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Worldwide, the human consumption of Salmonella-contaminated food is extremely prevalent.
Three of the most common Salmonella serovars known to be involved in infection are
Salmonella enterica serovar Typhimurium, Salmonella enterica serovar Enteritidis, and
Salmonella enterica serovar Newport. In this proof of concept study, recombinant and serovarspecific Salmonella spp. flagellin and domain 3 (D3) protein antigens were designed and
purified. An immune phage display library was established and VHH single domain antibodies
(sdAbs) specific for the D3 region of flagellin of Salmonella enterica serovar Typhimurium were
isolated. Surface plasmon resonance (SPR) analysis demonstrated that the isolated VHHs
possessed nanomolar affinities and were non-cross-reactive to other Salmonella serovars. This
work provides a basis for the isolation of serovar-specific VHH sdAbs and the potential future
development of an immuno-paper dipstick system, which can be used for detection purposes to
help reduce the spread of Salmonella infection.

ACKNOWLEDGEMENTS

First and foremost I would like to thank my supervisors Dr. Jamshid Tanha and Dr. J.
Christopher Hall for providing me with the opportunity to be able to work with them. It has been
a privilege to learn from them and to be able to utilize their knowledge and expertise. I am
grateful for their continued mentorship and encouragement during this entire process.
Special thanks to Dr. Roger MacKenzie for being part of my advisory committee and for
all the helpful advice he provided along the way. A big thank you to everyone part of the
Antibody Engineering Group at the National Research Council Canada; especially to Hiba
Keriakos who was my rock during this entire journey and a wonderful teacher in regards to
everything protein related. Thank you to Dr. Jyothi Kumaran for helping to develop this project
from the ground up and for your continued support; as well as to Dr. Greg Hussack for sharing
his expertise and his assistance with phage library construction. A special thank you to Shalini
Raphael and Hendrick van Faassen for their amazing work in regards to SPR. I am also grateful
to Gabrielle Richard, Robert Gene, Mary Foss, and Yonghong Guan for their friendship, advice,
support, and for always putting a smile on my face.
Thank you to Perry Fleming and Dr. Susan Logan for providing me with biological
flagella!
I would like to further extend my heartfelt thanks to everyone part of the Hall laboratory
at the University of Guelph, especially to Dr. Michael McLean who provided a great deal of
invaluable advice. It was wonderful getting to know all of you and I always reflect back on my
time in Guelph with great happiness.

iii!

Lastly and most importantly, I would like to thank my mom and dad, my sister and
brother-in-law Lidia and Eric Thor, my little Avabear, and Marcin Kowalczuk. I know without a
doubt that without all of you, none of this would have been possible. Each and everyone one of
you kept me going when it all seemed impossible – and for that – I thank you.

iv!

TABLE OF CONTENTS
1. INTRODUCTION, GENERAL OVERVIEW, AND RESEARCH OBJECTIVES........... 1
2. LITERATURE REVIEW ........................................................................................................ 4
2.1 Salmonella............................................................................................................................ 4
2.1.1 Salmonella taxonomy, nomenclature, and serology ...................................................... 4
2.1.2 Current detection methods ............................................................................................. 6
2.1.2.1 Phage typing............................................................................................................ 7
2.1.2.2 Pulsed-field gel electrophoresis (PFGE)................................................................. 8
2.1.3 Disadvantages of current detection methods ................................................................. 8
2.1.4 Development of a commercial biosensor………………………………………………9
!
2.2 Flagellin and flagella......................................................................................................... 10
2.2.1 Flagellin ....................................................................................................................... 10
2.2.1.1 Domain 0 (D0) ...................................................................................................... 12
2.2.1.2 Domain 1 (D1) ...................................................................................................... 13
2.2.1.3 Domain 2 (D2) ...................................................................................................... 13
2.2.1.4 Domain 3 (D3) ...................................................................................................... 14
2.2.2 The flagellar filament................................................................................................... 16
2.2.3 Phase variation ............................................................................................................. 16
2.2.4 Interactions with the immune response........................................................................ 17
2.3 Conventional antibodies ................................................................................................... 18
2.3.1 Antibody structure and function .................................................................................. 18
2.4 Recombinant antibodies ................................................................................................... 19
2.5 Heavy chain antibodies..................................................................................................... 20

v!

2.5.1 VHH single domain antibodies (sdAbs) ....................................................................... 21
2.5.1.1 Advantages of VHH............................................................................................... 23
2.6 Antibody phage display libraries..................................................................................... 24
2.6.1 Immune and naïve VHH libraries ................................................................................. 24
2.6.2 Semi-synthetic and synthetic VHH libraries ................................................................ 25
2.6.3 Phage display ............................................................................................................... 26
2.6.3.1 Phage and phagemid vectors................................................................................. 27
2.7 Antibody selection via biopanning .................................................................................. 27
2.8 Conclusion ......................................................................................................................... 29
3. MATERIALS AND METHODS ........................................................................................... 30
3.1 Preparation of Salmonella antigens................................................................................. 30
3.1.1 Construct design of Salmonella antigens..................................................................... 30
3.1.1.1 Salmonella ser. Typhimurium construct design.................................................... 30
3.1.1.2 Salmonella ser. Newport construct design............................................................ 31
3.1.1.3 Salmonella ser. Enteritidis construct design ......................................................... 31
3.1.2 Transformation of Salmonella antigens ....................................................................... 36
3.1.3 Expression and purification of Salmonella antigens.................................................... 36
3.1.4 CD scans of Salmonella antigens................................................................................. 38
3.2 Biotinylation of Salmonella antigens ............................................................................... 38
3.3 Isolation of serovar-specific VHH sdAbs......................................................................... 39
3.3.1 Llama immunization .................................................................................................... 39
3.3.2 Whole serum enzyme-linked immunosorbent assay (ELISA)..................................... 40
3.3.3 Serum fractionation...................................................................................................... 41

vi!

3.3.4 Fractionated serum ELISAs......................................................................................... 41
3.3.5 Construction of an immune VHH phage display library .............................................. 42
3.3.5.1 Isolation of llama total RNA................................................................................. 42
3.3.5.2 cDNA synthesis .................................................................................................... 43
3.3.5.3 dsDNA synthesis and amplification of VHH genes .............................................. 44
3.3.5.4 Restriction enzyme digestion of VHH genes and pMED1 phagemid vector ........ 46
3.3.5.5 Ligation of VHH genes and pMED1 phagemid vector ......................................... 47
3.3.5.6 Transformation of pMED1 plasmid into E. coli TG1 cells for library construction
……………………………………………………………………………………………47
3.3.5.7 Determining the size of the VHH phage display library ....................................... 48
3.3.5.8 Library amplification and phage rescue................................................................ 49
3.3.6 Biopanning................................................................................................................... 50
3.3.6.1 Colony polymerase chain reaction (cPCR) and sequence analysis of isolated VHH
sdAbs…………………………………………………………………………………….53
3.3.7 Validating VHH binding by monoclonal phage ELISA ............................................... 53
3.3.8 Subcloning, expression, and purification of serovar-specific VHH sdAbs .................. 55
3.3.8.1 Subcloning of selected VHH sdAbs ...................................................................... 55
3.3.8.1.1 Purification of pSJF2H vector, and cPCR and purification of selected VHH
genes .............................................................................................................................. 55
3.3.8.1.2 Restriction enzyme digestion of selected VHH genes and pSJF2H vector ..... 57
3.3.8.1.3 Ligation of VHH genes and pSJF2H vector .................................................... 58
3.3.8.1.4 Transformation of pSJF2H vector into E. coli TG1 cells ............................... 58
3.3.8.1.5 Screening of selected VHH sdAbs by cPCR ................................................... 59

vii!

3.3.8.2 Expression and purification of selected VHH sdAbs ............................................ 59
3.4 Bradford assay and biotinylation of biological flagella ................................................. 60
3.5 Antibody characterization................................................................................................ 61
3.5.1 Soluble ELISA ............................................................................................................. 61
3.5.2 Salmonella cell ELISA ................................................................................................ 62
3.5.3 Surface plasmon resonance (SPR) ............................................................................... 62
4. RESULTS ................................................................................................................................ 64
4.1 Salmonella antigens........................................................................................................... 64
4.1.1 Construct design........................................................................................................... 64
4.1.2 Size-exclusion chromatography of Salmonella antigens ............................................. 65
4.1.3 CD scans of Salmonella antigens................................................................................. 69
4.2 Purification of biotinylated Salmonella antigens and biological flagella ..................... 72
4.3 Isolation of serovar-specific VHH sdAbs......................................................................... 76
4.3.1 Immune VHH phage display library............................................................................. 76
4.3.1.1 Whole serum ELISA............................................................................................. 76
4.3.1.2 Serum fractionation............................................................................................... 78
4.3.1.3 Fractionated serum ELISA ................................................................................... 82
4.3.1.4 VHH phage display library construction ............................................................... 84
4.3.1.5 Biopanning............................................................................................................ 85
4.3.1.6 Colony PCR and sequence analysis of isolated VHH sdAbs ................................ 86
4.3.1.7 Validating VHH binding by monoclonal phage ELISA ........................................ 91
4.3.1.8 Large-scale expression and purification of VHH sdAbs ....................................... 93
4.4 Characterization of isolated VHH sdAbs ........................................................................ 96

viii!

4.4.1 Determining binding affinity by soluble ELISA and Salmonella cell ELISA............. 96
4.4.2 Determining binding affinity by SPR .......................................................................... 98
5. DISCUSSION ........................................................................................................................ 104
6. CONCLUSION ..................................................................................................................... 123
7. LITERATURE CITED ........................................................................................................ 124

ix!

LIST OF FIGURES
Figure 1. Salmonella taxonomy flow chart.................................................................................... 6
Figure 2. Polymerizing flagellin monomers ................................................................................ 12
Figure 3. Crystal structure of F41 fragment of Salmonella ser. Typhimurium flagellin
(FliC).................................................................................................................................... 15
Figure 4. Summary of conventional and heavy chain antibodies, and their recombinant
fragments .............................................................................................................................. 23
Figure 5. A filamentous bacteriophage ........................................................................................ 26
Figure 6. Biopanning.................................................................................................................... 28
Figure 7. Alignment of Salmonella flagellin amino acid sequences............................................ 33
Figure 8. Superimposed crystal structures of truncated Salmonella ser. Typhimurium and
Salmonella ser. Newport flagellin (FliC).............................................................................. 34
Figure 9. Superimposed crystal structures of truncated Salmonella ser. Typhimurium and
Salmonella ser. Enteritidis flagellin (FliC) ........................................................................... 35
Figure 10. Size-exclusion chromatograms of purified Salmonella antigens ............................... 67
Figure 11. SDS-PAGE and Western blot analysis of purified Salmonella antigens.................... 68
Figure 12. Circular dichroism scans of Salmonella antigens....................................................... 71
Figure 13. Size-exclusion profile of biotinylated Salmonella antigens ....................................... 73
Figure 14. Size-exclusion profile of biotinylated biological Salmonella flagella........................ 74
Figure 15. Confirmation of biotinylated Salmonella antigens and biological flagellin by Western
blot analysis .......................................................................................................................... 75
Figure 16. Response curves of llama whole serum to Salmonella D3 antigens .......................... 77

x!

Figure 17. Profile of fractionated whole serum ........................................................................... 80
Figure 18. Purity and identity analysis of day-35 fractionated serum by reduced and non-reduced
SDS-PAGE.. ......................................................................................................................... 81
Figure 19. Response curves of day-35 fractionated llama serum to Salmonella antigens........... 83
Figure 20. Summary of the output over input ratio observed during biopanning........................ 85
Figure 21. Percent identity among the selected VHH sdAbs........................................................ 90
Figure 22. Monoclonal phage ELISA of selected phage clones .................................................. 92
Figure 23. Size-exclusion chromatography profiles of purified VHH sdAbs .............................. 95
Figure 24. Confirmation of isolated VHH sdAbs by Western blot analysis................................. 96
Figure 25. Binding of soluble VHH sdAbs to Salmonella antigens ............................................. 97
Figure 26. Surface plasmon resonance 1 µM test runs of VHH sdAbs binding to Salmonella
antigens ................................................................................................................................. 99
Figure 27. Surface plasmon resonance analysis of VHH sdAbs R203, R205, and R218 binding to
recombinant "full-length" flagellin of Salmonella ser. Typhimurium................................ 100
Figure 28. Surface plasmon resonance analysis of VHH sdAbs R204, R220, R222, and R302
binding to Salmonella antigens........................................................................................... 101
Figure 29. Surface plasmon resonance analysis of VHH sdAbs R308, R330, and R333 binding
to Salmonella antigens ........................................................................................................ 102

xi!

LIST OF TABLES
Table 1. Primers used in VHH phage display library construction............................................... 46
Table 2. Primers used in determining the size of the VHH phage display library........................ 49
Table 3. Primers used in VHH DNA PCR amplification.............................................................. 56
Table 4. Summary of restriction enzyme digestions for VHH DNA (batches 1 and 2), and the
pSJF2H vector....................................................................................................................... 57
Table 5. Summary of the range of VHH concentrations tested by surface plasmon resonance. .. 63
Table 6. Summary of the phage titers obtained while biopanning............................................... 85
Table 7. Summary of common features observed for the isolated VHH sdAb clones during the
second round of biopanning.................................................................................................. 88
Table 8. Summary of the obtained percent frequencies for isolated VHH sdAb clones from the
third round of biopanning. .................................................................................................... 89
Table 9. Characteristic features of the expressed and purified VHH sdAbs................................. 93
Table 10. Summary of the surface plasmon resonance binding kinetics obtained for the isolated
VHH sdAbs against biotinylated Salmonella ser. Typhimurium "full-length" flagellin (STF)
and D3 (STD3) antigens. .................................................................................................... 103!

xii!

LIST OF ABBREVIATIONS

2YT

Yeast tryptone broth

Å

Angstrom

aa

Amino acid

Ab

Antibody

Ag

Antigen

Amp

Ampicillin

AP

Alkaline phosphate

BL21 (DE3) pLysS

Type of Escherichia coli (ompT, hsdSB (rB-rB-), dcm, gal, λDE3, Cmr)

bp

Base pair

BSA

Bovine serum albumin

C2H3NaO2

Sodium acetate

CaCl2

Calcium chloride

Carb

Carbenicillin

CD

Circular dichroism

cDNA

Complementary DNA

CDR

Complementarity determining region

cfu

Colony forming unit

CH

Constant domain of heavy chain of antibody

CL

Constant domain of light chain of antibody

CNAR

Constant domain of IgNAR

D0

Domain 0 of flagellin

D1

Domain 1 of flagellin

D2

Domain 2 of flagellin

D3

Domain 3 of flagellin

Da

Daltons

ddH2O

Double distilled water

DNA

Deoxyribonucleic acid

xiii!

dNTP

Deoxyribonucleotide

EDTA

Ethylenediaminetetraacetic acid

ELISA

Enzyme-linked immunosorbent assay

Fab

Antigen binding fragment

F(ab)2

Recombinant antigen binding fragment

Fc

Crystallizable fragment

FCA

Freund’s complete adjuvant

fd

Type of filamentous phage

FIA

Freund’s incomplete adjuvant

FliC

Phase 1 flagellin gene

FljB

Phase 2 flagellin gene

FPLC

Fast protein liquid chromatography

FR

Framework region

Fv

Variable fragment

H1 loop

Hypervariable loop 1

H3PO4

Phosphoric acid

HCAb

Heavy chain antibody

HCl

Hydrochloric acid

HEPES

N-2-hydroxyethylpiperazine-N’-2-ethansulfonic assay

HRP

Horseradish peroxidase

IgA

Immunoglobulin isotype alpha

IgD

Immunoglobulin isotype delta

IgE

Immunoglobulin isotype epsilon

IgG

Immunoglobulin isotype gamma

IgM

Immunoglobulin isotype mu

IgNARs

Immunoglobulin new antigen receptors

IMAC

Immobilized metal affinity chromatography

IPTG

Isopropyl-beta-d-thiogalactopyranoside

KD

Equilibrium dissociation constant

KH2PO4

Monopotassium phosphate

kDa

Kilodaltons

xiv!

koff

Dissociation rate constant

kon

Association rate constant

LB

Luria broth

M13

Type of filamentous bacteriophage

mAb

Monoclonal antibody

MgCl2

Magnesium chloride

Milk-PBS

Milk-Phosphate buffered saline

Milk-PBST

Milk-Phosphate buffered saline with Tween 20

Milk-TBST

Milk-Tris buffered saline with Tween 20

Mr

Molecular mass

Mr-app

Apparent molecular mass

mRNA

Messenger ribonucleic acid

Na2HPO4

Disodium phosphate

NaCl

Sodium chloride

NaN3

Sodium azide

NH4Cl

Ammonium chloride

OD600

Optical density at λ= 600 nm

PAMPs

Pathogen-associated molecular patterns

PBS

Phosphate buffered saline

PBST

Phosphate buffered saline with Tween 20

PCR

Polymerase chain reaction

PEG

Polyethylene glycol

PFGE

Pulse-field gel electrophoresis

pfu

Plaque forming unit

pI

Theoretical isoelectric point

PMSF

Phenylmethanesulfonylfluoride

PVDF

Polyvinylidene difluoride

Rmax

Maximum response defined as saturation of surface plasmon resonance

RNA

Ribonucleic acid

RU

Resonance units

ScFv

Single chain variable fragment

xv!

sdAb

Single domain antibody

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEC

Size-exclusion chromatography

SED3

Recombinant Salmonella ser. Enteritidis domain 3 of flagellin

SEF

Recombinant Salmonella ser. Enteritidis “full-length” flagellin

SND3

Recombinant Salmonella ser. Newport domain 3 of flagellin

SNF

Recombinant Salmonella ser. Newport “full-length” flagellin

SOC medium

Super optimal catabolite repression medium

SPR

Surface plasmon resonance

ssDNA

Single-stranded deoxyribonucleic acid

STD3

Recombinant Salmonella ser. Typhimurium domain 3 of flagellin

STF

Recombinant Salmonella ser. Typhimurium “full-length” flagellin

S.T. Prep

Fragmented biological flagella of Salmonella ser. Typhimurium

TEA

Triethylamine

TES

Tris-EDTA sucrose buffer

Tet

Tetracycline

TG1

Type of Eschericia coli (Δ(lac!proAB) Δ(mcrB!hsdSM)5 (rK! mK!) thi!1
supE [F ́traD36 proAB lacIqZΔM15])

TLR5

Toll-like receptor 5

Tm

Melting temperature

TMB

3,3’,5,5’-tetramethylbenzidine

UV

Ultraviolet

VH

Variable domain of heavy chain of antibody

VH H

Variable domain of HCAbs

VL

Variable domain of light chain of antibody

VNAR

Variable domain of IgNAR

xvi!

1. INTRODUCTION, GENERAL OVERVIEW, AND RESEARCH OBJECTIVES
Salmonella enterica serovar Typhimurium, S. enterica serovar Newport, and S. enterica
serovar Enteritidis are three of the most common non-typhoidal Salmonella (NTS) serovars
known to cause salmonellosis (ie. food poisoning) through contaminated food (Sanchez-Vargas
et al., 2011). The serovars are capable of infecting humans via colonization of the
gastrointestinal tract, resulting in disease symptoms such as fever, chills, nausea, vomiting,
diarrhea, dehydration, abdominal pain, and headaches (Health Canada, 2011; Public Health
Agency of Canada, 2011). Symptoms typically last seven days, and in some cases the bacteria
may continue to spread to the blood and deeper tissues resulting in death (Health Canada, 2011;
Public Health Agency of Canada, 2011). Infections and the spread of salmonellosis occur due to
the consumption of food products contaminated with fecal matter or by transmission from
infected individuals via direct physical contact (Health Canada, 2011; Public Health Agency of
Canada, 2011). Each year, on average, there are 1.3 billion documented infections and 3 million
deaths related to NTS worldwide (Public Health Agency of Canada, 2011). Outbreaks in North
America have become frequent in recent years, and are a concern because of the export and trade
of products between Canada and the United States. Examples of recent outbreaks include the
Salmonella ser. Enteritidis outbreak of half a billion eggs (CBC News, 2012) from Iowa in 2010
(Centres for Disease Control and Prevention (CDC, 2010), and the Salmonella ser. Typhimurium
contamination of ~4,000 (CBC News, 2012) recalled peanut products from all over the United
States in 2009 (CDC, 2009). In the United States, there are over 1.4 million cases of nontyphoidal salmonellosis each year (Public Health Agency of Canada, 2011). Salmonella
contamination is also prevalent in Canada. The Canadian Food Inspection Agency (CFIA) recalls
various food products several times a month on a regular basis, due to the possibility or actual

1!

contamination of those food products. Non-typhoidal Salmonella is the 2nd leading cause of
foodborne illness in Canada, resulting in 88,000 incidences of salmonellosis each year (Thomas
et al., 2013). Yet, these values do not include occurrences that go undiagnosed and a typical
trend of annually increasing numbers has been observed (National Enteric Surveillance Program
(NESP), 2010). The occurrence of salmonellosis also causes a great economic burden due to
illness, treatment, and possible hospitalization and/or death of individuals. As of 2010, the
average costs related to Salmonella infections in the United States were estimated to be
approximately 2.8 billion dollars (Economic Research Service (ERS), 2010).
Each Salmonella bacterium possesses flagella on its outer surface, which allow for
motility and enable the spread of infection. Each flagellum is composed of flagellin protein
monomers. Each flagellin monomer is made up of four distinct domains named from domain 0
(D0) to domain 3 (D3). D3 of flagellin displays unique sequence variability among Salmonella
serovars, identifying it as an attractive choice of antigen for isolating serovar-specific antibodies.
In recent years, there has been a great deal of focus on using recombinant antibodies in
research compared to that of conventional antibodies. Recombinant VHH antibodies boast several
advantages such as their small molecular structure and high stability, which allow for high yields
at low production costs.
Presently, there is no quick and efficient way of detecting serovar-specific Salmonella
contamination. Therefore, the aim of this proof-of-concept study was to determine whether
serovar-specfic antibodies could in fact be isolated using an immune VHH phage display library
against D3 of flagellin of Salmonella ser. Typhimurium, Salmonella ser. Newport, and
Salmonella ser. Enteritidis. To investigate this, the following objectives were carried out:
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i)

Express and purify recombinant “full-length” flagellin and D3 monomers antigens
of Salmonella ser. Typhimurium, Salmonella ser. Newport, and Salmonella ser.
Enteritidis

ii)

Construct an immune VHH phage display library from a llama immunized with all
three recombinant D3 Salmonella antigens

iii)

Isolate VHH antibodies with high affinity and specificity to each antigen, using
phage display technology

iv)

Express and purify the selected VHH antibodies

v)

Validate that the isolated VHH antibodies are serovar-specific, do not cross-react,
and are capable of conveying serovar specificity even with biological flagella

!
!
!
!
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2. LITERATURE REVIEW
2.1 Salmonella
Salmonella are facultative, anaerobic, rod-shaped, Gram-negative, motile bacteria that
were first discovered in the pig intestine and named after Dr. D.E. Salmon in 1885 (Agbaje et al.,
2011; Su et al., 2006; Cox 1999). Belonging to the Enterobacteriaceae family, they are 0.7-1.5 x
2-5 µm in size and boast several features such as the ability to ferment several carbohydrates,
generate acid and gas, and form glucose (Cox, 1999). The species is able to survive under
varying conditions, such as low or freezing temperatures, or low pH (Cox, 1999). Salmonella
utilize their virulence factors to adhere to epithelial cells and are capable of intracellular survival
in macrophages (Sanchez-Vargaz et al., 2011; Coburn et al., 2007). Collectively, these features
help the bacteria to persist in their hosts during infection.

