the indicated
amount of MAb or PBS 18 h prior to intratracheal challenge with 104 B. anthracis Ames spores. (A) Representative Kaplan-Meier plot showing
course of survival in sham-treated mice or mice treated with 2,000 or 250 �g MAb F24F2 or F24G7 18 h prior to intratracheal challenge.
(B) Dose-response curve showing percent survival for mice treated with various amounts of each MAb. Results are shown for two separate
experiments for all MAbs, except 21Bl, which was only done for a single experiment. Protection following treatment with 4,000 �g MAb was only
done for experiment 1, with the exception of MAb F24G7, which was used at the 4,000-�g dose for both experiments.
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Examination of capsule reactions produced by �DPGA
MAbs showed a remarkable degree of diversity. MAb 21Bl
produced a puffy type reaction similar to that observed with
nonprotective C. neoformans MAbs. MAb 21Bl was very poorly
protective. Four of the remaining �DPGA MAbs produced
variations of the rim pattern. Although there were varying
degrees of protection afforded by these MAbs, the levels of
protection were markedly higher than protection observed
with 21Bl. It would be premature to ascribe a causal associ-
ation between production of the puffy pattern and a failure
to protect because MAb 21Bl is an IgG1 antibody, whereas
the remaining MAbs are IgG3 antibodies. As a conse-
quence, the failure of 21Bl to protect could be due to its
subclass rather than molecular characteristics of MAb-cap-
sule interactions leading to the puffy reaction. Nevertheless,
the parallels with results from studies of cryptococcal MAbs
are striking. As was the case with rim pattern C. neoformans
MAbs, the ability of �DPGA MAbs to produce a rim-type
reaction required an intact, bivalent MAb (Fig. 3), suggest-
ing that the rim pattern is a consequence of cross-linking of
the capsular edge by the MAb.

Capsule reactions produced by some MAbs revealed a pre-
viously undescribed level of complexity in capsule architecture.
Some MAbs not only produced a rim pattern at the capsule
perimeter but also produced a distinct capsule reaction in a
zone that was close to the cell wall. MAb 21Bl did not stain this
inner zone. MAb F26G4 appeared to produce only the inner
capsule reaction and did not produce the outer rim pattern
characteristic of most MAbs. The fact that MAbs 21Bl and
F26G4 displayed differential interactions with the capsule was
confirmed by sequential addition of the antibodies to produce
capsule reactions that showed both the puffy reaction charac-
teristic of MAb 21Bl and the inner capsule reaction character-
istic of F26G4. Notably, MAb F26G4 was one of the most
protective of the antibodies, suggesting that the ability to pro-
duce the outer rim reaction is not a requirement for protection.
Alternatively, it is possible that MAb F26G4 produces a dif-
ferent reaction with B. anthracis in vivo than what is observed
with cells grown in culture. In studies of capsule reactions
produced by MAbs reactive with the C. neoformans capsule, we
have found some antibodies that produce different capsule
reactions with yeast cells grown in vitro versus cells harvested
from infected tissue (unpublished observations).

The structural basis for the inner capsule architecture is not
known. Previous studies of the cryptococcal capsule found that
the capsule consisted of an outer layer that is DMSO soluble
and an inner layer that is DMSO resistant (10). This was not
the case with B. anthracis because treatment of encapsulated B.
anthracis with DMSO had no apparent effect on either capsule
size or the ability of MAbs to produce capsule reactions. The
B. anthracis cell wall is surrounded by two abundant surface
proteins, extractable antigen 1 and surface array protein, that
comprise the B. anthracis S-layer (9). The capsule overlies the
S-layer. It is unlikely that �DPGA MAbs are reactive with
these proteins, but it is possible that the inner capsule reaction
represents an interaction between the �DPGA capsule and the
S-layer.

The complexity of the pattern of fluorescence perturbation
upon addition of increasing amounts of native �DPGA to each
MAb was an additional feature that distinguished the poorly

protective 21Bl from the remaining antibodies. A hyperbolic
loss of fluorescence was observed in the case of MAb 21Bl. The
remaining MAbs produced a biphasic or triphasic curve that
was characterized by an initial loss of fluorescence, followed by
a return of fluorescence on addition of further �DPGA. Initial
analysis indicates that this complex pattern is the result of a
combination of loss of quantum yield and a combination of
blue and red shifts in the emission spectra. Our previous stud-
ies of the interactions of capsular MAbs with C. neoformans
found that the rim pattern is associated with cross-linking of
the capsule, whereas production of the puffy pattern did not
require cross-linking. One interpretation of the fluorescence
perturbation assay results is the possibility that the hyperbolic
response is a signature of puffy-pattern MAbs, whereas the
biphasic response is characteristic of MAbs that produce the
rim pattern. In support of this argument, we have found cryp-
tococcal MAbs that produce a rim pattern also exhibit a bi-
phasic fluorescence perturbation titration, whereas Fab frag-
ments of the same antibodies produce a hyperbolic titration
(unpublished results).

