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Abstract: Lama immunoglobulins consist of conventional antibody (IgG1) and
unique forms that lack light chains, called heavy chain antibodies (IgG2 and
IgG3). These unusual antibodies possess unique properties ideal for diagnostics
and therapeutics. To evaluate the IgG from a llama immunised with botulinum
complex toxoids A through F each IgG subclass was tested as capture
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and recognition ligand in xMAP fluid array immunoassays. The optimal
combination, IgG3 capture and IgG2 tracer, detected as low as 64 pg/ml of
BoNT/A complex toxoid. Also, heavy chain antibodies were shown to bind
BoNT as effectively as conventional IgG1, while possessing much greater
thermal stability. [Received 15 October; Accepted 28 December 2007]
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semiconductor quantum dots for use in the detection of both proteins and small
molecules, and developing rugged recognition reagents derived from camelid
and shark heavy chain only antibodies.

1

Introduction

Antibodies belong to the class of proteins called immunoglobulins; they are produced
by the immune system in response to foreign antigens. Numerous immunoassays take
advantage of the high affinity and selectivity of in vivo matured antibodies derived from
animals. The primary class of antibody used for diagnostic applications is the IgG.
For most mammals, IgG is a large, 160 kDa, protein made up of two pairs of different
polypeptide chains: two heavy and two light chains connected by disulphide bonds.
Each chain is composed of one variable domain plus either one constant domain for the
light chain or three constant domains for the heavy chain. A variable domain from
a light chain combines with a variable domain from a heavy chain to form one of two
antigen-binding sites, which upon binding help to neutralise and eliminate pathogens and
their toxins. Advances in recombinant DNA technologies have made possible the in vitro
production of just these variable regions (scFv). However, these fragments can be
problematic due to limitations in solubility or stability of the recombinant product
(Brockmann et al., 2005).
Remarkably, the members of the Camelidae family (i.e., camels and llamas) have
IgG subclasses that possess a unique structural arrangement (Figure 1). The IgG2 and
IgG3 subclasses consist of only two heavy chains. The heavy chains lack the first
constant domain and thus they fail to pair with light chains, yielding a molecular weight
of ~110 kDa; meanwhile, the IgG1 subclass maintains the conventional structure
(~160 kDa) (Hamers-Casterman et al., 1993). The Heavy chain Antibody’s (HcAb) two
antigen-binding sites are each formed by only a single variable domain, and thus the
binding interaction has only half the normal number of Complementarity Determining
Regions (CDRs), three as opposed to six. Also, the structure of this domain is altered by
the replacement of select surface amino acids to increase its hydrophilicity to compensate
for the lack of light chain (Muyldermans et al., 1994). The binding site being formed
from a single domain that is small, highly stable, and able to refold properly after
denaturation, makes the HcAb’s variable domain a valuable source of alternative
recombinant binding ligand for many applications (Daley et al., 2005; Goldman et al.,
2006; Ladenson et al., 2006; Sherwood et al., 2007).
Previous studies have shown that HcAbs can act as effective high affinity binding
ligands for foreign target molecules (Hamers-Casterman et al., 1993; Huang et al., 2005;
Maass et al., 2007). However, other studies have found no added benefit from
these unusual molecules; one group failed to detect any specific HAb binding
following immunisation (Lange et al., 2001), while another found HcAb ineffective
as an enzyme inhibitor (Ferrari et al., 2007). To ascertain the situation that prevails for a
llama immunised against botulinum neurotoxin (BoNT) and to better evaluate HcAb
capabilities found in the natural immune repertoire, we purified and tested the llama IgG
subclasses obtained from a llama that had been immunised for BoNT.
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Schematic of llama IgG subclass structures. IgG 1, conventional antibody, contains both
a heavy and light chains. IgG2 and IgG3 consist of only heavy chains and have a long
or short hinge region respectively