2.1.1 Salmonella taxonomy, nomenclature, and serology
Having initially been identified as Bacillus choleraesuis in 1885 (Su et al., 2006), the
nomenclature has been complex and has changed several times over the years, especially with
the discovery of an increasing number of new serovars. In turn, this has led to a great deal of
confusion and different forms of nomenclature are often observed in the literature.
As summarized in Figure 1, the genus Salmonella is separated into two species: enterica
and bongori (Grimont & Weill, 2007; Agbaje et al., 2011; Su et al., 2006). While there is no
additional differentiation for the species bongori, the species enterica is further subdivided into
the following six subspecies: I S. enterica subspecies enterica, II S. enterica subspecies salamae,
IIIa S. enterica subspecies arizonae, IIIb S. enterica subspecies diarizonae, IV S. enterica
subspecies houtenae and VI S. enterica subspecies indica (Grimont & Weill, 2007; Su et al.,
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2006; Popoff et al., 2004). Next, each subspecies contains several different serovars. Over 2 500
different Salmonella serovars (a.k.a., serotypes) exist, most of which are mainly classified under
subspecies enterica, including Typhimurium, Newport, and Enteritidis (Popoff et al., 2004;
Popoff et al., 2001). Variants of strains may also be present for each serovar. Only the genus,
species, and subspecies are italicized. Examples of acceptable nomenclature include Salmonella
enterica subspecies enterica serovar Typhimuirum, S. enterica serovar Typhimurium, and
Salmonella ser. Typhimuirum. These forms of nomeclature are used for identifying subspecies
enterica serovars, whereas the remaining Salmonella subspecies serovars are classified using
their specific Kauffmann-White antigenic formulas (Grimont & Weill, 2007).
Presently, serovars are classified based on the Kauffmann-White scheme (Su et al.,
2006). The Kauffmann-White scheme states that all serovars are identified based on differences
in two of their cell-surface structures: the somatic O antigen (lipopolysaccharide (LPS), a
carbohydrate), and the flagellar H antigen (flagellin, a filamentous protein) (CDC, 2011; Cox,
1999). Several forms of LPS exist, therefore, all the possible O antigens are assigned a number
(Cox, 1999). Some Salmonella can express two different types of flagellar antigens, designated
as phase 1 and phase 2 (Cox, 1999). Lowercase letters including the letter z followed by a
number are all used to identify phase 1 antigens, whereas numbers are used for phase 2 antigens
(Cox, 1999). The configuration of the Kauffmann-White scheme is as follows: subspecies
[space] O antigens [colon] phase 1 H antigen [colon] phase 2 H antigen (CDC, 2011). For
example, the Kauffman-White scheme formula for Salmonella ser. Typhimurium is I 4,5,12:i:1,2
(CDC, 2011). Serovars in the subspecies enterica are also provided names, typically
representative of where they were first discovered (e.g. Newport) (Su et al., 2006).
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Salmonella may also be classified as either typhoidal or non-typhoidal. Simply, S.
enterica serovar Typhi and S. enterica serovar Paratyphi are both considered to be typhoidal
since they are known to cause typhoid fever in humans; all remaining serovars do not and are
therefore identified as non-typhoidal.

Genus

Salmonella

Species

Subspecies

Serovar

enterica

enterica (I)

Typhimurium

salamae (II)

Enteritidis

Newport

arizonae (IIIa)

bongori

diarizonae (IIIb)

houtenae (IV)

indica(VI)

Etc.

Figure 1. Salmonella taxonomy flow chart.
Depicted is the current taxonomy used for Salmonella identification. The genus, species,
subspecies, and some examples of subspecies enterica serovars are shown.

2.1.2 Current detection methods
A plethora of experimental techniques (e.g. biochemical, immunological, and
molecular methods) (Moldenhauer, 2008), and commercial products presently exist for the
detection and identification of Salmonella serovars. Nevertheless, the classical method of
detection for foodborne Salmonella is to obtain a sample, and to culture, isolate, and identify the
bacteria via classical biochemical laboratory methods, which can take up to 7 days to obtain a
result (Health Canada, 2011). Initially, samples are enriched in selective broths and then grown
on a variety of selective agars (Health Canada, 2009; Hendriksen, 2003). Next, a myriad of
biochemical tests are done to verify that colony growth is of the Salmonella genus, which test for
previously mentioned common traits such as acid and gas formation, positive indication of lysine
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decarboxylase and hydrogen sulfide production, negative results for urea and β-galactosidase
reactions, etc (Hendriksen, 2003; Tietjen & Fung, 1995). Serological testing is performed in the
form of agglutination tests, where isolates are exposed to the presence of polyvalent antisera that
is characteristic for all the O and H antigens of the enteric species (Health Canada, 2009;
Kropinski et al., 2007; Tietjen & Fung, 1995). Clumping of bacteria indicates a positive result.
A second round of agglutination tests using different antisera specific for certain O and H
antigens, may also be carried out for further identification of Salmonella serovars. Recently two,
new reliable methods, i.e., phage typing and pulsed-field gel electrophoresis (PFGE), are now
commonly used.

2.1.2.1 Phage typing
The phage typing approach takes advantage of bacteriophages, which are viruses that are
capable of infecting and lysing bacteria (Kropinski et al., 2007). Particular bacteriophages are
known to only infect certain bacteria. For example, bacteriophage P22 is typically used for
identification of Salmonella ser. Typhimurium (Kropinski et al., 2007). The procedure requires a
liquid culture of the test serovar (e.g. Salmonella ser. Typhimurium) to be grown, poured onto a
specialty agar plate, removed, and the plate is left to dry (Kropinski et al., 2007). Once dried,
drops of various typing phages (e.g. P22), in their routine test dilution (RTD) are spotted onto the
surface of the plate and left to dry once more (Kropinski et al., 2007). Following 24 hours of
incubation, wherever clear circular zones are observed indicates successful lysis of the bacteria
by the serovar-specific phage, thus further indicating what serovar it is (Kropinski et al., 2007).
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2.1.2.2 Pulsed-field gel electrophoresis (PFGE)
In PFGE, the ability to change the direction of the electric field with respect to the
orientation of the gel is utilized (Goering, 2010; Ribot et al., 2006). In this method, specialty
agarose “plugs” composed of the lysed, test bacterial cell suspension are digested with particular
restriction enzymes (Goering, 2010; Ribot et al., 2006), corresponding to a particular serovar.
The cut deoxyribonucleic acid (DNA) is then electrophoresed (Goering, 2010; Ribot et al.,
2006). During electrophoresis, the orientation of the electrical current is continuously changed
causing sample molecules to be shifted by 120° in either direction relative to their travel through
the gel (Herschleb et al., 2007). This allows for separation of DNA fragments ranging in size
from >50 kbp to several Mbp, which would otherwise be undistinguishable using conventional
agarose gel electrophoresis (Goering, 2010; Herschleb et al., 2007; Ribot et al., 2006). Thus,
PFGE separation is based not only on fragment size, but also on their orientation over 120°.

2.1.3 Disadvantages of current detection methods
The procedures described above are the original methods commonly run in conjunction
for the detection and identification of Salmonella serovars. Additional techniques such as nucleic
acid based methods (e.g. Polymerase Chain Reaction (PCR)) or cellular based methods (e.g.
Enzyme-Linked Immunosorbent Assays (ELISAs)) (Moldenhauer, 2008) exist; however, they all
generally have several common disadvantages (Farber, 1996). These methods are typically time
consuming and do not provide a result in less than a day. For example, long incubation periods
are required to increase the bacteria’s titer for biochemical testing (Hendriksen, 2003), whereas it
can take more than three days to run a PFGE experiment from start to finish (Herschleb et al.,
2007). Furthermore, equipment and reagents such as the agglutination antisera are costly
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(Martinez et al., 2010; Farber, 1996). False-positives and false-negatives, and concerns with
cross-reactivity with serovars are also known to occur, especially with agglutination tests due to
inference with the antigens or the antiserum (Olopoenia & King, 2000; Notermans & Wernars,
1991). All these problems affect accuracy, reproducibility, and hence, interpretation of results
(Farber, 1996). With this in mind, International Organization for Standardization (ISO) protocols
have been developed for the techniques described to improve the accuracy and reproducibility of
the assays; however, these protocols are not always followed by all laboratories and
organizations, which leads to discrepancies.

2.1.4 Development of a commercial biosensor
Based on the disadvantages of the current detection methods (refer to section 2.1.3), it
would be ideal to develop a quick, portable, and low-tech method for the detection of serovarspecific Salmonella outside of a laboratory environment. This method could allow for simple
testing of potentially contaminated food products by consumers at home, and/or various
industrial and government organizations (e.g. Health Canada and CDC). Other than the
commercial pregnancy test, which is considered to be the most common and well-known dipstick
system, several other forms of dipstick biosensors, which utilize for e.g. antibodies and
recombinant antibody fragments, bacteriophage, enzymes, and aptamers for the detection of
biological pathogens, are being studied and developed (Sicard & Brennan, 2013).
Ideally, the desired serovar-specific Salmonella dipstick system would have the isolated
Salmonella serovar-specific recombinant VHH antibodies immobilized onto a paper surface.
Paper usage is advantageous since it is readily available, cheap, it has a porous nature, and it is
able to carry out lateral flow if desired (Sicard & Brennan, 2013). Upon exposure to a food
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product contaminated with a specific Salmonella spp., the recombinant VHH antibodies would
recognize and bind the desired D3 region of flagellin. The assay would be designed to yield a
visual colorimetric change, indicating a positive signal for presence of the Salmonella spp.
Several different serovar-specific Salmonella dipstick systems could be developed and utilized as
desired.

2.2 Flagellin and flagella
Other than Salmonella ser. Gallinarum and Salmonella ser. Pollorum, all 2,500
Salmonella serovars are known to be motile and to possess flagella on their cell surface. Flagella
are whip-like structures that allow the bacteria to be motile and help invasion and spread of the
bacterium throughout the host. The flagella are distributed evenly over their cell surface (Wilson
& Beveridge, 1993). The pathogens are able to move and change directions by rotating their
flagella either in an anticlockwise (a.k.a. “run” or “normal”) or clockwise (a.k.a. “tumble”)
manner, respectively (Maki-Yonekura et al., 2010; Kitao et al., 2006; Yonekura et al., 2003).

2.2.1 Flagellin
Flagellins (H antigens) are protein monomers (Figure 2) that aggregate and form an intact
flagellar filament, which is part of a flagellum. Flagellin of Salmonella ser. Typhimurium is 494
amino acids long (Muskotal et al., 2010; Sebestyen et al., 2008; Yonekura et al., 2003; Mimori
et al., 1995) and has a molecular mass of 51.4 kDa (Mimori et al., 1995). The crystal structure of
flagellin for Salmonella ser. Typhimurium has been solved, and the sequence has been published
(Protein Data Bank; rcsb.org), indicating that a stable flagellin monomer can be successfully
isolated and expressed. Currently, three crystal structures are available. The first is a F41 crystal
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structure (PDB entry 1I01; Figure 3), which is in the left-handed L-type confirmation and
truncated, i.e. it is lacking the first 55 residues at the amino (N-) terminus and the last 44 residues
at the carboxy (C-) terminus, with respect to its amino acid sequence (Samatey et al., 2001). The
full-length L-type (PDB entry 3A5X) and right-handed R-type (PDB entry 1UCU) are available
as well.
The crystal structures of Salmonella ser. Enteritidis and Salmonella ser. Newport flagellin
are presently not available, yet their predicted amino acid sequences are published and believed
to be 504 and 501 amino acids long, respectively.
Specifically, flagellin is composed of four globular, sequentially connected domains
named D0, D1, D2, and D3 (Figure 2). From the crystal structure of Salmonella ser.
Typhimurium, we know that the polypeptide sequence folds back on itself, meaning other than
the central D3 domain, the remaining domains will each be composed of amino acid sequences
that span both the N- and C-termini (ie. NH2-D0-D1-D2-D3-D2-D1-D0-COOH). The crystal
structure also demonstrates that each domain possesses certain qualities, which researchers have
shown are specific to a range of bacterial specimens (Maki-Yonekura et al., 2010; Beatson et al.,
2006), including serovars Enteritidis and Newport. For example, the first 140 residues of the Nterminus and the last 90 residues of the C-terminus, which make up D0 and D1, are highly
conserved among all bacterial species flagellins (Beatson et al., 2006). The composition of each
domain of Salmonella ser. Typhimurium flagellin is described in the proceeding subsections in
detail.
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Figure 2. Polymerizing flagellin monomers.
Schematic diagram depicting a flagellin monomer with its domains D0 to D3 labeled, and the
aggregation of flagellin monomers resulting in the formation of a protofilament. (Image adapted
from Miao et al., 2007).
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2.2.1.1 Domain 0 (D0)
The hydrophobic amino acid sequence of D0 is highly conserved among all Salmonella
serovors including the respective Salmonella ser. Typhimuirum (Beatson et al., 2006; Yonekura
et al., 2003; Samatey et al., 2001). Even though the F41 crystal structure (Figure 3) lacks the D0
sequences, the domain can be identified by the R-type full-length crystal structure. The Nterminal portion of D0 stretches from Gln2 to Ser32, followed by the N-terminal spoke region
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(which is still considered to be part of D0) that connects D0 and D1, spanning Ser32 to Ala44
(Yonekura et al., 2003). At the C-terminus, Glu454 to Ala459 and Ala459 to Ser491 make up the
C-terminal portion of the spoke region and D0, respectively (Yonekura et al., 2003). In terms of
higher order structure D0 forms two (N- terminal and C-terminal) α-helices, which come
together to form a single α-helical coil and help stabilize the growing flagellar filament
(Yonekura et al., 2003).

2.2.1.2 Domain 1 (D1)
Once again, the F41 crystal structure (Figure 3) is missing some residues that are part of
D1. By overlapping data from both the F41 and R-type full-length crystal structures, it was
deduced that the N- terminal residues of D1 span from Ala44 to Gln176 (Yonekura et al., 2003;
Samatey et al., 2001). The two crystal structures have a discrepancy in terms of where the Cterminal D1 begins: either Thr402 for F41 (Samatey et al., 2001) or Asn406 for the R-type, yet it
is known to end at Glu454 (Yonekura et al., 2003). Just like D0, D1 is composed of highly
conserved hydrophobic amino acids (Beatson et al., 2006; Yonekura et al., 2003; Samatey et al.,
2001). D1 forms two N-terminal α-helices named ND1a and ND1b (Yonekura et al., 2003).
They are located at the beginning of the sequence, followed by a β-harpin with two β-turns
(Yonekura et al., 2003; Samatey et al., 2001). The C-terminal sequence forms a third α-helix
(Yonekura et al., 2003; Samatey et al., 2001).

2.2.1.3 Domain 2 (D2)
D2 displays variability both in length and in amino acid composition among Salmonella
serovars (Maki-Yonekura, 2010; Samatey et al., 2001). The N-terminal section of D2 covers
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Lys177 to Gly189 (Samatey et al., 2001). Due to the discrepancy of which amino acid indicates
the beginning of C-terminal D1, the C-terminal D2 is believed to either span residues Ala284 to
Ala401 based on the F41 crystal structure (Samatey et al., 2001), or residues Ala284 to Glu405
based on the R-type crystal structure (Yonekura et al., 2003). With the exception of the Cterminal section, which forms a small 310 α-helix and a regular α-helix, the remainder of the D2
domain is mainly composed of β-strands (Samatey et al., 2001). The domain may also be further
subdivided into two interacting hydrophobic sections named D2a and D2b. D2a is larger in size
and spans the entire N-terminal region as well as the first 60 residues of the C-terminal region,
whereas D2b is smaller in size and is composed of the remaining C-terminal residues (Samatey
et al., 2001).

2.2.1.4 Domain 3 (D3)
D3 is described as being both hypervariable in codon sequence and size (Maki-Yonekura
et al., 2010; Muskotal et al., 2010; Beatson et al., 2006). Its spans the polypeptide sequence at
positions Tyr190 to Val283 (Muskotal et al., 2010; Sebestyen et al., 2008; Samatey et al., 2001).
D3 higher order structure consists of four anti-parallel β-strands and one α-helix, which cause
the formation of β-hairpins (Sebestyen et al., 2008; Samatey et al., 2001). Just as with D2, D3 is
known to have a hydrophobic core within its structure (Sebestyen et al., 2008; Samatey et al.,
2001).
D3 has been previously successfully isolated and expressed on its own (Muskotal et al.,
2010; Sebestyen et al., 2008). Studies show that D3 is a stable (Muskotal et al., 2010; Sebestyen
et al., 2008), independent, self-governing unit, capable of properly refolding following exposure
to increased temperature above its threshold of Tm= 46°C (Sebestyen et al., 2008). Interestingly,
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the melting temperature is the same as that of the whole flagellin monomer (Tm= 47°C)
(Muskotal et al., 2010). It is also highly resistant to proteolytic degradation (Sebestyen et al.,
2008), and can withstand a large number of insertions and deletions (Beatson et al., 2006).

!
Figure 3. Crystal structure of F41 fragment of Salmonella ser. Typhimurium flagellin
(FliC). Depicted is the ribbon diagram of the crystal structure for truncated flagellin (FliC) of
Salmonella ser. Typhimurium as determined by X-ray crystallography by Sametey et al., 2001.
The shortened D1 (blue), as well as the full-length D2 (green) and D3 (red) are visualized. The
figure was generated using PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4
Schrödinger, LLC.). (Image adapted from PDB 1IO1).
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2.2.2 The flagellar filament
Flagellin monomers stack on top of each other to form protofilaments (Figure 2), where
eleven longitudinal protofilaments assemble in a staggered, helical confirmation producing a
tubular flagellar filament (Beatson et al., 2006; Kitao et al., 2006; Smith et al., 2003; Yonekura
et al., 2003; Samatey et al., 2001). The difference in the helical arrangement of the
protofilaments is known to be half a subunit of flagellin (Beatson et al., 2006). In total, up to
30,000 flagellin monomers make up a single flagellar filament, which is 15 µm in length
(Beatson et al., 2006). The diameter of the tubular filament and its hollow core is 240 Å and 20
Å, respectively (Yonekura et al., 2003). When the protofilaments come together, a hollow, inner
channel is formed with the domains of flagellin radiating outwards. Both D0 and D1 make up the
interior core of the filament (Beatson et al., 2006; Yonekura et al., 2003), whereas D2 and D3
project outwards with D3 fully exposed to the external environment on the surface of the
flagellar filament (Beatson et al., 2006; Kitao et al., 2006; Smith et al., 2003; Yonekura et al.,
2003; Samatey et al., 2001).

2.2.3 Phase variation
As previously mentioned, most Salmonella serovars are able to produce two different
types of flagella called Phase 1 and Phase 2. This is due to the presence of two different genes
that both code for flagellin: FliC (phase 1) and FljB (phase 2), which produce two different
forms of flagellin. DNA inversion of the promoter confers the expression of one gene and the
repression of the other, leading to the transcription of one of the two genes (Bonifield & Hughes,
2003). Phase 1 and Phase 2 flagellins have variable amino acid sequences, excluding the first 76
N-terminal and the last 46 C-terminal residues, which are conserved (Bonifield & Hughes,
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2003). Interestingly, these conserved residues fall within D0 and D1 of flagellin of Salmonella
serovars. The bacteria switch between the two phases at a rate of 10-3 to 10-5 per bacterium
(Bonifield & Hughes, 2003), but always expressing only one type of flagellar filament on their
entire outer surface. Salmonella ser. Typhimurium and Salmonella ser. Newport are diphasic
since they are both able to express either phase 1 or phase 2 genes. Salmonella ser. Enteritidis is
monophasic since it only produces FliC phase 1 flagella at all times.

2.2.4 Interactions with the immune response
In the immune response, a conserved region of D1 is recognized by toll-like receptor 5
(TLR5) (Miao et al., 2007; Murthy et al., 2004; Jacchieri et al., 2003; Smith et al., 2003). TLR5
is a recognition receptor that recognizes pathogen-associated molecular patterns (PAMPs), which
are molecules that are affiliated with invading pathogens that are foreign to the host. TLR5 acts
as part of the immune system’s innate immune response, which is the initial mode of defense
against foreign pathogens. Binding of flagellin to TLR5 induces a sequence of signal
transduction processes, which activate pro-inflammatory cytokine production and inflammation
in dendritic cells, macrophages, and epithelial cells, which fully activate the adaptive immune
system (Yoon et al., 2012; Miao et al., 2007).
It has been suggested that binding of TLR5 to Salmonella ser. Typhimurium flagellin
occurs within the conserved residues of the α-helices of D1 (N- and C-terminal) (Yoon et al.,
2012; Smith et al., 2003) and the first ten leucine rich repeats (LRR) of TLR5 (Yoon et al.,
2012). Yoon et al. (2012) then went on to suggest that two of these flagellin-TLR5 heterodimers
can then also assemble into a 2:2 heterodimer. Therefore, if TLR5 does in fact bind at the
conserved D1 location, it is expected to bind at that same conserved location for the additional
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Salmonella serovars as well. This is not surprising, since the conserved amino acids are present
even in serovars that undergo phase variation (as previously discussed), which means the host
immune system will always be able to recognize extrinsic flagellin. TLR5 can only recognize
and bind flagellin when it is released in monomeric form by the bacteria (Eaves-Pyles, 2011),
since D1 is not accessible in filament confirmation (Miao et al., 2007; Smith et al., 2003).

2.3 Conventional antibodies
Immunoglobulins (Ig) are a family of proteins produced by B cells as part of the adaptive
immune system, whose main function is to recognize antigens, which are foreign molecules that
are components of invading pathogens (Murphy et al., 2008). This is an essential component of
the body’s defense mechanism in fighting foreign invaders. When B cells produce
immunoglobulins that have specificity for the same antigen, they are referred to as antibodies.
Five different isotypes of antibodies are expressed by B cells: IgM (mu), IgG (gamma), IgA
(alpha), IgD (delta), and IgE (epsilon), with IgG being the most abundant antibody in the body
(Weisser & Hall, 2009; Murphy et al., 2008). Differences among the antibodies include antigen
specificity, molecular mass, and molecular structure (Weisser & Hall, 2009).

2.3.1 Antibody structure and function
The typical IgG (150 kDa) is Y shaped consisting of two identical heavy (~50 kDa) and
light chains (~25 kDa) (Vincke & Muyldermans, 2012). Each heavy chain is composed of one
variable VH domain followed by a constant CH1 domain, a flexible hinge region, and two
additional constant CH2, and CH3 domains (Elgert, 2009). Each light chain has one variable VL
domain and one constant CL domain (Elgert, 2009). Disulfide bonds formed between the CH1
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domain and the CL domain bring the heavy and light chains together, such that the variable VH
and VL domains are parallel and in close proximity (Murphy et al., 2008). This forms the two
arms of the antibody called the Fab (fragment antibody) fragment, which confers antibody
specificity (Elgert, 2009). More specifically, the VH and VL domains make up the variable region
of each arm, which bind antigen due to the presence of three hypervariable stretches of amino
acids called complementarity-determining regions (CDRs) within each variable domain (Elgert,
2009).
Disulfide bridges form between the hinge regions of the two heavy chains, bringing the
chains together to produce one symmetrical and complete molecule (Murphy et al., 2008). The
disulfide bridges in the hinge region (Elgert, 2009), and both hydrophobic and charged
interactions between the two CH3 domains, allow for the constant CH2 and CH3 domains of both
heavy chains to align (Diaz et al., 2011). All four constant domains are referred to as the Fc
(fragment crystallizable) fragment, which is involved in effector functions (Elgert, 2009). The
structure of a conventional IgG1 is demonstrated in Figure 4.

2.4 Recombinant antibodies
Antibody fragments can be produced via either proteolysis of an IgG or recombinant
antibody engineering techniques. These fragments may be monovalent, multivalent, or
bispecific, and can be manipulated depending on their desired purpose (Holliger & Hudson,
2005). Manipulation allows for favourable characteristics such as size, affinity and specificity,
and expression yields (Holliger & Hudson, 2005).
With regard to proteolysis, papain is used to cut both heavy chains at the N-terminus, just
before the disulfide bridge that links the two chains (Murphy et al., 2008). As a result, the
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antibody is cut in three, generating two single N-terminal Fab fragments (~55 kDa each), and the
C-terminal Fc fragment (which is still intact due to the intact disulfide bridge and its numerous
non-covalent interactions) (Murphy et al., 2008). Pepsin also cuts in the hinge region, but at the
C-terminus, just below the disulfide bridge, yielding one large fragment that has the two Fab
fragments still attached, called F(ab)2 (~110 kDa) (Murphy et al., 2008). The remaining Fc
fragment is cleaved in several small pieces (Murphy et al., 2008) Therefore, while the F(ab)2 still
maintains its antigen binding activity, the remaining pieces can no longer carry out their effector
functions (Murphy et al., 2008).
Other than proteolysis, antibody engineering techniques have been used to produce small
antibody fragments. For example, single chain variable fragments (scFv, ~30 kDa) are made
when a VH and a VL are joined together by a peptide linker (usually 10 to 25 amino acid long)
(Weisser & Hall, 2009). These fragments also become multivalent by forming dimers (~60 kDa)
trimers (~90 kDa), and tetramers (~120 kDa), when the linker is shortened to 12 amino acids or
less (Weisser & Hall, 2009). Weisser & Hall (2009) and Holliger & Hudson (2005), review
additional information regarding other antibody engineering techniques and antibody fragments
in great detail. Figure 4 depicts all of the described recombinant antibody fragments.

2.5 Heavy chain antibodies
A heavy chain antibody (HCAb) (Figure 4), found in members of the Camelidae
family (eg. camels and llamas), is an antibody whose structure consists of two heavy chains (~50
kDa each) (Vincke & Muyldermans, 2012). The heavy chains themselves are unique in that they
only consist of the VH (ie. VHH), CH2, and CH3 domains, and are lacking the CH1 domain and the
light chain of a typical IgG (Vincke & Muyldermans, 2012; Muyldermans, 2001). It is suggested
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that ~30% of antibodies in new world llamas are HCAbs, whereas the number is higher at ~50%
for old world camels (Vincke & Muyldermans, 2012)
There are two known occurrences of antibodies similar to HCAbs. The first exists in
individuals with “heavy chain disease”, where a mutation deletes genes coding for the CH1
segment, as well as a small portion of the VH segment (Vincke & Muyldermans, 2012). The
second occurs in sharks, where they produce similar antibodies called immunoglobulin new
antigen receptors (IgNARs) (Nuttall, 2012). These antibodies are much larger in structure, i.e.
they are composed of two heavy chains, each of which has one variable (VNAR) and five constant
(CNAR) domains (Nuttall, 2012).

