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Abstract

Significant efforts to develop both laboratory and field-based detection assays for an array of potential biological threats
started well before the anthrax attacks of 2001 and have continued with renewed urgency following. While numerous
assays and methods have been explored that are suitable for laboratory utilization, detection in the field is often
complicated by requirements for functionality in austere environments, where limited cold-chain facilities exist. In an effort
to overcome these assay limitations for Bacillus anthracis, one of the most recognizable threats, a series of single domain
antibodies (sdAbs) were isolated from a phage display library prepared from immunized llamas. Characterization of target
specificity, affinity, and thermal stability was conducted for six sdAb families isolated from rounds of selection against the
bacterial spore. The protein target for all six sdAb families was determined to be the S-layer protein EA1, which is present in
both vegetative cells and bacterial spores. All of the sdAbs examined exhibited a high degree of specificity for the target
bacterium and its spore, with affinities in the nanomolar range, and the ability to refold into functional antigen-binding
molecules following several rounds of thermal denaturation and refolding. This research demonstrates the capabilities of
these sdAbs and their potential for integration into current and developing assays and biosensors.
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Introduction

Bacillus anthracis, the etiological agent of anthrax, is capable of
lethality in both animals and humans, and is a biothreat of great
concern [1]. This is due in-part to its persistence and ease of
production of the bacterial spore which can be disseminated as an
aerosolized bioagent [2,3,4]. The threat posed by Bacillus anthracis
is not new; research into its use as a bioweapon has been
investigated since the early 1930s by a number of countries around
the world. The accidental release of spores from a facility in the
former Soviet Union which resulted in 42 cases of anthrax [3] and
the Amerithrax incident of 2001 illustrate the devastating potential
of this organism as a bioweapon.

The Bacillus genus is comprised of a diverse group of Gram-
positive, aerobic bacteria, capable of forming an endospore.
Bacillus anthracis, is a member of the B. cereus group which also
contains the B. cereus, B. thuringiensis, B. mycoides, B. pseudomycoides,
and B. weihenstaphenesis species. Within this group, the B. anthracis,
B. cereus, and B. thuringiensis are highly similar morphologically and
therefore difficult to differentiate using many laboratory tech-
niques [5,6,7,8]. The development of scientific tools such as PCR
and RT-PCR have allowed for not only the differentiation of
closely related Bacillus species, but also the identification of
pathogenic versus non-pathogenic strains [9,10,11,12,13]. Addi-
tionally, novel and elegant techniques such as mass spectroscopic

@ PLoS ONE | www.plosone.org

analysis of small acid soluble proteins [12,14] and optical
chromatography [15] continue to be developed. While these
methods have all demonstrated their potential for success, each is
limited in its ability to be incorporated into a biosensor that
satisfies the requirements of ruggedness, portability, and simplicity.

Traditional antibodies have served as invaluable tools in
medical and scientific assays for many years. Their high specificity
and nanomolar binding affinities ensure that assays utilizing
antibodies will not soon be replaced. However, while the
traditional immunoglobulin is well-established, difficulties such as
the cost of production and protein stability in austere environ-
ments can be encountered. To circumvent these complications,
researchers have explored several recombinant forms including
single chain Fv (sckFv) antibodies derived from the variable regions
of conventional antibodies [16,17], and single domain antibodies
(sdAbs) consisting of a single variable domain derived from heavy-
chain only antibodies [18,19,20,21]. The sdAb is derived from
novel immunoglobulins found in sharks and members of the
Camelidae family (camels, llamas, alpacas) that is comprised of only
a heavy chain subunit, lacking the light chain found in the more
common antibody structure [19,22]. The isolated variable domain
of these heavy-chain only antibodies is capable of folding to form
the antigen-binding domain, exhibiting binding affinities equiva-
lent to the progenitor antibody. Additionally, sdAbs possess the
characteristic of thermal stability. This quality can manifest as an
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elevated melting temperature, in some instances as high as 85°C;
or an ability to denature when exposed to temperature extremes
and subsequently refold to an active molecule over several cycles
[23,24,25]. This combination, high affinity and remarkable
thermal stability, make sdAbs well suited for integration into
field-based assays.

The EAL protein, originally described by Ezzell et al. as the
extractable antigen, has been shown to be a highly antigenic
protein present in Bacillus anthracis spores and vegetative cells
[26,27,28]. Both EAl and Sap are proteins of the B. anthracis S-
layer, a paracrystalline protein shell that encapsulates the
vegetative cell [28,29,30,31]. The proteins are expressed differen-
tially during culture growth, with EA1 displacing the Sap S-layer
in late stage exponential growth and stationary phase [32]. The
EAL protein has been identified in both vegetative cell samples
and bacterial spore preparations [33,34,35]. Although it has been
shown that EA1 is not a spore protein and can be removed from
spore preparations [36], the high antigenicity and prevalence of
the protein in typical spore preparations suggest that this S-layer
protein would serve as a suitable target for assays designed to
detect both vegetative cells and spore preparations.

In this study sdAbs were isolated using a phage display library
prepared from immunized llamas. Rounds of selection on spore
preparations produced unique clones that were shown to
recognize the S-layer protein EAl. The binding kinetics and
thermal stabilities of six of the isolated sdAbs were determined in
order to demonstrate their potential for use in field deployable
assays for the detection of B. anthracis.

