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Abstract

Ingestion or inhalation of botulinum neurotoxin (BoNT) results in botulism, a severe and frequently
fatal disease. Current treatments rely on antitoxins, which while effective cannot reverse symptoms
once BoNT has entered the neuron. For treatments that can reverse intoxication, interest has focused
on developing inhibitors of the enzymatic BoNT light chain (BoNT Lc). Such inhibitors typically
mimic substrate and bind in or around the substrate cleavage pocket. To explore the full range of
binding sites for serotype A light chain (BoNT/A Lc) inhibitors, we created a library of non-immune
llama single domain VHH antibodies displayed on the surface of the yeast Saccharomyces
cerevisiae. Library selection on BoNT/A Lc yielded 15 yeast displayed VHH with equilibrium
dissociation constants (Kp) from 230 to 0.03 nM measured by flow cytometry. Eight of 15 VHH
inhibited the cleavage of substrate SNAP25 by BoNT/A Lc. The most potent VHH (Aal) had a
solution Kp for BoNT/A Lc of 1.47 x 10710 M, an 1Csp of 4.7 x 10°10 M, and was resistant to heat
denaturation and reducing conditions. To understand the mechanism by which Aal inhibited
catalysis, the X-ray crystal structure of the BoONT/A Lc - Aal VHH complex was solved at 2.6 A
resolution. The structure reveals that the Aal VHH binds in the alpha-exosite of the BONT/A Lc, far
from the active site for catalysis. The study validates the utility of non-immune llama VVHH libraries
as a source of enzyme inhibitors and identifies the BONT/A Lc alpha-exosite as a target for inhibitor
development.
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INTRODUCTION

Human botulism is caused by Clostridium botulinum neurotoxin (BoNT) serotypes A, B, E,
and F, and is characterized by flaccid muscle paralysis. The illness, when not immediately
fatal, requires prolonged hospitalization in an intensive care unit. Besides causing naturally
occurring botulism, BoNTs are also classified by the Centers for Disease Control and
Prevention as one of the six highest-risk threat agents for bioterrorism 1. The symptoms of
botulism are caused by BoNT 2, the most poisonous substance known 3. The crystal structure
of BoNT 4 shows three functional domains comprised of a light chain and two heavy chain
segments 4: 5: 6. The C-terminal portion of the heavy chain (Hc) is the cell binding domain,
which docks the toxin to ganglioside receptors and a protein receptor(s) on presynaptic neurons
resulting in toxin endocytosis 7> 8' 9. The translocation domain (Hn), at the N-terminal portion
of the heavy chain, mediates escape of the toxin light chain (Lc) from the endosome 10.
Depending on serotype, the Lc cleaves one or more members of the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) complex of proteins involved in synaptic
vesicle docking thereby inhibiting neurotransmitter release 11+ 12.

The multi-domain structure of BoNT and its mechanism of action provide a number of ways
to prevent and treat botulism. The mainstay of treatment for botulism is antitoxin 3. Antibody
products, such as equine antitoxin and human botulism immunoglobulin, are used to treat adult
14, 15 and infant botulism 18, respectively. Antitoxin appears to work primarily by clearing
toxin from the circulation before it can accumulate inside the neuron 17, but can also prevent
BoNT entry into neurons by binding to the Hc 18. In addition, antibody may be able to inhibit
translocation and catalysis by binding to the Hn and/or Lc, riding into the cell on BoNT, and
then interfering with the function of these domains 10 19, The recent visualization of the protein
and ganglioside receptor binding sites on the BONT Hc may also permit the design of small
molecule drugs that can block toxin uptake 29 21; 22,

A limitation of the above therapeutics is that they do not work once the toxin has entered the
neuron, and therefore cannot be used to reverse paralysis. Thus, there is considerable interest
in developing inhibitors of the translocation and catalytic domains 23+ 24. Since the window
to prevent translocation is relatively short, most attention has been focused on molecules that
prevent the catalytic domain from cleaving their SNARE substrate. Such inhibitors typically
mimic substrate and bind in or around the substrate cleavage pocket 25: 26, The crystal structure
of the substrate synaptosome-associated protein of 25,000 daltons (SNAP25) complexed to
the BoNT/A Lc showed the extended nature of ligand recognition and identified potential
exosites of substrate binding that are away from the catalytic active site 27. While such exosites
have been targeted for inhibitor development 28 29, no such inhibitors have been reported for
BoNT.

To explore the range of binding sites for potential BONT/A Lc inhibitors, we generated and
selected a non-immune camelid (Ilama) library of single domain VHH antibodies for binding
to the BONT/A Lc. Such single domain antibodies have been postulated as more able to bind
into enzymatic cavities, and a number of enzyme inhibitors have been generated after
immunizing camelids with enzyme antigens 3% 31. In this work, a number of inhibitory VHH
were obtained and a selected complex characterized by x-ray diffraction validated the alpha-
exosite as a viable target for BONT/A inhibitor development.