2.5.1 VHH single domain antibodies (sdAbs)
Single domain antibodies (sdAbs), refer to the antigen binding domains of conventional
antibodies and heavy chain antibodies (VH, VL, VHH, and VNAR). Presently, various sdAbs are
used in industry and research, including VHHs (a.k.a. nanobodies) derived from HCAbs.
VHHs (Figure 4), are ~15 kDa and boast distinct changes in residue sequence, which are
otherwise conserved in VH domains. Though variation is known to occur, the most common
point mutations according to Kabat numbering include (but are not restricted to), Leu11Ser,
Val37Phe/Tyr, Gly44Glu, Leu45Cys/Arg, and Trp47Gly/Phe/Leu (Vincke & Muyldermans,
2012). It has been demonstrated that in conventional antibodies, the Leu11 residue interacts with
residues of the CH1 domain (Vu et al., 1997). Since heavy chain antibodies lack the CH1 domain,
it is suggested that the change to hydrophilic serine is specifically present to accommodate the
structural difference between VHHs and VHs (Vincke & Muyldermans, 2012). The additional
four substitutions from hydrophobic to hydrophilic amino acids, which occur at the previously
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present VL/VH interface that no longer exists, lead to an overall hydrophilic nature, which
accommodates the VHH with regard to the exposure of its entire surface to the external aqueous
environment (Vincke & Muyldermans, 2012; Harmsen & De Haard, 2007).
Differences also appear in the CDR sequences. First, it has been suggested that unlike
VH, the variability of the CDR1 extends to the H1 loop of VHHs (Vincke & Muyldermans, 2012;
Vu et al., 1997), making it longer due to hotspot mutations that can occur (Muyldermans, 2012).
Secondly, it has been shown that CDR3 of VHH is longer than the CDR3 of mouse or human VH,
being 18, 11, and 14 amino acids long, respectively, on average (Vu et al., 1997). The longer
length of CDR3 is thought to assist in antigen binding, due to an increase in the surface area of
the antigen-binding site (Muyledrmans, 2001). Lastly, CDR3 also forms an additional disulfide
bond with CDR1 (Vincke & Muyledrmans, 2012; Harmsen & De Haard, 2007), framework
region 2 (FR2) (Harmsen & De Haard, 2007) or CDR2 (Muyldermans, 2001; Vu et al., 1997),
which restricts the long CDR3 loop from interfering with antigen binding (Vincke &
Muyledrmans, 2012) and increases loop stability (Harmsen & De Haard, 2007).
Altogether, the features described above lead to structural differences in the antigenbinding loops of VHH CDRs. The loops are able to form novel conformations that are different
from the typical canonical loops (e.g. protruding loops) (Vincke & Muyldermans, 2012; Hussack
& Tanha, 2010), which promote the binding of non-conventional antigens (e.g. viruses and
enzyme catalytic sites) (Vincke & Muyldermans, 2012).
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Figure 4. Summary of conventional and heavy chain antibodies, and their recombinant
fragments. A conventional IgG1 antibody is labeled along with its recombinant antibody forms:
F(ab)2, VH, VL, ScFv, and the dimeric, trimeric, and tetrameric formations of ScFvs, where
formation is dependent on the linker length. A camelid IgG3 heavy chain antibody and its
derived VHH antibody are depicted as well. (All images except for ScFv images adapted from
Weisser & Hall, 2009; ScFv images adapted from Kortt et al., 2001).

2.5.1.1 Advantages of VHH
VHHs have many unique properties that give the user many advantages. Since they are
isolated from heavy chain antibodies, where antigen binding is known to naturally occur solely
via the variable domain, it is understood that VHH can possess an equally strong affinity and
specificity for targets when compared to conventional antibodies and other recombinant
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antibodies. VHHs are highly stable and soluble due to their hydrophilic nature (discussed above).
Their hydrophilicity and size contributes to high levels of expression in a variety of systems such
as yeast or Escherichia coli (Hussack & Tanha, 2010; Harmsen & De Haard, 2007;
Muyldermans, 2001). They are thermostable and can withstand extreme environmental
conditions (e.g. acidic pH) (Hussack & Tanha, 2010). They do not aggregate and are resistant to
proteases (Hussack et al., 2012; Hussack & Tanha, 2010), and can easily be manipulated via
genetic engineering to further improve their properties (Hussack et al., 2012; Harmsen & De
Haard, 2007). Also, as previously mentioned, their increased antigen-binding surface area
(Muyldermans, 2001), along with their novel CDR structure allows them to bind a variety of
targets including proteins, enzymes, viruses, and small antigens such as haptens (Vincke &
Muyldermans, 2012). If used as therapeutic reagents, their small size is favourable for quick
tissue penetration and clearance (Harmsen & De Haard, 2007)

2.6 Antibody phage display libraries
Using antibody engineering technology, recombinant antibodies, including VHHs, can be
displayed on the surface of bacteriophages and used for the selection of antibodies against
various targets. This collection of antibodies is referred to as antibody phage display library.
Below library construction is described in terms of VHHs; i.e. the different types of libraries that
can exist and how they are utilized.

2.6.1 Immune and naïve VHH libraries
In order to generate an immune VHH library, a camel or llama is first immunized with a
specific antigen. Next, lymphocyte RNA is isolated from a blood sample of the camel or llama,
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converted to cDNA, followed by PCR amplification of the variable domain cDNA genes, with
cloning into their corresponding expression vectors (Hussack et al., 2012; Arbabi Ghahroudi et
al., 1997). The resulting pool of positive VHH genes each display unique sequences largely due
to their hypervariable CDRs. Due to immunization, the affinity and specificity of the resulting
antibodies is also quite high since some of the antibodies have undergone affinity maturation
(Hoogenboom, 2002). For a naïve VHH library, the camel or llama is not immunized with an
antigen. Thus, the resulting antibody library, which is generated in the same manner as described
above, may have lower affinity binders since it was probably not previously exposed to the
desired target and because affinity maturation did not occur. As a result, a larger library size is
desired for naïve libraries to increase the odds of obtaining binders with reasonable affinities for
the antigen (Hoogenboom, 2002).

2.6.2 Semi-synthetic and synthetic VHH libraries
The immune and naïve libraries may be further manipulated at the sequence level of the
VHH CDRs. Via PCR methods manufactured sequences can be introduced into some of the
CDRs (semi-synthetic), or all of the CDRs (synthetic) of a given library repertoire (Harel Inbar
& Benhar, 2012; Miersch & Sidhu, 2012; Hoogenboom, 2002). This is often carried out to
improve the biophysical properties of antibodies, such as to increase their affinity and specificity
for an antigen (Miersch & Sidhu, 2012), improve expression and folding (Hoogenboom, 2002),
or improve stability (Hussack et al., 2012).
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2.6.3 Phage display
During library construction, once the VHH genes have been isolated, they are displayed
on the surface of bacteriophages via a method called phage display technology. Phage display
technology exploits bacteriophages for their ability to display foreign proteins on their outer
surface. Bacteriophages are viruses capable of infecting bacteria, where the bacteriophage DNA
is replicated along with the DNA of its host. As depicted in Figure 5, filamentous bacteriophages
(e.g. M13 or fd) are composed of a single-stranded DNA (ssDNA) core enclosed by a
proteinaceous coat of five different coat proteins named P3, P6, P7, P8, and P9 (Pande et al.,
2010; Sidhu et al., 2001) The antibody genes can be fused to any of the coat protein genes,
though this is typically done using the N-terminal coat protein P3, such that following replication
of the bacteriophage DNA, an antibody is then displayed on the outer surface as a fusion protein
with P3 (Pande et al., 2010; Sidhu et al., 2001).

P7%

P3%

ssDNA%

P6%

P8%

P9%
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Figure 5. A filamentous bacteriophage.
A filamentous bacteriophage is depicted. Its five outer coat proteins and inner ssDNA core are
indentified. (Image adapted from Sidhu, 2001).
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2.6.3.1 Phage and phagemid vectors
The number of fusion proteins displayed on the bacteriophage depends on whether or not
a phage or phagemid vector is used in phage display. With a phage vector, the antibody gene is
directly fused to the P3 gene such that, each P3 coat protein will display an antibody fusion
protein (Lee et al., 2007). Generally, the number of P3 coat proteins displayed on the surface of
the bacteriophage and thus the number of VHH antibodies displayed, ranges between three and
five (Lee et al., 2007). If a phagemid vector is used, the antibody gene is fused to the P3 gene in
a special plasmid that is able to replicate within the host normally, but it lacks genes that are
necessary for the coat protein to assemble on the outer surface (Lee et al., 2007; Sidhu et al.,
2001). Thus, the host bacteria are co-infected with helper phage, which contain the missing
genes required for assembly (Sidhu et al., 2001). The helper phage DNA is replicated along with
the fusion protein DNA of the phagemid vector leading to the display of both wild-type and
fusion coat proteins on the surface of the bacteriophage (Lee et al., 2007; Sidhu et al., 2001).
Typically, this method only displays one fusion coat protein per bacteriophage, where the
remaining P3 coat proteins are wild-type (Lee et al., 2007). The multivalent display of antibodies
via the phage platform also allows for antibodies with both low and high affinities to be isolated
during the selection process. Usually, only antibodies with high affinities are isolated from the
phagemid format since the display of a single fusion protein generates a higher stringency (Lee
et al., 2007).

2.7 Antibody selection via biopanning
Once the VHH phage display library has been built, antibodies specific for the target are
selected via a method called biopanning (Figure 6). Please refer to Pande et al., 2010, Lee et al.,
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2007, and Hoogenboom, 2002, for detailed reviews on this technique. Briefly, in this method, the
antigen is first exposed to the VHH phage display library, and antibodies will bind if they have an
affinity and specificity for the antigen. Next, a washing step removes the unbound phageantibodies. The remaining bound phage-antibodies are eluted and amplified in E. coli. The
phage-antibodies are purified and the cycle is repeated several times allowing for amplification
of specific antibodies with proper affinity and specificity for the target. A few antibodies are
selected based on their frequency of occurrence. Using molecular biology techniques, the
selected antibody genes are then subcloned into an expression vector, transformed into their
bacterial host, and are characterized following expression and purification (Hussack et al., 2012).

1. Expose)and)
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Figure 6. Biopanning.
During the process of biopanning, the constructed VHH phage display library is exposed to the
antigen (1). The unbound phage are washed away (2) and the remaining bound phage, whose
antibodies have specificity and affinity for the antigen are eluted (3). The isolated phageantibodies are amplified in E. coli (4), purified (5), and used in the following round of
biopanning. The cycle is generally repeated four to five times, where amplification of specific
clones that bind the antigen with the desired specificity and affinity is typically observed
throughout the various rounds.

28!

2.8 Conclusion
!

It is hypothesized that the sequence variability present in D3 of flagellin proteins offers

serovar specificity, among different Salmonella serovars. Therefore, the flagellin proteins of
three of the most common serovars known to cause infections in North America, Salmonella ser.
Typhimurium, Salmonella ser. Newport, and Salmonella ser. Enteritidis, will be isolated. In turn,
when the sdAbs against our antigens are isolated using an immune VHH phage display library,
the selected antibodies should possess serovar specificity. Immunoassays will be carried out to
test the affinity and cross-reactivity of the isolated antibodies. This work will provide the basis
for the potential future development of an immuno-paper dipstick system, which can be used for
detection purposes to help reduce the spread of Salmonella infection.
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3. MATERIALS AND METHODS
3.1 Preparation of Salmonella antigens
Recombinant “full-length” flagellin and D3 protein antigens for Salmonella ser.
Typhimurium, Salmonella ser. Newport, and Salmonella ser. Enteritidis were designed,
expressed and purified. The three-dimensional folding of the antigens was analyzed by circular
dichroism (CD) prior to their subsequent use in isolating serovar-specific sdAbs.

3.1.1 Construct design of Salmonella antigens
The Salmonella constructs were designed and commercially synthesized based on
published FliC phase 1 flagellin amino acid sequences.

3.1.1.1 Salmonella ser. Typhimurium construct design
The Salmonella ser. Typhimurium “full-length” flagellin and D3 constructs were
designed based on the F41 fragment crystal structure (PBD: 1I01) (Figure 3) and amino acid
sequence published by Samatey et al., 2001 (Figure 7). It is a truncated amino acid sequence,
which lacks the first 55 amino acids and the last 44 amino acids of its sequence (which together
compose D0 and an ~ 63 amino acid fragment of D1), and also contains a mutation at position
Gly426Ala, in comparison to the standard 494 amino acid sequence of Salmonella ser.
Typhimurium. The entire truncated amino acid sequence was used for the “full-length” construct
(STF), whereas the amino acid sequence from position Thr188 to Asn285 was used for the D3
construct (STD3). A Gly-Ser linker followed by a His6 tag, were also added to the C-termini of
the amino acid sequences for both constructs. The constructs were synthesized and cloned into
pJexpress414 expression vectors by DNA 2.0 (Menlo Park, CA, USA).
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3.1.1.2 Salmonella ser. Newport construct design
The flagellin sequence for Salmonella ser. Newport (Figure 7) was obtained via an
internet

search

of

published

sequences

available

from

the

Protein

database

(http://www.ncbi.nlm.nih.gov/protein). The protein sequence (GI: 194403294) was imported into
SWISS-MODEL Workspace (http://swissmodel.expasy.org/workspace/; Swiss Institute of
Bioinformatics, Basel, Switzerland) to generate a hypothetical crystal structure, which was
superimposed against the published crystal structure of Salmonella ser. Typhimurium (Figure 8)
in PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.). The
protein sequence region of Salmonella ser. Newport from positions Lys189 to Val289 matched
the D3 crystal structure region of Salmonella ser. Typhimurium and was used for the Salmonella
ser. Newport D3 construct (SND3). For the “full-length” flagellin construct (SNF), the amino
acid sequences of both Salmonella ser. Typhimurium and Salmonella ser. Newport were aligned
in ClustalW2 (Cambridgeshire, UK); the Salmonella ser. Newport sequence was truncated before
and after positions Phe53 to Arg457, respectively (Figure 7). The sequence was also mutated at
position Gly434Ala to match the template of Salmonella ser. Typhimurium. A Gly-Ser linker
followed by a His6 tag, were added to the C-terminus of each construct sequence. The constructs
were sent to DNA 2.0, to be synthesized and cloned into pJexpress414 expression vectors.

3.1.1.3 Salmonella ser. Enteritidis construct design
The same process was carried out for the “full-length” flagellin and D3 construct designs
using the flagellin amino acid sequence of Salmonella ser. Enteritidis (GI: 1706837; SEF and
SED3), as described in section 3.1.1.2 (Figure 7 and 9). The “full-length” flagellin construct
sequence that was utilized spanned from Phe53 to Arg460, with a mutation at position
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Gly437Ala. The amino sequence used from the D3 construct spanned from position Thr193 to
position Thr288.
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Typhimurium
Newport
Enteritidis

-----------------------------------------------------FTANIKG
MAQVINTNSLSLLTQNNLNKSQSALGTAIERLSSGLRINSAKDDAAGQAIANRFTANIKG
MAQVINTNSLSLLTQNNLNKSQSSLSSAIERLSSGLRINSAKDDAAGQAIANRFTSNIKG
**:****

Typhimurium
Newport
Enteritidis

LTQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNSQSDLDSIQAEITQRL
LTQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNSQSDLDSIQAEITQRL
LTQASRNANDGISIAQTTEGALNEINNNLQRVRELSVQATNGTNSDSDLKSIQDEIQQRL
***********************************:**::*.***:***.*** ** ***

Typhimurium
Newport
Enteritidis

NEIDRVSGQTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKQINSQTLGLDTLNVQ--QK
NEIDRVSGQTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKQINSQTLGLDTLNVQ--KA
EEIDRVSNQTQFNGVKVLSQDNQMKIQVGANDGETITIDLQKIDVKSLGLDGFNVNGPKE
:******.**********:*** :.*********** ***::*: ::**** :**: :

Typhimurium
Newport
Enteritidis

YKVSDTAAT----VTGYADTTIALDNSTFKASATGLGGTDQKIDGDLKFDDTTGKYYAKV
YDVSATAAMDPKSFTDGTKNLTAPDATAIKAALGNPAATGDSLSATLSFKD--GKYYATV
ATVGDLKSS-FKNVTGYDTYAAGADKYRVDINS-GAVVTDAAAPDKVYVNAANGQLTTDD
*.
:
.*.
. *
..
.
*.
: ..
*: :

Typhimurium
Newport
Enteritidis

T---VTGGTGKDGYYEVSVDKTNGEVTLAGGATSPLTGGLPATATEDVKNVQVANADLTE
AGYTNAADTSKNGKYEVNVDSATGAVTFNAAPTKATVTGDTTVTKVQVNAPVAVSTDVKK
A----ENNTAVDLFKTTKSTAGTAEAKAIAGAIKGGKEGDTFDYKGVTFTIDTKTGDDGN
:
.*. :
..
.. .. ... .
* .
. .
. . * :

Typhimurium
Newport
Enteritidis

AKAALTAAGVTGTAS-VVKMSY--TDNNGKTIDGG---LAVKVGDDYYSATQNK-DGSIS
ALEDGGVSNADATAAKLVKMSY--TDKNGKSIDGG---YALEAGGKYYAATYDEGTGKIT
GKVSTTINGEKVTLT-VADIATGATDVNAATLQSSKNVYTSVVNGQFTFDDKTKNESAKL
.
.
* : :..::
** *. :::..
: ....:
: .

Typhimurium
Newport
Enteritidis

INTTKYTADDGTSKTALN-KLGGADGKTEVVSIGGKTYAASKAEGHNFKAQPDLAEAAAT
ANVTTYTDSTGATKTAAN-QLGGVDGKTEVVTIDGKTYNASKAAGHDFKAQPELAEAAAK
SDLEANNAVKGESKITVNGAEYTANATGDKITLAGKTMFIDKTASGVSTLINEDAAAAKK
:
.
* :* : *
.:.. : ::: ***
.*: .
.
: * ** .

Typhimurium
Newport
Enteritidis

TTENPLQKIDAALAQVDTLRSDLAAVQNRFNSAITNLGNTVNNLTSAR-----------TTENPLAKIDAALAQVDALRSDLGAVQNRFNSAITNLGNTVNNLSEARSRIEDSDYATEV
STANPLASIDSALSKVDAVRSSLGAIQNRFDSAITNLGNTVTNLNSARSRIEDADYATEV
:* *** .**:**::**::**.*.*:****:**********.**..**

Typhimurium
Newport
Enteritidis

-------------------------------SNMSRAQILQQAGTSVLAQANQVPQNVLSLLR
SNMSKAQILQQAGTSVLAQANQVPQNVLSLLR

Figure 7. Alignment of Salmonella flagellin amino acid sequences.
Image depicting the Salmonella ser. Typhimurium F41 fragment (FliC) amino acid sequence
(PDB: 1I01) aligned against the published full-length flagellin (FliC) sequences of Salmonella
ser. Newport (GI: 194403294) and Salmonella ser. Enteritidis (GI: 1706837). The D1 (cyan), D2
(green), and D3 (magenta) of the F41 fragment (i.e. STF) are highlighted. The D3 region does
not include the extra N- and C-terminal residues used in the construct design of the recombinant
Salmonella ser. Typhimurium D3 antigen (STD3). The residues of Salmonella ser. Newport and
Salmonella ser. Enteritidis that align with the F41 fragment are highlighted in both yellow and
grey, and were used in the construct design of the recombinant “full-length” flagellin antigens
(SNF and SEF). The residues highlighted in grey were used in the construct design of the
recombinant Salmonella ser. Newport and Salmonella ser. Enteritidis D3 antigens (SND3 and
SED3) and include their additional N- and C-terminal residues. Residue 1 begins after the Nterminal methionine (M). Sequence alignment was carried out in ClustalW2.
!
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!
Figure 8. Superimposed crystal structures of truncated Salmonella ser. Typhimurium and
Salmonella ser. Newport flagellin (FliC). Depicted is the ribbon diagram of the crystal
structure of truncated F41 flagellin fragment of Salmonella ser. Typhimurium as determined by
X-ray crystallography by Sametey et al., 2001, superimposed against the truncated and
hypothetical crystal structure of Salmonella ser. Newport, as generated in SWISS-MODEL
(Swiss Institute of Bioinformatics). D1 and D2 of both Salmonella ser. Typhimurium (blue) and
Salmonella ser. Newport (green) are shown. D3 of Salmonella ser. Typhimurium is highlighted
in red, whereas D3 of Salmonella ser. Newport is teal. For D3 construct design, the overlapping
D3 sequence of Salmonella ser. Newport was inserted and commercially synthesized by DNA
2.0 using a pJexpress 414 bacterial expression vector. The figure was generated using PyMOL
(The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.). (Image of
Salmonella ser. Typhimurium F41 fragment adapted from PDB 1IO1).
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!
Figure 9. Superimposed crystal structures of truncated Salmonella ser. Typhimurium and
Salmonella ser. Enteritidis flagellin (FliC). Depicted is the ribbon diagram of the crystal
structure of truncated F41 flagellin fragment of Salmonella ser. Typhimurium as determined by
X-ray crystallography by Sametey et al., 2001, superimposed against the truncated and
hypothetical crystal structure of Salmonella ser. Enteritidis, as generated in SWISS-MODEL
(Swiss Institute of Bioinformatics). D1 and D2 of both Salmonella ser. Typhimurium (blue) and
Salmonella ser. Enteritidis (green) are shown. D3 of Salmonella ser. Typhimurium is highlighted
in red, whereas the Salmonella ser. Enteritidis sequence superimposing against D3 of Salmonella
ser. Typhimurium is highlighted in orange. For D3 construct design, the overlapping D3
sequence of Salmonella ser. Enteritidis was inserted and commercially synthesized by DNA 2.0
using a pJexpress 414 bacterial expression vector. The figure was generated using PyMOL (The
PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.). (Image of Salmonella
ser. Typhimurium F41 fragment adapted from PDB 1IO1).
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3.1.2 Transformation of Salmonella antigens
Each Salmonella antigen pJexpress414 plasmid was chemically transformed into E. coli
strain BL21 (DE3) pLysS (Lucigen, Middleton, WI, USA), where 1 uL (~24-51 ng) of each
Salmonella antigen plasmid was mixed with 40 µL of cells in a chilled microfuge tube and the
mixture was incubated on ice for 30 min. Next, the cells were heat shocked for 45 sec on a 42°C
hot plate, cooled on ice for another 2 min, and then 960 µL of recovery media was added to each
tube. The tubes were incubated in a shaker at 250 rpm, 37°C for 1 h and 100 µL of each of the
transformed cells were plated onto Luria Broth and carbenicillin (100 µg/mL final concentration)
agar (LB-agar/Carb) plates. The plates were incubated overnight at 37°C.