BoNT is the most potent of the known biological toxins, consisting of an approximately
100 kDa heavy chain and a 50 kDa light chain linked together via a single disulphide
bond. It is secreted by bacteria of the genus Clostridium, which has the potential to form
very tough spores, allowing them to survive in a dormant state until exposed to
conditions that support their growth. Species of Clostridia are found worldwide in soil,
sea and freshwater sediments. There are seven unique serotypes of BoNT, ranging from
A through G, which represent potential biothreat agents. These serotypes are categorised
on the basis of serological non-cross reactivity of neutralising antisera. BoNT can cause
disease in humans through ingestion, inhalation, or wound infection. Botulinum
intoxication constitutes a medical emergency, which requires prompt provision of an
effective antitoxin that destroys or inhibits its toxic effects. Owing to its extreme toxicity,
there is an urgent need to produce rapid diagnostic assays for BoNT (Merson and Dowell,
1973; Arnon et al., 2001).
In this study, our objective was to evaluate the effectiveness of llama polyclonal IgG
as recognition ligands to BoNT. The llama IgG was fractionated into its various
subclasses, the conventional antibody (IgG1) and HcAbs (IgG2 and IgG3), and evaluated
for BoNT target specificity and heat stability in comparison with polyclonal antibody
from rabbits or mouse monoclonals. In addition, their capabilities as both capture and
recognition molecules in Luminex fluid array sandwich immunoassays were investigated.
Native llama antibodies may provide unique capabilities for BoNT detection in field
conditions, where a heat stable rugged molecule is not only desirable but a necessity.

2

Materials and methods

2.1 Buffers and reagents
The Llama serum was provided by the Naval Medical Research Center (Silver
Spring, MD); the llama had been immunised with a mixture of botulinum toxoided
complexes A, B, E, and F for a period of three years followed by immunisation with a
mixture of toxoided complexes A,B,C,D and E for a period of two years. PhycoLink®
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Streptavidin-R-Phycoerythrin PJ31S (SA-RPE) was purchased from Prozyme
(San Leandro, CA). Phosphate buffered saline (PBS), Tween 20, and Bovine Serum
Albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO). BoNT toxoids,
toxins, toxin complexes, and BoNT toxin-coated Luminex beads were purchased from
Metabiologics (Madison, WI). The toxin-coated microspheres were prepared as a custom
product, washed extensively to remove unbound toxin; the Luminex microsphere final
wash verified nontoxic using a standard mouse biosassay. Rabbit anti-botulinum toxin
A/B (R-anti Bot A/B), rabbit anti-botulinum toxin A (R-anti-Bot A), and monoclonal
anti-botulinum toxin A (Mab-anti-Bot A), and botulinum A toxoid complex (BoNT/A)
(certified inactive) were purchased from the US Department of Defense Critical Reagents
Program. The monoclonal antibody (Mab-anti-Bot B) was provided by Tetracore
(Rockville, MD). Experiments involving native toxins and toxin complexes were carried
out in accordance with all applicable Federal policies as part of the Centers for Disease
Control and Prevention Select Agent Program, and Southwest Foundation for Biomedical
Research biohazard safety committee guidelines.

2.2 Antibody purification and subclass fractionation.
A crude purification of the llama IgG was first obtained using Caprylic Acid (CA)
(McLaren et al., 1994). Llama serum (10 mL) was diluted with 20 mL of sodium acetate
60 mM, and pH adjusted to 4.8. While stirring, 0.5 mL of CA was slowly added.
After incubating for 30 min at room temperature, the solution was centrifuged at
10,000 rpm for 10 min, then supernatant transferred to dialysis tubing and dialysed
vs. three changes of PBS.
The CA purified IgG was further purified using MEP HyperCel hydrophobic charge
induction chromatography (Pall, East Hills, NY).
The CA supernatant was loaded to a 10 mL column. The column was then washed to
background OD using PBS. The antibody was eluted using 50 mM Sodium Citrate
(pH 4.0). After dialysis vs. PBS, antibody concentrations were determined by absorbance
at 280 nm.
IgG subclass were fractionated by a combination of affinity chromatography
on protein G and protein A as described previously (Hamers-Casterman et al., 1993;
van der Linden et al., 2000; Meddeb-Mouelhi et al., 2003; Daley et al., 2005). Briefly,
either llama IgG purified by CA – MEP HyperCel or serum diluted 5-fold with PBS was
first loaded onto 5 mL Protein G column (Pierce). After washing to background with PBS
the IgG3 was eluted with 150 mM NaCl–0.58% acetic acid (pH 3.5), then the IgG1
fraction was eluted with 100 mM glycine–HCl (pH 2.7). The fraction not adsorbed on
protein G was loaded onto a 5 mL Protein A column (Pierce). After washing with PBS,
the IgG2 was eluted using 150 mM NaCl-0.58% acetic acid (pH 4.5). All collected IgG
fractions were immediately neutralised using 1 M sodium bicarbonate (pH 8.31) and
transferred to dialysis tubing to dialyse vs. three changes of PBS.
Fast Protein Liquid Chromatography (FPLC), using Superdex G200 column
(Pharmacia), was then performed to evaluate the resultant antibody purity. For the IgG1,
the FPLC was also used as the final purification step to remove antibody, which
aggregated upon exposure to the low pH elution conditions of the Protein G column.
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2.3 Biotinylation of antibodies
Antibodies were biotinylated using NHS-LC-Biotin (Pierce) dissolved in dimethyl
sulphoxide (1.4 g/L). The antibodies were reacted with a 10 : 1 molar excess of the
NHS-LC-Biotin. To enhance the rate of reaction, the pH was increased by the addition of
a half-volume of 100 mM sodium borate + 100 mM sodium chloride (pH 9.1). After
incubation for 1 h at room temperature, the biotinylated antibodies were separated from
free biotin by gel filtration on a Bio-gel P10 column (BioRad, Hercules, CA).

