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Project Title: Development and testing of single domain antibodies 
 
Principal investigators: 
 
Ellen R. Goldman, Naval Research Laboratory (NRL), Washington DC 
ellen.goldman@nrl.navy.mil; 202-404-6052 
 
Andrew Hayhurst, Southwest Foundation for Biomedical Research (SFBR), San Antonio TX  
ahayhurst@sfbr.org; 210-258-9530 
 
Statement of the problem studied: Conventional antibodies, widely used in detection 
schemes, such point detectors for biological threats, are large 150 kDa proteins that tend to be 
fragile, not able to stand up to harsh conditions such as excessive heating.  Robust recognition 
elements are needed to overcome these limitations.   One option are single domain antibodies 
(sdAb) the molecularly engineered binding elements derived from camelids and shark.  SdAb 
are small 12 – 16 kDa robust recognition elements able to function after exposure to chemical 
denaturants and elevated temperatures.  We aim to develop sdAb towards a variety of targets 
and elucidate a greater understanding of their unique molecular  properties. 
 
Many groups, including our own have documented the remarkable ability of sdAb recognition 
elements to re-gain both their secondary structure and ability to bind antigen, after heat 
denaturation.  SdAb are being developed for many applications including diagnostics, 
environmental detection and therapeutics; however there is only limited understanding of their 
binding interactions and the physical chemistry that leads to their unusual properties.  These 
antibody fragments contain only 3 hypervariable loops but can still bind with affinity equivalent to 
conventional antibody fragments having twice the number of complementarity-determining 
regions (CDRs) available to interact with the target.  We developed sdAb towards toxin and viral 
targets and used a combination of strategies to help us to understand the mechanism of this 
bio-molecular recognition and provide critical insights to the basis of the sdAb-target interaction 
and sdAb properties. 
 
This program is a collaborative effort between Dr. Ellen Goldman at the Naval Research 
Laboratory (NRL) in Washington, DC and Dr. Andrew Hayhurst at the Southwest Foundation for 
Biomedical Research (SFBR) in San Antonio, Texas. Our objective was to develop libraries of 
sdAb derived from camelids and sharks, select sdAb against model and genuine threat targets, 
and characterize the biochemical properties of sdAb versus conventional antibodies (if 
available).  Through characterization of the developed sdAb we aimed to acquire a fundamental 
understanding of sdAb properties and binding interactions, towards elucidating sdAb-antigen 
interactions as well as critical components of sdAb architecture required for plasticity. 
 
Background:  Antibodies are unparalleled in their capacity to bind a diverse array of antigens 
with high specificity and high affinity. These antibodies are large ~150 kDa molecules made up 
of 2 heavy chains and 2 light chains.  Each antibody possesses 2 antigen combining sites 
formed by the pairing of a variable domain from the heavy chain (VH) with a variable domain 
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from the light chain (VL).  Their complexity in requiring two domains for antigen binding is a 
weakness for applications involving harsh denaturing conditions such as high temperatures as 
they aggregate irreversibly on unfolding.  Additionally, monoclonal antibody development and 
production is costly, usually requiring growth of hybridomas in tissue culture, which yields only 
small amounts of antibody, or use of many mice for production in ascites fluid.  While polyclonal 
antibodies are easily produced in large quantities, affinities and specificities often vary from lot-
to-lot.  
 
Recombinant binding elements, such as single chain antibodies (scFv) constructed by joining 
the VH and VL with a flexible linker, have been constructed to reduce the size of the IgG while 
retaining its antigen-binding properties (Bird et al., 1988; Huston et al., 1988).  These fragments 
can often be expressed in E. coli at reasonable levels and lend themselves well to genetic 
manipulation.  However, as with IgG, their requirement for two domains for antigen binding limits 
their potential for use under harsh conditions.   
 
In the mid 1990s, it was discovered that in addition to standard antibody isotypes containing 
both H and L chains, certain animals, such as camelids (i.e., camels, llamas) and sharks 
possess a class of immunoglobulins consisting of heavy-chain homodimers where antigen 
binding is mediated through a single V domain  (Hamers-Casterman et al., 1993; Greenberg et 
al., 1995).  These V domains, when cloned separately as single domain antibodies (sdAb), 
comprise the smallest known antigen binding fragments (12-15 kDa).  
 