3.1.3 Expression and purification of Salmonella antigens
For each antigen, a single colony was picked from its corresponding transformation plate
and inoculated into 20 mL of LB/Carb/1% glucose media; the cultures were grown overnight at
37°C in a shaker (220 rpm). The next morning, each starter culture was added to 250 mL
LB/Carb/1% glucose in a 500-mL Ultra Yield Flask™ (Thomson Instrument Company,
Oceanside, CA, USA) and incubated in a shaker at 220 rpm and 30°C. When an OD600 of 0.7-0.9
was reached, the cultures were induced with a final concentration of 0.8 mM isopropyl β-D-1thiogalactopyranoside (IPTG) and grown overnight at 30°C with shaking at 220 rpm. The
following day, the cultures were centrifuged at 5,000 rpm (Sorvall RC-5B Plus
centrifuge/FIBERLite F10-6x500y rotor) for 15 min at 4°C and the supernatant was discarded.
The cell pellets were resuspended in 25 mL lysis buffer (50 mM Tris-HCl pH 8, 25 mM NaCl, 5
mM EDTA) and frozen at -80°C overnight. The next day, the cells were supplemented with
phenulmethylsulfonyl fluoride (PMSF), to final concentration of 1 mM, and thawed on ice at
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room temperature. Once thawed, fresh lysozyme was prepared and a final concentration of 100
µg/mL was added to each sample. The cell suspensions were mixed by vortexing and incubated
at room temperature for 1 h with occasional mixing by inversion. Next, 20 µL of Benzonase®
Nuclease (25U/µl; Sigma-Aldrich, Oakville, ON, Canada) mixed with 180 µL reaction buffer (2
mM Tris pH 7.4, 0.8 mM NaCl, 0.08 M MgCl2) was added to each cell suspension and incubated
at room temperature for 30 min. The cells were pelleted at 8,000 rpm (Sorvall RC-5B Plus
centrifuge/FIBERLite F13-14x50cy rotor) for 45 min at 4°C and the supernatant was filtered
through a 0.22 µm membrane filter (EMD Millipore, Mississauga, ON, Canada). Each sample
was dialyzed in immobilized metal ion affinity chromatography (IMAC) Buffer A (10 mM
HEPES, 0.5 M NaCl, pH 7) overnight and loaded onto a 5-mL HiTrap™ Chelating HP nickel
affinity column (GE Healthcare, Baie-d’Urfé, QC, Canada), for purification by IMAC according
to ÄKTA FPLC (GE Healthcare) instrument instructions, using IMAC Buffer A and IMAC
Buffer B (10 mM HEPES, 0.5 M NaCl, 0.5 M Imidazole, pH 7). The eluted fractions were
validated by SDS-PAGE and by Western blot.
Specifically for the Western blots, the PDVF membrane (Bio-Rad Laboratories Inc.,
Mississauga, ON, Canada) was blocked with 10 mL of 2% Milk-0.1% Tween 20-Tris Buffered
Saline (2% Milk-TBST) for 1 h, followed by incubation with a 1:10,000 dilution of alkaline
phosphatase conjugated mouse monoclonal anti-6X His tag antibody (Abcam, Toronto, ON,
Canada) in 2% Milk-TBST. The membrane was rinsed three times for 5 min each with TBST
and developed using the alkaline phosphatase substrate development kit (Bio-Rad Laboratories
Inc.). !
The eluted IMAC fractions that were confirmed, were pooled for each antigen and ~5 mL
of each antigen was further purified by size-exclusion chromatography (SEC). Purification and
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elution into phosphate buffered saline (PBS), pH 7.4 was performed using a HiLoad™
Superdex™ 200 16/60 prep grade column (GE Healthcare) according to manufacturer’s
instructions. SEC eluted fractions for each antigen were once again validated by SDS-PAGE and
Western blot, as described above. A final concentration of 0.025% sodium azide (NaN3) was
added to all eluted samples and they were stored at 4°C until required.!Subsequently, 100 µg of
each Salmonella antigen in 100 µL PBS pH 7.4 was run on a Superdex™ 75 10/300 GL column
to obtain elution volume data.!
!
3.1.4 CD scans of Salmonella antigens
With some alterations to the protocol described by Hussack et al. (2012), CD scans were
performed to evaluate whether the purified Salmonella antigens were properly folded.
Specifically, the antigens were dialyzed into 10 mM sodium phosphate buffer pH 7 and using
150 µg/mL of each antigen in a 1 mm cuvette (Hellma, Plainview, NY, USA) the samples were
run on a J-815 spectropolarimeter (Jasco Inc., Easton, MD, USA). The scans were performed at
23°C between 180 nm and 250 nm, with 10 accumulations. The scan speed was at 100 nm/min,
with a 1 nm bandwith, and a data pitch of 0.2 nm. The sensitivity was set to standard, with a
D.I.T. of 1 second, and data was collected every 0.2 nm. The raw data for each antigen was blank
subtracted and converted to mean residue ellipticity. The data was plotted as a function of mean
residue ellipticity over wavelength using GraphPad Prism software (La Jolla, CA, USA)."
"

3.2 Biotinylation of Salmonella antigens
All six Salmonella antigens and bovine serum albumin (BSA) (which was used as a
negative control in subsequent experiments) were biotinylated using EZ-Link® Sulfo-NHS-LC-
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LC-Biotin (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer’s
instructions, with some minor changes. Specifically, samples were already dissolved in PBS pH
7.4, thus negating the need for any further dilution or buffer exchange, and a 20-fold molar
excess of EZ-Link Sulfo-NHS-LC-LC-Biotin (Pierce Biotechnology) was added to each protein
sample (2 mg/mL). The biotinylated Salmonella antigens were separated from free biotin using a
Superdex 75 10/300 GL column (GE Healthcare) according to manufacturer’s instructions.
Biotinylation was confirmed via SDS-PAGE and Western blot as described in section 3.1.3, with
two modifications. Specifically for the Western blot, 5% Milk-TBST and streptavidin alkaline
phosphatase conjugate (Roche Diagnostics, Laval, QC, Canada) were used as the blocking buffer
and that primary antibody, respectively, for detection of conjugated biotin.

3.3 Isolation of serovar-specific VHH sdAbs
Serovar-specific VHH antibodies were isolated, expressed, and purified after having
constructed and panned an immune VHH phage display library against the biotinylated
Salmonella “full-length” flagellin antigens.

3.3.1 Llama immunization
A male llama (Lama glama) was subcutaneously immunized as described by Hussack et
al. (2012), with some modifications. The llama was immunized on days 0, 21, 28, 35, and 42.
For each immunization, the llama was immunized with a combined 300 µg of all three
recombinant Salmonella serovar D3 antigens (i.e. 100 µg each of STD3, SND3, and SED3),
dissolved in 1 mL PBS. The day-0 immunization included an additional 1 mL of Freund’s
Complete Adjuvant (FCA) (Sigma-Aldrich), whereas the day-21 and 35 immunizations included
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an additional 1 mL of Freund’s Incomplete Adjuvant (FIA) (Sigma-Aldrich), for a total volume
of 2 mL for each immunization. The day-42 immunization did not include adjuvant. Whole llama
blood (~80 mL) was collected in heparin-coated tubes on days 0, 35 and 42 for later use. Serum
(10-15 mL) was also received from each bleed. Lastly, a special, day-49 bleed was carried out
and whole llama blood (~80 mL) was collected (no serum was included/prepared).

3.3.2 Whole serum enzyme-linked immunosorbent assay (ELISA)
In order to test the functionality of the sera, a whole serum ELISA was performed using
the pre-immune, day-35, and day-42 sera (refer to section 3.3.1). Briefly, a 96-well microtiter
plate was coated overnight at 4°C, with 1 µg/well of each recombinant Salmonella serovar D3
antigen (STD3, SND3, or SED3) dissolved in 100 µL PBS. Control wells coated with 100 µl
PBS were also included. The following day, the wells were blocked with 300 µL of 3% Milk0.05% Tween 20-Phosphate Buffered Saline (3% Milk-PBST) for 3 h at 37°C. The microtiter
plate was washed three times with 300 µL PBST, and 100 µL serum serial dilutions in PBS were
added to each well. For an additional control, designated wells for each antigen/serum
combination did not include any serum and 100 µL PBS was added instead. The microtiter plate
was incubated at room temperature for 1.5 h and washed three times with 300 µL PBST. Next,
100 µL of goat anti-llama IgG HRP conjugate (Bethyl Laboratories Inc., Montgomery, TX,
USA) diluted 1:10,000 in PBS was added to each well and the plate was incubated for 1 h at
room temperature. The microtiter plate was washed five times with 300 µL PBST and 100 µL of
a 1:1 mixture of the TMB Microwell Peroxidase Substrate System (KPL Inc., Gaithersburg, MD,
USA) was added to each well. The reactions were incubated for ~1 min, stopped by adding 100
µL of 1 M phosphoric acid (H3PO4) to each well, and read at 450 nm.
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3.3.3 Serum fractionation
Having validated functionality (refer to section 3.3.2), the day-35 serum was
fractionated into heavy chain (hc) IgG3, IgG1, hcIgG2a/b/c, and hcIgG2a/b/c + IgM fractions
and confirmed by SDS-PAGE, as described in detail by Hussack et al. (2012).

3.3.4 Fractionated serum ELISAs
ELISAs were performed to evaluate the binding affinity of the serum fractions to
the now biotinylated Salmonella antigens. Briefly, 96-well microtiter plates were coated with 0.5
µg/well streptavidin (Promega Corporation, Madison, WI, USA) diluted in 100 µL ddH2O
overnight at 37°C. The following day, wells were coated with 30 pmol of biotinylated
Salmonella antigens (STF, SNF, SEF, STD3, SND3, and SED3) and biotinylated BSA (for
background subtraction) diluted in 100 µL PBS, for 45 min at room temperature. The microtiter
plates were blocked with 350 µL of 5% Milk-Phosphate Buffered Saline (5% Milk-PBS) for 2 h
at 37°C. For the serum antibody fractions, serial dilutions (100 µg/mL to 0.20 µg/mL) of 100
µL/well were added to the wells, except for designated primary antibody control wells, which
contained 100 µL PBS. The plates were incubated at 37°C for 1 h and washed five times with
350 µL PBST using an Asys Atlantis Microplate Washer (Montreal Biotechnology Inc., Dorval,
QC, Canada). Next, 100 µL of a 1:10,000 dilution of goat anti-llama IgG HRP conjugate (Bethyl
Laboratories Inc.) in PBS was added to each well, except for designated secondary antibody
control wells, which only contained 100 µL PBS. The plates were incubated for 1 h at room
temperature, washed five times with 350 µL PBST using the Asys Atlantis Microplate Washer
(Montreal Biotechnology Inc.) and 100 µL of a 1:1 mixture of the TMB Microwell Peroxidase
Substrate System (KPL Inc.) was added to each well. The reactions were developed for ~ 3-4
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min, stopped by adding 100 µL of 1 M H3PO4 to each well, and the binding affinities were read
at 450 nm.

3.3.5 Construction of an immune VHH phage display library
An immune VHH phage display library was built as described by Hussack et al. (2012),
with modifications to the protocol, as detailed in the following sections.

3.3.5.1 Isolation of llama total RNA
Before isolation of RNA, lymphocytes were purified from immune llama blood. A total
of 40 mL of day-42 whole llama blood (refer to section 3.3.1) was used to isolate blood
lymphocytes using a QIAamp RNA Blood Mini™ kit (Qiagen, Mississauga, ON, Canada),
according to the manufacturer’s instructions. Specifically, 10-mL aliquots of blood were
combined with 40 mL of the provided Qiagen Buffer EL (Qiagen) per 50 mL Falcon tube (4
tubes total), and all 4 tubes were incubated on ice for 25 min. The lymphocytes were pelleted at
400 g for 15 min at 4°C and the supernatants were decanted. Each pellet was resuspended in 20
mL of Qiagen Buffer EL (Qiagen) by vortex and the tubes were centrifuged at 400 g for 15 min
at 4°C. The supernatants were discarded and from the 4 separate tubes, 2 pellets each were
combined into two 15 mL falcon tubes. Another 10 mL Qiagen Buffer EL (Qiagen) was added to
both tubes, mixed by vortex, and spun down at 400 g for 15 min at 4°C. The supernatants were
discarded and the tubes containing the isolated lymphocytes were frozen at -80°C until required.
Next, total lymphocyte RNA was extracted from one of the 15 mL falcon tubes
mentioned above (i.e. RNA was extracted from 20 mL total of lymphocytes). The tube was
thawed and the pellet was dissolved in 1.5 mL of TRIzol® Reagent (Life Technologies,
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Burlington, ON, Canada). The mixture was incubated for 5 min at room temperature, 350 µL of
chloroform was added, and then the mixture was transferred into 1.5 mL microfuge tubes (2
tubes x ~950 µL each). The tubes were spun at maximum speed in a desktop centrifuge for 15
min at 4°C. The top layer from both tubes (containing the RNA) was transferred to its own new
microfuge tube and 500 µL of isopropanol was added to both tubes. Once again, the samples
were pelleted at maximum speed for 15 min at 4°C and the supernatants were decanted. Next, 1
mL of 75% ethanol was added to each tube, mixed, and the tubes were centrifuged at maximum
speed in the desktop centrifuge for 15 min at 4°C. The supernatants were removed, the pellets
were air dried, and the pellets were resuspended in 50 µL double distilled water (ddH2O) and
pooled. RNA concentration was determined by NanoDrop® ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). The lymphocyte and total RNA isolation
processes were repeated using fresh day-49 whole llama blood.

3.3.5.2 cDNA synthesis
Next, the isolated RNA from both day-42 and 49 (refer to section 3.3.5.1) was used to
produce first-strand cDNA using the First-Strand cDNA Synthesis™ kit (GE Healthcare)
according to the manufacturer’s instructions. A total of five reactions were set up, two reactions
using the day-42 isolated RNA and an additional three reactions using the day-49 isolated RNA.
While each reaction utilized 1 µL of pd(N)6 random hexamer primers, each day-42 and day-49
cDNA synthesis reaction contained 4.90 µg (20 µL) and 3.34 µg (20 µL) of RNA, respectively.
Once complete, both day-42 and day-49 cDNA synthesis reactions were pooled.
!
!
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3.3.5.3 dsDNA synthesis and amplification of VHH genes
Initially, two 50-µL test PCR reactions were carried out using the pooled cDNA (refer to
section 3.3.5.2). The first PCR reaction utilized the forward MJ1-3 primer mix (10 pmol/µL
each) and the reverse CH2FORTA4 primer, and generated a VHH-CH2 PCR product. The second
PCR reaction utilized the forward MJ1-3 primer mix and the reverse CH2B3-F primer, and
produced a VHH-CH1-CH2 PCR product. All primer sequences are listed in Table 1. The
reactions were performed at various annealing temperatures and 5 µL of each reaction was
analyzed on a 1% agarose gel for optimal product yield. Once optimized, PCR amplification of
VHH genes was repeated. A total of nine replicate reactions were carried out. Each reaction
included 5 µL 10X Platinum® Taq Polymerase Buffer (Life Technologies), 1.5 µL 50 mM
MgCl2 (Life Technologies), 0.5 µL MJ1-3 primer mix (10 pmol/ µL each), 0.5 µL of
CH2FORTA4 or CH2B3-F primer, 1 µL 2.5 mM dNTP mix (New England BioLabs Inc.,
Ipswich, MA, USA), 0.4 µL Platinum® Taq DNA Polymerase (Life Technologies), 5 µL cDNA,
and 36 µL ddH2O. The amplification conditions included heat at 94°C for 5 min, followed by 35
cycles of denaturing at 94°C for 30 sec, annealing at 56°C for 45 sec, and extension at 72°C for
60 sec, with final extension at 72°C for 10 min and holding at 4°C. Both PCR products were
visualized on a 1% agarose gel and purified using the QIAquick Gel Extraction™ kit (Qiagen)
according to the manufacturer’s instructions, with two minor modifications. Having excised and
dissolved the PCR products as described, each sample volume was split in half and two
purification reactions were carried out. The contents were eluted with 50 µL ddH2O and pooled,
for a total of 100 µL per PCR product. DNA concentrations were measured using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies).
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During the second round of PCR amplification, only the VHH region was amplified when
17 replicate reactions were carried out using the forward MJ7 primers, the reverse MJ8 primers
(refer to Table 1), and the purified VHH-CH2 and VHH-CH1-CH2 DNA products as DNA
templates. Each reaction included 5 µL 10X Platinum Taq Polymerase Buffer (Life
Technologies), 1.5 µL 50 mM MgCl2 (Life Technologies), 0.5 µL MJ7 primer, 0.5 µL MJ8
primer, 1 µL 2.5 mM dNTP mix (New England BioLabs Inc.), 0.3 µL Platinum Taq DNA
Polymerase (Life Technologies), ~20 ng total of VHH-CH2 or VHH-CH1-CH2 PCR product, and
ddH2O up to 50 µL. The amplification conditions included heat at 94°C for 3 min, followed by
35 cycles of denaturing at 94°C for 30 sec, annealing at 58°C for 45 sec, and extension at 72°C
for 60 sec, with final extension at 72°C for 10 min and holding at 4°C. The 17 PCR reactions
containing each corresponding DNA template were pooled and 3 µL of both PCR reactions were
run on a 1% agarose gel to confirm proper banding patterns. Both VHH PCR products (MJ7/8CH2FORTA4 or MJ7/8-CH2B3-F) were purified using the QIAquick PCR Purification™ kit
(Qiagen) according to manufacturer’s instructions. Having split the reaction volumes in half, two
purification reactions were carried out per VHH PCR product. Each purification also included a
double elution with 50 µL ddH2O, where the primary and secondary elutions from both
purifications were pooled for each VHH PCR product, respectively. Therefore, a total of two 100
µL samples (elution 1 and elution 2) were obtained per VHH PCR product. DNA concentrations
were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and
the samples were stored at -20°C until needed.
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Table 1. Primers used in VHH phage display library construction.
Primer Name
MJ1
MJ2
MJ3
CH2FORTA4
CH2B3-F
MJ7
MJ8

Primer Sequence (5’ to 3’)
GCCCAGCCGGCCATGGCCSMKGTGCAGCTGGTGGAKTCTGGGGGA
GCCCAGCCGGCCATGGCCCAGGTAAAGCTGGAGGAGTCTGGGGGA
GCCCAGCCGGCCATGGCCCAGGCTCAGGTACAGCTGGTGGAGTCT
CGCCATCAAGGTACCAGTTGA
GGGGTACCTGTCATCCACGGACCAGCTGA
CATGTGTAGACTCGCGGCCCAGCCGGCCATGGCC
CATGTGTAGATTCCTGGCCGGCCTGGCCTGAGGAGACGGTGACCTGG

3.3.5.4 Restriction enzyme digestion of VHH genes and pMED1 phagemid
vector
Next, 50 µL of both elution 1 VHH PCR products from section 3.3.5.3 (i.e. the insert),
were pooled (17 µg total) and digested overnight at 50°C with 5 units/µg DNA SfiI restriction
enzyme (New England BioLabs Inc.) in a 150 µL reaction volume, plus 100 µL mineral oil on
top. For the phagemid vector, 4.34 µg of SfiI (New England BioLabs Inc.), PstI (New England
BioLabs Inc.) XhoI (New England BioLabs Inc.) previously digested and purified pMED1
(obtained from Yonghong Guan (National Research Council Canada, Ottawa, ON, Canada)) was
used for library construction. The digested insert, the undigested vector and the digested vector
were all visualized on a 1% agarose gel to confirm proper digestion and banding patterns. The
digested insert was purified using the QIAquick PCR Purification kit (Qiagen) according to
manufacturer’s instructions. The sample was eluted twice with 50 µL ddH2O, using a new
microfuge tube for each elution. The digested VHH insert was quantified by NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies). !
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3.3.5.5 Ligation of VHH genes and pMED1 phagemid vector
Following an initial 10-µL test ligation and transformation reaction, which proved to be
successful, a total of twelve 10-µL ligation reactions were carried out under identical large-scale
conditions. Each ligation reaction contained ~0.22 µg of digested pMED1 vector (refer to section
3.3.5.4), ~0.31 µg digested VHH insert (refer to section 3.3.5.4), 2 µL 5X T4 DNA Ligase Buffer
(Invitrogen, Burlington, ON, Canada), 1.5 µL T4 DNA Ligase (Invitrogen), and 2.5 µL ddH2O.
The ligation reactions were incubated overnight at 16°C in a PCR machine (BIORAD T100™
Thermal Cycler; Bio-Rad Laboratories Inc.). The next day, the ligation reactions were pooled
into 2 separate samples (i.e. 6 ligation reactions per sample), purified using the QIAquick PCR
Purification kit (Qiagen) and eluted twice with 50 µL ddH2O for a total of 100 µL per sample.
The eluted samples were pooled and the purified ligation (200 µL) was concentrated to 50 µL by
speed vacuum (Savant DNA 120 SpeedVac® Concentrator; Thermo Fisher Scientific Inc.,
Rockford,

IL,

USA).

DNA

concentration

was

measured

by

NanoDrop

ND-1000

spectrophotometer (NanoDrop Technologies).

3.3.5.6 Transformation of pMED1 plasmid into E. coli TG1 cells for library
construction
To construct the library, 10 µL of the ligation product (refer to section 3.3.5.5) was mixed
with 100 µL of TG1 electroporation-competent cells (Agilent Technologies, Mississauga, ON,
Canada); 55 µL each was aliquoted into two 0.1 cm electroporation cuvettes (Bio-Rad
Laboratories Inc.) and transformed using a Gene Pulser™ electroporator (Bio-Rad Laboratories
Inc.) set at 1200 V, 25 µF, and 200 Ω. The protocol was repeated for a total of 10 transformation
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reactions. Each transformation was immediately supplemented with 1 mL of pre-warmed SOC
recovery medium and incubated for 1 h at 37°C while shaking at 250 rpm.

3.3.5.7 Determining the size of the VHH phage display library
Following incubation for 1 h (refer to section 3.3.5.6), the transformed cells were pooled
and serial dilutions from 10-2 to 10-9 were made using 100 µL of the cells in 2YT broth. Next,
100 µL of each serial dilution was spread onto 2YT agar plates containing ampicillin (100
µg/mL final concentration) (2YT/Amp) and incubated overnight at 32°C. The following
morning, the colonies on each titer plate were counted and the total library size was calculated.
Colony PCR was performed on 80 colonies randomly selected from the titer plates. Each 15 µL
PCR reaction included 1.5 µL 10X Taq Polymerase Buffer (GenScript USA, Piscataway, NJ,
USA), 0.15 µL forward -96gIII primer (Table 2), 0.15 µL reverse M13RP primer (Table 2), 0.4
µL 2.5 mM dNTP mix (New England BioLabs Inc.), 0.15 µL Taq DNA Polymerase (GenScript
USA) and 12.65 µL ddH2O. The PCR amplification conditions included heating at 94°C for 5
min, followed by 35 cycles of denaturing at 94°C for 30 sec, annealing at 55°C for 30 sec, and
extension at 72°C for 45 sec, with final extension at 72°C for 10 min and holding at 4°C. Next, 7
reactions were analyzed on a 1% agarose gel to confirm the proper size and 48 were sent for
sequencing. The percentage of positive VHH sequences obtained was multiplied by the total
library size to determine the functional library size. The uniqueness of these sequences was also
used to estimate the diversity of the functional library size.
!
!
!
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Table 2. Primers used in determining the size of the VHH phage display library.
Primer Name
-96gIII
M13RP

Primer Sequence (5’ to 3’)
CCCTCATAGTTAGCGTAACGATCT
CAGGAAACAGCTATGAC

3.3.5.8 Library amplification and phage rescue
The remaining 9.9 mL of transformed cells from section 3.3.5.7 was added to 500 mL
2YT/Amp/2% glucose and incubated overnight in a shaker at 250 rpm and 37°C. The next day,
the culture was spun down for 20 min at 4,000 rpm (Sorvall Legend RT+ centrifuge/Sorvall
Heraeus 75006445 rotor), the supernantant was discarded, and the pellet was resuspended in 50
mL 2YT/Amp/2% glucose + 50 mL 50% glycerol. Next, 5 mL was set aside and the remaining
mixture (i.e. library cells) was aliquoted into 1.5 mL vials and frozen at -80°C.
The 5 mL of the library cells set aside was added to 200 mL 2YT/Amp/2% glucose in a
500 mL flask and the mixture was grown at 37°C in a shaker at 220 rpm for 3 h until an OD600 of
~0.6 was reached. The library cells were infected with 20X excess (25 µL) of M13K07 helper
phage (3x1012 plaque forming units (pfu)) (provided by Yonghong Guan (National Research
Council Canada) and incubated for 1 h at 37°C without shaking. The cells were pelleted for 10
min at 4,100 rpm using a Sorvall Legend RT+ centrifuge (Sorvall Heraeus 75006445 rotor), the
supernatant was decanted, and the pellet was resuspended in 200 mL 2YT- ampicillin (100
µg/mL final concentration) – kanamycin (50 µg/mL final concentration) (2YT/Amp/Kan) broth.
The culture was grown overnight in a 500-mL flask at 30°C in a shaker (250 rpm). The overnight
culture was centrifuged for 20 min at 8,500 rpm (Sorvall RC-5B Plus centrifuge/FIBERLite F146x50cy rotor) at 4°C. The supernatant was saved and filtered through a 0.22 µm membrane filter
(EMD Millipore). Next, 1/5 the volume of 20% polyethylene glycol (PEG)/2.5 M NaCl was

49!

added and the mixture was incubated for 30 min on ice. The phage were pelleted for 20 min at
8,500 rpm (Sorvall RC-5B Plus centrifuge/FIBERLite F14-6x50cy rotor) at 4°C. The supernatant
was discarded and the pellet was resuspended in 1.6 mL PBS. Purified phage dilutions of 10-2,
10-4, 10-6, 10-8, 10-10, 10-12 and 10-14 with 10 µL phage in 990 µL PBS were prepared.
Subsequently, 100 µL of E. coli TG1 cells, grown in 2YT/Amp broth until OD600 0.5, were
infected with 10 µL of each phage dilution. A control consisted of 100 µL of E. coli TG1 cells
mixed with 10 µL PBS. The infected cells and the control were spread on 2YT/Amp plates,
which were incubated overnight at 32°C. The following morning, the phage concentration was
determined by counting the number of colonies on the titer plates.

3.3.6 Biopanning
Over three rounds, VHH sdAbs were isolated from the immune VHH phage display
library (refer to section 3.3.5). The library was biopanned against the biotinylated STF antigen,
following subtractive biopanning with the biotinylated SNF and SEF antigens (refer to section
3.2). During round 1, Pierce® Streptavidin, High Binding Capacity Coated Plates (Pierce
Biotechnology) were used. One well (i.e. the capture well) was coated with 24 µg of biotinylated
STF antigen in 100 µL PBS, while a second well (i.e. the subtractive well) was coated with a
mixture of 12 µg each of biotinylated SNF and SEF antigens (for 24 µg total) in 100 µL PBS,
overnight at 4°C. The next day, the wells were blocked with 350 µL 1% casein for 2 h at 37°C.
Next, 1012 cfu of purified phage (refer to section 3.3.5.8) in 100 µL PBS + 100 µL 1% casein
(for a total of 200 µL) was added to the subtractive well and incubated for 1 h at room
temperature. After an hour, the phage from the subtractive well was transferred to the capture
well by gentle pipetting and incubated for 1 h at room temperature. The capture well was washed

50!