Fluorescence titrations of �-glutamyl isopeptides with mul-
tiple MAbs revealed diverse, complex interactions. Ligand
binding leads to a loss of quantum efficiency, most likely due to
a close interaction between the antigen and a tryptophan res-
idue. This interaction is the result of high-affinity binding; at
the antibody concentrations used in this study, the reaction was
stoichiometric, with half saturation of the antibody occurring
at a ratio of 1 bound antigen to 1 free antigen. However, shifts
in the spectrum were observed at concentrations of the 3-mer
beyond that required to saturate the MAb (as judged by
quenching). This suggests secondary trimer binding sites and is
consistent with the effect of antigen on the fluorescence titra-
tions (see below).

Maximal fluorescence quenching was a function of hapten
size, with maximum quenching obtained with the pentamer.
This finding indicates a point of similarity between the anti-
body binding sites of the different MAbs. Apparently, the pen-
tamer is of the right size to maximize the interaction between
one or more tryptophans at the binding site. Measurement of
binding energy as a function of antigen size indicates that the
antibody binding site accommodates 10 glutamyl residues in
the antigen conformation bound to antibody (Fig. 7). The
complex changes in intensity in single wavelength titrations of
larger antigens most likely are the result of antigen-induced
conformational changes in the antibody structure. The mech-
anism of these changes is currently being investigated.

An evaluation of the free energy of binding showed an ad-
ditional level of diversity in ligand binding by �DPGA MAbs.
The �-glutamyl oligomers are floppy antigens capable of
adopting multiple conformations both free in solution and in
complexes with proteins. There is no a priori reason why an-
tibodies will bind antigens in the same orientation nor why
antigens should bind in the same conformation. These physi-
cochemical differences ultimately account for the biological
differences between antibodies. Such differences are illustrated
in a comparison of the free energies of binding of the �-glu-
tamyl antigens by MAbs 21Bl and F26G3. Figure 7 demon-
strates a remarkable relationship between oligomer size and
antibody affinity. The two antibodies bind the 3-mer much
differently (approximately a 4-kcal/mol difference). However,
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the free energy of binding to MAb 21Bl increases dramatically
as oligomer size increases, whereas oligomer size has little
effect on MAb F26G3. In other words, MAb 21Bl strongly
discriminates between oligomers, whereas MAb F26G3 has
comparatively little selectivity.

How much does each residue of the oligomer contribute to
the difference in the selectivity of the two antibodies? The
lower panel of Fig. 7 addresses this question by dividing the
apparent free energy of binding by the number of residues in
the oligomer. In the 3-mer, each residue contributes about 3
kcal/mol to MAb F26G3 binding and 2 kcal/mol to MAb 21Bl
binding, indicating that MAb F26G3 is more complementary
to the 3-mer than MAb 21Bl. However, this difference is quite
sensitive to oligomer size. For example, the difference in bind-
ing of the 10-mer is only a few 10ths of a kilocalorie per mole
per residue. In the larger antigens, on average, each residue
contributes about equally to binding of the two antibodies.

MAbs F24G7 and F30D1 were significantly (P � 0.05) less
protective than MAbs F24F2, F26G3, and F26G4, despite the
fact that the affinities of the five MAbs for the 5-mer peptide
were quite similar. The explanation may lie in the immunodif-
fusion patterns produced by the various antibodies. Murine
IgG3 antibodies have a tendency to self aggregate (1, 5, 14). As
is evident from the immunodiffusion results, MAb F30D1 pro-
duced a pronounced zone of precipitate around the antibody
well such that no precipitation occurred with �DPGA. MAb
F24G7 produced a lesser zone of precipitation around the
antibody well, but there was an appreciable diminution in the
precipitin band with �DPGA relative to the other MAbs. This
tendency to self aggregate may have reduced the functional
concentration of these two MAbs.

Despite differences in ED50, the dose-response curves for
the five protective MAbs displayed similar slopes (Hill slope).
Finally, prozone-like effects have been described for passive
immunization experiments in which antibody-mediated protec-
tion is lost at high doses of antibodies to the capsular polysac-
charides of Streptococcus pneumoniae (13) and C. neoformans
(35, 36). We did not observe prozone-like effects in the case of
B. anthracis. We cannot exclude the possibility that a prozone
might be observed with antibodies of other IgG subclasses,
with different challenge inocula, or with a different challenge
route.

In summary, our results indicate that MAbs reactive with
�DPGA display a diverse array of immunochemical interac-
tions with soluble and capsular �DPGA. Properties that are
associated with the highest levels of protection in a murine
model of anthrax include high intrinsic affinity, production of a
rim-type capsule reaction, production of a biphasic fluores-
cence perturbation titration curve, and an absence of self ag-
gregation. On the basis of these results, we have identified
MAbs F24F2 and F26G3 as candidates for further evaluation
for passive immunization in treatment of pulmonary anthrax.
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