RESULTS

Generation and initial characterization of single domain antibodies to BONT/A Lc

To generate a panel of single domain antibodies binding the BONT/A Lc, a non-immune llama
single domain library was constructed for display on the surface of Saccharomyces
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cerevisiae. Briefly, whole blood was isolated from llamas without prior immunization and
RNA prepared. After first strand cDNA synthesis, llama specific primers annealing to the VH
and VHH leader sequence genes and to the CH2 gene were used to PCR amplify the VH and
VHH gene repertoires. VHH repertoires were separated from VH repertoires by running the
PCR fragments on a gel and excising the smaller band. The VHH gene repertoire was
reamplified and cloned into the vector pYD?2 for display as a C-terminal fusion to the Agall
protein on the surface of Saccharomyces cerevisiae. After transformation, a library of size of
6.1 x 107 transformants with a VHH sized insert was obtained. DNA sequencing of 50 VHH
genes picked at random revealed 44 unique sequences, indicating that the library was diverse.

To generate BONT/A Lc specific single domain antibodies, the library was induced to display
VHH on yeast surface and incubated with recombinant BoNT/A Lc. After staining with anti-
BoNT/A Lc mAbs and a mAb directed to the C-terminal SV5 epitope tag, yeasts displaying
VHH and bound to BoNT/A Lc were flow sorted and collected (Figure 1). After amplification
by growth in liquid culture, surface display was induced and the staining, sorting, and growth
cycle repeated twice more (Figure 1). After three rounds of sorting, collected yeasts were plated
and 48 individual colonies were analyzed for binding to BoNT/A Lc. The VHH gene of each
binding clone was sequenced revealing the presence of 15 unique VHH, two pairs of which
(Aal and A23; Aal2 and A10) were clonally related based on the VHH complementarity
determining region 3 (CDR3) sequence (Table 1). The affinity of each of the yeast displayed
VHH for BoNT/A Lc was determined by flow cytometry and found to range from a low of 230
nM (clone A8) to a high of 30 pM (clone Aal) with an average Kp of 56 nM (Table 1).

To determine whether any of the VHH inhibited the cleavage of SNAP25 by BoNT/A Lc, each
VHH was subcloned for expression in E. coli and purified by IMAC to greater than 90% purity.
Each purified VHH was then evaluated for its ability to prevent the cleavage of a GST-
SNAP25141.20g fusion protein as determined by SDS-PAGE (Figure 2a). Eight of fifteen clones
(Aal, A19, A23, Aab, Aa9, A8, Aab, and Aa8) showed partial or complete inhibition of
cleavage (Figure 2A). Not surprisingly, higher affinity VHH inhibited cleavage at lower molar
ratios to BoNT/A Lc compared to lower affinity VHH (Figure 2B).

Aal VHH binding affinity and potency of BONT/A Lc inhibition

The solution Kp and binding kinetics of the Aal VHH were determined by flow fluorimetry
in a KinExA instrument (Figure 3A). The Kp was measured to be 1.47 x 10719 M (95%
confidence interval 1.32 x 10719 M 1.66 x 10719 M), with a ko, as 4.39 x 10’ M2s1and a
Kofs calculated to be 6.66 x 103 s1. The VHH solution K is within 5 fold of the K measured
for the yeast displayed VHH by flow cytometry. To determine the potency of BONT/A Lc
inhibition, the ICgq of the Aal VHH was measured by FRET using as a substrate CFP and YFP
connected through SNAP25 residues 141-206 (YsCsY) 32, The initial cleavage rate as a
function of VHH concentration was used to calculate the ICsg which was determined to be 4.7
x 10710 M with a 95% confidence interval of 3.7 x 1019 M to 6.0 x 1019 M (Figure 3B).

Stability of the Aal VHH fragment

The ability of the Aal VHH to withstand the intracellular reducing environment was
determined by incubating the Aal VHH with either 20 mM glutathione or 14 mM B-
mercaptoethanol at 37°C, followed by incubation with the BONT/A Lc and GST-
SNAP25141.206- The Aal VHH was still able to prevent BONT/A Lc cleavage of SNAP25 after
a 15 min incubation with either reducing agent (Figure 3C).