2.4 Enzyme linked immunosorbant assays
96-well plates were coated with toxoided toxins and toxin complexes or native toxins and
toxin complexes, 100 µl/well at 1 µg/ml in PBS overnight at 4°C. The next day, wells
were washed with PBS + 0.05% Tween 20 (PBST) and blocked for an hour at room
temperature with 2% non-fat powdered milk in PBS. After washing with PBST, dilutions
of the IgG fractions were added to the wells and incubated for an hour. Wells were
washed and Horse Radish Peroxidase (HRP) conjugated rabbit anti-llama (Bethyl lab,
Montgomery, TX) was added for 45 min at a 1/10,000 dilution. After a final wash,
the results were visualised using sigmafast OPD substrate or TMB Ultra (Pierce), stopped
with 4M H2SO4, and the absorbance at 490 nm or 450 nm, respectively, recorded on a
plate reader.

2.5 Luminex fluid array immunoassays
Luminex carboxylated microspheres (Lx) were crosslinked with a variety of proteins
using the two-step carbodiimide coupling protocol provided by the manufacture.
Typically, 100 µl of microspheres were used per protein, 50–100 ug of each protein at a
concentration of 1 mg/ml or greater was used for conjugation to the microspheres.
For toxin conjugation, 0.5 mg of toxin (1 mg/mL) was coupled to 1 ml of microspheres.
The signal for all experiments is reported as the median fluorescence intensity (MFI)
of at least 100 separate microspheres. For direct binding assays, the various llama
anti-botulinum toxin antibodies were serially diluted in a 96-well microtiter plate,
60 µl/well. To each well, a mixture of toxin-coated microspheres was added, 5 µl/well;
they were allowed to incubate for at least 30 min. Then, SA-RPE (5 µl/well) was added
(10 mg/L) and incubated an additional 30 min prior to measuring using the Luminex
100 flow analyser. For the thermal stability testing, 30 µL of the Llama IgGs at 100 mg/L
were heated for various times at 85°C in a thermal cycler (Tetrad 2, MJ Research).
After cooling to room temperature, each sample was tested at 10 mg/L for direct binding
to toxin-coated microspheres as described above.
For the sandwich immunoassays, selected antibody-coated microspheres were
incubated, in wells of a 0.45 µm multiscreen filter plate (Millipore, Billerica, MA) with
different amounts of BoNT/A for 30 min at room temperature. The BoNT/A was
removed by filtration, and selected anti-Bot antibodies added at 10 mg/L. After 30 min of
incubation, the antibody was removed by filtration and SA-RPE (2.5 mg/L) was added
and incubated at room temperature in the dark for 30 min. Binding was then evaluated
using the Luminex 100 flow analyser.
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Results