Despite their small size, sdAb display a high level of specificity and affinity for their antigens, 
with many displaying nM and sub-nM affinities (Muyldermans et al. 2001, 2006).  SdAb have 
been developed and isolated towards many targets including haptens, proteins, bacteria, and 
virus (Wesolowski et al, 2009).   Due to the fact that association with a partner light domain is 
unnecessary, the surface of the protein has lost its hydrophobic interface, thus sdAb are 
extremely well expressed and soluble in E. coli when compared to all other antibody fragments 
(Ghahroudi et al., 1997). These mutations also serve to enhance the solubility of the sdAb and 
prevent aggregation after denaturation, thereby allowing quantitative refolding (Perez et al., 
2001; Ewert et al., 2002).  
 
Brief summary of accomplishments: Both the groups at SFBR and NRL have constructed 
libraries of sdAb displayed on phage, selected sdAb and characterized the selected binders.  
The SFBR group constructed a large semi-synthetic library derived from research naïve llamas 
and mined the library against the surrogates hen egg lysozyme and vaccinia, as well as 
biosafety level 4 (BSL4) threat agents Marburg virus and four of the Ebola species.  The NRL 
group constructed libraries derived from research naïve sharks as well as from immunized 
llamas; they concentrated on the selection and characterization of toxin binding sdAb with a 
focus on ricn.   
 
At the start of our program we constructed libraries of shark and llama-derived sdAb derived 
from research naïve animals and successfully selected sdAb against several toxin and viral 
targets (Goldman et al, 2006; Liu et al, 2007a; Liu et al, 2007b; Sherwood et al, 2007).  Isolated 



sdAb were characterized in terms of specificity, utility as immunoreagents in sandwich assays, 
and their ability to bind antigen after heat denaturation.  SdAb selected at both laboratories 
showed superior heat stability over conventional IgG and single chain (scFv) antibody 
fragments.  When subjected to prolonged heating some sdAb retained 100% of their binding 
ability even after 45 minutes at 95 oC.  Other sdAb retained close to 100% binding activity for 
the first ~10 minutes and then slowly lost activity over the course of 60-90 minutes.   The great 
majority of conventional antibodies lost ~90% of their binding activity after only 5 minutes of 
heating, with none lasting more than 20 minutes.  However, most sdAb isolated from the naïve 
libraries had relatively low affinities and performed poorly in antigen binding assays relative to 
conventional antibodies.  One exception to this was a panel of four unique sdAb selected at 
SFBR under BSL4 conditions against Marburg virus that revealed exquisite sensitivity and 
specificity in a simple antigen capture ELISA format.  The group at NRL turned to immune 
libraries for the selection of toxin binding sdAb while the SFBR team continued working with 
filovirus binders derived from their naïve llama library to rationalize the mechanism of sdAb high 
performance. 
 
NRL:  Ideally sdAb towards any threat could be rapidly selected from extremely large libraries 
derived from unimmunized animals.  Binders towards ricin, cholera toxin (CTX) and 
staphylococcal enterotoxin B (SEB) were selected from the naïve semi-synthetic library 
constructed at SFBR, and CTX binders were selected from the naïve shark library constructed 
at NRL (Goldman et al, 2006; Anderson et al, 2007; Liu et al, 2007a; Liu et al, 2007b).  These 
binders were shown to perform as captures and tracers in sandwich assays, be specific and 
able to function after heating.  Toxin binding sdAb isolated from the naïve libraries constructed 
for this project, however, were poor binders; the NRL team chose to construct libraries derived 
from animals immunized with toxoids in an effort to isolate higher affinity recognition reagents.   
 