CD was utilized to test the thermostability of the Aal VHH fragment. The far UV CD spectrum
of the Aal VHH protein displayed negative minima at 216 and 230 nm and a maximum at 224
nm (Figure 4A). These features in the CD spectrum are consistent with the mixture of -sheet
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and a-helical secondary structure observed in immunoglobulin domains. To investigate the
melting temperature and potential reversibility of thermal denaturation, changes in the protein
conformation were monitored by CD at wavelengths of 216 and 224 nm (Figures 4B & 4C).
These melting profiles revealed two-state unfolding kinetics with T,,s of ~49°C as determined
by the minima of the first derivative of 6 versus T plots (data not shown). The protein sample
incubated at 90°C visually appeared identical to the protein at 10°C and did not show any
evidence of aggregation or precipitation. Wavelength spectra recorded at 90°C looked
significantly different from the spectrum at 10°C and revealed a minimum at ~208 nm. The
differences in spectra obtained at 10°C to 90°C are consistent with a transition to mostly random
coil with a small component of residual secondary structure. The Aal VHH protein was then
cooled slowly and allowed to refold (Figures 4B & 4C). The refolding profile coincided well
with the temperature induced unfolding profile, and wavelength spectra recorded at 10°C
before and after the melting experiment were superimposable (Figure 4A), indicating the
protein refolded properly.

The CD melting experiment was also performed in the presence of 1mM TCEP to explore the
importance of the single disulfide bond connecting both halves of the immunoglobulin p-
sandwich. The wavelength spectrum recorded at 10°C before any heating was essentially
identical to the spectrum in the absence of TCEP (Supplemental). The melting profile recorded
at 216 nmwas similar to the non-reduced profiles with the primary melting transition occurring
~50°C, although the elipticity trend following this transition had a positive slope, unlike the
non-reduced sample (Supplemental Figure S1 and Figures 4B & 4C). In this case, the refolding
CD profile of the reduced Aal VHH was very different from the melting profile, and the
wavelength spectrum recorded at 10°C after the melting experiment confirmed that the
structure was significantly perturbed. These data suggest that the disulfide linkage within the
single immunoglobulin domain is essential for the refolding process following thermal
denaturation.

Structure of BONT/A Lc - Aal VHH complex

To understand the mechanism by which Aal inhibits BONT/A Lc, the X-ray crystal structure
of the BONT/A Lcygs - Aal VHH complex was determined at 2.6 A resolution (Figure 5A).
The asymmetric unit contains a single BoNT/A Lc endopeptidase bound by the Aal VHH
fragment in a 1:1 stoichiometry. The VHH fragment consists of a single immunoglobulin
domain with three CDRs which were well defined by the experimental electron density (Figure
5B). Binding by the llama antibody fragment is driven by CDR1 and CDR3 interactions
resulting in the burial of ~619 A2 of solvent exposed surface area from the interface of each
protein (Figure 5A; calculated by PISA) 33. The structure of CDR1 appears to be unique as it
is 11 amino acids larger than most VHH structures (eight amino acids longer than the longest
VHH structure in the PDB) giving it a topology not seen in other VHH structures (Figure 6,
Supplemental Figure S2). A single sidechain interaction between Arg68 of CDR2 and a
symmetry related endopeptidase molecule exists in the crystal lattice, but is likely to be a
crystallization artifact and is unlikely to contribute to the observed binding affinity measured
by FACS. The paratope formed by CDR1 and CDR3 is convex in shape facilitating interactions
with a relatively concave epitope located on the opposite side of the endopeptidase active site.
This interaction is stabilized by several hydrogen bonds (VHH residues 37, 44, 117, and 124
interactions with BoNT/A Lc residues 113,105,102, and 356, respectively) and salt bridges
(Lc Lys340 interactions with VHH Asp residues 113, 115, and 128) between Aal and the
endopeptidase, and numerous van der Waals and hydrophobic interactions (Figure 5C).

Superposition of this BONT/A Lcazs- Aal VHH structure with the structure of SNAP25 bound
to the Lc enzyme (PDB code 1XTG; 27) reveals that the Aal paratope coincides with an alpha
helical portion of the SNAP25 substrate (Figure 5D). Both of these compete for a groove on
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the surface of the endopeptidase termed the a-exosite, which is occupied by the heavy chain
belt of the neurotoxin holostructure (Figure 5E; PDB code 3BTA) 4. The CDR1 and CDR3
both form small alpha helices that appear to mimic the secondary structure of SNAP25 bound
at the a-exosite. Although there is no primary sequence homology, the substrate mimicry is
extended to tertiary structure because a number of hydrophobic residues found on the VHH
fragment coincide with similar residues found on SNAP25 (Figure 5F). These residues include
Met37 on CDR1 of the VHH fragment which occupies the position of Met167 from SNAP25;
Val116 from CDR3 which coincides with Leu160 of SNAP25; Val120 of CDR3 which
occupies the space of 11e156 and I11e157 from SNAP25; and Val123 of CDR3 which replaces
Val153 of the natural substrate. Because mutagenesis studies have indicated that the a-exosite
is important for proper binding and cleavage of SNAP25 27: 34 35 pinding by Aal likely
inhibits substrate cleavage by precluding efficient binding of SNAP25 and positioning of its
scissile bond.