Results

The veterinary vaccine for anthrax, comprised of live B. anthracis
Sterne 342 strain spores, was used for the immunization of two
llamas. A library of sdAbs was constructed from the combined
RNA extracted from the peripheral blood lymphocytes of both
animals and was calculated to have a clonal diversity of
approximately 5x10° based on direct colony counts following
electroporation and sequence analysis of a subset of individual
clones. Of the 25 clones examined by sequencing, greater than
80% were dissimilar in amino acid composition of the comple-
mentarity determining regions (CDRs) and lacked any stop codons
within the expected open reading frame. The library was subjected
to two rounds of selection against Bacillus anthracis Sterne strain
spores with the number of wash cycles increasing between
successive rounds. Individual clones producing sdAbs with target
affinity were identified using a monoclonal phage ELISA as
described by Bradbury and Marks [37]. Sequencing and i silico
analysis identified eleven families of sdAbs (Figure 1). Six of the
families were chosen for further analysis. The other five families
were either low affinity binders or determined to bind a similar
epitope to one of the other sdAbs described in this work.

Target determination

Despite the diversity of the CDRs between sdAb families,
immunoblots of SDS-PAGE resolved vegetative cell lysates and
disrupted bacterial spores showed that each of the purified sdAbs
exhibited affinity for a single protein of approximately 100 kDa
(Figure 2). Due to the size of the target and the fact that it was
present in both vegetative and spore preparations, we hypothe-
sized it was the S-layer protein EAl. Guanidinium soluble proteins
were fractioned via FPLC and individual fractions were examined
via SDS-PAGE and subsequent immunoblotting to identify those
fractions containing the antigenic protein. The Gel Code Blue
stained gel confirmed a high degree of purity of the target protein,
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(Figure S1). Mass spectroscopic analysis of the protein recognized
by the sdAbs was generously provided by Dr. Dasha Leary and
Dr. Judson Hervey of the Naval Research Laboratory (NRL).
Mascot analysis of the spectroscopic data confirmed the protein as
EAL with greater than 65% coverage (data not shown).

Specificity of isolated binders

To assess specificity of the isolated sdAb a direct binding ELISA
with several representatives of the B. cereus group (B. anthracis
Sterne 34F2, B. cereus ATCC 4342, B. cereus ATCC 14579, B. cereus
ATCC 13061, B. mycoides ATCC 6462, B. thuringiensis 4D9, B.
thuringiensis 4Q2, and B. thuringiensis ATCC 33680) and additional
non-target bacteria (B. subtilis ATCC 31028, E. coli O157:H7, L.
monocytogenes, S. enterica serovar Typhimurium, F. tularensis, and
Shigella) was employed. Minimal interaction (absorbance <<0.05)
with the non-target Bacillus species was observed for all of the
sdAbs examined and no cross-reactivity with the non-Bacillus
bacteria in the panel (Figure 3). The sdAbs C7, d10x, and G10
demonstrated affinity for the vegetative cell; while the sdAbs Al,
B2, and B12 bound the target only minimally. Similar results were
observed when the bacterial spores were directly immobilized on
microtiter plates. Given that all six sdAbs bound the EA1 protein
in immunoblots, a second ELISA was performed in which the
spores were first broken with a combination of boiling and
sonication to fracture and release the exosporium and loosely
attached proteins from the spore. The suspension, with no prior
centrifugation, was then immobilized to the microtiter plate to
allow for a mix of intact spores, exosporium fragments, and
proteins on the well surface. In contrast to the results of the intact
spore ELISA; the Al, B2, and B12 sdAbs showed a significant
improvement in antigen binding suggesting an epitope of the EA1
protein that is not exposed in the intact spore (Figure 4).

Given the high degree of specificity for B. anthracis Sterne spores
and cells, irradiated spores from B. anthracis strains from several
geographic locations were acquired from the Navy Medical
Research Center (NMRC) for further testing against pathogenic
strains. The sdAbs were tested in a direct binding assay to assess
their affinity for B. anthracis strains Pakistan, South America,
China, Ames, N. Hampshire, Vollum, and Sterne (Figure 5). Each
of the sdAbs bound the target spores comparable to previous
assays against the Sterne strains spores. Those sdAbs hypothesized
to bind an epitope not immediately accessible in intact spores (Al,
B2, and B12) generally exhibited a lower affinity for the bacterial
spores compared to the affinity of those thought to bind a more
prominent surface feature (C7, d10x, and G10). It could not be
determined if the variability in affinity shown by the sdAbs for the
different spore preparations was the result of differences in the
target epitope or simply the methods used to purify the spores
themselves. Examination of the spores using phase contrast
microscopy confirmed significant differences in the ratio of phase
dark to phase bright spores as well as the percentage of intact
spores compared to broken. Additionally, since the Al, B2, and
B12 sdAbs showed substantial binding interactions with the
immobilized spore preparations, it is likely the samples contained
either exosporium fragments or free EAl in addition to intact
bacterial spores.