Using libraries derived from immunized llamas, the NRL group isolated sensitive, high affinity 
sdAb towards ricin (Anderson et al 2008; 2010).  The ricin-binding sdAb were determined to fall 
into 9 sequence families; the majority of binders were found to be specific for ricin with minimal 
binding to irrelevant proteins. Using ricin sandwich assays we were able to determine pairs of 
sdAb that appear to bind non-overlapping epitopes, we found that the isolated sdAb bind to at 
least 4 different epitopes on ricin.  Further analysis showed that 2 of the epitopes are on the 
ricin A chain, one is on the ricin B chain, and the fourth seems to overlap both chains, with the 
sdAb recognizing the intact toxin but neither of the isolated chains. Many of the ricin binding 
sdAb have sub-nM affinity for ricin based on surface plasmon resonance (SPR) measurements.  
The best capture/tracer pair allowed ricin detection down to 0.1 ng/ml in sandwich assays and 
could discriminate between ricin and the highly similar castor bean plant protein RCA120.  We 
examined the binding specificity of the best pairs in non-standard matrices (such as milk and 
tuna fish blend) as well as buffer as a measure of their specificity and found that binding ability 
was maintained in all the matrices in which we tested. 
 
Ricin binders were mobilized into a modified pet22b vector with a triple histidine (his) tail for 
attachment to CdSe/ZnS core/shell quantum dots (QDs) synthesized at NRL.  We found that 
where sdAb expressing a single repeat of 6 his did not self assemble on the surface of the QDs, 



adding multiple repeats of 6 his separated by short linkers allowed good attachment.  The sdAb 
could also be assembled on commercial QDs which we functionalized with Ni-NTA.  We 
demonstrated sensitive fluoroimmunoassays for ricin using both types of sdAb-QD constructs.  
The ability to genetically modify the sdAb allows them to be tailored for specific applications as 
conventional antibodies cannot be. 

 
Circular dichroism (CD) can be used to monitor 
the secondary structure of proteins and was 
used to characterize the anti-ricin sdAb.  We 
monitored the signal at 205 nm while subjecting 
them to repetitive cycles of heating and cooling; 
sdAb functionality (antigen-binding) was tested 
as well.  Results from the ricin binders are 
shown in figure 1.   In general, we have 
observed that most sdAb denature between 60 
and 70 oC on heating and then refold quickly as 
they are cooled to room temperature.   Perhaps 
most importantly, the majority of our isolated 
sdAb binders retained their ability to bind antigen 
after heat denaturation, in contrast to 
conventional antibodies which lose activity after 
identical heating. 
 
In addition to isolating ricin binders, the group at 
NRL immunized llamas with abrin toxoid and 
selected abrin binders.  Binders were isolated 
that were specific for both abrin and its less toxic 
agglutinin.  Only one binder recognized a 
recombinant version of the abrin A chain, while 
several cross-reacted with ricin B chain, 
suggesting that they might have epitopes on the 
B chain of abrin.  As with the ricin binders, CD 
showed that they refolded after thermal 
denaturation. 
 
In collaboration with MITRE, the NRL group 
characterized a SEB binding sdAb.  This clone 
bound its target with sub nM affinity, and showed 

a melting temperature of 85 C, higher than any of the ricin or abrin binders.  As with the majority 
of other sdAb, it re-folded and was able to bind antigen after heating cycles. 
 
Progress this quarter 

• Constructed system for producing sdAb with triple his tag. 
• Self assembled sdAb with triple his tag on QDs and showed fluorimmunoassays for the 

detection of ricin.   

Figure 1.  Thermostability of anti-ricin sdAb. Top panel. 
Heating and cooling cycles of clone H1 monitored by CD 
spectroscopy.  SdAb H1 was heated to 95 ºC and then 
cooled while the elipticity at 205 nm was monitored, 
results are typical of the isolated sdAb.  Bottom panel. 
Measurement of binding activity following heating to 
85 °C.  The SPR signal (resonance units) generated by 
the addition of 10 nM sdAb to a surface coated with 
ricin was measured following the indicated number of 
heating cycles. 
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• Functionalized commercial QDs and demonstrated fluoroimmunoassays for the 
detection of ricin. 

 
Presentations / Publications this quarter 
Goldman et al. Poster presentation “Single Domain Antibodies for the Detection of Biothreat 
Agents Ricin and Abrin” at the first “Single Domain Antibodies Come of Age” Conference, Het 
Pand, Ghent, Belgium, October 14-15, 2010. 
 