DISCUSSION

The results demonstrate the ability to isolate a panel of potent inhibitors of BONT/A Lc
enzymatic activity from a non-immune library of VHH displayed on yeast. While other enzyme
inhibitors have been isolated from immune VHH phage displayed libraries, we believe this to
be the first example of the successful use of non-immune VHH repertoires to generate such
inhibitors, and also the first example of the display and selection of VVHH libraries on yeast.
As with non-immune scFv and Fab repertoires displayed on filamentous phage 36 or yeast 37,
non-immune VHH libraries offer the ability to generate ligands without the need to make a
new library for every antigen. In addition, immunization can result in a limited repertoire of
antibodies directed at immunodominant epitopes, whereas non-immune libraries may provide
more diverse epitopic coverage 38.

While we cannot find prior reports of yeast displayed VHH libraries, at least twelve previous
publications describe generation of antigen binding VHH from non-immune camelid libraries
displayed on filamentous phage (see Tables 1 and 2 in Wesolowski et al., 39 and Monegal et
al., 40). VHH phage library size in these publications ranged from 5.4 x 108 to 5 x 10° with
an average of 5.2 VHH generated to each of the 23 antigens used for selection. Affinities of
31 of these VHH were reported for ten different antigens and ranged from 0.15 nM to 7750
nM with a mean of 875 nM and a median of 138 nM. In contrast, from our library of 6.1 x
107 VHH displayed on yeast, 15 BoNT/A Lc binding VHH were isolated with an average
Kp of 56 nM and a median Kp of 16.9 nM. While the affinities for the yeast displayed VHH
were measured with the VHH on the yeast surface, these are likely to be comparable to the
Kp measured for native VHH as we previously reported for yeast displayed scFv and native
scFv 41, Theory 42, and results in the case of phage displayed non-immune antibody fragment
repertoires 36 43: 4 indicate that larger libraries yield more antibodies of higher affinity than
smaller libraries. In contrast, both the numbers of VHH isolated and their average affinities
from the relatively small yeast displayed library compare favorably to those from much larger
phage displayed VHH libraries (see above). One potential explanation is that yeast displayed
libraries are functionally larger than phage displayed libraries, perhaps as a result of using a
eukaryotic versus prokaryotic expression system for a eukaryotic protein. This conclusion was
the one drawn by the authors of the only example comparing the quantity and quality of
antibody fragments from phage versus yeast libraries 4°. In this study, three times more
antibody fragments were isolated from the yeast displayed repertoire compared to the same
repertoire displayed on phage.

An emerging feature of single domain camelid (camels, dromedaries, and llamas) VHH is their
propensity to recognize concave epitopes by relatively convex shaped paratopes. The Aal
VHH binds via alpha helices in the CDR1 and CDR3 to the BoNT/A Lc a-exosite groove in a
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manner similar to an a-helix in the BoNT/A belt and to the a-helix in the SNAP25 substrate.
In fact, a number of the amino acid side chains in the VHH which contact the BoONT/A Lc are
the same contact side chains in SNAP25. Such conservation of ligand binding sites are a feature
of a number of protein-protein interactions including hormones and their receptors 46 and the
common binding site in human immunoglobulin for Protein A, Protein G, rheumatoid factor,
and neonatal Fc receptor 47. In some instances, many of the same contact residues are used in
the contacts between receptor and ligand 47+ 48. These same sites are also sites bound by
ligands isolated from peptide and polypeptide libraries 48: 49, Such sites also have obvious
functional significance; in the case of SNAP25 and the Aal VHH, this work experimentally
validates the a-exosite as a target for inhibiting the enzymatic activity of the BONT/A Lc, and
perhaps BONT/C and BoNT/E, which also cleave SNAP25.

The BoNT Lc is unique among endopeptidases in that it requires relatively long substrates for
efficient catalytic efficiency due to its recognition strategy. Exosites far from the scissile bond
determine substrate specificity, and mutation of these sites, or truncation of the substrate
regions that normally interact with these exosites substantially decrease the catalytic efficiency
27 Inhibiting catalysis by binding to exosites can potentially overcome specificity issues of
active site inhibitors, which may bind to and inhibit proteases with similar structures. Exosite
inhibitors have been developed against a number of proteases including matrix
metalloproteinase 2 20, B-amyloid precursor cleaving enzyme, coagulation factor Vlla 51,
activated protein C 28, and pregnancy associated plasma protein A 92, Structurally, these
inhibitors include scFv antibodies, DNA aptamers, and peptides isolated from combinatorial
libraries. In the case of intracellular enzymes, like the BONT/A Lc, getting polypeptides like
VHH and recombinant antibodies into cells is a therapeutic challenge requiring a gene therapy
or drug delivery approach. However, the high thermal stability and resistance to reducing
conditions may make the VHH optimal for such approaches. Alternatively, exosites defined
structurally by VHH ligands can be used as targets for small molecule drug development 3.
Development of small molecules interrupting the large binding surface typical of protein-
protein interactions has proven a challenge, however the energetics of protein-protein binding
are frequently dominated by interactions between a few amino acids on receptor and ligand
whose size is comparable to the size of small molecules 47: %4, Such “hot spots” 4 55 can be
identified by a number of alanine-scanning techniques and used as targets for small molecule
drug development 6: 57,