10 times with 350 µL PBST, followed by an additional 10 washes with 350 µL PBS. Next, 200
µL of 100 mM triethylamine (TEA) was added, incubated for 10 min and neutralized with 100
µL 1 M Tris-HCl pH 7.4 in a new microfuge tube, for 300 µL total. Subsequently, 150 µL of
eluted phage was used to infect 3 mL of E. coli TG1 cells at OD600 0.5 for 30 min at 37°C with
no shaking. The remainder of the eluted phage were stored at -20°C. Following the incubation
period, phage titers of neat (100 µL of infected E. coli TG1 cells only), 10-2, 10-4, 10-6 and 10-8
were prepared by mixing 2 µL of infected cells with 198 µL 2YT media. A control of 10 µL
uninfected E. coli TG1 cells in 90 µL 2YT media was also prepared. While 100 µL of each titer
was plated onto 2YT/Amp plates and incubated overnight at 32°C, the remaining ~3 mL of E.
coli TG1 cells were grown for 30 min at 37°C with shaking at 250 rpm. Next, 3 µL of ampicillin
(100 µg/mL final concentraction) and 1 µL of M13K07 helper phage (1.2x1011 pfu) were added
and the culture was incubated for 15 min at 37°C with no shaking. The cells were pelleted at
4,000 rpm (Sorvall Legend RT+ centrifuge/Sorvall Heraeus 75006445 rotor) for 10 min, the
supernatant was decanted, and the pellet was resuspended in 10 mL 2YT/Amp/0.1%
glucose/0.25 mM IPTG. The cells were grown at 37°C in a shaker at 250 rpm for 30 min, 10 µL
of kanamycin (50 µg/mL final concentration) were added, and the cells were incubated overnight
at 32°C in a shaker at 250 rpm. The following morning, the colonies of the titer plates were
counted and the round one total output phage was calculated. Concurrently, the overnight culture
was spun down for 10 min at 4,000 rpm (Sorvall Legend RT+ centrifuge/Sorvall Heraeus
75006445 rotor) at 4°C. The supernatant was saved and filtered through a 0.22 µm filter
membrane (EMD Millipore). Having added 1/5 the volume 20% PEG/2.5 M NaCl, the
supernatant was incubated on ice for 1 h and centrifuged at 4,000 rpm (Sorvall Legend RT+
centrifuge/Sorvall Heraeus 75006445 rotor) for 20 min at 4°C. The supernatant was discarded
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and the resultant phage pellet was resuspended in 5 mL PBS in a new flacon tube. Next, 1 mL of
20% PEG/2.5 M NaCl was added and the phage suspension was incubated on ice for 20 min.
The phage were spun down at 4,000 rpm (Sorvall Legend RT+ centrifuge/Sorvall Heraeus
75006445 rotor) for 20 min at 4°C, the supernatant was discarded and the resultant phage pellet
was resuspended in 500 µL PBS. Serial dilutions of 10-2, 10-4, 10-6, 10-8, 10-10 and 10-12 with 10
µL purified phage in 990 µL PBS were prepared. Subsequently, 100 µL of E. coli TG1 cells
were infected with 10 µL of each phage dilution. A control consisted of 100 µL of E. coli TG1
cells mixed with 10 µL PBS as well. The infected cells and the control were spread on 2YT/Amp
plates, which were incubated overnight at 32°C. The remaining round one amplified phage were
stored at -20°C. The following morning, the phage titer was determined by counting the number
of colonies on the titer plates and a minimum of 1011 cfu of phage were used as the input phage
for the subsequent round of biopanning.
The second round of panning was repeated in the same manner as described for round
one, with some modifications. For round two, Pierce® Neutravidin® High Binding Capacity
Coated Plates (Pierce Biotechnology) were used. The capture well was coated with 4 µg of
biotinylated STF antigen in 100 µL PBS, while the subtractive well was coated with a mixture of
2 µg each of biotinylated SNF and SEF antigens (for 4 µg total) in 100 µL PBS, overnight at
4°C. The wells were blocked with 350 µL Thermo Scientific™ Superblock™ (PBS) Blocking
Buffer (Thermo Fisher Scientific Inc.) for 2 h at 37°C. Lastly, before it was added to the
subtractive well, the purified phage in 100 µL PBS was mixed with 100 µL ChemiBLOCKER
(200 µL total; EMD Millipore, Temecula, CA, USA).
The third round of panning was repeated in the same manner as described for round one,
with minor modifications. For round three, the capture well was coated with 4 µg of biotinylated
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STF antigen in 100 µL PBS, while the subtractive well was coated with a mixture containing 2
µg each of biotinylated SNF and SEF antigens (for 4 µg total) in 100 µL PBS, overnight at 4°C.

3.3.6.1 Colony polymerase chain reaction (cPCR) and sequence analysis of
isolated VHH sdAbs
Colony PCR was performed for each round of biopanning (refer to section 3.3.6.2) to
ensure the proper progression and isolation of VHH sdAbs. The forward -96gIII and reverse
M13RP primers (refer to Table 2) were used to perform colony PCR on 12, 24, and 48 clones
picked from eluted plates during rounds one, two, and three, respectively. Colonies were picked
and deposited in 200 µL ddH2O. Each 10 µL PCR reaction included 1 µL 10X Taq Polymerase
Buffer (GenScript USA), 0.1 µL -96gIII primer, 0.1 µL M13RP primer, 0.2 µL 2.5 mM dNTP
mix (New England BioLabs Inc.), 0.1 µL Taq DNA Polymerase (GenScript USA), 0.5 µL
template DNA (i.e. corresponding colony diluted in ddH2O), and 8 µL ddH2O. The amplification
conditions included heating at 95°C for 5 min, followed by 35 cycles of denaturing at 95°C for
30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 45 sec, with final extension at
72°C for 7 min and holding at 4°C. The PCR reactions were visualized on a 1% agarose gel and
all the positive clones from rounds two (24 samples) and three (48 samples) were sent for
sequencing. Subsequently, all the sequences from rounds two and three were analyzed.!
!
3.3.7 Validating VHH binding by monoclonal phage ELISA
Following sequence analysis, 12 phage clones were selected and binding was confirmed
by monoclonal phage ELISA. Briefly, a 96-well microtiter plate was coated with streptavidin
and biotinylated Salmonella antigens STF, SNF, and SEF as described in section 3.3.4. Two
additional wells were coated with the STF antigen and subsequently used as negative controls.
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Wells coated with 100 µL PBS were included for background subtraction along with a well
coated with KM13 helper phage (Source Bioscience, Nottingham, UK) for a positive control.
The next day, the ELISA plate was blocked with 350 µL 2% Milk-PBS overnight at 4°C.
Concurrently, a stock volume of 2YT/Amp/1% glucose was prepared and 150 µL/well
was dispensed into a Nunc™ 96-Well Polystyrene Round Bottom Microwell Plate (Corning Inc.,
Corning, NY, USA). Selected phage clones were inoculated into 4 wells each and grown
overnight at 37°C while shaking at 225 rpm. The next morning, a second round bottom
microwell plate was prepared with 2YT/Amp/1% glucose as previously described and each well
was seeded with 2 µL of the corresponding phage clone from the overnight-culture plate. The
culture plate was grown for 3 h at 37°C with shaking at 225 rpm and then each well was infected
with 1011 pfu of M13K07 helper phage. The microwell plate was incubated for 15 min at 37°C
without shaking, followed by a 1-h incubation at 37°C with shaking at 250 rpm. The phage
culture plate was spun down at 4,000 rpm (Sorvall Legend RT+ centrifuge/Sorvall Heraeus
75006445 rotor) for 3 min, the supernatants were carefully pipetted out, and each phage pellet
was resuspended in 150 µL 2YT/Amp/well. The cultures were grown for 30 min at 37°C with
shaking at 250 rpm. Next, 0.15 µL kanamycin (50 µg/mL final concentration) was added to each
well and the culture plate was incubated overnight at 30°C with shaking at 250 rpm. The
following morning the phage culture plate was centrifuged at 4,000 rpm (Sorvall Legend RT+
centrifuge/Sorvall Heraeus 75006445 rotor) for 3 min at 4°C. Next, 90 µL phage supernatant
from each well was mixed with 10 µL 2% Milk-PBS and added to the corresponding wells of the
ELISA plate, except for the primary antibody negative control well, which contained 100 µL
PBS. For the positive control, 1011 pfu of M13K07 helper phage in 100 µL 2% Milk-PBS was
added and the ELISA plate was incubated for 2 h at room temperature. The plate was washed 5
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times with 350 µL PBST using an Asys Atlantis Microplate Washer (Montreal Biotechnology
Inc.) and 100 µL of a 1:5,000 dilution of HRP conjugated anti-M13 IgG (GE Healthcare) in PBS
was added to each well, excluding the secondary antibody negative control well, which
contained 100 µL PBS instead. The plate was incubated at room temperature for 1 h and the
remainder of the ELISA was done as stated in section 3.3.4. Note that the ELISA was developed
for a maximum of 8 min.

3.3.8 Subcloning, expression, and purification of serovar-specific VHH sdAbs
Following biopanning, isolated Salmonella ser. Typhimurium specific VHH sdAbs
sequences were subcloned into an expression vector, transformed into E. coli, and expressed and
purified for use in future experiments.

3.3.8.1 Subcloning of selected VHH sdAbs
Batch cloning, which involved PCR amplification, purification, digestion, and ligation of
selected VHH sdAbs DNA into a pSJF2H expression vector was carried out, prior to subsequent
VHH sdAb expression and purification.

3.3.8.1.1 Purification of pSJF2H vector, and cPCR and purification of
selected VHH genes
Initially, a 5 mL 2YT/Amp overnight culture of pSJF2H expression vector was purified
using the QIAquick PCR Purification kit (Qiagen) as described in the second half of section
3.3.5.3. The plasmid was eluted with 50 µL Buffer EB (Qiagen) and 10 µL sodium acetate
(C2H3NaO2) was added to the purified plasmid. Next, colony PCR was carried out on all 12
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phage clones (refer to section 3.3.8), using forward BbsIVVH1 (10 clones) or BbsIVHH2 (2
clones), and reverse BamVHH VHH specific primers (Table 3). Each 50 µL PCR reaction
included 5 µL 10X Taq Polymerase Buffer (GenScript USA), 0.5 µL forward primer
(BbsIVVH1 or BbsIVHH2), 0.5 µL reverse BamVHH primer, 1 µL 2.5 mM dNTP mix (New
England BioLabs Inc.), 1 µL Taq DNA Polymerase (GenScript USA), 1 µL template DNA (i.e.
corresponding colony diluted in ddH2O (refer to section 3.3.6.1)), and 41 µL ddH2O. The
amplification conditions were identical to those described in section 3.3.6.1. Following
visualization on a 1% agarose gel to confirm proper amplification and banding pattern, 25 µL of
each PCR product was pooled into either one of two separate batches (BbsIVVH1/BamVHH or
BbsIVHH2/BamVHH). Both batches were purified using the QIAquick PCR Purification kit
(Qiagen), according to the manufacturer’s instructions and eluted with 54 µL Buffer EB
(Qiagen). Ten µL C2H3NaO2 was added to each purified batch and DNA concentrations were
measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The
remaining unused PCR products were stored at -20°C.

Table 3. Primers used in VHH DNA PCR amplification.
Primer Name
BbsIVHH1
BbsIVHH2
BamVHH

Primer Sequence (5’ to 3’)
TATGAAGACAC.CAGGCCCAGGTGCAGCTGGTGGAGTCT
TATGAAGACAC.CAGGCCCAGGTAAAGCTGGAGGAGTCT
TTGTTCG.GATCCTGAGGAGACGGTGACCTG

56!

3.3.8.1.2 Restriction enzyme digestion of selected VHH genes and
pSJF2H vector
Using FastDigest BbsI (Thermo Scientific, Rockford, IL, USA) and Fast Digest BamHI
(Thermo Scientific) restriction enzymes, three separate 100 µL digestion reactions (Table 4)
were set up for both batches of purified VHH DNA (PCR batch 1 and PCR batch 2) and the
purified pSJF2H vector (refer to section 3.3.8.1.1)

Table 4. Summary of restriction enzyme digestions for VHH DNA (batches 1 and 2), and
the pSJF2H vector.
Components
Purified VHH DNA
10X FD Buffer
BbsI FD Enzyme
BamHI FD Enzyme
ddH20

!

PCR Batch 1 (µL)
13.13 (1 µg)
10
2
2
72.87

PCR Batch 2 (µL)
11.98 (1 µg)
10
2
2
74.02

pSJF2H Vector (µL)
15.48 (2 µg)
10
1
1
72.52

Both VHH DNA batches were digested at 37°C for 15 min, inactivated at 65°C for 10

min, and cooled at room temperature for 5 min. The vector was digested at 37°C for 15 min and
then 1 uL Antarctic alkaline phosphatase (New England BioLabs Inc.) was added. The reaction
was incubated at 37°C for an additional 30 min, inactivated at 65°C for 10 min, and cooled at
room temperature for 5 min. Following digestion, 50 ng of undigested and digested vector, and
25 ng of each batch of VHH DNA was visualized on a 1% agarose gel to confirm proper
digestion and banding patterns. The digestion reactions were purified using the QIAquick PCR
Purification kit (Qiagen) according to manufacturer’s instructions, with one minor modification.
Each sample was eluted when 30 µL ddH2O and 10 µL C2H3NaO2 were added to each batch of
purified VHH DNA. The digestions were quantified by NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies).
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3.3.8.1.3 Ligation of VHH genes and pSJF2H vector
Two 15 µL ligation reactions were set up per batch of digested VHH DNA (i.e. the insert)
(refer to section 3.3.8.1.2), for a total of four reactions. Each ligation reaction contained 100 µg
digested pSJF2H vector (refer to section 3.3.9.1.2), ~245-265 µg digested VHH insert (refer to
section 3.3.9.1.2), 3 µL 5X T4 DNA Ligase Buffer (Invitrogen), and 1 µL T4 DNA Ligase
(Invitrogen). Ligations were incubated overnight at 16°C in a PCR machine (BIORAD T100
Thermal Cycler; Bio-Rad Laboratories Inc.). The next day, the reactions were pooled into two
separate samples (i.e. one ligation reaction per batch of VHH DNA) for 30 µL total per ligation.
The reactions were purified using the QIAquick PCR Purification kit (Qiagen), with some
modifications. Initially, 20 µL ddH2O was added to each ligation, and once purified, the DNA
was eluted twice with 25 µL ddH2O for a total of 100 µL per sample. Both samples (ligation 1
and 2) were concentrated to 10 µL by speed vaccum (Savant DNA 120 SpeedVac Concentrator;
Thermo Fisher Scientific Inc.) and quantified by NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies).

3.3.8.1.4 Transformation of pSJF2H vector into E. coli TG1 cells
For transformation, 1 µL of each ligation product (refer to section 3.3.8.1.3) was
transformed into 50 µL of E. coli TG1 electroporation-competent cells (Agilent Technologies)
using 0.1 cm electroporation cuvettes (Bio-Rad Laboratories Inc.) and a Gene Pulser
electroporator (Bio-Rad Laboratories Inc.) set at 1200 V, 25 µF, and 200 Ω.

Both

transformations were immediately supplemented with 1 mL of pre-warmed SOC recovery
medium and incubated for 1 h at 37°C while shaking at 220 rpm. Following the incubation
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period, 100 µL and 900 µL of each transformation were plated onto 2YT/Amp agar plates, which
were incubated overnight at 37°C.

3.3.8.1.5 Screening of selected VHH sdAbs by cPCR
The next morning, 47 colonies from each 100 µL 2YT/Amp transformed ligation plate
(refer to section 3.3.8.1.4) (94 colonies total) were randomly selected and 10 µL colony PCR
reactions (refer to section 3.3.6.1) were carried out as using the forward M13FP primer (5’GTAAAACGACGGCCAGT -3’) and reverse M13RP primer (refer to Table 2), under the
conditions described in section 3.3.9.1.1. The PCR reactions were run on a 1% agarose gel to
identify positive transformants via correct banding pattern. All positive transformants were
sequenced and 11 original binders (refer to section 3.3.6.1) were identified.

3.3.8.2 Expression and purification of selected VHH sdAbs
Following a small-scale expression test, large-scale expression was carried out on 10 of
the 11 potential VHH binders (refer to section 3.3.8.1.5). Each VHH clone was grown in 10 mL
2YT/Amp/1% glucose overnight at 37°C with shaking at 220 rpm. The next morning, 250 mL
2YT/Amp/0.1% glucose in a 500-mL Ultra Yield Flask (Thomson Instrument Company) was
supplemented with 2 mL of the overnight culture and incubated at 37°C with shaking at 220 rpm
until an OD600 of 0.5 was reached. The culture was induced with a final concentration of 0.8 mM
IPTG and incubated for 16 h, overnight at 37°C and 250 rpm. The next morning, TES
periplasmic extraction was conducted, where the culture was spun down at 4,000 rpm (Sorvall
Legend RT+ centrifuge/Sorvall Heraeus 75006445 rotor) for 20 min at 4°C. The pellet was
resuspended in 20 mL of chilled TES buffer (20% sucrose, 1 mM EDTA, 25 mM Tris-HCl, pH
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8) and incubated on ice for 1 h, with occasional mixing by inversion. Next, 30 mL of chilled 1/8
TES buffer was added and the suspension was incubated on ice for an additional hour, with
occasional mixing by inversion. Following incubation, the cells were centrifuged at 4°C for 20
min at 5,000 rpm. The supernatant was collected and dialyzed overnight in IMAC Buffer A as
mentioned in section 3.1.3.
One of the 11 potential VHH binders (R208) was expressed using the 5-day M9 minimal
media expression method. Briefly, a 30-mL LB/Amp starter culture was grown overnight at
37°C and 220 rpm, and added to 1 L M9/Amp media (0.6% Na2HPO4, 0.3% KH2PO4, 0.1%
NH4Cl, 0.05% NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 5 mg/L of vitamin B1, 0.2% glucose, 0.4%
casamino acids, and 100 µg/mL ampicillin) followed by incubation for 36 h at 25°C and 200
rpm. Subsequently, the culture was supplemented with a final concentration of 0.1 mM IPTG
and 100 mL 10x TB induction media (12% Bacto tryptone, 24% Bacto yeast extract, 4%
glycerol). After an additional 2.5 days of growth at 25°C and 180 rpm, the culture was pelleted at
5 000 rpm (Sorvall RC-5B Plus centrifuge/FIBERLite F10-6x500y rotor) for 20 min. The
supernatant was decanted and the TES extraction protocol was done as described above.
Post dialysis, all the sdAbs were purified by IMAC, followed by SEC using a Superdex
75 10/300 GL column (GE Healthcare), and aliquots were analyzed by SDS-PAGE and Western
blot as previously described in section 3.1.3.
!
3.4 Bradford assay and biotinylation of biological flagella
Samples of purified flagella, shaved from the surface of the cell from Salmonella ser.
Typhimurium str. SL1344, Salmonella ser. Newport LCDC S-501, and Salmonella ser.
Enteritidis str. SH1262 were obtained from Dr. Susan Logan (National Research Council
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Canada). The samples were quantified using Coomassie Plus™ (Bradford) Assay Reagent
(Thermo Scientific), according to manufacturer’s instructions. Specifically, diluted BSA
standards and 10-fold dilutions of each flagella sample (in triplicate) were carried out on a 96well microplate. The plate was read at 595 nm. A BSA standard curve was constructed and the
average reading for each flagella sample was used to interpolate sample concentrations from the
standard curve.
Some of the Salmonella ser. Typhimurium preparation of biological flagella (S.T. PREP)
was also biotinylated as described in section 3.2.

3.5 Antibody characterization
Binding affinities of the isolated VHH sdAbs to their Salmonella ser. Typhimurium “fulllength” flagellin, D3, and biological flagellin targets were evaluated by both soluble and whole
cell ELISA, as well as Surface Plasmon Resonance (SPR).

3.5.1 Soluble ELISA
Initially, 45.88 pmol of unbiotinylated STF, SNF, SEF, STD3, and S.T. PREP (refer to
section 3.4) in 100 µL PBS were immobilized onto a 96-well microtiter plate overnight at 4°C.
Two wells were coated with 1 µg each of B39, an antibody isolated from the same VHH phage
display library, but from a separate biopanning and possessing affinity for a non-Salmonella
target. The following morning, the ELISA plate was blocked with 350 µL 2% Milk-PBS for 2 h
at 37°C. Next, 1 µM of each VHH in 100 µL PBS was added to the antigen test wells, except for
the primary antibody negative control wells, which contained 100 µL PBS. The plate was
incubated for 1 h at room temperature and washed 3 times with 350 µL PBST using an Asys
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Atlantis Microplate Washer (Montreal Biotechnology Inc.). After washing, 100 µL of a 1:400
dilution of peroxidase-conjugated anti-c-Myc (Roche Diagnostics) in PBS was added. This
included one positive control well, while the second control well contained 100 µL PBS instead.
The plate was incubated at room temperature for 1 h and washed 3 times with 350 µL PBST
using an Asys Atlantis Microplate Washer (Montreal Bitechnology Inc.). The remainder of the
ELISA was carried out as stated in section 3.3.4 and developed for a maximum of 8 min.

3.5.2 Salmonella cell ELISA
Formalin preserved Salmonella (refer to section 3.4) cells were obtained from Dr. Susan
Logan (National Research Council Canada) and a 96-well microtiter plate was coated with 100
µL cells/well overnight at 4°C. For controls, three wells were coated with 0.5 µg (~46 pmol)
STD3 for subsequent use as a positive control, primary antibody negative control, and secondary
antibody negative control, respectively. The following morning, the remainder of the ELISA was
done as stated in section 3.4.1.

3.5.3 Surface plasmon resonance (SPR)
Binding affinity and specificity of the VHHs to biotinylated STF, SNF, SEF, STD3, and
S.T. PREP was assessed by SPR using a BIACORE 3000 system (GE Healthcare). Briefly, 10 of
the isolated VHHs were SEC purified with HBS-EP+ running buffer (10 mM HEPES, 150 mM
NaCl, 3 mM EDTA, pH 7.4, 0.05% P20 sufacant) using a Superdex 75 column (GE Healthcare).
Streptavidin was immobilized onto a sensor chip CM5 (GE Healthcare) and biotinylated STF,
SNF, SEF, STD3, and S.T. PREP antigens were captured at a flow rate of 5 µL/min. Initially,
test runs were conducted where 1 µM concentrations of the VHHs were passed over the chip
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using HBS-EP+ running buffer at a flow rate of 30 µL/min. Subsequently, binding for each VHH
was also analyzed using a range of concentrations (Table 5), under identical running conditions.

Table 5. Summary of the range of VHH concentrations tested by surface plasmon
resonance.
VHH Name
R203
R204
R205
R218
R220
R222
R302
R308
R330
R333

VHH Concentration Range
200 nM, 400 nM, 700 nM, 1 µM, 2 µM, 4.5 µM, 6 µM
10 nM, 20 nM, 40 nM, 60 nM, 100 nM, 200 nM
300 nM, 700 nM, 1 µM, 3 µM, 5 µM, 7 µM
10 nM, 20 nM, 40 nM, 70 nM, 100 nM, 100 nM, 200 nM, 500 nM, 1 µM
40 nM, 100 nM, 200 nM, 400 nM, 800 nM, 1 µM
150 nM, 300 nM, 600 nM, 1 µM, 2 µM
100 nM, 200 nM, 400 nM, 700 nM, 1 µM
20 nM, 40 nM, 70 nM, 100 nM, 200 nM, 500 nM
20 nM, 40 nM, 80 nM, 100 nM, 200 nM, 500 nM
100 nM, 200 nM, 400 nM, 700 nM, 1 µM
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4. RESULTS
4.1 Salmonella antigens
4.1.1 Construct design
The amino acid sequence alignment of the three serovars (Figure 7) demonstrated the
presence of highly conserved residues in D0 and D1, whereas highly variable residues were
observed in D2 and D3, as expected (Maki-Yonekura et al., 2010; Beatson et al., 2006;
Yonekura et al., 2003; Samatey et al., 2001). The alignment of the F41 fragment (STF) and the
amino acid sequences of Salmonella ser. Newport and Salmonella ser. Enteritidis also showed
variation in sequence length between the three serovars, but the initial 42 N-terminal residues
and the last ~22 C-terminal residues of the F41 fragment were conserved among the Newport
(SNF) and Enteritids (SEF) serovars. Thus, it was simple to identify where the SNF and SEF
constructs needed to be truncated as described in sections 3.1.1.2 and 3.1.1.3. Alignment of the
truncated STF, SNF, and SEF sequences (data not shown) also yielded a percent identity of
68.6% for STF and SNF, whereas SEF was 44.8% and 44.1% identical to STF and SNF,
respectively.
When the hypothetical 3-D crystal structures of SNF and SEF were superimposed against
the 3-D crystal structure of STF, the tertiary structures were relatively similar. For SNF, a QMEAN Z-score of -1.98 was obtained and the overall 3-D conformation matched STF (Figure 8),
but differences in higher order folding were observed. The position and number of α-helices and
β-turns observed for D1 were identical to that of STF. For D2, SNF was missing one of the βstrands observed in STF. The greatest difference was observed in D3, where five of the eight βstrands observed in the STF crystal structure were missing. A single and longer α-helix was also
present for SNF compared to the two short and separate α-helices, which were expected.
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SWISS- MODEL failed to generate a full crystal structure for SEF. The sequence was cut off in
the middle of the sequence at Thr243 and it therefore did not match the STF crystal structure.
For the D3 constructs, additional amino acids on both the N- and C-termini of D3, which
began to span into D2 (as observed in PyMOL), were included in the D3 construct design for all
three serovars to help enable proper folding during antigen expression and purification. Thus,
even though the D3 region for Salmonella ser. Typhimurium spans from Tyr190 to Val283, the
additional amino acids resulted in a Thr188 to Asn285 amino acid sequence being used for the
STD3 construct. Salmonella ser. Newport superimposed STD3 from Gly194 to Ala288, but the
additional amino acids resulted in a SND3 construct of Lys189 to Val289. As mentioned above,
a proper crystal structure for SEF was not obtained through SWISS-MODEL; therefore, the
sequence alignment (Figure 7) was used to estimate the positions at which to truncate the SEF
sequence to obtain the SED3 sequence from Thr193 to Thr288. Sequence alignment of the D3
constructs (data not shown), identified that STD3 and SND3 were 40.8% identical, whereas
SED3 was 18.8% and 16.5% identical to STD3 and SND3, respectively.