George P. Anderson, Invited Presentation at the Luminex MAGPIX Road Show, Philadelphia 
PA, Dec 13, 2010 Immunoassay development and reagent evaluation using xMAP Technology 
 
 
SFBR:  We focused on engineering a semi-synthetic library of llama sdAb as, long-term, we 
believe single pot libraries will enable the rapid delivery of sdAb and bypass immunizations 
which are costly, time-consuming and are often not possible with many of the targets we deal 
with (live Filoviruses, live BoNT).  Small blood samples were obtained from 3 pet llamas at 
SFBR and used to amplify sdAb genes, which were relatively scarce among a population of 
contaminating intron bearing fragments.  Following open reading frame selection we managed 
to develop a million member sdAb gene library, but still were unable to generate binders.  Using 
error prone PCR and shuffling of the hypervariable domains we evolved this 1e+6 library to 
1e+9 members and began to isolate binders (figure 1).  We selected on hen egg lysozyme and 
vaccinia virus to show that the sdAb were more thermostable than a scFv and CRP IgG 
respectively (Goldman et al., 2006).  We then sent the library to NRL so they could select 
binders against their targets of choice. 

Figure 1.  Scheme of salvaging 
poor sdAb gene pool through a 
combination of in vivo open 
reading frame selection and in 
vitro diversification to generate 
a productive single-pot library 
called Nomad. 
 
Sure enough, targeting many 
normal proteins proved to be 
unfruitful since the affinities of 
the resulting sdAb were poor.  

One aspect where low affinity of sdAb is not a hindrance to progress is in crystallization of 
difficult to crystallize proteins, where the binding sdAb creates a hydrophilic scaffold which 
templates high quality crystal formation of a lattice that allows the target protein to crystallize.  
Our collaborators at University of Washington Seattle recently used Nomad sdAb to achieve 
high resolution structures of one such protein of a Trypanosome (Wu et al., 2010). 
 
Since we had just purified Marburgvirus in the SFBR BSL-4 we thought to apply the panning 
technology at this level of containment to see if we could even isolate any binders, whether high 

 



or low affinity.  We managed to isolate 4 unique clones which showed remarkable sensitivity 
and specificity to all strains of Marburgvirus to hand and approached RT-PCR sensitivity with 
the Angola 2005 strain (figure 2) (Sherwood et al., 2007). 

 
We identified the antigenic target to be nucleoprotein and have since narrowed down the 
epitopes of all four sdAb to a C-terminal region of the protein.  In order to fully rationalize the 
behavior of the sdAb we are attempting to crystallize the antibody-antigen complex.  So far, we 
have structures of A and B (figure 3) and promising crystals of C. 

 
Figure 3.  Overlay of anti-Marburgvirus sdAb A (green) and 
B (cyan) showing CDR1 (red), CDR2 (magenta) and CDR3 
(orange).  The structural similarity of the CDR2 region may 
hint to the one of the shared epitopes the sdAb appear to 
bind. 
MBG A – 1.1 Å 
Crystallized in space group P212121 (unit-cell parameters 
a=41.6, b=49.4, and c=58.8) with one monomer in the 
asymmetric unit. 
MBG B – 2.0 Å 
 Crystallized in space group P6522 (unit-cell parameters 
a=b=80.0, and c=89.8) with one monomer in the asymmetric 
unit. 

 
We have not yet succeeded in crystallizing the NP C-terminus alone, but promising co-crystals 
are appearing, again perhaps owing to the hydrophilic stabilizing effects of the sdAb (Figure 4) 
and we aim to solve the co-structure and confirm the contact points from results of peptide 
scans and alanine substitution. 
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Figure 2.  A: Chemiluminescent titration of Marburg Angola in a sdAb based antigen capture 
assay with each of four clones (a-d) as both captor and tracer.  B: colorimetric titration . C: 
The same dilutions of virus were Trizol extracted and used in RT-PCR reactions to show 
matching sensitivity. 