In summary, we have shown that non-immune Ilama VHH libraries displayed on yeast can
provide a panel of ligands binding and inhibiting the enzymatic activity of BONT/A Lc. One
of these experimentally defines the a-exosite as a potential target for the development of drugs
that can be used to treat botulism after the toxin has entered the neuron, which may prove to
be more specific for the neurotoxin

MATERIALS AND METHODS

Oligonucleotides for library construction

See supplemental materials.

Strains, media, antibodies, and toxins

Saccharomyces cerevisiae strain EBY100 was maintained in YPD medium. EBY100

transformed with expression vector pYD2 41 was selected on SD-CAA medium. VHH yeast
surface display was induced as described. E. coli DH5a, was used for cloning and preparation
of plasmid DNA. Pure BoNT/A1 (Hall hyper) was purchased from Metabiologics (Madison,
WI). Mouse anti-SV5 antibody was purified from hybridoma supernatant using Protein G and
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directly labeled with Alexa-647 using a kit (Molecular Probes). Human BoNT/A antibodies
3D12 and AR2 were purified from Chinese hamster ovary cell (CHO) supernatants 41+ 58.

Expression and purification of proteins

BoNT/A Lc (residues 1-448) was amplified from a synthetic BONT/A1 gene %9, subcloned into
an IPTG inducible pET15b vector, and expressed in BL21 (DE3) cells at 18°C overnight. The
cells were broken with Bugbuster Master (Novagen), and hexahistidine tagged BoNT/A Lc
was purified by immobilized metal affinity chromatography (IMAC) using Ni-NTA agarose
(Qiagen) followed by cation exchange chromatography. BoONT/A Lcgos, (residues 1-425) was
constructed and expressed similarly. BONT/A Lcgp5 was purified by IMAC. The
SNAP25141.206-PGEX-2T construct was a gift from Dr. Joseph Barbieri (Medical College of
Wisconsin, Milwaukee, WI) 60 and was expressed in BL21 (DE3) cells with 0.5 mM IPTG at
18°C overnight. GST-SNAP25 was purified on a glutathione-sepharose 4B column (Clontech).

Naive llama VHH library construction

Total RNA was isolated from 40 ml fresh blood from three llamas using PAX gene Blood RNA
kit (PreAnalytiX, QIAGEN/BD). The cDNA was synthesized by RT-PCR using a
ThermoScript RT-PCR Kit (Invitrogen), with oligo dT and random hexamer as primers. The
gene fragment encoding the heavy chain variable domains was PCR amplified with primers
annealing at the leader sequence and at the CH2 exon of the llama heavy chains, (leader-L01
and CH2-L01; see Oligonucleotides for library construction in the Supplemental Materials for
the sequences). The PCR product showed two bands, ~550bp and 800bp, on an agarose gel
and the 550bp fragment (VHH-CH2 without CH1) was gel extracted and reamplified with
primers GAP5-VHHBack and GAP3-VHHForward. Approximately, 22 ung of VHH gene and
65 ng of Ncol-Notl-digested pYD2 vector was used to transform lithium acetate treated
EBY100 cells ®1. Library size was determined by plating the transformation mixture on SD-
CAA plates. VHH display was induced by culturing in SG-CAA media.

Selection of BoNT/A Lc binding VHH

For flow sorting, 200 nM of BoNT/A Lc was used for the first two rounds, and 100 nM was
used for the third round. The volume of the incubation was chosen to ensure that BONT/A Lc
was in at least a fivefold excess over the number of VHH (assuming 5 x 105 VHH/yeast), and
the incubation times were 30 min. All the following washing and staining steps were performed
at 4°C using ice-cold FACS buffer (phosphate-buffered saline (pH 7.4), 0.5% bovine serum
albumin). After incubation with BoNT/A Lc and washing in FACS buffer, the yeast sample
was incubated with the human BoNT/A Lc -specific IgG1 monoclonal antibodies (mAb) ING2
and 5A20.4 (59 and R. Levy, unpublished) which bind non-overlapping epitopes (1 ug/ml),
followed by incubation with 1 ug/ml PE-labeled goat anti-human Fc antibody (Jackson
Immunogenetic) and 1 pg/ml Alexa-647-labelled anti-SV5 mAb. Cells were sorted on a
FACSAria Il. The VHH expressing (SV5 positive) and BoNT/A Lc binding population were
gated for collection. Collected cells were grown and induced for the next round of sorting.
Yeast from the third round of sorting were plated on SD-CAA plates, and colonies on the plates
were picked and grown in 96 deep-well plates. The individual clones were then induced and
screened for BONT/A Lc binding and binding clones were identified by DNA sequencing.