4.1.2 Size-exclusion chromatography of Salmonella antigens
Single peaks were obtained during SEC purification on HiLoad Superdex 200 16/60 prep
grade column. STF, SNF, and SEF eluted at 56.1 mL, 56.2 mL, and ~55.0 mL, while the STD3
and SND3 recombinant domains eluted at 75.9 mL and 76.2 mL (Figure 10), respectively. SED3
eluted earlier at 67.5 mL compared to the other two domains. Compared to the expected
molecular mass of ~42-44 kDa for STF, SNF, and SEF, the elution volumes corresponded to
apparent molecular masses (Mr-app) of 35.3 kDa, 35.2 kDa, and 37.3 kDa with percent errors of
16.5%, 17.9%, and 14.6%, respectively. Compared to the expected molecular mass of ~11 kDa,
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the elution volumes of STD3, SND3, and SED3 corresponded to Mr-app of 13.2 kDa, 13.0 kDa,
and 20.0 kDa with percent errors of 21.1%, 17.1%, and 85.2% respectively. The Salmonella
antigens were confirmed to be the eluted peaks based on SDS-PAGE and Western blot analysis
of IMAC (not shown) and SEC eluted fractions. When the samples were boiled and loaded into
the well of the gel, it was observed that after a few seconds, the samples became clumpy and
difficult to handle/load. The expected molecular masses of 42.3 kDa, 42.9 kDa, 43.7 kDa, 10.9
kDa, and 11.1 kDa, for STF, SNF, SEF, STD3, and SND3 were observed on SDS-PAGE and
Western blot (Figure 11a and 11c), respectively. The SDS-PAGE gel for SED3 (Figure 11b)
showed a band that was higher around the 15.0 kDa mark compared to the expected molecular
mass of 10.8 kDa, with a second band immediately below. The SED3 protein was also not
detected by Western blot, whereas only a minor band was detected for SND3 when compared to
the signal obtained for the remaining Salmonella antigens (Figure 11c).
When the Salmonella antigens were run on a Superdex 75 10/300 GL column (GE
Healthcare; data not shown), elution volumes of 10.5 mL, ~10.5 mL, and 10.2 mL were obtained
for STF, SNF, and SEF. The values corresponded to Mr-apps of 61.8 kDa, 63.0 kDa, 69.9 kDa,
respectively; compared to their calculated molecular masses of ~42-44 kDa. In comparison to
their expected molecular masses of ~11 kDa, STD3 and SND3 eluted at 13.5 mL and 13.7 mL,
with Mr-apps of 15.4 kDa and 13.9 kDa, respectively. No reliable result was obtained for SED3, as
a few small peaks under 8 mAu were observed. Overall, similar trends in elution and Mr-app were
observed for both the HiLoad Superdex 200 16/60 prep grade and Superdex 75 10/300 GL
columns.
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Figure 10. Size-exclusion chromatograms of purified Salmonella antigens.
The recombinant “full-length” flagellin (STF, SNF, and SEF) and D3 (STD3, SND3, and SED3)
proteins of Salmonella ser. Typhimurium, Salmonella ser. Newport, and Salmonella ser.
Enteritidis were purified on a HiLoad Superdex 200 16/60 prep grade column (GE Healthcare) as
shown. STF, SNF, SEF, STD3, SND3, and SED3 eluted at 56.1 mL, 56.2 mL, 55.0 mL, 75.9
mL, 76.2 mL, and 67.5 mL, respectively.
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Figure 11. SDS-PAGE and Western blot analysis of purified Salmonella antigens.
a) Representative image of various fractions of the recombinant “full-length” flagellin (STF,
SNF, and SEF) and D3 (STD3, SND3, and SED3) antigens of Salmonella ser. Typhimurium,
Salmonella ser. Newport, and Salmonella ser. Enteritidis. 15 µL fractions were separated on a 420% mini-PROTEAN® TGX™ gel (Bio-Rad Laboratories Inc.). All “full” length and D3
antigens were observed at their expected molecular mass of ~42-44 kDa and ~11 kDa,
respectively; except for b) SED3, which was observed at ~15 kDa. c) 15 µL of the best fraction
obtained for each Salmonella antigen was separated on a 4-20% mini-PROTEAN TGX gel (BioRad Laboratories Inc.) and transferred onto a PVDF membrane. The antigens were detected with
mouse monoclonal anti-6X His AP conjugate (Abcam). All the antigens were detected except for
SED3. A His-tagged INLB VHH was used as the positive control (PC).!
!
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4.1.3 CD scans of Salmonella antigens
CD scans were performed at 23°C to evaluate the secondary folding of the purified
Salmonella antigens. The STF, SNF, and SEF spectrums (Figure 12a) were all similar in terms of
general trend and the observed results were as expected based on our knowledge of the
secondary structure of flagellin (discussed in further detail in section 5). The resultant ultraviolet
(UV) spectrums contained a peak at ~190 nm with subtle differences in signal intensitiy of
~13,000 deg⋅cm2⋅dmol-1 for STF and ~14,000 deg⋅cm2⋅dmol-1 for SNF, with a ~11,000
deg⋅cm2⋅dmol-1 peak at ~192 nm for SEF. STF, SNF, and SEF, all contained negative minimums
at ~207 nm (approximately -8,700 deg⋅cm2⋅dmol-1, -9,900 deg⋅cm2⋅dmol-1, and -7,800
deg⋅cm2⋅dmol-1, respectively) and ~217 nm (approximately -7,800 deg⋅cm2⋅dmol-1, -8,300
deg⋅cm2⋅dmol-1, and -6,700 deg⋅cm2⋅dmol-1, respectively), followed by an upwards curve toward
and near to 0 millidegrees in the 240 nm to 250 nm rage. As observed in the first peak, the three
antigens demonstrated subtle differences in signal intensity, with the strongest having been
obtained by SNF, closely followed by STF, and with SEF containing the weakest signal
intensity.
Comparatively, the UV spectrums of STD3, SND3, and SED3 (Figure 12b) were
similar in terms of their general trend, but more deviation was present in terms of the ellipticity
signal observed among them. The STD3 UV spectrum contained the strongest intensities,
including a small, ~3,400 deg⋅cm2⋅dmol-1 peak at ~184 nm. The remainder of the spectrum
matched the trend of the published STD3 spectrum by Sebestyen et al., 2008. As expected, a
negative minimum was present at 198 nm (approximately -11,000 deg⋅cm2⋅dmol-1), with no
additional peaks (Sebestyen et al., 2008). Compared to STD3, the SND3 spectrum also contained
a minor peak of approximately -900 deg⋅cm2⋅dmol-1 (~5 fold lower intensity compared to the
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peak of STD3) at ~187 nm, whereas no peak was observed for SED3. Compared to STD3, the
SND3 and SED3 spectra possessed less prominent negative minimums at ~ 200 nm, with
respective signal intensities of approximately -6,400 deg⋅cm2⋅dmol-1 and -9,500 deg⋅cm2⋅dmol-1.
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Figure 12. Circular dichroism scans of Salmonella antigens.
Depicted are the 23°C and 180 nm – 250 nm circular dichroism scans of the recombinant a)
“full-length” flagellin (STF, SNF, and SEF) and b) D3 (STD3, SND3, and SED3) antigens of
Salmonella ser. Typhimurium, Salmonella ser. Newport, and Salmonella ser. Enteritidis.
Samples were run at 150 µg/mL in 10 mM sodium phosphate buffer, pH 7.
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4.2 Purification of biotinylated Salmonella antigens and biological flagella
Separation of biotinylated Salmonella antigens on a Superdex 75 10/300 GL column
(Figure 13) yielded two peaks per antigen. The first peak (“Peak 1”) corresponds to each
biotinylated antigen, whereas the second peak (“Peak 2”) is excess biotin. Specifically, STF,
SNF, and SEF eluted at 10.4-10.7 mL, which corresponded to a Mr-app of 55.8 kDa, 58.5 kDa,
and 64.2 kDa respectively; compared to their expected molecular masses of ~42-44 kDa. Both
STD3 and SND3 eluted at ~13.8 mL (minor variation was present) with similar Mr-apps of 13.4
kDa and 13.0 kDa; compared to their expected molecular masses of 10.9 kDa and 11.1 kDa,
respectively. In comparison to STD3 and SND3, SED3 eluted earlier (as observed during SEC
purification) at 12.6 mL. SED3 had a calculated Mr-app of 23.3 kDa, which was double of its
expected molecular mass of 10.8 kDa. BSA eluted at 10.4 mL with a Mr-app of 63.6 kDa, which
was similar to its actual molecular mass of 66.5 kDa. On average, excess biotin always eluted at
~17.4 mL, which had a Mr-app of 2.42 kDa compared to its actual molecular mass of 0.244 kDa.
Two peaks were observed to have eluted in the void volume at 8.06 mL and 9.98 mL for
biotinylated S.T. PREP as well.
Biotinylation was confirmed by 4-20% gradient SDS-PAGE (data not shown) and
Western blot (Figure 15). A slight difference in molecular mass was observed between the
unbiotinylated and biotinylated samples for SDS-PAGE (data not shown), and signals were
detected for biotinylated samples on Western blot (Figure 15). The Western blot for the two
peaks of biotinylated S.T. PREP showed smearing and protein degradation (Figure 15b). !
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Figure 13. Size-exclusion profile of biotinylated Salmonella antigens.
The recombinant “full-length” flagellin (STF, SNF, and SEF) and D3 (STD3, SND3, and SED3)
antigens of Salmonella ser. Typhimurium, Salmonella ser. Newport, and Salmonella ser.
Enteritidis, and BSA were biotinylated (peak 1), and excess biotin (peak 2) was removed via gel
filtration on a Superdex 75 10/300 GL column (GE Healthcare). The “full-length” flagellin, D3,
and BSA samples eluted at 10.4-10.7 mL, ~13.8 mL, and 10.4 mL, respectively. The exception
was SED3, which eluted earlier at 12.6 mL. Excess biotin eluted at 17.4 mL.!
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Figure 14. Size-exclusion profile of biotinylated biological Salmonella flagella.
Biological flagella shaved from the surface of the cell of Salmonella ser. Typhimurium, was
biotinylated (peak 1 and 2) and excess biotin (peak 3) was removed via gel filtration on a
Superdex 75 10/300 GL column (GE Healthcare). Two biotinylated peaks were observed at 8.06
mL and 9.98 mL, whereas excess biotin eluted at 17.3 mL.!
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Figure 15. Confirmation of biotinylated Salmonella antigens and biological flagellin by
Western blot analysis. Unbiotinylated and biotinylated recombinant a) “full-length” flagellin
and D3 antigens (STF, SNF, SEF, STD3, SND3, and SED3) of Salmonella ser. Typhimurium,
Salmonella ser. Newport, and Salmonella ser. Enteritidis, BSA, and b) biological flagellin of
Salmonella ser. Typhimurium (S.T. PREP), were separated on a 4-20% mini-PROTEAN TGX
gel (Bio-Rad Laboratories Inc.) and transferred onto a PVDF membrane. The antigens were
detected with streptavidin AP conjugate (Roche Diagnostics). a) Biotinylated samples were
detected near their expected molecular masses, except for b) biological flagellin (S.T. PREP),
which appeared to be degraded along with its positive control of previously biotinylated STF.!
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4.3 Isolation of serovar-specific VHH sdAbs
!

Initially, a synthetic VL phage library was panned against the STF and STD3 antigens.

Following months of troubleshooting using various conditions, the biopanning proved to be
unsuccessful in isolating any specific binders. Thus, an immune VHH phage display library was
constructed as previously discussed in section 3.3.5.

4.3.1 Immune VHH phage display library
4.3.1.1 Whole serum ELISA
Strong binding of polyclonal llama serum to the recombinant D3 antigens (used in llama
immunization) was detected by ELISA (Figure 16). As expected, no binding was observed for
the preimmune serum, whereas the day-35 and day-42 sera demonstrated strong and identical
binding, which suggested that the llama had an immune response to the D3 antigens.
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Figure 16. Response curves of llama whole serum to Salmonella D3 antigens.
Image depicting the binding of preimmune, day-35, and day-42 Lama glama serum to recombinant D3 antigens of a) Salmonella ser.
Typhimurium (STD3), b) Salmonella ser. Newport (SND3), and c) Salmonella ser. Enteritidis (SED3). Signals were detected using
goat anti-llama IgG HRP conjugate (Bethyl Laboratories Inc.) as the secondary Ab and TMB peroxidase (KPL Inc.) as the substrate.
Signals were background subtracted.
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4.3.1.2 Serum fractionation
Day-35 llama whole serum was fractionated using a Protein G and Protein A (GE
Healthcare) columns (Figure 17). Both the hcIgG3 and IgG1 fractions were differentially eluted
using the Protein G column, whereas the hcIgG2a/b/c and hcIgG2a/b/c + IgM fractions eluted
from the Protein A column. The fractions eluted properly in their expected order. The purity and
identity of the fractions was confirmed by 4-20% gradient SDS-PAGE under both reducing and
non-reducing conditions (Figure 18), where banding patterns were observed at their expected
molecular masses.
Specifically for hcIgG3 eluted from the Protein G column, a prominent band appeared at
~90 kDa (van der Linden et al., 2000; Muyldermans & Lauwereys, 1999) as expected under nonreducing conditions. The fraction also appeared to be contaminated with IgG1, since additional
bands were observed at ~150 kDa, ~50 kDa, and ~25 kDa. The ~150 kDa band was
representative of intact IgG1 (Hussack et al., 2012; Vincke & Muyldermans, 2012), whereas the
~50 kDa and ~25 kDa bands may have been heavy chain and light chain breakdown from IgG1
contamination (Hussack et al., 2012; Vincke & Muyldermans, 2012; Daley et al., 2005; van der
Linden et al., 2000), respectively. The remaining bands at ~75 kDa and ~50 kDa could have
indicated some hcIgG3 degradation as well, especially since two bands were present near ~50
kDa. Under reducing conditions, a prominent band was observed near the expected molecular
mass of ~50 kDa (Hussack et al., 2012; Vincke & Muyldermans, 2012; Daley et al., 2005; van
der Linden et al., 2000), which represented the HCAb’s denatured heavy chains. Two additional
bands were also observed at ~30 kDa and ~25 kDa. The band at ~30 kDa suggested minor
breakdown, as previously mentioned. The band at ~25 kDa appeared to be light chain (Hussack
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et al., 2012; Vincke & Muyldermans, 2012; Daley et al., 2005; van der Linden et al., 2000)
contamination from IgG1. !
Under non-reducing conditions, the IgG1 Ab was validated at ~150 kDa (Hussack et al.,
2012; Vincke & Muyldermans, 2012), but additional bands were seen at lower molecular mass.
These bands were consistent with those previously observed for IgG1 and suggested IgG1
proteolysis had occurred. For IgG1 under reducing conditions, two bands representing the heavy
and light chains were observed at ~50 kDa and ~25 kDa (Hussack et al., 2012; Vincke &
Muyldermans, 2012; Daley et al., 2005; van der Linden et al., 2000), respectively. !
For hcIgG2a/b/c eluted from the Protein A column, two bands were observed at the
expected molecular mass of ~92 kDa (Muyldermans & Lauwereys, 1999; van der Linden et al.,
2000) under non-reducing conditions. The presence of two prominent bands suggested the
presence of two different hcIgG2a/b/c subisotypes. Due to the thickness of the bands, it was not
clear which two hcIgG2a/b/c subisotypes were present. It is also possible that all three
subisotypes were present, but could not be differentiated. A third band was present at ~50 kDa,
which was indicative of minor heavy chain degradation as previously discussed. Under reducing
conditions, hcIgG2a/b/c was seen as a thick band and represented the heavy chains of the two
possible hcIgG2a/b/c subisotypes at ~40-47 kDa (Daley et al., 2005). !
A band at the very top of the gel was representative of the large, pentameric form of IgM
for hcIgG2a/b/c + IgM under non-reducing conditions (Hussack et al., 2012). The remaining
bands represented hcIgG2a/b/c as previously described. Under reducing conditions, three bands
at ~75 kDa, ~40-47 kDa, and ~25 kDa were representative of the IgM heavy chain, the two
possible hcIgG2a/b/c heavy chains, and the IgM light chain (Hussack et al., 2012), respectively. !
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Figure 17. Profile of fractionated whole serum.
Depicted is the profile of Lama glama day-35 whole serum fractionated using Protein G and
Protein A columns (GE Healthcare). HcIgG3 (G1) and conventional IgG1 (G2) eluted from the
Protein G column, whereas hcIgG2a/b/c (A1) and hcIgG2a/b/c + IgM (A2) eluted from the
Protein A column.!

80!

IgG
2a
/b/
hc
c
IgG
2a
/b/
c+
IgM

hc

+Ig
M
IgG
3
IgG
1

/b/
c
hc

IgG
2a

/b/
c

hc

IgG
2a
hc

IgG
1

IgG
3
hc

( kD
a)
Mr

250
150
100
75
50
37
25
20
15
10
REDUCED

NON-REDUCED
!

Figure 18. Purity and identity analysis of day-35 fractionated serum by reduced and nonreduced SDS-PAGE. Purity of the day-35 fractionated serum was analyzed on a 4-20% mini
PROTEAN TGX gel (Bio-Rad Laboratories Inc.), with fractions under both reducing and nonreducing conditions. Overall, the expected banding patterns were observed for each fraction.
!
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4.3.1.3 Fractionated serum ELISA
Binding of fractionated day-35 serum to all six Salmonella antigens was analyzed by
ELISA (Figure 19). Specifically, the binding of the HCAb fraction (hcIgG3) was compared to
the remaining Ab fractions. A general trend was observed, where the IgG1 fraction always had
the strongest binding, followed by the hcIgG3, hcIgG2a/b/c + IgM, and hcIgG2a/b/c. This type
of response was exhibited for binding to all the D3 domains and also to STF and SNF. No signal
was obtained for SEF from any of the Ab fractions.
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Figure 19. Response curves of day-35 fractionated llama serum to Salmonella antigens.
Image depicting the binding of fractionated day-35 llama serum to recombinant D3 (STD3,
SND3, and SED3) and “full-length” flagellin (STF, SNF, and SEF) antigens of Salmonella ser.
Typhimurium, Salmonella ser. Newport, and Salmonella ser. Enteritidis. Signals were detected
using goat anti-llama IgG HRP conjugate (Bethyl Laboratories Inc.) as the secondary Ab and
TMB peroxidase (KPL Inc.), as the substrate. Signals were background subtracted.
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4.3.1.4 VHH phage display library construction
As described in section 3.3.5.3, VHH genes were amplified during library construction
and the expected results were obtained. The first set of PCR reactions using the forward MJ1-3
primer mix and the reverse CH2FORTA4 primer yielded two PCR amplified products of the VHCH1-CH2 (~900 bp) and VHH-CH2 (~650 bp) regions (data not shown). PCR amplification with
the forward MJ1-3 primer mix and the reverse CH2B3-F primer generated a second ~650-700 bp
VHH-CH2 PCR product (data not shown). Both VHH PCR products (~650 bp) were gel purified
and used in the subsequent round of PCR amplification. Amplification of both VHH products
with the MJ7 and MJ8 primers, yielded two ~450 bp VHH products, which contained newly
added SfiI restriction enzyme digestion sites, but lacked the previously amplified CH2 region
(data not shown).
The average number of transformants from the 10-4 and 10-5 titer plates were used to
determine the total size of the library (refer to section 3.3.5.7). There were 279 transformants on
the 10-4 plate and 62 transformants on the 10-5 plate, for a calculated average total library size of
4.5x107. Out of the 47 clones sent for sequencing only 35 sequences had analyzable
chromatograms. Out of the 35 sequences, 31 were identified as VHH, which meant the library
was ~89% positive. The sequenced clones also demonstrated 100% diversity. Therefore, the
calculated functional size of the VHH phage display library was determined to be ~4.0x107
transformants.
Following library amplification and phage purification (refer to section 3.3.5.8), colony
growth on the 10-14 titer plate was counted and a phage concentration of 1x1014 phage/mL was
determined.
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4.3.1.5 Biopanning
Over three rounds of biopanning (refer to section 3.3.6), the number of input phage
decreased by 14-fold with each round of biopanning, while the number of output phage increased
by at least two orders of magnitude (Table 6). As expected, the output/input ratio (Figure 20)
increased with each round of phage selection and enrichment. A difference in output/input ratio
from 6.00x10-8 phage to 1.44x10-6 phage (two orders of magnitude) was observed between round
one and two, whereas there was a three order of magnitude increase from 1.44x10-6 phage to
2.94x10-3 phage between round two and three.

Table&6.&Summary&of&the&phage&titers&obtained&while&biopanning.
Biopanning Round

Input Phage (cfu)

Output Phage (cfu)

1
2
3

3.00x1012
2.21x1011
1.43x1010

1.80x105
3.18x105
4.20x107

Output/Input Ratio
(cfu)
6.00x10-8
1.44x10-6
2.94x10-3

Output/Input Ratio (cfu)

0.0030
0.0025
0.0020
0.0015
0.000002
0.000001
0.000000
0

1

2

Biopanning Round

3

!