3.1 Characterisation of purified llama IgG subclasses
The IgG was successfully fractionated into its various subclasses using Protein G and
Protein A affinity chromatography. As observed previously, we found that llama IgG was
primarily IgG1 (~80% by wt.) and lesser amounts of IgG2 and IgG3 (~10% each)
(Hutchison et al., 1998). FPLC Superdex G200 chromotography (Figure 2) verifies that
llama IgG1 has a higher molecular weight than IgG3, and both are of higher molecular
mass than IgG2. The elution profile of the IgG1 also showed that significant aggregation
had occurred during the Protein G purification, since the peak that elutes at the void
volume was not observed from the MepHypercel purified IgG. Thus, the IgG1 used for
this study was further purified by FPLC to remove the aggregated material. The nature of
the IgG subclasses was further confirmed by polyacrylamide gel electrophoresis under
reducing conditions (Figure 2, Insert). The IgG1 (purified by FPLC) showed the expected
heavy and light chains while both the IgG2 and IgG3 showed only the presence of heavy
chains, with slightly lower molecular weights when compared with the IgG1 heavy chain.
Figure 2

Llama IgG subclass elution volumes from FPLC Superdex G200 column. The MEP
HyperCel purified IgG mix as well as the IgG1, IgG2, and IgG3 subclasses are shown.
Insert: 8–25% gradient gel run under reducing conditions. Lanes left to right; IgG3.
IgG2, IgG1, MW markers

3.2 Direct binding immunoassays
The ability of the llama serum antibodies to bind to both live toxin and toxin complex
was verified by ELISA (Figure 3). The serum showed specific binding to all purified
BoNT types as well as BoNT complex types; however, the titer appeared highest for the
BoNT/A,B, and F complexes. Selectivity of binding was then tested for the llama IgG
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subclasses using both standard ELISA (Figure 4) and xMAP assays on the Luminex 100
(Figure 5). The ELISA results showed all the IgG subclasses bound well to both BoNT/A
and B as either purified toxin or in the complex (tested on toxoided material). Binding to
F, D, and E toxoid was observed but in deceasing amounts for each, respectively; this
pattern was even more apparent for the HcAbs. Similar results were observed by xMAP
protocol; however, binding to BoNT/A complex was significantly favoured by
all subclasses using this method. A rabbit anti-Bot A/B, Mab anti-Bot A, and Mab
anti-Bot B were also tested to show examples of specificity demonstrated by other
conventional antibodies (Figure 5, Panels F, G and H). All toxin- and toxoid-coated
microspheres had been tested with a specific antibody to confirm the success of their
immobilisation (not shown). Even though this assay was performed on a filter plate, the
monoclonal antibodies as well as the llama IgG subclasses 2 and 3 hooked at the highest
concentration tested, while the rabbit polyclonal and the llama IgG1 subclass did not; one
possibility is that this difference is related to a relatively higher titer of the monoclonals
vs. the polyclonals. This higher titer of the HcAbs implies that these subclass populations
expand in greater proportion upon immunisation than does the IgG1, which point towards
the importance of HcAbs for the llama immune response to pathogens.
Figure 3

ELISA results of direct binding of Llama serum dilutions to BoNT toxin (Panel A)
or BoNT toxin complex (Panel B). These data verify the live toxin and toxin complex
binding capability of the Llama serum antibodies
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ELISA results of direct binding Llama IgG subclasses to BoNT types. Panels A and B
show conventional IgG1; panels C and D show HcAb IgG2; and panels E and F show
HcAb IgG3
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xMAP test of direct binding of the llama IgG subclasses or monoclonal antibodies to
various BoNT types. P1 indicates CA/MEP Hypercel purified prior to Protein G/Protein
A fractionation; P2 indicates direct fractionation of the llama serum

3.3 Sandwich immunoassay
To evaluate the capability of the llama IgG subclass, each was covalently attached
to a different Luminex bead set and tested as the capture molecule in a sandwich
immunoassay for BoNT/A complex toxoid (Figure 6). In addition to the microspheres
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with the llama IgG subclasses, microspheres with Rab anti-Bot A, Rab anti Bot A/B,
and MEP Hypercel purified llama IgG were tested. For these assays, each of the
biotinylated llama IgG subclasses and a biotinylated Rab anti Bot A was evaluated as the
recognition molecule. While all the capture antibodies were functional, the llama IgG2
coated microsphere provided the most sensitive detection regardless of the tracer
molecule being tested. Surprisingly, while the IgG3 coated microspheres performed
poorly, the Bt-IgG3 was the superior recognition molecule, providing at least a 5-fold
enhancement in sensitivity, detecting BoNT/A complex toxoid at concentrations as low
as 64 pg/mL.
Figure 6

xMAP sandwich immunoassay for BoNT/A complex toxoid using the llama IgG
subclasses or rabbit polyclonal antibodies as the capture molecule and different
recognition molecule in each panel. Assays were preformed as described in the
methods