Expression and purification of VHH

The genes of the selected clones that bound to BoNT/A Lc were subcloned into the expression
vector pSYN1 82, transformed into E. coli TG1 cells and expression of VHH induced as

described using 0.2 mM IPTG 62. Periplasmic proteins were extracted by osmotic shock and
hexahistidine tagged VHH proteins were purified by IMAC on Ni-NTA agarose 62, To increase
the expression level for crystal growing, the Aal clone was subcloned into pET20b (Novagen),
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and transformed into Rosetta (DE3) (Novagen). The expression and purification were
performed as above.

Measurement of yeast-displayed VHH affinity for BONT/A Lc

The equilibrium dissociation constant (Kp) of yeast displayed VHH was measured by flow
cytometry as previously described for yeast displayed single chain Fv (scFv) 41 63. Briefly,
yeast displaying VHH were incubated with one of six different BONT/A Lc concentrations
spanning the expected Kp. BONT/A Lc binding was detected by incubating with mAbs ING2
and 5A20.4 followed by PE-anti-human Fc and Alexa-647 anti-SV5 mAb. To determine Kp,
the fluorescence and BoNT/A Lc concentration data was then fit into equation:

F=Fpack+Fmax [L]/ (KD+ [L])

Where Fpack IS the fluorescence intensity when there is no BONT/A Lc, Fiax is the fluorescence
intensity when binding is saturated, and [L] is the concentration of BoNT/A Lc.

Measurement of the Aal VHH solution phase affinity at equilibrium and binding kinetics

The Aal VHH solution Kp for BONT/A Lc was measured by flow fluorimetry in a KinExA
instrument as previously described for 1gG 41: 63, Briefly, Aal VHH was serially diluted into
a constant concentration of BONT/A Lc. After reaching equilibrium, samples were passed over
a flow cell with a 4 mm column of Azlactone beads (Sapidyne Instruments) covalently coated
with Aal VHH to capture the free BONT/A Lc which was quantitated by flowing Alexa-647
labeled BoNT/A Lc mAb 5A20.4 over the beads. The equilibrium titration data were fit to a
reversible binding model using GraphPad Prism Software to determine the Kp. To measure
the association rate constant (kon), an Aal VHH and BoNT/A Lc reaction mixture was passed
over a flow cell with Aal VHH coated beads. The amount of BoNT/A Lc bound to the beads
was quantitated as described above. The exponential decrease in the concentration of free
BoONT/A Lc as a function of time was fit to a standard bimolecular rate equation using the
KinExA Pro software to determine the ko84, The dissociation rate constant (ko) was
calculated as Kp x Kqp.

Cleavage of SNAP25 by BoNT/A Lc

BoNT/A Lc and VHH proteins were combined in 50 mM Tris buffer, pH 8.0 and GST-
SNAP25141.206 Was added to initiate the reaction. The final concentration was approximately
20 nM for BONT/A Lc and 5 uM for GST-SNAP25141.206. The concentration of each VHH
was at least 50 fold higher than the BONT/A Lc concentration. The reaction was run at room
temperature for 10 min or for the indicated time, stopped by adding SDS-PAGE loading buffer,
heated for 10 min at 99°C, then analyzed by SDS-PAGE. The gel was stained in 0.1%
Coomassie Blue R-250.

IC50 measurement

The Aal 50% inhibitory concentration (ICsg) for BONT/A Lc was determined by using a
fluorescent resonance energy transfer (FRET) based cleavage assay with YsCsY as substrate
as previously described 32. Reactions were performed in black 96-well plates (Corning) in
assay buffer (10 mM HEPES, 150 mM K glutamate, 0.01% Tween20, pH 7.2) (modified from
65). YsCsY was mixed with two-fold serially diluted Aal VHH, with the estimated ICgq equal
to the median VHH concentration. After pre-incubation at 30°C for 15 min, BONT/A Lc was
added to the wells to initiate the reaction. The final concentration was 0.5 uM for YsCsY and
400 pM for BoNT/A Lc. Fluorescence was measured in the monochromatic mode with
excitation at 425 nm and emission at 525 nm in a fluorescence reader (Spectra Max Gemini,
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Molecular Devices). Initial rates were determined from the change in YFP fluorescence (525
nm); the fluorescent data from the first 40 sec was fit to a simple linear regression model Y =
RX + C (where Y = YFP fluorescence, R = slope, X =time, and C = y-intercept) and the “-R”
value was taken as the initial rate (the R value was negative since the signal at 525 nm gets
weaker with substrate cleavage). The Aal IC5y was determined by fitting the initial rate and
log Aal concentration to a sigmoidal dose-response (variable slope) model (GraphPad Prism).