Figure 20. Summary of the output over input ratio observed during biopanning.
A schematic representation of the enrichment that was obtained over three rounds of biopanning
based on the ratio of phage output over input in cfu.
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4.3.1.6 Colony PCR and sequence analysis of isolated VHH sdAbs
When visualized on a 1% agarose gel, 11 out of 12 of the colony PCR clones were
positive for VHH insert (~650-700 bp) (data not shown). One colony was observed to be empty at
~375 bp (data not shown). For rounds two and three, it was observed that all 24 and 48 selected
PCR colonies were VHH positive, and the empty phage colonies were lost during the subsequent
rounds of biopanning (data not shown).
Sequencing of the round 2 clones yielded ten unique clones as summarized in Table 7.
Actual amino acid sequences were not included due to proprietary reasons. VHHs were mainly
identified based on residues Val37Phe/Tyr, Gly44Glu, Leu45Cys/Arg, and Trp47Gly/Phe/Leu
(Kabat numbering), which are otherwise highly conserved in VH. One clone sequence (R207)
was dropped due to a poor sequence quality. Both R203 and R302 had the same CDR1
sequences, but had different CDR2 and CDR3 regions both in terms of sequence and length (data
not shown). R205 and R218 also contained identical CDR1 and CDR3 sequences and differed by
one amino acid in their CDR2 sequences (data not shown). It is also important to note that R205
and R218 also contained a CDR2 length of 22 amino acids, which is unusual for VHHs; despite
this, both clones were carried forward. R208 and R214 possessed identical CDR2 sequences, but
their CDR1 region and CDR3 region differed by two and one amino acid, respectively. R204 and
R308 contained identical CDR2 and CDR3 sequences, but their CDR1 differed by one residue.
Of the 23 clones, R308 was the most highly enriched. It appeared seven times throughout round
two and had a percent frequency of 30.4%. R308 contained a Leu residue at Kabat position 11 in
six appearances in round 2, whereas on the seventh occurrence, it had a Ser residue at position
11.
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Sequencing analysis of 48 round three clones revealed that four clones from round two
(R222, R302, R308, R333) were carried forward and amplified in round three (Table 8). The
remaining clones from round two were lost and no new clones were identified. Once again R308,
the most common clone, appeared 31 times, i.e., at a percent frequency of 75.6%. During round
three, R308 possessed a Leu residue at Kabat position 11 for 26 times, whereas in the remaining
five appearances it possessed a Ser residue instead. An R308 sequence with Leu at position 11
was carried forward.
Though the number of clones tested in round three doubled, amplification of clones R222
and R302 decreased by 10.56% and 11.94% respectively; whereas amplification of clones R308
and R333 increased by 45.2% and 7.85%, respectively.
An additional two clones named R220 and R330, which otherwise had identical CDR1,
CDR2, and CDR3 sequences in comparison to R302 and R308, respectively, were also included
in future experiments to examine whether the unique amino acid residues in their H1 loop region
could effect their binding affinities. With regard to the H1 loop, R220 contained residue
substitutions Glu10Gly, Ala14Pro, Asp16Gly, Thr23Ala, Val24Ala, Val27Phe, and Thr28Ala
(data not shown). For R330, substitutions Gly16Glu and Ser25Tyr were present, along with
Gly27Arg and Thr28Leu substitutions in the H1 loop region (data not shown).
Using VHH sequences, a percent identity matrix was generated as shown in Figure 21.
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Table 7. Summary of common features observed for the isolated VHH sdAb clones during the second round of biopanning.
V HH

R203
R204
R205
R208
R214
R218
R222
R302
R308

V HH
Length
(aa)

CDR1
Length
(aa)

CDR2
Length
(aa)

CDR3
Length
(aa)

121
119
128
124
124
128
119
119
119

5
5
5
5
5
5
5
5
5

17
17
22
17
17
22
17
17
17

12
10
14
15
15
14
10
10
10

Kabat
11

Kabat
37

Kabat
44

Kabat
45

Kabat
47

NonCononical
Cys

S
F
E
R
F
ND
L
F
E
R
F
ND
L
F
E
R
I
ND
L
F
D
R
F
ND
L
F
E
R
F
ND
L
F
E
R
I
ND
L
F
K
R
F
ND
L
F
E
R
F
ND
L: 6
F
E
R
F
ND
S: 1
R333
119
5
17
10
L
F
E
R
F
ND
Note: D = Asp; E = Glu; F = Phe; I = Ile; K = Lys; L = Leu; ND = Not detected; R = Arg; S = Ser
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No. of
V HH
Repeats

Percent
Frequency
(%)

1
1
1
1
1
2
3
5
7

4.35
4.35
4.35
4.35
4.35
8.70
13.0
21.7
30.4

1

4.35

Table 8. Summary of the obtained percent frequencies for isolated VHH sdAb clones from the third round of biopanning.
V HH

No. of
V HH
Repeats

Percent
Frequency
(%)

R203
ND
ND
R204
ND
ND
R205
ND
ND
R208
ND
ND
R214
ND
ND
R218
ND
ND
R222
1
2.44
R302
4
9.76
R308
31
75.6
R333
5
12.2
Note: ND = Not detected
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Percent Identity

Percent Identity
R205
R218
R208
R214
R203
R222
R330
R204
R308
R220
R302
R333

R205
100.00
96.09
75.61
76.42
72.73
73.95
74.79
74.79
76.47
74.79
72.27
71.43

R218
96.09
100.00
73.98
73.98
72.73
73.95
73.11
73.11
74.79
75.63
70.59
69.75

R208
75.61
73.98
100.00
91.94
72.73
72.27
74.79
77.31
75.63
75.63
72.27
71.43

R214
76.42
73.98
91.94
100.00
72.73
72.27
74.79
74.79
76.47
74.79
73.11
73.95

R203
72.73
72.73
72.73
72.73
100.00
76.47
76.47
76.47
78.99
75.63
73.95
72.27

R22
73.95
73.95
72.27
72.27
76.47
100.00
78.99
78.15
80.67
78.99
80.67
78.15

R330
74.79
73.11
74.79
74.79
76.47
78.99
100.00
94.12
96.64
82.35
80.67
78.99

R204
74.79
73.11
77.31
74.79
76.47
78.15
94.12
100.00
97.48
81.51
79.83
78.99

R308
76.47
74.79
75.63
76.47
78.99
80.67
96.64
97.48
100.00
84.03
82.35
80.67

R220
74.79
75.63
75.63
74.79
75.63
78.99
82.35
81.51
84.03
100.00
94.12
91.60

R302
72.27
70.59
72.27
73.11
73.95
80.67
80.67
79.83
82.35
94.12
100.00
95.80

R333
71.43
69.75
71.43
73.95
72.27
78.15
78.99
78.99
80.67
91.60
95.80
100.00

Figure 21. Percent identity among the selected VHH sdAbs.
A summary table of percent identity for the selected VHH sdAbs with respect to similarities in their amino acid composition.
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4.3.1.7 Validating VHH binding by monoclonal phage ELISA
A range in binding was observed for the 12 selected clones (refer to section 4.3.1.6)
against biotinylated Salmonella “full-length” flagellin antigens (STF, SNF, and SEF) (Figure
22). During the experiment, the R222 sample was lost and therefore, its binding was not assayed.
Any binding above A450nm 0.15 was considered to be positive binding. The clones that
demonstrated positive binding (R205, R220, R302, R308, and R330) were all serovar-specific
for STF; though R205 did show cross-reactivity for SNF as well. The expected response was
obtained from the positive (A450nm 3.889) and negative controls (A450nm ~0.05) (data not shown).
All the clones, including R222, were carried forward.
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Figure 22. Monoclonal phage ELISA of selected phage clones.
Binding of isolated phage clones to biotinylated and recombinant “full-length” flagellin of
Salmonella ser. Typhimurium (STF), Salmonella ser. Newport (SNF), and Salmonella ser.
Enteritidis (SEF) is shown. Signals were detected using goat anti-M13 IgG HRP conjugate (GE
Healthcare) as the secondary Ab and TMB peroxidase (KPL Inc.) as the substrate. Signals were
background subtracted. Positive controls of KM13 helper phage and negative controls of 1) no
phage and 2) no goat anti-M13 IgG HRP conjugate (GE Healthcare) all gave expected results
(data not shown).
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4.3.1.8 Large-scale expression and purification of VHH sdAbs
VHH R214 was not identified (data not shown) during the screening process (refer to
section 3.3.8.1.5). Therefore, R214 was no longer included in future experiments and only the
remaining 11 VHHs were taken forward. Except for R208, the remaining VHHs were successfully
expressed and purified using the TES periplasmic extraction method and IMAC purification
(data not shown). R208 failed to yield any result and a second attempt to express the VHH using
the M9 5-day minimal media protocol failed as well; therefore, R208 was discarded and was not
included in any future assays as well. Based on their amino acid sequences, characteristic
features of the remaining 10 VHHs are summarized in Table 9.

Table 9. Characteristic features of the expressed and purified VHH sdAbs.
Theoretical
Expression SECc Elution
Isoelectric
Yield (mg/L) Volume (mL)
Point (pI)b
15.0
R203
140
15402.8
8.68
25.2
14.0
R204
138
15122.6
6.92
0.470
13.8
R205
147
16222.9
9.26
0.406
13.8
R218
147
16121.7
9.01
21.4
14.1
R220
138
15300.9
7.95
28.4
13.9
R222
138
15135.6
7.97
32.4
13.9
R302
138
15445.0
5.74
19.5
14.0
R308
138
15122.6
6.91
21.9
14.5
R330
138
15381.9
6.92
50.5
13.7
R333
138
15342.9
5.72
27.1
Note: a = value including GS linker, c-Myc, and His-tag; b = value excluding GS linker, c-Myc,
and His-tag; c = Superdex 75 10/300 GL column (GE Healthcare).
VHH Name

!

VHH Length
(aa)a

Molecular
Mass (Da)a

SEC was performed and monomeric peaks were observed for each of the 10 isolated VHH

sdAbs (Figure 23). All 10 VHHs eluted between 13.7-15.0 mL on a Superdex 75 10/300 GL
column (GE Healthcare), which was near their expected elution volume of ~14 mL (Hussack et
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al., 2012; Jespers et al., 2004). Specifically, the Mr-apps were determined to be 7.47 kDa, 12.5
kDa, 13.5 kDa, 13.5 kDa, 11.8 kDa, 12.8 kDa, 13.0 kDa, 12.1 kDa, 9.42 kDa, and 14.0 kDa for
R203, R204, R205, R218, R220, R222, R302, R308, R330, and R333, respectively. Each VHH
IMAC (data not shown) and SEC (Figure 24) purification product was confirmed by both SDSPAGE (data not shown) and Western blot at their known molecular mass of ~15 kDa.
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Figure 23. Size-exclusion chromatography profiles of purified VHH sdAbs.
The isolated VHH sdAbs were purified on a Superdex 75 10/300 GL column (GE Healthcare).
All the VHH sdAbs eluted between 13.7-15.0 mL.
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Figure 24. Confirmation of isolated VHH sdAbs by Western blot analysis.
Isolated VHH sdAbs were separated on a 4-20% mini-PROTEAN TGX gel (Bio-Rad
Laboratories Inc.) and transferred onto a PVDF membrane. The VHH sdAbs were detected with
mouse monoclonal anti-6X His AP conjugate (Abcam). All the VHHs were detected at their
expected molecular mass of ~15 kDa. A His-tagged VHH available from a separate study was
used as the positive control (PC).

4.4 Characterization of isolated VHH sdAbs
4.4.1 Determining binding affinity by soluble ELISA and Salmonella cell ELISA
Varying results for the binding affinity of the soluble VHHs to non-biotinylated
Salmonella antigens was observed (Figure 25). Any result over A450nm 0.3 was considered to be a
positive result. Since the llama was immunized with the D3 antigens and panned against STF,
strong signals for STD3 and STF were expected. Overall, R204, R302, R308, and R330
exhibited the most reliable results in terms of binding to both STD3 and STF; however, the
binding signal to STF was 3-fold lower when compared to that of the STD3 signal. These four
VHHs did not appear to bind the biological flagellin (S.T. PREP), but they also did not bind SNF
and SEF, which indicated a level of serovar specificity. The remaining VHHs did not appear to
provide a proper response against any of the targets. As shown in Figure 25, the expected
response was obtained from the positive and negative controls.
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All 10 VHHs were tested for binding to formalin-killed Salmonella ser. Typhimurium,
Salmonella ser. Newport, and Salmonella ser. Enteritidis cells, but the assay did not yield
conclusive results (data not shown).
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Figure 25. Binding of soluble VHH sdAbs to Salmonella antigens.
Binding of isolated VHH sdAbs to unbiotinylated and recombinant D3 of Salmonella ser.
Typhimurium (STD3), “full-length” flagellin of Salmonella ser. Typhimurium (STF), Salmonella
ser. Newport (SNF), and Salmonella ser. Enteritidis (SEF), and biological flagella of Salmonella
ser. Typhimurium (S.T. PREP) is shown. Signals were detected with anti-c-Myc IgG Peroxidase
conjugate (Roche Diagnostics) as the secondary Ab and TMB peroxidase (KPL Inc.) as the
substrate. Positive (PC) and negative (NC) controls of a His-tagged VHH probed with (PC) and
without (NC) anti-c-Myc IgG HRP are shown. !
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4.4.2 Determining binding affinity by SPR
Initial attempts to analyze binding affinity of the isolated VHHs to the non-biotinylated
forms of the target antigens STD3, STF, and S.T. PREP by SPR showed no binding (data not
shown). Thus, biotinylated forms of STD3, STF, and S.T. PREP, with biotinylated SNF and SEF
as negative controls, were captured on a streptavidin coated sensor chip CM5 (GE Healthcare).
Their theoretical Rmax values were 738 resonance units (RU), 394 RU, 38 RU, 1021 RU, and
763 RU, respectively. Test runs at a 1 µM concentrations of each VHH were conducted (Figure
26). The VHHs demonstrated affinity to biotinylated STD3 and STF in the µM to nM range, but
no binding was observed to the biological S.T. PREP (data not shown). VHHs R203, R205, and
R218 did exhibit some level of affinity for SNF, but the results were considered negligible since
both the kon and koff were very fast (data not shown). As expected, none of the VHHs appeared to
bind to SEF (data not shown).
Next, binding affinities against biotinylated STD3, STF, and S.T Prep were determined
over a rage of concentrations for each VHH. Specifically, R203, R205, and R218 bound STF, but
not STD3; thus only equilibrium analysis (KD and Rmax values) could be done (Figure 27). The
remaining VHHs bound STF and STD3, but no response was obtained for S.T. PREP (data not
shown). The sensograms (black lines) were overlaid with a normalized fit of a one-to-one
binding model (red lines) (Figures 28 and 29). Overall, the remaining seven VHHs demonstrated
similar affinities for both the STF and STD3 antigens, in the µM to nM range (Table 10). It was
observed that R204 followed by R330 and R308, exhibited the best binding affinity for both
antigens. VHH R204 demonstrated the slowest koff, whereas R222 exhibited the fastest koff.
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Figure 26. Surface plasmon resonance 1 µM test runs of VHH sdAbs binding to Salmonella antigens.
Surface Plasmon resonance analysis of ten 1 µM VHH sdAbs (refer to figure legends) binding to biotinylated a) recombinant D3 of
Salmonella ser. Typhimurium (STD3), b) recombinant “full-length” flagellin of Salmonella ser. Typhimurium (STF), and c)
recombinant “full-length” flagellin of Salmonella ser. Newport (SNF), captured on a streptavidin coated sensor chip CM5.
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Figure 27. Surface plasmon resonance analysis of VHH sdAbs R203, R205, and R218 binding to recombinant "full-length"
flagellin of Salmonella ser. Typhimurium. Equilibrium analysis obtained for VHH sdAbs a) R203 (200-6,000 nM), b) R205 (3007,000 nM), and c) R218 (10-1,000 nM) binding to biotinylated recombinant “full-length” flagellin of Salmonella ser. Typhimurium
(STF), captured on a streptavidin coated sensor chip CM5.
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Figure 28. Surface plasmon resonance analysis of VHH sdAbs R204, R220, R222, and R302
binding to Salmonella antigens. Kinetic analysis obtained for VHH sdAbs R204 (5-200 nM),
R220 (40-1,000 nM), R222 (150-2,000 nM) and R302 (100-1,000 nM) binding to biotinylated
recombinant “full-length” flagellin of Salmonella ser. Typhimurium (STF) and recombinant D3
of Salmonella ser. Typhimurium (STD3), captured on a streptavidin coated sensor chip CM5.
Sensorgrams (black) were fitted with a 1:1 binding model.
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Figure 29. Surface plasmon resonance analysis of VHH sdAbs R308, R330, and R333
binding to Salmonella antigens. Kinetic analysis obtained for VHH sdAbs R308 (20-500 nM),
R330 (20-500 nM), and R333 (100-1,000 nM) binding to biotinylated recombinant “full-length”
flagellin of Salmonella ser. Typhimurium (STF) and recombinant D3 of Salmonella ser.
Typhimurium (STD3), captured on a streptavidin coated sensor chip CM5. Sensograms (black)
were fitted with a 1:1 binding model.
102!

Table 10. Summary of the surface plasmon resonance binding kinetics obtained for the isolated VHH sdAbs against
biotinylated Salmonella ser. Typhimurium "full-length" flagellin (STF) and D3 (STD3) antigens.
VHH Name

STF
STD3
KD (nM)
kon (1/Ms)
koff (1/s)
Rmax (RU)a KD (nM)
kon (1/Ms)
koff (1/s)
Rmax (RU)b
R203
2430
N/A
N/A
72.0
N/A
N/A
N/A
N/A
R204
39.9
1.48x105
5.90x10-3
57.5 - 75.5* 41.0
1.43x105
5.85x10-3
48.4 - 57.4*
R205
1490
N/A
N/A
126
N/A
N/A
N/A
N/A
R218
1310
N/A
N/A
51.3
N/A
N/A
N/A
N/A
4
-3
4
-3
R220
235
3.99x10
9.37x10
65.2 – 106* 240
3.96x10
9.49x10
54.0 - 86.1*
R222
741
5.51x104
4.08x10-2
65.5
697
5.26x104
3.67x10-2
50.7
4
-2
4
-2
R302
408
4.26x10
1.74x10
53.4
383
4.08x10
1.56x10
40.4 - 46.1*
R308
66.4
9.62x104
6.39x10-3
63.3 – 79.3* 74.2
8.65x104
6.42x10-3
59.5
5
-3
5
-3
R330
62.3
1.23x10
7.66x10
67.1 – 88.6* 65.1
1.18x10
7.69x10
57.2 – 74.9*
R333
326
3.67x104
1.20x10-2
49.3
321
3.38x104
1.08x10-2
37.8 – 44.2*
a = Theoretical Rmax = 394 RU; b = Theoretical Rmax = 738 RU; N/A = Not available; * = Surface capacity fluctuated during the assay
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5. DISCUSSION
It is estimated that 1.3 billion people fall ill due to Salmonella infections each year
(Public Health Agency of Canada, 2011). This commonly leads to salmonellosis, increased
health problems and health costs, and potentially even death. Salmonella ser. Typhimurium,
Salmonella ser. Enteritidis, and Salmonella ser. Newport are the three most common serovars
known to cause salmonellosis. Other than the traditional laboratory based identification methods,
there is no quick and efficient method of detecting Salmonella serovar specificity.
In the past, a few studies have been successful in isolating serovar-specific mAbs for
detection purposes against Salmonella ser. Typhi (Hatta et al., 2002), Salmonella ser. Enteritidis,
(Nalbantsoy et al., 2010) and Salmonella ser. Typhimurium (Hiriart et al., 2013). In this proof of
concept study, the key objective was to isolate serovar-specific recombinant VHH sdAbs using
the D3 region of Salmonella flagellin from Salmonella ser. Typhimurium, Salmonella ser.
Enteritidis, and Salmonella ser. Newport. VHH sdAbs were isolated due to several advantages
they posses over conventional antibodies such as higher expression yields, solubility, stability,
aggregation resistance, and refolding capacity (Wesolowski et al., 2009). These are useful
features that are crucial when considering the potential development of an immuno-dipstick
system.
The Salmonella antigens were observed to be properly soluble, but elution volumes of the
HiLoad Superdex 200 16/60 prep grade column (GE Healthcare) purified antigens corresponded
to Mr-apps which were ~15-21% lower than their expected molecular masses, with the exception
of SED3 (Figure 10). The Mr-apps were determined using a standard curve with elution volumes
from a set of common globular proteins with known molecular mass. The standard proteins vary
in shape from the Salmonella antigens (there are also subtle size and structural differences
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among the antigens themselves), and both transient ionic and hydrophobic interactions are also
capable of occurring between each respective protein and the resin matrix (Amersham
Biosciences, 2002; Irvine, 2001). Several experimental conditions such as temperature, minor
differences in sample volume, and sample viscosity influence elution volumes as well
(Amersham Biosciences, 2002). From the gel filtration standard run it was also observed that a
minor change in elution volume corresponds to a greater change in Mr-app, which is of great
significance especially if the factors discussed above are in effect. Thus, it is not uncommon to
obtain Mr-app values that deviate from the expected values. However, the Salmonella antigens
were in fact visualized at their expected molecular masses on SDS-PAGE (Figure 11a). With
regard to SED3, which eluted earlier (67.5 mL) than the other D3 antigens on SEC, it had a Mrapp

of 20.0 kDa. This Mr-app was double its expected molecular mass of 10.8 kDa, with an 85%

error. Such a high percent error could not have solely been due to deviation in SEC elution and
instead it suggests that SED3 was unstable, misfolded, and/or had begun to polymerize. The
SDS-PAGE gel image of SED3 (Figure 11b) also showed a band at 15 kDa, which was greater
than the expected molecular mass of 10.8 kDa. Along with the SEC result, this observation
implies that anomalous migration occurred because SED3 had begun to aggregate and was still
not fully denatured when run on SDS-PAGE (Rath et al., 2008). Furthermore, purification of
biotinylated SED3 on a Superdex 75 10/300 GL column (Figure 13; GE Healthcare) yielded an
Mr-app of 23.3 kDa, which also supports the notion that the protein was prone to aggregation. A
second band was also observed right below SED3 on SDS-PAGE and the protein was also not
detectable by Western blot (Figure 11c), which suggests the His-tag was degraded and suggests
the protein was unstable as well. In addition, subsequent SEC of SED3 on a Superdex 75 10/300
GL column (GE Healthcare) also produced an unreliable result of a few small peaks under 8
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mAu (data not shown), which further suggests the protein was most likely unstable and
eventually degraded, as suggested by the previous Western blot result. Though SND3 was
properly visualized on SDS-PAGE, but its signal was not as pronounced on Western blot (Figure
11c), suggesting its His-tag may have undergone degradation.
CD scans were successfully done on each of the purified Salmonella antigens. The CD
spectra for STF, SNF, and SEF (Figure 12a), had the same general trend, showing the
characteristic signals representative of the mixed αβ nature of a properly folded flagellin protein
(Sreerama & Woody, 2003; Vonderviszt et al., 1992). The positive peaks observed at ~190-192
nm and the negative minimums at ~207 nm and ~218 nm (typically at ~208 nm and ~222 nm)
are characteristic of a model α-helix spectrum and represent the α-helices present in the flagellin
protein (Correa & Ramos, 2009; Greenfield, 2006; Sreerama & Woody, 2004; Sreerama &
Woody, 2003). Since a similar number of both α-helices and β-structures are present in flagellin,
one would assume that signals representative of various β-structures would be obtained as well;
however this is not the case. In general, β-sheets are characterized by a positive peak between
195-198 nm and a negative minimum between 215-220 nm (Correa & Ramos, 2009; Greenfield,
2006; Sreerama & Woody 2004; Sreerama & Woody, 2003), whereas CD spectra of individual
β-turns vary depending on the type of β-turn present (Sreerama & Woody, 2003; Perczel &
Fasman, 1992). Instead, the α-helix spectrum remains for αβ proteins like flagellin, except with
diminished magnitudes for the α-helix signals (Figure 12) since the lower signal intensities
generated by the β-structures (β-strands that form β-turns, β-hairpins, and β-sheets (Yonekura et
al., 2003; Samatey et al., 2001)), counter-balance the positive and negative α-helix signals of
flagellin (Sreerama & Woody, 2004; Sreerama & Woody, 2003). The spectra of STF and SNF
were most similar, whereas SEF showed the most deviation with a small redshift of its positive
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peak at ~192 nm. Recall that STF, SNF, and SEF all differed is sequence composition
(specifically in D2 and D3) and in length. Many factors are known to affect CD signals, such as
sequence composition, which can favour specific secondary structure formation and in turn cause
differing CD spectra (Kelly & Price, 2000; Vallone & Benight, 2000; Zhong & Johnson, 1992).
It has also been demonstrated that the choice of buffer can interact with proteins, and alter
secondary structure formation (Cascio & Wallace, 1994; Zhong & Johnson, 1992) and light
absorption (Kelly et al., 2005). In turn, this can result in varied signal intensities (Kelly et al.,
2005; Cascio & Wallace, 1994) and shifts in CD spectra (Cascio & Wallace, 1994). Furthermore,
possible variations in sample concentration (Kelly et al., 2005), α-helix and β-structure
geometry, and length alter signal intensities; along with the presence of a specific type II β-turn
that can cause redshifts in CD spectra (Sreerama & Woody, 2004). Therefore, the observed
deviations in CD spectra are hypothesized to have occurred due to a combination of factors
described above, i.e., where variations in amino acid composition and length could have
influenced solvent interactions and secondary structure geometry, leading to minor differences in
light absorption and the overall spectra. The similar CD spectra and high percent identity
between STF and SNF (~68.6%,), compared to the different spectrum of SEF, along with its
lower resemblance to both STF and SNF (44.8% and 44.1% identity, respectively), support our
proposed hypothesis.
The spectra of the three proteins also matched the general trend observed (in terms of
nm) for the published spectrum of flagellin of Salmonella ser. Typhimurium by Vonderviszt et
al. (1992); although, differences were observed in signal intensities since different buffers were
used between our experiment and that of the published work. Therefore, the signal intensities
could not be compared because different buffers cause variations in light absorption, which result

!