Thermal stability of the isolated sdAb

An inherent characteristic of the sdAb structure is its thermal
stability. This refers not only to elevated melting temperatures,
but also the ability of the structure to denature and subsequently
refold into an active, antigen-binding molecule. Circular
dichroism, which is frequently used to examine the secondary
structure of proteins in solution, was employed to determine both
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Figure 1. Amino acid alignments of sdAb families. Families were identified based on amino acid alignments and variability in the
complementarity determining regions (CDRs) bracketed in red boxes. Single representatives of each family are shown here. Clones d3x, d9x, G1, H4,

and C8x are members of families that are not described in this study.
doi:10.1371/journal.pone.0032801.g001

the melting temperature of each of the sdAbs and to monitor the
unfolding and refolding of the protein through several temper-
ature cycles (25-95°C; Figure 6). Despite the high degree of
conservation of the amino acids in the framework regions, each of
the sdAbs tested melted at a unique temperature ranging from
57.9°C at the low end (G10) to 70.4°C (d10x). Similarly, each
sdAb exhibited varying success in refolding to the native structure
as assessed by monitoring the total change in ellipticity following
one complete heating and cooling cycle (Table 1). Although this

117 kDa

77 kDa

52 kDa

36 kDa

28 kDa

19 kDa

7 kDa

A1 B2 B12

analysis suggested a significant loss of activity after the third
round of thermal cycling, each of the sdAbs continued to show
sufficient antigen binding activity when tested with both SPR and
via ELISA, (Figure S2). When used at the same concentration
employed in our typical ELISA (1 pg/ml) there was virtually no
loss in the signal for any of the sdAbs except B2. This suggests
that despite loss of some functional protein, sufficient active
antibody remains to be successfully employed in our current
assays.

C7 d10x G10

sdAb

Figure 2. Immunoblot analysis of sdAb target protein. B. anthracis Sterne strain cell and spore lysates were separated via SDS-PAGE for

immunoblotting using each of the sdAbs.
doi:10.1371/journal.pone.0032801.g002
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Figure 3. Specificity of sdAbs for whole bacteria. Bacteria were either grown overnight as live cultures or obtained from either CRP or KPL as
killed material. Equivalent optical densities were immobilized to microtiter dishes for analysis of specificity using a direct binding ELISA.

doi:10.1371/journal.pone.0032801.9003

Binding kinetics

The binding kinetics for each of the sdAbs was calculated
following SPR analysis using the Bio-Rad ProteOn XPR 36 system
(Table 2). SdAbs were immobilized to a standard GLC chip to
determine their binding kinetics for the purified EA1 protein.
Binding affinities for the purified EAl protein were in the
nanomolar range for each of the sdAbs except d10x, although
there was some variability as observed with the low association
rate for B2 and the order of magnitude increase in dissociation rate
for B12 compared to the other sdAbs tested. Despite several
attempts, d10x failed to perform in SPR-based assays, possibly due
to the immobilization strategy or the conditions of the surface
regeneration step.

Sandwich assays for the detection of B. anthracis

A multiplex Luminex bead-based assay was employed to assess
the limit of detection in a sandwich assay. The sdAb monomers
did not serve as suitable detection molecules in initial trials,
recognizing only bacterial and spore concentrations of 10° cfu/ml.
The limit of detection, however, was significantly improved when
sdAbs were tested as the dimeric alkaline phosphatase fusions [38].
The alkaline phosphatase fusions were able to reproducibly detect
concentrations of 10* cfu/ml, regardless of the combination of
capture or tracer sdAb. It could not readily be determined which
factor was responsible for the improved signal but possible
contributors are improved immobilization of active molecules
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due to an increase in available amine-containing residues,
increased affinity as a result of avidity, or simply a greater number
of available biotin molecules on the larger dimer for signal
amplification with the phycoerythrin — streptavidin reporter.
Although not explored in this work, other fusion constructs have
been examined and could potentially lead to alternate methods of
immobilization or signal amplification that may further improve
detection assays.

Discussion

The objective of this project was the development of sdAbs
toward Bacillus anthracis to provide recognition reagents with
improved thermal stability. The sdAbs reported here were
determined to be targeting epitopes on the S-layer protein EA1.
Based on our results, it appears that there are at least two distinct
epitopes recognized by the sdAbs examined in this study, (Figure
S3). Three of the sdAbs clearly bound the vegetative cell and spore
preparations, recognizing a readily accessible epitope of EA1 (C7,
G10, and d10x). In contrast, the other sdAbs examined (Al, B2,
and B12) were only able to bind the target antigen once freed from
the bacterial spore suggesting an epitope buried within the
exosporium of intact spores or the peptidoglycan layer in whole
bacteria. The EAl is a moderately large protein (862 amino acids)
that forms a crystalline array around vegetative cells. Couture-Tosi
[39] used electron microscopy and negative staining to map the
features of the S-layer lattice, distinguishing between the inner and
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Figure 4. Specificity of sdAbs for Bacillus species spores. Intact and broken spores were passively immobilized to microtiter plates at
equivalent optical densities to assess specificity of sdAbs.
doi:10.1371/journal.pone.0032801.g004
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Figure 5. Affinity of sdAbs for Bacillus anthracis strains. Biotinylated sdAbs were tested for their ability to recognize a panel of B. anthracis
strains from a number of geographic locations (acquired as irradiated spore preparation from NMRC).

doi:10.1371/journal.pone.0032801.g005
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Table 1. Melting temperatures and recovery of native
structure.

Melting Temperature

(°C) Round 1 Round 2 Round 3
Al 69.9 94% 86% 84%
B2 67.3 85% 73% 62%
B12 64.1 85% 73% 62%
c7 65.6 71% 48% 36%
diox 704 93% 86% 79%
G10 579 78% 65% 58%

The recovery of native structure (rounds 1-3) was calculated from the
total change in left and right ellipticity for each cycle of heating and
cooling compared to the initial total ellipticity.
doi:10.1371/journal.pone.0032801.t001

outer face topography. Based on their results, it is reasonable to
believe our two sdAb clusters likely bind to epitopes present on
only one side or the other, however without co-crystallization
studies or epitope mapping it is impossible to state this definitively.