 



 
 

 
 
 
A complementary approach to understanding the mechanism of high sensitivity of these sdAb is 
to see how generic the phenomenon is towards other viruses.  The closest relative of 
Marburgvirus is Ebolavirus which has 5 distinct species yet shares high structural homology with 
Marburg and the same filamentous morphology and long NP encapsulated genome.  We 
amplified and purified the 4 species we had on hand and used the Nomad sdAb library to target 
these preparations.  A battery of clones was isolated for Zaire, Ivory Coast and Reston viruses 
and one clone for Sudan.  All were able to act as both tracer and captor in the same antigen 
capture assay indicating they too bound at least a dimeric if not polymeric target.  All clones 
again showed remarkable sensitivity and all clones did indeed bind NP.  The sdAb were a 
mixture of cross-reactivities among the Ebolavirus group and we have since used peptide arrays 
to precisely define the regions recognized and shared/not shared among the different 
Ebolavirus species.  Importantly, many of our sdAb are able to recognize NP synthesised based 
upon the 5th, recently emerged species, Bundibugyo (Figure 5). 

 
Figure 5.  sdAb alkaline phosphatase 
fusions are convenient probes to assay 
cross-reactivity of E. coli expressed NP 
from the 5 Ebolavirus species.  Here, anti-
Zaire clone E demonstrates good pan 
reactivity to all NP, and is non-cross 
reactive with Marburgvirus NP. 
 
 

Although we would really like to demonstrate pan-reactivity on Bundibugyo virus itself we have 
not been sent that species by CDC-Special Pathogens Branch despite asking several times 

2.8 Å diffraction   3.5 Å diffraction          3.5 Å diffraction 
0.1M Citric Acid, pH 4.0, 65% MPD 0.1M Tris, pH 8.0, 65% MPD         0.16 M Ammonium sulfate, 
               0.08 M Sodium acetate pH 4.6, 
             20 %(w/v) PEG 4000, 20 %(v/v) Glycerol 

          
 
Figure 4.  Promising crystals from 1:1 mixes of sdAb B with the C-terminal region of NP.  A 
resolution of below 3.5 A should be enough to allow the co-structure to be resolved directly. 
 
 

 
 



over the past 2 years up to and including writing Gerberding when director of CDC.  
Consequently, we are resigned to finishing up the Ebola work without access to this particular 
virus. 
 
An orphan project arising from a DTRA medical program funded chance discovery was also 
studied during this last funding period as it fit more with basic science of sdAb as heat stable 
soluble recognition elements.  A sdAb that had 4 unusual amino acid mutations kept dropping 
out of solution overnight to form large crystalline aggregates visible to the naked eye, following 
gel filtration in PBS.  We had never seen such a phenomenon despite purifying some 130 
different sdAb proteins in exactly the same manner.  The phenomenon occurred in a variety of 
buffers to yield a mix of protein and salt that usually diffracted poorly after X-ray analysis.  
However, one lucky crystal diffracted to 1.7 Angstroms and gave insight into potential packing 
enhancement (figure 6) and we are currently trying to prove this via site directed mutagenesis 
and conventional crystallisation. 

Figure 6.  Two adjacent sdAb molecules from the 
autocrystallising mutant protein show glutamate 44 
of one monomer interacting with serines of an 
adjacent monomer.  A wild type sdAb that fails to 
autocrystallize has substitutions close by this 
residue and these may alter the disposition of the 
acidic side chain. 
 
  
 
 
 
 

Progress this quarter 
• Solved structure of MBG sdAb A, including trip to synchrotron beam-line for post-doc. 
• Promising crystals of MBG sdAb B plus NP600 obtained with sufficient resolution for 

data collection. 
• MBG sdAb C purified and in crystal trials, promising crystals. 

 
Presentations / Publications this quarter 
Invited speaker at first “Single Domain Antibodies Come of Age” Conference, Het Pand, Ghent, 
Belgium, October 14-15. 
  
Structures of a key interaction protein from the Trypanosoma brucei editosome in complex with 
single domain antibodies.  Wu M, Park YJ, Pardon E, Turley S, Hayhurst A, Deng J, Steyaert J, 
Hol WG.  J. Struct Biol. 2010 Oct 20. [Epub ahead of print] 
 

http://www.ncbi.nlm.nih.gov/pubmed/20969962�
http://www.ncbi.nlm.nih.gov/pubmed/20969962�
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