3.4 Thermal stability
The llama IgG subclasses were also subjected to high heat conditions to evaluate their
thermal stability. The llama IgG subclasses as well as conventional antibodies were
heated at 85ºC for various time points up to 60 min (Figure 7). Antibodies were then
cooled to room temperature and assayed on the Luminex for binding to BoNT/A toxoid
complex. The conventional antibody from llama (IgG1) lost approximately 93% of its
binding ability within the first 5 min of incubation. However, llama HcAbs (IgG2 and
IgG3) maintained a greater percentage of both their binding ability as well as specificity
after heating. After 5 min at 85ºC, the percent binding of llama HcAbs (IgG2 and IgG3)
decreased only 35% and 60%, respectively, and only slowly lost additional activity over
the hour at 85ºC. The heat stability of the IgG2 and IgG3 explains why the IgG mix

Evaluation of llama anti-botulinum toxin Heavy chain Antibody

111

retained residual toxin binding after heating. The conventional antibody Rabbit anti-Bot
A/B as expected rapidly lost activity upon heating.
Figure 7

4

Thermal stability of the llama IgG subclasses. Aliquots (30 µl) of each biotinylated
antibody were heated for various lengths of time at 85ºC. They were then diluted to the
final test concentration of 10 µg/mL and their binding to BoNT/A complex toxoid
evaluated using the Luminex xMAP assay