Although sdAbs that bind to spore or cellular surface targets
would likely be the best candidates for a detection assay requiring
little sample treatment, the sdAb Al was shown to be the most
amenable to surface attachment and displayed the highest affinity
for the EA1 protein. With minimal sample treatment (boiling and/
or sonication) this antibody may be best suited for integration into
existing assays as a capture molecule.

In this study, both vegetative cells and spores were detected in
ELISAs using each of the sdAbs described herein. The EAI
protein is not a required component of the spore, however it is
commonly associated with the spore surface and can therefore
serve as the targeted substrate for vegetative cells and bacterial
spores, unless deliberate efforts have been undertaken to remove it
from the spore preparations. Although there was a reduction in the
signal with increasing number of washes (plateau reached at 5
washes), spores were consistently detected in ELISAs to concen-
trations of 10° cfu/ml; regardless of the number of washes
performed during spore preparation. More laborious spore
preparation protocols can be employed to completely remove
EAL, as has been shown in the literature [36], but would likely
complicate the large-scale production of bacterial spores required
for weaponization. Additionally, while the bacterial spore would
be the primary target in the development of an assay or sensor for
the purpose of biodefense, the ability to definitely identify B.
anthracis in an unknown bacterial sample may prove advantageous
in other diagnostic settings; eliminating the need for time
consuming culturing or PCR based methods. An assay that
utilized a combination of sdAbs, recognizing different targets on
the bacterial surface, would ensure the greatest success in B.
anthracis detection. The sdAbs developed in this research may work
best paired with sdAbs targeting specific spore proteins to avoid
the potential loss of detection capabilities by simply removing the
EALI protein from spore preparations.

Bacillus is a very diverse genus; while these sdAbs were found to
be highly specific for the B. anthracis target, the assays conducted in
this work focused on comparison to members of the B. cereus group.
A simple BLAST search with the amino acid sequence for EAl
shows a range of identity scores ranging from 99 — 19% identity
based on the species and the sequence stored at the National
Center for Biotechnology Information. There is no protein
sequence reported for the S-layer protein of several of the bacteria
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Table 2. Binding kinetics for sdAbs.

Clone ka (1/Ms) kd (1/s) KD (M)?
Al 7.66E +5 233E —4 3.05E —10
B2 6.00E +4 3.70E —4 6.17E —9
B12 2.42E +5 1.50E —3 6.18E —9
c7 1.58E +5 248E —4 1.57E —9
d10x NA NA NA

G10 8.11E +4 1.66E —4 2.04E —9

KD values are calculated from kd/ka.
NA =No binding observed.
doi:10.1371/journal.pone.0032801.t002

included in this study, so it is not possible to speculate if the
observed specificity is strictly the result of substantial differences in
the S-layer proteins themselves. Additionally, the strains with the
highest identity scores were not represented in the panel of
bacteria included in the specificity assays. It is feasible that the
sdAbs would recognize S-layer proteins from other species that
produce a S-layer protein more homologous to EAl. Future work
should include strains with more similar S-layer proteins.

While sdAbs have yet to replace conventional antibodies as the
recognition element of choice for most assays, recent publications
suggest this to be an advancing field. As with other recombinant
proteins, sdAbs can readily be produced in Escherichia coli or yeast
expression cultures, significantly decreasing the cost of developing
antibody-based assays and sensors. Additionally, as has been
explored with scFv constructs, the small size of the gene and the
bacterial host allows for a system to improve the characteristics of
individual clones through mutagenesis, something not easily
accomplished with mammalian or cell culture produced antibod-
ies. Due to these advantages and their remarkable thermal stability
these unique antigen-binding structures promise improvements
that may enable testing at the point of concern.

Materials and Methods

Materials

Unless otherwise specified, chemical reagents were acquired
from either Sigma Aldrich, Fisher Scientific, or VWR Interna-
tional. Restriction endonucleases and ligation reagents were from
New England Biolabs. DNA amplification was accomplished with
Roche Expand High Fidelity DNA polymerase kit. Specific
laboratory kits and assays are defined where applicable.

Library Construction and Selection

Two llamas (Triple J Farms, Bellingham, WA) were subjected to
four rounds of immunization with the veterinary cattle vaccine for
anthrax (Colorado Serum Company) that is comprised of live
bacterial spores from the B. anthracis Sterne strain 34F2, an
attenuated strain lacking one of the plasmids necessary for
lethality. Institutional Animal Care and Use Committee (IACUC)
approval for the immunization protocol was through the Triple J
Farm protocol application process. To ensure the health and well-
being of the animals, a modified vaccination dosage that utilized
1/5™ the injection volume typically used for cattle was employed,
however multiple boosts were made to induce a robust immune
response. Following immunization, peripheral blood lymphocytes
were extracted from the bufty coat and RNA was isolated using
the QIAamp RNA Blood Mini Kit (Qiagen) according to the
manufacturer’s protocol. Purified RNA was converted to cDNA
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using the SuperScript I Rt-PCR kit (Invitrogen). The sdAb library
was constructed using primers specific for regions flanking the
variable domain as outlined by Ghahroudi [40]. The variable
domain genes were purified from successful reactions and cloned
into the phage display vector, pECAN21 [41], via a T4DNA ligase
ligation reaction with Sfil-digested vector and insert at a 3:1 ratio.
Ligation products were transformed into electrocompetent XL1-
Blue cells (Strategene). Library diversity was calculated based on a
direct count of colony forming units on output plates following
ligation/transformation and sequence analysis of 25 clones to
directly examine the sequence variability and ensure an open
reading frame (ORF) in the majority of clones.