CD spectroscopy

All circular dichroism (CD) experiments were performed on an Aviv model 202SF circular
dichroism spectrometer with a 0.2 cm path length cell containing 18-20 uM Aal VHH protein
in PBS buffer. Wavelength data were collected in 1 nm steps with an averaging time of 15 sec.
Thermal denaturation/refolding experiments were run from 10 to 90°C in 2.5 degree steps, at
a two-degree/minute rate of change with 1.5 min equilibration and 30 sec data averaging at
each temperature. T, values were obtained from the minima of the first derivative of 6 versus
T plots.

Crystallization and structure determination

The BoNT/A Lcyys - Aal VHH complex was formed by mixing at a 1:1.5 molar ratio followed
by purification using size exclusion chromatography on a Superdex 200 column (GE
Healthcare), with running buffer of 100 mM NaCl and 10 mM HEPES (pH 7.0). The complex
eluate was then concentrated to 13 mg/mL by centrifugal ultrafiltration (Amicon). Crystals
were grown by sitting nanodrop vapor diffusion at 20°C using 13 mg/ml total protein sample.
Crystals grew in 4 days with a precipitant/well solution containing 25% ethylene glycol and
were flash frozen in liquid nitrogen directly from the sitting drop. Diffraction data were
collected at the Advanced Photon Source GM/CA CAT beamline 23ID-B (Argonne, Chicago
IL). Reflections were processed using HKL2000 66 and the initial structure solution was
obtained by molecular replacement with Phaser 67 using the light chain from PDB code 3BTA
(residues 2:425) and a polyalanine model of the llama VHH domain from PDB code 113V as
search models. Cycles of refinement and manual rebuilding were performed with CNS 68 and
Coot, respectively 69. Crystallographic details are listed in Table 2 and structure figures were
generated with Pymol Molecular Graphics System (www.pymol.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selection of yeast displayed VHH by flow cytometry

Dot-plots of flow cytometry sorting of VHH displaying yeast labeled with BoNT/A Lc are
shown. For each of the three rounds of sorting, the concentration of BONT/A Lc used to stain
yeast is indicated. BONT/A Lc binding is indicated on the Y-axis and the VHH display level
on the X-axis. The sort gates used for yeast collection are indicated and the yeast in these gates
are colored green.
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Figure 2. SDS-PAGE analysis of VHH inhibition of GST-SNAP cleavage by BONT/A Lc

(A) Inhibitory effect of 15 unique VHH fragments. Each VHH was incubated in a 50 fold molar
excess over BONT/A Lc for 3 min followed by the addition of GST-SNAP25141.20s. After 10
min of incubation, SNAP25 cleavage was analyzed by SDS-PAGE. (B) Effect of molar ratio
on GST-SNAP25 cleavage. Two inhibitory and one non-inhibitory VHH were incubated with
varying fold molar excesses over BONT/A Lc (1:1 to 70:1) for 30 min followed by the addition
of GST-SNAP25141.206. After 10 min of incubation, SNAP25 cleavage was analyzed by SDS-
PAGE.

J Mol Biol. Author manuscript; available in PMC 2011 April 9.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Dong et al.

A

1004

A
o
1

Page 17

1004

>d>)
>

504

cleavage rate (%)
>

Normalized SNAP25 initial

0 )

Normalized Free BoNT/A Lc

8 9 40 A1 12 A1 10 9
log Aa1VHH [M] log Aa1VHH [M]

—SNAP25

SNAIF’25 without Aa1 VHH with Aa1 VHH
only

Figure 3. Characterization of the Aal VHH fragment

(A) Solution Kp. The solution Kp of the purified Aal VHH fragment was measured by flow
fluorimetry in a KinExA instrument. (B) Aal VHH fragment ICgq for GST-SNAP25141.206
cleavage by BoNT/A Lc. The indicated Aal VHH concentration was incubated with BONT/A
Lc and the FRET substrate YsCsY and the initial rate of cleavage determined from the change
in the YFP fluorescence reading. ICsg was determined by fitting the initial rate and log Aal
VHH concentration to a sigmoidal dose-response (variable slope) model. (C) SDS-PAGE
analysis of the impact of reducing agents on Aal VHH inhibition of GST-SNAP cleavage by
BoNT/A Lc. The Aal VHH was incubated with no reducing agent (a), 20 mM glutathione
reduced (b), or 14 mM B-mercaptoethanol (c) for 15 min at 37°C followed by addition of BONT/
A Lc and GST-SNAP25141.206. After 15 min, cleavage was analyzed by SDS-PAGE.
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Figure 4. Thermal denaturation and refolding of Aal VHH