Discussion

The goal of this project was to evaluate the BoNT binding capability of antibodies
obtained from an immunised llama, and detail the capabilities of llama HcAbs. Earlier
work had shown that llama HcAb was active towards pathogens, and the ability to create
single domain antibodies from immunised libraries attests to their antigen recognition
capability. However, llama HcAbs had not been evaluated for their applicability for
immuno-diagnostics, nor had the thermal stability of intact HcAb been reported.
To achieve this goal, we obtained serum from a llama that had been repeatedly
immunised with botulinum toxoid mixtures including serotypes A through F over
a number of years. The titer of this serum was evaluated for binding to both toxin and
toxin complex (Figure 3), and found that the llama did develop antibodies to toxin in
response to toxoid immunisation. Next, the serum IgG was purified and fractionated
into subclasses. This was done by a series of steps. First, CA precipitation, which was
followed by hydrophobic charge induction chromatography to purify the IgG from other
serum proteins. Then, a combination of affinity chromatography on protein G and protein
A was used to separate the subclasses. CA precipitates many serum proteins, primarily
unwanted hydrophobic proteins. An initial trial utilised 0.7 mL of CA per 10 mL of
serum; however, this was found to result in excessive loss of IgG. When the CA added
was reduced to 0.5 mL, a much better IgG yield resulted. This initial crude purification
was followed by hydrophobic charge induction chromatography. These two steps yielded
a highly purified IgG preparation, with only minimal amount of contaminants (Figure 2).
To fractionate IgG into its constituent subclasses, adsorption and selective elution to
Protein G and Protein A columns was performed. Llama IgG isolated from this animal is
approximately 80% IgG1 and 10% each IgG2 and IgG3. These antibodies were evaluated
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by both PAGE and FPLC. Each subclass was found to elute from the G200 column at a
different volume; and the heavy chain make up of the IgG2 and IgG3 was confirmed by
the PAGE. The unfractionated IgG and the IgG1 have similar retention volume on the
G200 column, as expected since IgG1 is 80% of the llama IgG. Of interest, the low pH
elution of the IgG1 from the Protein G column appears to have caused significant
aggregation. Thus, all experimental work utilised llama IgG1 that had been further
purified by the FPLC. To confirm subclass yields, llama serum was also fractionated
directly by Protein G and Protein A chromatography, similar amounts of the IgG1 was
obtained, but the recovery of IgG2 was worse, and the IgG3 was contaminated with
IgG1, thus the initial purification of the IgG appeared to be of significant benefit.
With the Llama IgG subclasses of anti-botulinum toxin antibody purified, we
proceeded to evaluate the activity and specificity of each. Much of this work was
performed using the Luminex flow cytometer, which is a specialised system that
performs multiplexed assays by discriminating up to 100 different bead sets, each of
which can be coated with a different antibody. The instrument discriminates bead sets
based on the relative amount of two fluorescent dyes embedded in the latex particles.
The bead sets are mixed together during the assay, and then the flow cytometer separates
each bead to identify it and quantify tracer fluorescence. The Luminex platform has
become a common platform for a variety of immunoassay applications (Yan et al., 2005;
Fouda et al., 2006; Anderson et al., 2007).
Our initial studies used microspheres coated with a variety of BoNT toxin, toxoids,
or complex toxoids. Direct binding of each IgG subclass was tested to estimate the
relative affinities and specificities of the llama HcAbs in comparison with conventional
antibodies. The llama IgG subclasses appeared to have fairly comparable target
specificities, all binding most strongly to BoNT/A complex toxoid, indicative of the
strong immune response induced by the BoNT/A complex that includes hemagglutinin.
Further work on purified hemagglutinin will be necessary to confirm this possibility.
Most interesting was the fact that the HcAbs appear to possess titers with similarities to
the monoclonal antibodies. This implies that in this instance, the HcAb population is
highly responsive to immunisation, possibly due to either the nature of the toxin
or perhaps due to the long duration over which immunisation took place.
In addition, llama HcAbs were demonstrated to be effective as both capture
and recognition molecules in sandwich immunoassays. Analysis of the results obtained
show that IgG2 performed better as a capture molecule than the others llama IgGs.
Furthermore, Bt-Llama IgG3 provided the best BoNT/A limit of detection when
compared with Bt-Llama IgG1 and Bt-Llama IgG2 recognition antibody. This may imply
that the IgG2 and IgG3 favour different epitopes on the toxin, as this would lead to an
improved sandwich assay response. On the Luminex flow analyser using the best
antibody pair (llama IgG2 capture and IgG3 tracer) we detected as low as 64 pg/ml
BoNT/A, this approaches the sensitivity of the mouse bioassay (LD50 ≅ 50 pg/ml), but is
achieved much faster (less than 2 h).
Conventional IgG antibodies are composed of two identical heavy and light chains,
each chain having a variable and a constant region. The interaction of the heavy and light
variable regions forms the site of antigen binding. This can be irreversibly disrupted
by denaturating conditions, such as high temperatures (Garber and Demarest, 2007).
While it has been well documented that the recombinant single domain antibodies can
withstand high heat conditions, less is known about the native heavy chain molecules
(van der Linden et al., 1999; Ladenson et al., 2006; Goldman et al., 2006). Our results
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indicate that HcAbs just like their derived fragments possess impressive thermal stability,
losing activity only slowly upon heating at 85°C, while conventional antibodies lost
nearly all binding activity in the first 5–10 min (Figure 7). Such enhanced thermal
stability suggests that llama HcAbs may provide more rugged and reliable reagents for
immunodiagnostic applications.
Summarising, we have demonstrated that llama HcAbs are not only effective
immuno-reagents, in many ways they are superior to conventional llama IgG1. The
primary limitation to utilisation of the purified llama heavy chain IgG is that they
represent a minor proportion of the total serum IgG. One route would be to use camel as
the source of immune sera, as heavy chain IgG has been reported to be greater than 50%
of the camel serum IgG (Meddeb-Mouelhi et al., 2003). The more common route has
been the use of molecular biology, where using nucleic acid primers to conserved regions
of the llama HcAb’s variable domain, the entire immune repertoire of the animal can be
captured and then displayed as a coat protein-fusion on a filamentous phage (Holliger and
Hudson, 2005). Such a phage display library has been constructed from the same animal
used in these studies and single domain antibodies are currently being evaluated. These
single domain antibodies should provide all the advantages observed for the native heavy
chain IgG, but will be even smaller in size, more stable, and easily produced for the
improving the reliability of biothreat detection in field situations.
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