The library was subjected to several rounds of selection utilizing
a modified protocol of that initially described by Griffiths et al.
[42]. Bacillus anthracts Sterne strain spores were inactivated and
fragmented using a combination of boiling and sonication as
described below. The broken spores were diluted in PBS (pH 7.4)
then passively immobilized to a microtiter plate to serve as the
selection antigen. Following two rounds of selection, individual
clones producing target-binding sdAbs were identified by mono-
clonal phage ELISA. Sequence analysis of purified plasmid DNA
was performed by Eurofins MWG — Operon (www.operon.com).

Single domain antibodies were grouped into families based on
variations in the complementarity determining regions (CDRs)
following alignment of amino acid sequences (ClustalW). Repre-
sentative sdAb genes from each family were cloned into the
periplasmic expression vector pECAN45 [43] and transformed
into the Rosetta FE. coli strain (Novagen). Expression and
purification were performed as previously described [41,44].
Following immobilized metal affinity chromatography (IMAC);
sdAbs were purified from residual, contaminating proteins using a
Superdex 75 10/300 GL column and Akta FPLC system (GE
Healthcare). Quantitation of protein concentration was accom-
plished using either a NanoDrop1000 instrument and calculation
based on the absorbance at 280 nm or a micro-BCA Assay
(Pierce).

Each sdAb gene was also cloned into a modified pECAN45
vector that produces an alkaline phosphatase fusion with the sdAb
protein [38]. The molecule dimerizes during expression to form a
bivalent molecule. Purification of the dimer is accomplished using
the same protocol employed with the monomeric form with the
exception that a Superdex 200 10/300 GL column was used for
FPLC purification.

Bacterial Strains and Culturing

The various Bacillus species were obtained from either the
American Type Culture Collection, Bacillus Genetic Stock Center
(http://www.bgsc.org/), or NMRC; for a complete listing see
Table S1. Other bacterial targets were obtained as a killed,
bacterial antigen from the Critical Reagents Program (CRP), or
KPL, Inc. Live Bacillus cultures were grown overnight at 30°C in
either Tryptic Soy Broth or Luria Bertani for ELISA vegetative
cell assays. Bacteria were pelleted at 3000 x g then resuspended in
PBS. The process was repeated three times to ensure residual
medium was removed. The optical density at 600 nm (ODgq0) was
measured using a Nanodrop 1000 instrument. For spore
preparations, Bacillus species cultures were plated to the appropri-
ate solid medium (Table S1, [45,46,47]) and incubated at 30°C for
3—4 days. Sporulation was assessed using an Olympus BX53 Phase
contrast microscope system. Once greater than 95% sporulation
(as determined by direct counts) had been obtained, cells were
dislodged with 4°C sterile water and transferred to 2 ml microfuge
tubes. Spores were pelleted at 10,000x g. Cellular debris and
remaining intact cells were carefully removed as an upper layer,
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distinct of the spore layer. The centrifugation and removal of
supernatant was repeated 5—10 times, until such time as the spore
preparation appeared free of intact cells when examined via phase
contrast microscopy.

Broken spores were prepared using a combination of boiling
and sonication. Spores were diluted in PBS (pH 7.4) then boiled
for 20 minutes. The spore suspension was placed on ice for
10 minutes then sonicated for 5 minutes alternating one minute
sonication and one minute on ice using a Branson Sonifier
(constant duty cycle, output control 5).

Characterization of sdAb

Purified sdAbs were biotinylated to facilitate later ELISAs and
immunoblotting experiments. The sdAbs were incubated at room
temperature with a 10-fold excess of Biotin-LC-LC-NHS (Pierce)
then passed through a Bio-Gel P-10 size exclusion column
(BioRad) to remove excess biotin. An alkaline phosphatase-
conjugated streptavidin (Prozyme) served as the secondary
detection element in subsequent experiments.

Assays against target and non-target bacterium; including
nearest neighbor Bacillus species, were conducted using a direct
binding ELISA. Bacteria were immobilized at equivalent optical
densities (ODggp) to allow for qualitative analysis of data. Assays
were performed as previously described, using 1 pg/ml of the
biotinylated sdAb followed by a streptavidin- alkaline phosphatase
fusion (Prozyme) [48]. Detection and measurement of sdAb
binding was made possible using the colorimetric substrate
SigmaFast p-Nitrophenol phosphate substrate (Sigma) following
the manufacturer’s protocol. The same direct binding ELISA
protocol was followed for assays in which irradiated spores, spore
preparation, and broken spores were immobilized. Sandwich
ELISAs were also performed as described previously [48]. Briefly,
capture sdAbs (1 pg/ml diluted in PBS) were immobilized on wells
of a 96-well plate and dilutions of target applied prior to detection
using biotinylated sdAb followed by the streptavidin- alkaline
phosphatase fusion.

The target antigen was identified through immunoblot analysis.
Late stage vegetative cells (16-20 hour) and purified spores were
lysed/broken using a combination of boiling and sonication as
previously described. The proteins of the soluble fractions were
separated on a 14% SDS-PAGE gel then stained for visualization
using a Gel Code Blue reagent (Pierce) or transferred to
nitrocellulose for subsequent immunoblotting. Immunoblots were
developed with the appropriate biotinylated sdAb (1 pg/ml in PBS
containing 0.1% Tween-20 and 5% milk proteins) as the primary
antibody and a streptavidin- alkaline phosphatase fusion (Prozyme)
as the reporter. Visualization of binding interactions was
accomplished with the Novex AP chromogenic substrate NBT/
BCIP substrate (Invitrogen).