107!

in varying in molar ellipticity (i.e. signal intensity; Kelly et al., 2005).
A small positive peak at ~184 nm and a negative minimum at 198 nm were observed for
the CD spectrum of STD3 (Figure 12b), which matched the published spectrum by Sebestyen et
al., 2008. This type of spectrum is characteristic of a unordered/randomly folded protein
(referred to as a P2 confirmation), but is also seen in some β-rich proteins (Sebestyen et al., 2008;
Greenfield, 2006; Sreerama & Woody 2004; Sreerama & Woody, 2003) and D3 of flagellin is
known to be β-rich (Sebestyen et al., 2008; Samatey et al., 2001). The P2 confirmation is further
subdivided into type I and type II β-proteins and both the positive peak at ~184 nm and negative
minimum at 198 nm classify STD3 as a type II β-protein (Sreerama & Woody, 2003). The signal
intensity of the negative minimum (~11,000 deg·cm2·dmol-1) was not as strong as obtained by
Sebestyen et al., 2008 (~16,000 deg·cm2·dmol-1). The same protein concentration, buffer, and
pathlength were used between the two experiments; though as previously discussed, minor
variations in N- and C- terminal residue sequence (Kelly & Price, 2000; Vallone & Benight,
2000; Zhong & Johnson, 1992), and/or potential differences in instrument parameters (e.g. scan
speed) (Kelly et al., 2005), may have contributed to the difference in signal intensity. Overall, it
appeared as if STD3 was properly folded, but it was not 100% certain that the protein was in its
native form.
The CD spectra for both SND3 and SED3 showed a great level of deviation from STD3
(Figure 12b) and their spectra suggest that both D3 antigens were most likely not properly
folded. This is in keeping with the fact that their D3 constructs were estimated from the flagellin
sequences of Salmonella ser. Newport and Salmonella ser. Enteritidis (refer to section 4.1.1).
Therefore, ideal spectra for SND3 and SED3 were not expected. SED3 appeared to be most
similar to STD3, while SND3 showed the most deviation. This result was unexpected since it
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was assumed a more similar result would be obtained for SND3 considering its residue sequence
was based on the hypothetical crystal structure of SNF generated in SWISS MODEL and
because it shared a higher percent identity of 40.8% with STD3 as well. In comparison, the
SED3 sequence was estimated since a successful hypothetical crystal structure could not be
generated, and SED3 and STD3 were only 18.8% similar in terms of amino acid composition.
Nonetheless, SND3 and SED3 appeared to follow the general trend observed for STD3 and their
CD spectra suggest both proteins were forming a negative minimum near 198 nm (as observed
for STD3), which would classify SND3 and SED3 as type II β-proteins as well. It is believed that
the observed differences in trend and signal intensity for SND3 and SED3 are due to error in
estimating the D3 sequence, as well as a combination of factors previously discussed for STF,
SNF, SEF, and STD3 (amino acid composition, length, geometry, instrument parameters, etc.)
As previously mentioned, it is hypothesized that SED3 is prone to aggregation. Such a
conclusion cannot be made from the present CD results, but in order to evaluate whether or not
this is in fact the case, the SED3 CD scans could have been preformed over a range of
concentrations and/or pathlengths (Greenfield, 2006). If changing one of these factors results in
variable ellipticity values, it indicates presence of aggregate sample (Greenfield, 2006).
Biotinylated Salmonella antigens were successfully separated and any remaining free
biotin was removed via gel filtration (Figures 13-15). This method was less time consuming than
the traditional method of repeated dialysis to remove unbound biotin. In comparison to the other
Salmonella antigens, two biotinylation peaks were observed for biotinylated S.T. PREP at 8.06
mL and 9.98 mL (Figure 14). Standards run on the Superdex 75 10/300 GL column (GE
Healthcare) indicated that the void volume was ~9.40 mL (data not shown), which means any
protein eluting before ~10 mL is most likely larger than the 70 kDa the column accommodates.
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Due to their elution volumes and because S.T. PREP represents biological flagella consisting of
flagellar fragments (i.e. portions of polymerized flagellin monomers) shaved from the surface of
the bacterial cell, it is likely that both peaks represent different sized fragments of biotinylated
biological flagella. Reduced SDS-PAGE analysis of both peaks (data not shown) demonstrated
single bands representing biological flagellin at the expected molecular mass of 51.4 kDa
(Mimori et al., 1995). In addition, Western blot analysis of both biotinylated S.T. PREP peaks
(Figure 15b) did generate the same pattern, which seems to agree with our proposed hypothesis.
Ideally, a non-reduced SDS-PAGE gel should have also been run for both peaks and the
molecular mass banding patterns investigated (i.e. same or different), in order to confirm the
hypothesis.

!

While successful biotinylation of the Salmonella antigens was confirmed by reduced
Western blot (Figure 15a), smearing and multiple bands were observed for both biotinylated
peaks of S.T. PREP (Figure 15b). Smearing suggests that both peak samples were extremely
concentrated and/or the concentration of the streptavidin alkaline phosphatase (1:10,000 TBST)
was too high (Abcam, 2014; Bioss Antibodies, 2014; GE Healthcare, 2011) for S.T. PREP. Since
1 µg of each sample was loaded, it is believed that the result was most likely due to a high
concentration of streptavidin alkaline phosphatase and thus, a more diluted concentration of
streptavidin alkaline phosphatase (e.g. 1:50,000 TBST) should have been used. The blocking
time and the number of washes could have also been increased to improve the end result. In
comparison to the single bands observed at ~51.4 kDa on reducing SDS-PAGE (data not shown),
higher molecular mass bands were also observed for both peaks at ~100 kDa and ~75 kDa on
Western blot. This suggests some of the sample may not have been fully reduced when initially
run on SDS-PAGE and was detected due to the high sensitivity of the blot (GE Healthcare,
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2011). Multiple bands below the expected molecular mass were also observed for both S.T.
PREP peaks and the biotinylated STF control, which infers that degradation of the samples had
occurred. It is possible that the samples may have degraded if the system overheated during
transfer (GE Healthcare, 2011) or if the biotinylated samples were unstable. Multiple bands may
also be observed if, as suggested above, the concentration of the primary detection reagent (i.e.
streptavidin alkaline phosphatase) is too high (Abcam, 2014; GE Healthcare, 2011).!
A strong ELISA response was obtained from whole serum against the D3 antigens used
in llama immunization (Figure 16). Serum fractionation (Figures 17) did not yield 100% pure
fractions, as the desired hcIgG3 fraction was observed to be contaminated with IgG1 and vice
versa (Figure 18). In addition, both hcIgG3 and IgG1 demonstrated additional bands that suggest
the fractions were prone to degradation (as discussed in section 4.3.1.2). For example, under
non-reducing SDS-PAGE conditions ~150 kDa and ~25 kDa bands were observed for hcIgG3,
which correspond to contamination from intact IgG1 (Hussack et al., 2012; Vincke &
Muyldermans, 2012) and IgG1 light chain breakdown products (Hussack et al., 2012; Vincke &
Muyldermans, 2012; Daley et al., 2005; van der Linden et al., 2000), respectively. Ideally, intact
hcIgG3 should only be represented by a single band at ~90 kDa (Muyldermans & Lauwereys,
1999; van der Linden et al., 2000) since the HCAb is composed of two heavy chains and lacks
the conventional Ab light chains (Vincke & Muyldermans, 2012; Muyldermans, 2001). Two
bands were also observed at ~50 kDa for hcIgG3 and both bands correspond to the expected
molecular mass of heavy chain breakdown products (Hussack et al., 2012; Vincke &
Muyldermans, 2012; Daley et al., 2005; van der Linden et al., 2000) under the non-reducing
conditions. The bands are believed to represent the presence of two different heavy chain
subisotypes and further indicate IgG1 contamination, since the heavy chains of IgG3 and IgG1
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are known to differ by ~7.3 kDa (Daley et al., 2005). Overall, it is possible for contamination to
occur considering both fractions are eluted using similar acidic pH buffers and the same protein
G column. Ideally, SEC could have also been used to further purify the fractions (Ferrari et al.,
2007), in order to separate the desired hcIgG3 fraction from any IgG1 serum.!
When visualized under non-reducing and reducing SDS-PAGE conditions, there did not
appear to be any contamination between the hcIgG2a/b/c and hcIgG2a/b/c + IgM serum fractions
(Figure 18). However, both serum fractions did possess bands at ~50 kDa under non-reducing
SDS-PAGE conditions, which suggest the fractions were sensitive to degradation and had begun
to degrade. In addition, two bands were observed at the expected molecular mass of ~ 92 kDa
for the heavy chain (Muyldermans & Lauwereys, 1999; van der Linden et al., 2000), which
infers the presence of at least two different hcIgG2a/b/c subisotypes. Under reducing SDS-PAGE
conditions, very thick bands representing the heavy chain were present at ~50 kDa for both
hcIgG2a/b/c and hcIgG2a/b/c + IgM (Hussack et al., 2012; Daley et al., 2005; van der Linden et
al., 2000). This result further supports the hypothesis that at least two different hcIgG2a/b/c
subisotypes were present, but it was unclear which ones were in fact present considering the
bands were extremely thick and the three hcIgG2a/b/c subisotypes have similar molecular
masses of ~40-47 kDa (Daley et al., 2005). !
The general trend of the fractionated serum ELISAs (Figure 19), demonstrated IgG1 had
the strongest response followed by hcIgG3, hcIgG2a/b/c + IgM, and hcIgG2a/b/c. This type of
trend has been previously observed (Anderson & Goldman, 2008; Lange et al., 2001) and is not
uncommon considering llamas possess a high proportion of conventional IgG1 compared to
hcIgG2 or hcIgG3 (Ferrari et al., 2007; van der Linden et al., 2000). Furthermore, observed
differences in response levels between the antigens to different serum fractions may be attributed
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to factors involving sequence variation and differences in antigen conformation (Vincke &
Muyldermans, 2012; Tabares-da Rosa et al., 2011; van der Linden et al., 2000). Overall, a proper
response against each D3 antigen was obtained as expected, since the llama was immunized with
the D3 antigens. In turn, it was hypothesized that a proper response would also be obtained for
STF, SNF, and SEF because the “full-length” antigens possess the corresponding D3 antigen
(STD3, SND3, and SED3) residue sequences (i.e. the same epitope) as well. However, as
observed in Figure 19, while a response was obtained to STF and to SNF, no response was
obtained to SEF. This result was surprising since the CD experiments suggested SED3 was more
properly folded than SND3, which would in turn allow for a better response against SEF than
SNF, because its epitope could be more easily recognized. Nonetheless, it is possible that no
binding was observed for SEF because the specific epitope recognized within SED3 was hidden
and not accessible in SEF because SED3 is thought to be prone to both aggregation and
degradation, or stand-alone SED3 could possess a different conformation in comparison to when
it is part of full-length flagellin.!
An immune VHH phage display library was successfully constructed. The library had a
functional size of ~4.0x107 transformants and exhibited 100% sequence diversity. Biopanning of
the library was successfully carried out over three rounds using properly folded STF and values
within the expected range were obtained for both the input and output phage (Dennis &
Lowman, 2004; Sparks et al., 1996). As expected, the input-over-output ratio increased from
6.00x10-8 to 2.94x10-3 over the three rounds, which indicates that selection stringency and
enrichment of potential binders had successfully occurred (Dennis & Lowman, 2004;
McCafferty 1996; Sparks et al., 1996). In theory, this trend occurs because over the various
rounds of biopanning, the non-specific and low affinity binders are eliminated, leaving the
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highest affinity binders to be amplified and carried forward to subsequent rounds (Pande et al.,
2010; Dennis & Lowman, 2004; Sparks et al., 1996). In turn, the frequency of the highest
affinity binders should increase with each subsequent round of biopanning (Pande et al., 2010;
Dennis & Lowman, 2004; Sparks et al., 1996).!
Overall, 10 unique VHH sdAbs (R203, R204, R205, R208, R214, R218, R222, R302,
R308, and R333) were selected and identified from biopanning. Of all the potential binders,
R308 exhibited the highest level of enrichment (Table 7). An additional two VHH sdAbs (R220
and R330) were included out of interest, due to two substitutions in their H1 loop region. Amino
acid sequences of the isolated VHHs were not shown for proprietary reasons. As summarized in
Table 7, each of the identified VHHs exhibited characteristic VHH residues at Kabat positions 37,
44, 45, and 47, as expected. A small proportion of the time, Ser is known to occur at position 11
instead of Leu (Vincke & Muyldermans, 2012; Harmsen et al., 2000). The Leu11Ser substitution
was present in R203 and in six of the total 38 repeating clones (~16%) of R308 over rounds two
and three. Overall, the VHHs demonstrated typical CDR regions, which were five residues in
length for CDR1 (Harmsen et al., 2000) and 17 residues in length for CDR2 (Nguyen et al.,
2000). The exceptions were R205 and R208, which contained 22 residues in their CDR2. A
CDR3 of 10-15 amino acids was observed for the VHHs. Based on published data by Harmsen et
al. (2000), other than R218, all the VHHs can be classified as being part of the VHH1 subfamily.
R218 could not be classified due to the presence of ambiguous residues at key positions;
however overall, its sequence did suggest that if it were to belong to a subfamily, it would
probably also belong to subfamily VHH1. Even though the conserved canonical disulfide bond
was observed in each VHH, none of the sdAbs contained the additional non-canonical disulfide
bond, which is occasionally present between CDR1 and CDR3 (Wesolowski et al., 2009). This
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result was expected because the additional non-canonical disulfide bond is mainly representative
of VVHs in subfamilies three and four (Harmsen et al., 2000).!
Only a few clones exhibited a signal by monoclonal phage ELISA, and for those that did
bind, the resultant response was weak (Figure 22). The phage ELISA results infer that R205 is
the highest affinity clone to STF, with a signal of A450nm 0.616, followed by R302 (A450nm 0.256),
R220 (A450nm 0.222), R308 (A450nm 0.221), and R330 (A450nm 0.155). These results contradict the
theory of biopanning previously discussed. For example, based on the biopanning clone
frequencies (Table 7), one would have assumed that the strongest binding signal would be
obtained for R308, followed by R302. However, R205, a SNF cross-reactive clone (A450nm
0.156), only identified once in round two of biopanning and subsequently eliminated during
round three, was identified as the best binder. In addition, the results also contradictorily inferred
that R302 and R220 were higher affinity binders than the expected R308 clone. Overall, the
relatively poor binding affinity of all the clones suggest the phage ELISA results are unreliable,
which could have occurred due to several factors. First, a phagemid system (which was used) has
monomeric display as opposed to the multimeric display of a phage system (McCafferty 1996).
Second, fusion protein expression characteristics (e.g. folding capability, fusion stability, and
susceptibility to proteolysis and aggregation) can cause low VHH display levels on phage
(Dennis & Lowman, 2004; McCafferty 1996). Third, the size of the fusion protein-phage can
affect the accessibility of the sdAb to it target (McCafferty 1996). Fourth, it has also been
previously observed in our laboratory that some potential binders that do not yield a signal in
monoclonal phage ELISA, do in fact appear to respond to their ligand in future assays such as
soluble ELISA or SPR (unpublished data); possibly due to the factors discussed. Therefore, the
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monoclonal phage ELISA results were overlooked and all 12 potential binders were taken
forward.!
VHH R214 was not identified during ligation screening and it was dropped from the pool
of selected sdAbs. Out of the remaining 11 VHHs, R208 was not expressed and purified
following two separate attempts, and the VHH was dropped from the pool as well. The remaining
10 VHHs were successfully expressed and purified (Figure 23 and 24). SEC purification of the
VHHs on! Superdex 75 10/300 GL column (GE Healthcare) yielded monomeric peaks, which
eluted between 13.7 mL -15.0 mL, near their expected elution volume of ~14 mL (Hussack et
al., 2012; Jespers et al., 2004). The Mr-app values were calculated to be between 11.8-14.0 kDa,
except for R203 and R330 whose Mr-apps were 7.47 kDa and 9.42 kDa, respectively. The
deviation in Mr-app values for all the VHHs compared to the expected molecular mass of 15 kDa
(Vincke & Muyldermans, 2012) is likely due to the factors that influence SEC purification (as
previously discussed), especially in terms of subtle differences in their shape, size, and
interaction with the column (Amersham Biosciences, 2002; Irvine, 2001). In particular, the Mrapps

of R203 and R330 suggest column interactions may have had the greatest effect on these

VHHs, which caused them to be retained on the column for a longer than expected period of time
(Amersham Biosciences, 2002). The SEC profiles of a few of the VHHs (R204, R222, R308, and
R333) also had minor leading peaks or “shoulders”, which were most likely due to column
interactions, as previously discussed. The presence of all the VHHs was confirmed at their
expected molecular mass of ~15 kDa by SDS-PAGE (data not shown) and Western Blot (Figure
24) analysis.
Soluble ELISA at 1 µM (Figure 25) demonstrated opposite results to those obtained for
monoclonal phage ELISA. VHHs R330, R302, and R308 bound STF with good binding affinities

!

116!

of A450nm 0.625, A450nm 0.566, and A450nm 0.327, respectively. Recall that the same VHHs
demonstrated binding for monoclonal phage ELISA except with lower signals and in reverse
order. These results also agree with the high frequencies obtained for the VHHs during
biopanning. The biggest difference was observed for R204, which did not show any binding for
monoclonal phage ELISA and was only present once in the second round of biopanning, but
demonstrated the highest level of binding (A450nm 0.838) for soluble ELISA. It is hypothesized
that low display levels on phage (which may have affected the VHH’s binding capability),
competition from other clones with improved display, and low phage concentration may have
contributed to the loss of the VHH after the second round of biopanning and the low binding
signal obtained for monoclonal phage ELISA. Low display levels are a possibility because
expression and purification of soluble R204 only yielded a small amount compared to the
remaining VHHs (Table 9). Nonetheless, purification of the VHH on its own, may have allowed it
to have full access to its STF target. Interestingly, R308 and R330 showed similar binding levels
of A450nm 0.566 and A450nm 0.625, which suggests the amino acid substitutions in FR1 and the H1
loop did not effect antigen interaction, whereas substitutions in FR1 and the H1 loop of R220
appeared to generate conformational changes that were less energetically favourable (A450nm
0.193) than for R302 (A450nm 0.367; contrary to monoclonal phage ELISA). Changes in binding
signals are possible because the H1 loop extends into to CDR1 (Vincke & Muyldermans, 2012;
Decanniere et al., 1999; Vu et al., 1997) and is adjacent to CDR3 (Decanniere et al., 1999), and
both CDR1 and CDR3 are thought to contribute to VHH binding (Vincke & Muyldermans, 2012;
Vu et al., 1997). Specifically, it is believed that residue substitutions at somatic hypermutation
hotspots at positions 27 and 29 of the H1 loop (Vincke & Muyldermans, 2012) can cause
conformational changes in the H1 loop, which influence the overall level of interaction between
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the VHH and the antigen (Nguyen et al., 2000; Decanniere et al., 2000; Decanniere et al., 1999).!
As expected, the highest levels of binding were obtained against STD3 (A450nm 1.15-2.55), which
was the protein initially utilized for llama immunization. The soluble ELISA results agree with
the fractionated serum ELISAs of STD3 and STF (both show positive binding), and infer that the
VHHs recognize the same epitope on both recombinant proteins. Although, the soluble ELISA
does indicate that the positive binders have an approximately three times lower affinity for STF
than STD3. The differences in affinity may relate to conformational differences between the two
antigens, an inaccessible epitope, or VHH CDR instability (especially in reference to CDR3 and
the lack of the extra inter-CDR disulfide bond, which otherwise provides stability and better
antigen interaction) (Dolk et al., 2012; Govaert et al., 2012; Hagihara & Saerens, 2012; Nutall,
2012; Bond et al., 2003). No cross-reactivity was observed for SNF and SEF as desired, but the
VHHs also did not show any binding to S.T. PREP. This result suggests that the isolated VHHs
may not be able to bind biological Salmonella ser. Typhimurium flagella and further
investigation was required. !
Kinetic binding affinities of purified VHHs to the target antigens were analyzed by SPR.
Initial analysis was done using non-biotinylated STF, STD3, and S.T. PREP, but no results were
obtained (data not shown). This may have been due to VHH CDR instability (Dolk et al., 2012;
Govaert et al., 2012; Hagihara & Saerens, 2012; Nutall, 2012; Bond et al., 2003), and/or because
antigen immobilization onto the chip surface may have masked the epitope (van der Merwe,
2000). Test runs with 1 µM VHH and freshly biotinylated STD3, STF, SNF, and SEF antigens
elicited a response (Figure 26). This indicates that capturing a biotinylated antigen onto the
surface of the streptavidin coated sensor chip makes the VHH epitope more accessible or does not
inactivate the antigen upon binding (van der Merwe, 2000). Using biotinylated antigens also
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provides the added benefit of capturing the antigen in a uniform fashion (van der Merwe, 2000).
The test runs demonstrated that the VHHs were capable of binding both STF and STD3, which
suggests that both antigens had similar secondary structure. With the exception of R203, R205,
and R218, which bound SNF, the remaining VHHs were shown to be non-cross-reactive. The
response obtained for binding of R203, R205, and R218 to SNF is considered to be poor as
indicated by the fast koff depicted by the sensogram (Figure 26c). R203, R205, and R218 also
showed poor binding to STF (a fast koff) (Figure 26b) and no binding to STD3 (Figure 26a).
Altogether, the SPR results, along with the biopanning (i.e. low frequency during round two and
elimination during round three) and soluble ELISA results (i.e. no binding signals for STD3 or
STF), infer that these three VHHs are non-specific binders that most likely bound the plate during
round two of biopanning and were not eliminated following washing. Second, it is possible that
these three VHHs weakly bind an epitope present in D1 or D2, but not the actual D3. In turn,
these VHHs are eventually outcompeted by VHH binders that possess a higher affinity for the D3
region of the STF antigen and thus, are more enriched (Table 8). Lastly, the same factors
previously discussed for soluble ELISA (i.e. structural changes between antigens, an inaccessible
epitope, and VHH CDR instability) may have contributed to the VHHs failing to recognize their
epitope. Specifically, the extra long CDR2 of R205 and R218 may have also contributed to their
possible instability in binding their epitope. In addition, both R205 and R218 possess a 96%
sequence identity, which may also explain why both VHHs demonstrated transient binding.
While the same factors may have contributed to the transient binding observed for R205 and
R218, both of these VHHs only share a 72% identity with R203, thus different factors may have
influenced R203. !
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Subsequently, kinetic analysis was done using biotinylated STD3, STF, and S.T. PREP,
and a range of VHH concentrations (Table 5). The results for R205, R208, and R218 were similar
to those previously described for the 1 µM test runs. Hence, only equilibrium analysis was able
to be determined and the same rationale, as previously discussed, should be taken into
consideration. The seven remaining binders demonstrated good binding affinities in the mid to
high nM range for both STF and STD3 (Table 10). The best binder was R204 with an ~40 nM
KD for both antigens, followed by R330 (STF KD = 62.3 nM; STD3 KD = 65.1nM) and R308
(STF KD = 66.4 nM; STF KD = 74.2 nM). These results matched the soluble ELISA results,
which also place the binders in the same exact order and support the reliability of the soluble
ELISA results. Since R204 once again demonstrated the best binding affinity, it infers that the
soluble ELISA results were accurate and further supports the notion that the VHH may have been
lost during the second round of biopanning because of poor phage display levels and/or
competition from other VHHs as previously discussed. Excluding R204, the SPR results also
positively correlate with the biopanning frequencies, which were obtained. As theoretically
expected, because R308 and R330 (a derivative of R308) showed the highest enrichment in
rounds two and three of biopanning, they were expected to be among the best binders, which was
the case. All three VHHs (R204, R308, and R330) also share a sequence percent identity of ~9497%, which suggests that their specific amino acid sequences are most favourable in enabling
and promoting binding. The same trend was also observed for R220 and R302, with R220
binding to STF with an affinity approximately half of R302, as previously observed and
discussed for soluble ELISA. Overall, similar binding affinities to both STF and STD3 were also
observed for each VHH, which may imply the recombinant antigens possessed similar or
identical three-dimensional conformations in terms of their D3. This type of result was expected
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for STF and STD3 considering the sequences used in antigen design were based on peer
reviewed published data (Muskotal et al., 2010; Sebestyen et al., 2008; Samatey et al., 2001).
As observed for soluble ELISA, no response was obtained for S.T. PREP during SPR
kinetic analysis (data not shown). In addition, a further attempt to examine whether or not the
VHHs were able to bind D3 of biological flagella using formalin preserved Salmonella ser.
Typhimurium cells in a whole cell ELISA failed to demonstrate any binding. This result suggests
that no binding was observed because of an inaccessible epitope due to the polymerized nature of
the filament or because of present post-translationally modified residues, which may have
interfered with VHH binding. Specifically, partial mass spectrometry of S.T. PREP (data not
shown) identified that at least two lysine residues within the STD3 sequence region contain
methylated lysines, which may have interfered with antibody binding. However, it is mainly
hypothesized that even though STD3 and STF mostly likely possessed similar or identical threedimensional confirmation, it is probable that the recombinant antigens were structurally different
from biological flagella, which prevented the VHHs from binding their epitope.
With regard to future experiments, biopanning could be carried out using the
constructed phage display library and biological flagella shaved from the surface of the cell for
all three Salmonella serovars (i.e. S.T. PREP). This may improve the chance of isolating VHHs
capable of binding D3 (i.e. serovar specificity) of biological flagella. A new phage display
library could also be constructed following llama immunization with biological flagella for all
three Salmonella serovars. It would also be important to ensure that phase 1 (FliC) and not phase
2 (FljB) biological flagella are used for Salmonella ser. Typhimurium and Salmonella ser.
Newport. Furthermore, tests for cross-reactivity and a subsequent subtractive whole cell ELISA
could be repeated using the newly isolated VHHs to analyze binding to biological cells. If
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successful, one could also visualize binding of the serovar-specific VHHs to Salmonella via
immunofluorescence microscopy. In general, one could also proceed with further
characterization of the isolated VHH sdAbs. For example, thermostability could be evaluated by
determining melting temperatures on CD instrument and/or epitope mapping could also be
attempted by SPR. Initial steps in the development of the immuno-paper dipstick may also be
taken to determine, for example, how to label the VHHs to eventually obtain a colorimetric
signal, the method of choice for VHH immobilization onto the paper surface, the limit of
detection (LOD) of the Salmonella antigen required to obtain a positive signal, and test the
stability, specificity, and affinity of the immobilized VHHs.!
!
!
!
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6. CONCLUSION
In this proof-of-concept study, I designed and purified six recombinant Salmonella spp.
flagellin-related antigens. An immune VHH phage display library was successfully constructed,
from which ten VHH sdAbs were isolated against Salmonella serovar Typhimurium. Seven of the
VHH sdAbs were shown to convey serovar specificity to its respective recombinant Salmonella
serovar Typhimurium antigens, yet further assays need to be done to confirm binding to
biological flagella. This work provides a basis for the isolation of serovar-specific VHH sdAbs
and the potential future development of an immuno-paper dipstick system, which can be used for
detection purposes to help reduce the spread of Salmonella infection.
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