(A) Far UV CD spectra of Aal VHH obtained at 10°C (4) before melting, 90°C (V) after
melting, and 10°C (A) following the melting and refolding of the protein. (B) (C) Thermal
denaturation (o) and refolding (o) data of Aal VHH obtained by CD spectroscopy at a
wavelength of 216 nm (panel B) and 224 nm (panel C).
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“Belt” from the
neurotoxin
holostructure

Figure 5. Structure of the BoNT/A Lc - Aal VHH complex

(A) BoNT/A Lc endopeptidase in gray complexed with the Aal VHH fragment in yellow with
the CDR1, CDR2, and CDR3 regions colored blue, red, and green, respectively. The catalytic
zinc is depicted as a red sphere in all figures. (B) Surface representation of the BONT/A Lc
highlighting the Aal VHH binding site. Six hydrogen bonds between the Lc and the Aal VHH
fragment are indicated with yellow dashes. (C) The SNAP25 natural substrate colored in
magenta from PDB code 1XTG superimposed onto the BONT/A Lc — Aal VHH complex. The
a-helical portion of SNAP25 that binds to the BONT/A Lc a-exosite coincides with the a-helical
tips of CDR1 and CDR3. (D) The same superposition from panel (C) highlighting the amino
acid conservation between the SNAP25 a-exosite binding region and the Aal VHH fragment.
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(E) The “belt” from the BoNT holostructure colored orange (from PDB code 3BTA),
superimposed onto the BONT/A Lc — Aal VHH complex. The a-helical tips of CDR1 and
CDR3 coincide with an a-helical portion of the “belt” in a fashion similar to the SNAP25 /
VHH superposition shown in panel (C).
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Figure 6. Structural Comparison between Aal VHH and the available VHH structures in the PDB
databank

(A) Structural alignment of the available VHH fragment structures in the PDB colored gray
with Aal VHH colored yellow with the CDRs 1, 2, 3, colored blue, red and green, respectively.
The unique CDR1 of Aal VHH forms an extended loop with a small a-helix at the tip. All
structural alignments were performed using the combinatorial extension (CE) method 70 and
the PDB codes are listed in the amino acid sequence alignment of Supplemental Figure S2.
(B) 180° rotation (along the Y-axis) of the superposition shown in panel (A). (C) CE structural
alignment of the VHH fragment from PDB code 1F2X colored gray and Aal VHH colored the
same as in panels (A) and (B) with an RMSD of 2.0 A.
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Table 1
Properties of BONT/A Lc binding VHH antibodies.

VHH clone name  Sequences of CDR3 Yeast-displayed VHH Ky for BONT/A Lc (nM)
A26 EVSSGQPAVTTFWEDMYDY 8.7
A3 YRRRHRCSAFGIANEYDY 6.63
Al6 DDPLVGRGWDGAEGYDY 4.04
Aaldb DEDVTPRVMGVIPHADH 0.03
A233,0 DEDVTPRGMGVIPYAEY 16.94
A10C DDGEYVIPSDQNEYEF 76.34
Aal2¢ DDGEYVIPSDQNEYEF 30.27
Aab @ SSDYRWSRQPFEFEN 0.52
Az0 @ DFDTPWGASGRYDY 4.08
Ag @ DEDLLPSFVSDFDY 229.9
A21 DLGSVGPGAEYDY 60.74
A19 2 DSYVDYEDDRLK 4.65
Aag @ HWDYGLGPE 112.09
Aas @ VSTDWTTDY 207
Aall WSLEEQY 76.08

aVHH which inhibit the catalytic activity of BONT/A Lc.

b

VHH Aal and A23 have the same CDR1 sequence and highly related CDR3 sequence.

CVHH A10 and Aal2 have the same CDR3 sequence but different CDR1 and CDR2 sequences.
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Summary of Crystallographic Data

BONT/A Lcygps — Aal VHH

PBD Code

Space group

Unit Cell (A)

X-ray Source
Resolution Limits (A)
Reflections

Total Collected
Unique

Redundancy

llo

Completeness (%)
Reym (%)

Refinement
Resolution Range (A)
R-work (%)

R-free (%)
Ramachandran
Favored

Allowed

Generous

Disfavored

3K3Q
c2

a=168.2, b=48.8, c=103.6

APS GM/CA, 1.03 A\
40.0-2.6 (2.64-2.60)

64,075
22,641
2.8 (1.9)
7.3 (2.2)
96.5 (83.9)
11.7 (31.4)

40.0-2.6
218
25.6

388
86
0
0

Data in parentheses are for the highest resolution shell.

R-free was computed using 5% of the data.

Ramachandran statistics do not include Gly and Pro residues.
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