The melting temperature and renaturation capabilities of sdAbs
were assessed via circular dichroism. Purified sdAbs were dialyzed
overnight in 5 mM sodium borate solution (pH 7.5) then diluted
to a final concentration of 30 pg/ml in the same solution prior to
analysis using a Jasco J-815 CD spectrometer. The differential
absorbance of the sample at 205 nm was measured over a
temperature range of 25-95°C. The temperature was increased
incrementally at a rate of 5°C/min. Melting temperature was
defined as the inflection point between the folded and unfolded
molecule. The percent recovery following heat denaturation and
subsequent renaturation was determined by calculating the
percentage of native protein ellipticity recovered.

Binding kinetics were calculated based on SPR measurements
using a BioRad ProteOn XPR36 instrument. Purified sdAbs were
diluted in 10 mM sodium acetate buffer (pH 4.0) to a concentra-
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tion of 5 pug/ml then immobilized to a GLC chip (BioRad) using a
standard EDC/NHS cross-linking reaction. Following immobili-
zation of the target protein, remaining carboxyl groups were
blocked with a 1 mM ethanolamine solution. Kinetic values (ka,
kd, KD), were determined for each of the sdAbs by flowing six
concentrations of purified EAl over the surface at a flow rate of
50 ul/min for 3 min. Dissociation was monitored for 10 min, the
surface then regenerated with a 50 mM glycine solution (pH 2.0).
Calculations to determine binding kinetics were performed with
the ProteOn Manager RM 2.1 software.

The limit of detection for bacterial spores was determined using
a Luminex bead-based assay system. The monomeric sdAbs and
alkaline phosphatase dimers of each sdAb were immobilized to
commercial beads (Luminex) using the same carbodiimide
reaction described for the SPR experiments. Intact B. anthracis
Sterne strain bacteria and spores were diluted to concentrations of
10° — 10 cfu/ml in PBS buffer. Biotinylated proteins, monomers
and alkaline phosphatase dimers of the sdAbs, were used as the
detection element in sandwich style assays with a phycoerythrin —
streptavidin conjugate serving as the tracer molecule.

Purification of EA1

The S-layer protein (EA1) was enriched in vegetative cultures
grown in SPY medium (60 mM KyHPO,, 45 mM KHyPO,,
15 mM (NH4)9SOy, 10 MgSOy, 2.4 mM sodium citrate, 0.2% (w/
v) glucose, 0.2% (w/v) yeast extract) at 30°C overnight. The cells
were pelleted at 3000x g for 15 minutes and the supernatant
decanted. The cell pellet was washed twice in PBS then
resuspended in 5 ml/g of cell material of 6 M guanidinium
hydrochloride. The suspension was placed at 4°C on a rotisserie
(Dynal Biotech) for 3 hours. Cell material was again pelleted at
3000x g and the supernatant dialyzed in 12-14000 MWCO
tubing (SpectraPore) for 48 hours in PBS buffer with several buffer
exchanges. The EAl protein was separated from other soluble
membrane proteins using the Akta FPLC system.

References

1. Inglesby TV (2002) Anthrax as a Biological Weapon, 2002: Updated
Recommendations for Management. JAMA 287: 2236-2252.

2. Jackson PJ, Hugh-Jones ME, Adair D, Green G, Hill K, et al. (1998) PCR
Analysis of Tissue Samples from the 1979 Sverdlovsk Anthrax Victims: The
Presence of multiple Bacillus anthracts Strains in Different Victims. PNAS 95:
1224-1229.

3. Abramova F, Grinberg L, Yampolskaya O, Walker D (1993) Pathology of
Inhalation Anthrax in 42 Cases from Sverdlovsk Outbreak of 1979. PNAS 90:
2291-2294.

4. Lane HC, La Montagne J, Fauci A (2001) Bioterrorism: A Clear and Present
Danger. Nat Med 7: 1271-1273.

5. Henderson I, Duggleby C, Turnbull P (1994) Differentiation of Bacillus anthracis
from Other Bacillus cereus Group Bacteria with the PCR. Int J Syst Bacteriol 44:
99-105.

6. Turnbull P, Hutson R, Ward M, Jones M, Quinn C, et al. (1992) Bacillus anthracis
but Not Always Anthrax. J Appl Microbiol 72: 21-28.

7. Seki T, Chung C-K, Mikami H, Oshima Y (1978) Deoxyribonucleic Acid
Homology and Taxonomy of the Genus Bacillus. Int J Syst Bacteriol 28:
182-189.

8. Somerville HJ, Jones ML (1972) DNA Competition Studies within the Bacillus
cereus Group of Bacilli. ] Gen Microbiol 73: 257-265.

9. Ellerbrok H, Nattermann H, Ozel M, Beutin L, Appel B, et al. (2002) Rapid and
Sensitive Identification of Pathogenic and Apathogenic Bacillus anthracis by Real-
Time PCR. FEMS Microbiol Lett 214: 51-59.

10. Harrell L, Andersen G, Wilson K (1995) Genetic Variability of Bacillus anthracts
and Related Species. J Clin Microbiol 33: 1847-1850.

11. Leski TA, Caswell CC, Pawlowski M, Klinke DJ, Bujnicki JM, et al. (2009)
Identification and Classification of bcl Genes and Proteins of Bacillus cereus
Group Organisms and Their Application in Bacillus anthracis Detection and
Fingerprinting. Applied and Environmental Microbiology 75: 7163-7172.

12. Pribil PA, Patton E, Black G, Doroshenko V, Fenselau C (2005) Rapid
Characterization of Bacillus Spores Targeting Species-Unique Peptides Produced
with an Atmospheric Pressure Matrix-Assisted Laser Desorption/Ionization
Source. J Mass Spectrom 40: 464-474.

@ PLoS ONE | www.plosone.org

Single Domain Antibodies for Bacillus anthracis

Supporting Information

Figure S1 Purification of the S-layer protein EA-1. (A)
Soluble and insoluble fractions of the cell lysate separated via SDS-
PAGE for protein staining and immunoblotting (B) Chromato-
graph of FPLC fractionation of soluble fraction of cell lysate (C)
Gel Code Blue stained SDS-PAGE analysis of individual fractions
following FPLC.

(DOC)

Figure S2 Binding activity of sdAb following thermal
denaturation and renaturation. Binding to immobilized EA1
following temperature cycling was assessed using a direct binding
ELISA, SPR, and direct binding Luminex.

DOC)

Figure S3 Analysis of sdAb epitope. Purified sdAbs were
used in a sandwich ELISA, with purified EAl as the antigen, to
ascertain whether the sdAb recognized identical epitopes.

DOC)

Table S1 Bacterial strains and sporulation media.

(DOC)

Acknowledgments

Mass spectroscopic analysis of the EAl protein was graciously performed
by Dr. Dasha Leary and Dr. Judson Hervey, post doctoral fellows currently
working at the Naval Research Laboratory. We also acknowledge Dr.
Tomasz Leski for his assistance in establishing protocols for spore
preparations and culturing of Bacillus species.

Author Contributions

Conceived and designed the experiments: ERG GPA SAW. Performed the
experiments: ERG GPA SAW PABL JLL RHG DZ RDB LJ. Analyzed the
data: ERG GPA SAW DZ LJ JMC. Contributed reagents/materials/
analysis tools: JMC LJ. Wrote the paper: ERG GPA SAW.

13. Qi Y, Patra G, Liang X, Williams LE, Rose S, et al. (2001) Utilization of the
rpoB Gene as a Specific Chromosomal Marker for Real-Time PCR Detection of
Bacillus anthracis. Appl Environ Microbiol 67: 3720-3727.

14. Castanha E, Fox A, Fox K (2006) Rapid Discrimination of Bacillus anthracis From
Other Members of the B. cereus Group by Mass and Sequence of “Intact” Small
Acid Soluble Proteins (SASPs) Using Mass Spectrometry. ] Microbiol Methods
67: 230-240.

15. Hart S, Terray A, Leski TA, Arnold J, Stroud R (2006) Discovery of a
Significant Optical Chromatographic Difference Between Spores of Bacillus
anthracis and Its Close Relative, Bacillus thurinigiensis. Anal Chem 78: 3221-3225.

16. Bird RE, Hardman KD, Jacobson JW (1988) Single-Chain Antigen-Binding
Proteins. Science 242: 423-426.

17. Huston J, Levinson D, Mudgett-Hunter M, Tai M-S, Novotny ], et al. (1988)
Protein Engineering of Antibody Binding Sites: Recovery of Specific Activity in
an Anti-Digocin Single-Chain Fv Analogue Produced in Escherichia coli. PNAS
85: 5879-5883.

18. Muyldermans S, Atarhouch T, Saldanha J, Barbosa JA, Hamers R (1994)
Sequence and Structure of Vh Domain from Naturally Occurring Camel Heavy
Chain Immunoglobulins Lacking Light Chains. Protein Engin 7: 1129-1135.

19. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C,
et al. (1993) Naturally Occurring Antibodies Devoid of Light Chains. Nature
363: 446-448.

20. Nuttall SD, Krishnan UV, Hattarki M, De Gori R, Irving RA, et al. (2001)
Isolation of the new antigen receptor from wobbegong sharks, and use as a
scaffold for the display of protein loop libraries. Molecular Immunology 38:
313-326.

21. Dooley H, Flajnik MF, Porter AJ (2003) Selection and Characterization of
Naturally Occurring Single-Domain (IgNAR) Antibody Fragments from
Immunized Sharks by Phage Display. Molecular Immunology 40: 25-33.

22. Greenberg AS, Avila D, Hughes M, Hughes A, McKineey EC, et al. (1995) A
New Antigen Recepetor Gene Family that Undergoes Rearrangement and
Extensive Somativ Diversification in Sharks. Nature 374: 168-173.

23. Linden RHJvd, Frenken LG]J, Geus Bd, Harmsen MM, Ruuls RC, et al. (1999)
Comaprison of Physical Chemical Properties of Llama VHH Antibody

March 2012 | Volume 7 | Issue 3 | 32801



24.

27.

28.

29.

30.

31.
32.

36.

Fragments and Mouse Monoclonal Antibodies. Biochim Biophys Acta 1431:
37-46.

Perez JM], Renisio JG, Prompers JJ, van Platerink CJ, Cambillau C, et al. (2001)
Thermal Unfolding of Llama Antibody Fragement: A Tow-State Reversible
Process. Biochemistry 40: 74-83.

Goldman ER, Anderson G, Conway JO, Sherwood LJ, Fech M, et al. (2008)
Thermostable Llama Single Domain Antibodies for Detection of Botulinum A
Neurotoxin Complex. Anal Chem 80: 8583-8591.

Ezzell J, Abshire T (1988) Immunological Analysis of Cell-Associated Antigens
of Bacillus anthracis. Infect Immun 56: 349-356.

Farchaus JW, Ribot W], Downs MB, Ezzell JW (1995) Purification and
Characterization of the Major Surface Array Protein from the Avirulent Bacillus
anthracts Delta Sterne-1. J Bacteriol 177: 2481-2489.

Mesnage S, Tosi-Couture E, Mock M, Gounon P, Fouet A (1997) Molecular
Characterization of the Bacillus anthracis main S-layer Component: Evidence that
it is the Major Cell-Associated Antigen. Mol Microbiol 23: 1147-1155.
Etienne-Toumelin I, Sirard J-C, Duflot E, Mock M, Fouet A (1995)
Characterization of the Bacillus anthacis S-layer: Cloning and Sequencing of
the Structural Gene. J Bacteriol 177: 614-620.

Mesnage S, Tosi-Couture E, Gounon P, Mock M, Fouet A (1998) The Capsule
and S-Layer: Two Independent and Yet Compatible Macromolecular Structure
in Bacillus anthracis. ] Bacteriol 180: 52-58.

Sara M, Sleytr UB (2000) S-Layer Proteins. J Bacteriol 182: 859-868.

Mignot T, Mesnage S, Couture-Tosi E, Mock M, Fouet A (2002) Develop-
mental Switch of S-layer Protein Synthesis in Bacillus anthracis. Mol Microbiol 43:
1615-1627.

Love T, Redmond C, Mayers C (2008) Real Time Detection of Anthrax Spores
Using Highly Specific Anti-EA1 Recombinant Antibodies Produced by
Competitive Panning. J Immunol Methods 334: 1-10.

Redmond C (2004) Identification of Proteins in the Exosporium of Bacillus
anthracis. Microbiol 150: 355-363.

. Wang D-B, WYang R, Zhang Z-P, Bi L-J, You X-Y, et al. (2009) Detection of B.

anthracis Spores and Vegetative Cells with the Same Monoclonal Antibodies.
PLoS ONE 4: ¢7810.

Williams DD, Turnbough CL (2003) Surface Layer Protein EAI Is Not a
Component of Bacillus anthracis Spores but Is a Persistent Contaminant in
Spore Preparations. J Bacteriol 186: 566-569.

@ PLoS ONE | www.plosone.org

10

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Single Domain Antibodies for Bacillus anthracis

Clackson T, Lowman HB, eds. (2004) Phage Display. New York: Oxford
University Press. 331 p.

Swain MD, Anderson GP, Serrano-Gonzalez J, Liu JL, Zabetakis D, et al. (2011)
Immunodiagnostic Reagents Using Llama Single Domain Antibody—Alkaline
Phosphatase Fusion proteins. Analytical Biochemistry 417: 188-194.
Couture-Tosi E, Delacroix H, Mignot T, Mesnage S, Chami M, et al. (2002)
Structural Analysis and Evidence for Dynamic Emergence of Bacillus anthracis S-
Layer Networks. Journal of Bacteriology 184: 6448-6456.

Ghahroudi MA, Desmyter A, Wyns L, Hamers R, Muyldermans S (1997)
Selection and Identification of Single Domain Antibody Fragments from Camel
Heavy-Chain Antibodies. FEBS Lett 414: 521-526.

Goldman ER, Anderson G, Liu J, Delehanty J, Sherwood 1], et al. (2006) Facile
Generation of a Heat-Stable Antiviral and Antitoxin Single Domain Antibodies
from a Semisynthetic Llama Library. Anal Chem 78: 8245-8255.

Griffiths A, Malmqvist M, Marks J, Bye J, Embleton M]J, et al. (1993) Human
Anti-Self Antibodies with High Specificity from Phage Display Libraries.
EMBO J 12: 725-734.

Conway JO, Sherwood L], Collazo MT, Garza JA, Hayhurst A (2010) Llama
Single Domain Antibodies Specific for the 7 Botulinum Neurotoxin Serotypes as
Heptaplex Immunoreagents. PLoS One 5: ¢8818.

Hayhurst A, Happe S, Mabry R, Koch Z, Iverson BL, et al. (2003) Isolation and
Expression of Recombinant Antibody Fragments to the Biological Warfare
Pathogen Brucella melitensis. ] Immunol Methods 276: 185-196.

Meyer M, Tholozan JL (1999) A New Growth and in vitro Sporulation Medium
for Clostridium perfringens. Lett Appl Microbiol 28: 98-102.

Schaeffer P, Millet J, Aubert J-P (1965) Catabolic Repression of Bacterial
Sporulation. PNAS 54: 704-711.

Wang P-Z, Doi RH (1984) Overlapping Promoters Transcribed by Bacillus
subtilis ™ and ¢° RNA Polymerase Holoenzymes during Growth and
Stationary Phases. J Biol Chem 259: 8619-8625.

Anderson GP, Bernstein RD, Swain MD, Zabetakis D, Goldman ER (2010)
Binding Kinetics of Antiricin Single Domain Antibodies and Improved
Detection Using a B Chain Specific Binder. Analytical Chemistry 82:
7202-7207.

March 2012 | Volume 7 | Issue 3 | 32801



